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Abstract

Specific, chemically modified aptamers (X-Aptamers) were identified against two immune 

checkpoint proteins, recombinant Programmed Death 1 (PD-1) and Programmed Death Ligand 1 

(PD-L1). Selections were performed using a bead-based X-Aptamer (XA) library containing 

several different amio acid functional groups attached to dU at the 5-position. The binding affinity 

and specificity of the selected XA-PD1 and XA-PDL1 were validated by hPD-1 and hPD-L1 

expression cells, as well as by binding to human pancreatic ductal adenocarcinoma tissue. The 

selected PD1 and PDL1 XAs can mimic antibody functions in in vitro assays.

1. Introduction

Immune checkpoint antibodies (1–4) are emerging as highly promising therapeutic agents. 

Recent studies have demonstrated that immune checkpoints contribute not only maintaining 

physiologic self-tolerance but are also implicated in the down-regulation of anti-tumor 

immunity. To restore latent anti-tumor immunity, many efforts have focused on antibody-

based interventions targeting CTL antigen 4 (CTLA-4) (1,5,6) and programmed cell death 

protein 1 (PD-1) (7,8) on T lymphocytes, and its principal ligand (PD-L1) (9) on tumor cells. 

Antibodies targeting regulatory molecules on T cells such as CTLA-4 and PD-1 have 

demonstrated clinical activity across various tumor types (1,10). Ipilimumab (11,12), an 

antibody targeting CTLA-4, appears to restore tumor immunity at the priming phase, 

whereas anti-PD-1/PD-L1 antibodies restore immune function in the tumor 

microenvironment. Anti-tumor activity was achieved in patients with melanoma (12) and 

renal cancer (13), as well as those with non-small-cell lung, bladder and head and neck 

cancers, even tumors not to be sensitive to immunotherapy (14).
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However, antibodies are expensive to produce, highly immunogenic, and relatively unstable 

to environmental stress. The major adverse events with immunomodulatory antibodies are 

inflammatory pathologies. Repeated or long-term use of antibodies can stimulate humoral 

immune responses and overproduction of cytokines (11,14). Aptamers generally avoid these 

adverse events while also offering significant advantages such as lower cost, non-

immunogenicity (15), and easy modification for various applications (16,17). They are also 

easier to produce with no batch-to-batch variation. At least one aptamer (Macugen) was 

approved by FDA for therapeutic use (18) and several others are in various phases of clinical 

development (19).

Unfortunately, many traditional aptamers developed using SELEX do not possess the 

binding affinity and specificity required for therapeutic use (20,21). More functionally 

diverse aptamers that interact more robustly with targeted proteins hold significant promise 

for improving the performance of traditional aptamers (16,22,23). XAs (24) are a unique 

alternative to traditional SELEX aptamers. XAs are selected in one round using bead-based 

libraries synthesized by solid phase synthesis (24–26). In such libraries, the variety and 

combination of modifications are far superior to what can be accomplished via enzymatic 

methods (22–24,27–29). Modifications included in the library used for this selection were 

the 5-position modified deoxyurdines: 5-amino-, 5-phenol-, and 5-indole- (www.am-

biotech.com). Here we report the use of such a library in a single round selection to PD-1 

and PD-L1. The XAs discovered were characterized using experiments involving stably 

transfected mouse L929 fibroblasts expressing hPD-1 or hPD-L1 protein.

2. Material and methods

Standard solvents and reagents were purchased from either Sigma-Aldrich, Chemgenes or 

Alfa Aesar. The XA library was obtained from AM Biotechnologies, Houston, TX, USA. A 

detailed selection protocol is available from their website www.am-biotech.com (24). EZ-

Link NHS-PEG4-Biotin was purchased from Thermo Pierce.

2.1 Fusion proteins and monoclonal antibodies

Recombinant human PD-1 Fc chimera protein and recombinant human PD-L1/B7-H1 Fc 

chimera protein were purchased from R&D Systems (Minneapolis, MN) and used for 

aptamer identification. Recombinant human IgG1 Fc was used as a control. Anti-hPD-1 

antibody (clone NAT105) and isotype control mouse IgG1, κ; Anti-hPD-1 antibody (clone 

28–8) and isotype control Rabbit IgG, (clone EPR25A) were purchased from Abcam 

(Cambridge, FL). Goat anti-mouse IgG H&L (Alexa Fluor® 488) and goat anti-rabbit IgG 

H&L (Alexa Fluor® 488) were used as secondary antibodies for all the immune staining.

2.2 Next-generation sequencing (NGS)

XA oligonucleotides that bound to PD-1 and PD-L1 were isolated according to the XA 

selection protocol and amplified into unmodified sequences by PCR. They were prepared for 

sequencing using the Ion Plus Fragment Library Kit (Life Technologies) for next-generation 

sequencing (NGS) (Ion Torrent PGM™, Life Technologies). The sequencing data were 

processed using Aptaligner© software (30). Sequences with a high frequency of occurrence 
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in selection fractions containing the protein targets when compared to protocol controls were 

selected for synthesis of the chemically modified oligonucleotides (24).

2.3 Cell lines and cell binding assay

Stably transfected mouse L929 fibroblasts expressing hPD-1 or hPD-L1 protein were a kind 

gift from Dr. Zhiqiang An (University of Texas Health Science Center at Houston, TX) and 

were used for XA binding validation. Cells were maintained in RPMI-1640 medium 

supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin solution 

(tissue culture reagents purchased from Life Technologies, NY). All experiments were 

performed at 70–80 % cell confluence with 5 % CO2 at 37 °C. The stably transfected PD-1 

L929 cell line or PD-L1 L929 cell line was seeded in chamber slides (Cole-Parmer, IL) and 

incubated with the biotinylated XA-PD1 or XA-PD-L1 at different concentrations and cell 

ratios after blocking with universal blocking buffer (Thermo Fisher Scientific, IL). The 

binding of the XAs to associated cell lines was measured by adding streptavidin fluorescein 

isothiocyanate (FITC) and measuring fluorescence. Non-transfected L929 cells were used as 

negative controls.

2.4 Human pancreatic tumor tissue

Human pancreatic cancer tissue was collected at the time of standard care of interventional 

radiology treatment at the clinic of University of Texas Health Science Center at Houston 

(UT Health). All tumor samples for this study were collected prior to initiation of any 

therapy under IRB approved by the UT Health Committee for the Protection of Human 

Subjects. Fresh pancreatic tumor tissues were embedded with optimal cutting temperature 

(OCT) (Thermo Fisher Scientific, Waltham, MA) compound and cut into 5 μm sections. 

Slides were blocked first with universal blocking buffer in TBS (Cat. #36000; Thermo 

Fisher Scientific). XA-PDL1 (25 nM) or primary PD-L1 antibody, appropriate isotype 

control antibody were incubated at 37 °C for 1 hour. Following washing, slides were 

incubated for one hour at room temperature with appropriate secondary antibody and nuclei 

counterstaining. The relative extent of XA-PDL1 binding to the tumor tissue was assessed 

by fluorescence microscopy using a Nikon Eclipse TE2000-E inverted microscope.

2.5 Aptamer flow cytometry

Selected XAs (XA-PD1 and XA-PDL1) that specifically bind to PD-1 or PD-L1 proteins 

were synthesized with 5′-biotinylation. Targeted cells were blocked with universal blocking 

buffer before incubation with XA-PD1 or XA-PDL1, or scrambled control aptamer at 37 °C 

for 1 hour. After washing to remove excess XAs, fluorescein-labeled streptavidin (BD 

Biosciences, CA) were incubated with cells for 30 min at room temperature. Binding of XA-

PD1s or XA-PDL1s to the targeted cells were measured by percentage of positive cells and 

fluorescence intensity with FACScalibur flow cytometry (BD Biosciences, San Jose, CA). 

Anti-human PD-1 (Abcam, MA) and PD-L1 (BD Biosciences, CA) antibodies were used as 

positive controls. The equilibrium dissociation constant (Kd) was obtained by fitting the 

dependence of mean fluorescence intensity of specific binding on the concentration of the 

XA to the equation.
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3. Results

3.1 Selection of hPD-1 and hPD-L1 X-aptamers

The single-cycle XA selection process was performed in two straightforward selection steps 

(24). In order to have the appropriate folding of the oligonucleotide structure, the XA bead-

based library was first heated at 95 °C for 5 min and cooled at room temperature for 30 min. 

Recombinant hPD-1, hPD-L1 Fc chimeric proteins, or human IgG1 Fc protein were labeled 

with biotin (EZ-Link NHS-PEG4-Biotin, Thermo Pierce), respectively. After negative 

selection with human IgG1 Fc protein, unbound XA library beads were incubated with 

biotinylated human PD-1 or PD-L1 protein for 90 min at room temperature with rotation. 

Beads carrying XAs bound to protein were recovered by pull-down using streptavidin-

functionalized magnetic particles. The oligonucleotides were cleaved from the library beads 

by a strong base (50 μl 1N NaOH, at 65 °C for 30 min and the reaction was neutralized 

using 40 μl 2M Tris-Cl). After pelleting the magnetic particles using a magnetic stand, the 

solution pool containing XAs were fractionated per the selection protocol and incubated 

with the biotinylated protein for second step selection. True XAs were enriched after the 

second binding step and then amplified into unmodified oligonucleotides by PCR. The 

sequences were prepared for sequencing using the Ion Plus Fragment Library Kit for next-

generation sequencing. The sequencing data were processed using Aptaligner© software 

(30). Sequences with high frequency of occurrence from target fraction pull downs over the 

starting oligonucleotide pool as well as a magnetic particle only control were selected.

3.2 Validation of selected XA-PD1s and XA-PDL1s

Based on NGS results, the top three XA sequences for each target protein were synthesized 

and used to determine their binding affinity and specificity for cells. Stably transfected 

mouse L929 fibroblasts expressing hPD-1 or hPDL-1 protein were used for testing X-

Aptamer binding. Flow cytometry analysis indicated all three XA-PD1s bound to PD-1 

expressing L929 cells, at 60.1%, 74.2% and 56.5% respectively. Flow cytometry analysis 

shows that XA-PD1-78 has the highest binding affinity to PD-1 expressing L929 cells 

(Figure 1 B). Similarly, for XA-PD1s, all three XA-PDL1s bund to PD-L1 expressing L929 

cells, at 56.3%, 47.9% and 47.5% respectively. XA-PDL1-82 demonstrated the highest 

binding affinity to the PD-L1 expressing L929 cells. No binding was observed with PD-1 or 

PD-L1 negative cells (Figure 1 D). In addition, the binding affinity of the selected XAs to 

the associated cells was examined by fluorescence microscopy and determined by 

fluorescence intensity. All the selected XA-PD1s and XA-PD-L1s showed binding to human 

PD-1 or human PD-L1 expression cells, with some variations in binding intensity (Figure 1 

A and C).

To quantitatively evaluate the binding affinity of selected XA-PD1-78 and XA-PDL1-82, 

PD-1 or PD-L1 expression cells were incubated separately with biotin-streptavidin 

conjugates of XAs at various concentrations and analyzed by flow cytometry. Binding 

affinity of XAs at various dosages with PD-1 or PD-L1 expression cells were determined by 

mean fluorescence intensity. Saturation curves were fit from these data and the dissociation 

constant Kd values were determined via nonlinear regression analysis. The dissociation 
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constant Kds of XA-PD1-78 and XA-PDL1-82 for binding with PD-1 or PD-L1 expression 

cells were determined to be 56.72 nM and 20.18 nM, respectively (Figure 2).

Based on the screening result of binding proficiency, we selected XA-PD1-78 and XA-

PDL1-82 for further study. To compare the performance of XA-PD1-78 and XA-PDL1-82 

with antibodies, human PD-1 or PD-L1 expressing L929 cells were incubated with either 

selected XAs or anti-human PD-1 and PD-L1 antibodies. Their binding ability was 

examined by fluorescence microscopy. Both XA-PD1-78 and XA-PDL1-82 demonstrated 

similar capacity for binding PD-1 or PD-L1 overexpressing cells, compared to their 

corresponding antibodies. Specific bindings of selected XA-PD1-78 or XA-PDL1-82 were 

confirmed with non-transfected L929 cells with no fluorescence detection (Figure 3).

To extend the application of XA-PDL1-82 as a substitute of PD-L1 antibody in clinical 

immunohistochemistry analysis, XA-PDL1-82 has been used as detection reagent in our 

preliminary study with PD-L1 antibody in human pancreatic cancers. Sections of fresh 

frozen pancreatic tumor tissue were incubated with XA-PDL1-82 or PD-L1 antibody. 

Staining patterns and intensity across slides stained with XA-PDL1-82 or PD-L1 antibody 

were analyzed. As expected, XA-PDL1-82 could detect PD-L1 expression of pancreatic 

tumor, either on tumor cells or in the tumor microenvironment on immune-infiltrating cells. 

XA-PDL1-82 has shown the same capacity to bind PD-L1 expression pancreatic tumor 

(Figure 4). Based on this preliminary result, our further studies will use XA-PDL1-82 to 

assess the association between PD-L1 expression on the pancreatic tumor tissue and the 

likelihood of response to PD-1 blockade treatment.

4. Discussion

The beads XA library has ca. 2 × 109 of beads, each bead carrying about 3 × 103 copies of a 

potential XA consisting of a unique chemically modified strand of DNA. Each XA candidate 

can include a combination of many natural and modified nucleotides. Specially, AM 

Biotech’s XA libraries can incorporate modifications that are not compatible with enzymatic 

incorporation such as phosphorodithioate modification (27,29,31–40) XA libraries can also 

accommodate multiple different modifications such as multiple different modified versions 

of dU as described here (24). Any chemical modification can be incorporated into this 

process at any number of sites, as long as the modification does not prevent determination of 

the underlying base sequence (26). This extensive chemical diversity enables robust 

interaction with a target improving specificity.

Use the beads XA library developed by Yang and many others (24,26), we have identified 

DNA aptamers that can specifically bind to human PD-1 and PD-L1 proteins in cell level. 

The two most highly enriched aptamers, XA-PD1-78 and XA-PDL1-82 were identified and 

synthesized with proper modifications. Their binding affinity and specificity were verified 

with hPD-1 or hPD-L1 overexpression cell lines. Compare to PD-1 and PD-L1 antibodies, 

those selected XA-PD1-78 and XA-PDL1-82 demonstrated similar cell binding intensity. 

XA-PDL1-82 has shown the same capacity as PD-L1 antibody to bind PD-L1 expression on 

pancreatic tumor tissue.
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5. Conclusions

X-Aptamers XA-PD1-78 and XA-PDL1-82 that specifically bind to human PD-1 and PD-L1 

proteins respectively were isolated and their affinity and specificity were verified with 

hPD-1 or hPD-L1 overexpression cell lines. Compared to PD-1 and PD-L1 antibodies, XA-

PD1-78 and XA-PDL1-82 demonstrated similar cell binding intensity. XA-PDL1-82 has 

shown the same capacity as PD-L1 antibody to bind PD-L1 expression on pancreatic tumor 

tissue. These XAs provide a synthetic alternative to antibodies for use in research, diagnostic 

assays, and potentially as a therapeutic. Progress is on the way.
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Figure 1. 
Screening of binding affinity of individual synthesized XA-PD1s and XA-PDL1s. Biotin 

conjugated XA-PD1s were incubated with human PD-1 expressing L929 cells (A and B) and 

XA-PDL1s were incubated with human PD-L1 expressing L929 cells (C and D). Non-

transfected L929 cells were used as negative control. A and C represent microscope 

examination of fluorescence intensity of biotinylated XA-PD1s or XA-PDL1s (25 nM) 

bound to cells in chamber slides. B and D represent flow cytometry analysis of fluorescence 

intensity of biotinylated XA-PD1s or XA-PDL1s (50 nM) binding to cells in suspension.
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Figure 2. 
Binding affinity of selected XAs. Biotin-streptavidin conjugated XA-PD1-78 and XA-

PDL1-82 were incubated with PD-1 or PD-L1 expression cells at various concentrations and 

their binding affinity were analyzed by fluorescence intensity with FACScalibur flow 

cytometry. Histogram of the percent gated fluorescence intensity above background for XA-

PD1-78 and XA-PDL1-82 (A). The equilibrium dissociation constant (Kd) was obtained by 

fitting the dependence of fluorescence intensity of specific binding on the concentration of 

the aptamers to the equation (B).
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Figure 3. 
Comparison of binding performance of selected XA-PD1-78 and XA-PDL1-82 against 

appropriate antibodies. Human PD-1 or PD-L1 expressing L929 cells were incubated with 

selected XA-PD1- 78 and XA-PDL1-82 at 25 nM or anti-human PD-1 (5 μg/ml) and PD-L1 

(2.4 μg/ml) antibodies. Their binding ability was examined by fluorescence microscope. 

Non-transfected L929 cells were used as a negative control.
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Figure 4. 
Detection of PD-L1 expression on human pancreatic tumor tissue. Sections of human 

pancreatic ductal adenocarcinoma tissue were incubated with XA-PDL1-82 (25 nM) or PD-

L1 antibody (4.8 μg/ml), followed by streptavidin FITC (green) or Goat Anti-Rabbit IgG 

(Alexa Fluor® 647) secondary antibody at 1/1000 dilution (red). Hoechst 33342 was used to 

stain the cell nuclei (blue). An IgG isotype was used as negative control. Expression level of 

PD-L1 was determined by fluorescence intensity of FITC or AF647.
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