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Programmed death receptor 1, PD1, modulates the function of immune cells by providing inhibitory 
signals and constitutes the marker of immune exhaustion. Monitoring the level of PD1 promises a 
useful diagnostic approach in autoimmune diseases and cancer. Here we describe the development of 
an ssDNA aptamer-based molecular probe capable of specific recognition of human PD1 receptor. The 
aptamer was selected using SELEX, its sequence was further optimized, and the affinity and specificity 
were determined in biochemical assays. The aptamer was converted into a fluorescent probe and its 
potential in molecular imaging was demonstrated in a culture of human cells overexpressing PD1 and 
murine pancreatic organoids / immune cells mixed co-culture model. We conclude that the provided 
aptamers are suitable probes for imaging of PD1 expressing immune cells even in complex cellular 
models and may find future utility as diagnostic tools.

Modern imaging techniques allow tracking of multifactorial changes in complex biological systems but require 
specialized molecular probes in the first place. Immune checkpoint blocking antibodies targeted against the 
PD1 / PD-L1 pathway have revolutionized oncology in the last decade. Correspondingly, it was hypothesized 
that expression of PD-L1 on tumor cells may have predictive and/or prognostic value1–3, but the approach faced 
multiple limitations4,5 primarily because patients carrying tumors characterized by low PD-L1 expression can 
still benefit from anti-PD-L1 therapy.

PD1 has proved a more promising molecular marker. The receptor is expressed on the surface of immune cells 
and allows monitoring of changes related to exhaustion. As such, it promises useful diagnostic information in 
many pathological processes including autoimmune diseases6,7, acute and chronic infection8, sepsis9 and cancer. 
Interestingly, Xinyu Ren et al.10 have recently reported that in triple-negative breast cancer the PD1 expression 
in tumor-infiltrating lymphocytes (TILs), rather than PD-L1 in tumor cells, predicts survival. Tracking the 
expression of PD1 constitutes an interesting tool for imaging biological processes and an attractive candidate for 
a diagnostic marker in several diseases.

PD1 tumor imaging is unique because it is not the primary tumor, but rather the tumor environment, in 
particular the infiltrating immune cells11 which are visualized. Encouraging examples are available. Natarajan 
et al. developed an immune-PET tracer to image the tumor-infiltrating lymphocytes (TIL) expressing PD1. 
They labeled a murine anti–PD1 monoclonal antibody with 64Cu and successfully detected PD1-expressing 
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murine TILs in a transgenic mouse model of melanoma using positron emission tomography (PET). The 
study demonstrated for the first time that PET may be used for the noninvasive imaging and determination of 
PD1 expression in vivo. In another study, Hettich et al.2 developed sensitive and high-resolution PET imaging 
radiotracers that enabled imaging of both the PD1 receptor and the PD-L1 ligand in malignant tumors in 
immunocompetent mice. Another study reported the evaluation of 89Zr-labeled antibody pembrolizumab in 
several mouse models, including mice implanted with human peripheral blood mononuclear cells3. These early 
proofs of concept demonstrated the utility of the approach, but successful implementation requires substantial 
further work.

Probes designed for molecular imaging in vivo must offer high sensitivity, low background noise, low toxicity 
and relative stability12. In this regard, oligonucleotide aptamers appear as excellent potential candidates13, 
exhibiting both low immunogenicity and high structural stability14. Initial comparative analysis of antibodies 
and aptamers (both in in vivo and in vitro imaging) indicates that aptamers offer consistently greater benefits 
compared to antibodies15,16 though only broader development and use will reveal the true potential. Aptamers 
are currently being considered for optical imaging (fluorescence and bioluminescence), magnetic resonance 
imaging (MRI), positron emission tomography (PET), single photon emission tomography (SPECT), computed 
tomography (CT) and ultrasound (USA)13. Moreover, several clinical trials are investigating the diagnostic 
potential13.

Several attempts have been made to develop aptamers directed against the human or mouse PD1 protein, 
which have been published to date17–21. These efforts mainly focused on developing a molecule with the potential 
to inhibit PD1/PDL1 interaction. Here we describe the development of an ssDNA aptamer-based molecular 
probe capable of specific recognition of human PD1 receptor. The aptamer was selected using SELEX and tested 
for specificity and affinity. The potential of the probe in molecular imaging was determined in cell and organoid 
cultures.

Results
Identification and characterization of ssDNA aptamers targeting human PD1
Aptamers were selected against two recombinant PD1 variants: (i) residues 21–168 and (ii) residues 25–167, 
both encompassing the major part of the extracellular domain of human PD1. Protein from two sources was 
used for selection to avoid selection of protein construct-specific aptamers. The selection was performed 
using the SELEX procedure with a gradual increase in the selective pressure22. Binding to the target protein 
was monitored after each selection cycle by ELISA. In each selection, the maximum saturation was observed 
after the 4th cycle (supplementary materials Fig. 1A). In subsequent cycles, a gradual decrease of the specific 
signal was observed for the reasons described below. Aptamer pools obtained after the 5th and subsequent 
selection cycles were analyzed by next-generation sequencing (NGS). The obtained sequences were grouped 
into clusters of similarity and the frequency of particular sequences within clusters was analyzed (Fig. 1A1–
A3). Selection against PD1 extracellular domain (21–168) variant yielded two clusters of aptamers (P1c and 
P2c) (the nomenclature for individual aptamers was described in the supplementary data). Selection against 
PD1 extracellular domain (25–167) variant yielded a single cluster, corresponding to cluster P2c of the former 
selection (Fig. 1A1,A2) demonstrating that the selection converges at the PD1 core rather than picking up small 
differences in the protein construct design. Results obtained for cycles 5, 6 and 7 did not differ qualitatively (the 
same sequences were observed only with different relative frequencies) (see supplementary materials Fig. 2). 
The decreased binding capacity of aptamer pools after subsequent cycles starting from cycle 5 is explained by 
the increasing amount of low specific sequences and non-specific amplification products containing flanking 
sequences only (supplementary materials Fig. 2).

The affinity of selected aptamers to PD1 was analyzed using ELISA. Cluster P1c specific to the selection 
against PD1 (residues 21–168) contained sequences of little or no affinity towards PD1. Cluster P2c, common 
to selections against both constructs, demonstrated readily detectable binding (Fig. 1B). Particular sequences 
within cluster P2c were not characterized by different binding capacities, consistent with minor differences in 
their nucleotide sequence. The dominant sequence within P2c cluster, the P2c2s aptamer was selected for the 
further analysis.

Aptamers in this study were derived from a library containing a relatively long randomized region of 50 
consecutive nucleotides. Prior studies have indicated that often not all nucleotides within selected aptamers 
are necessary to maintain binding to the target protein. We, therefore, mapped P2c2s by positional scanning23 
to determine the minimal sequence responsible for binding to the extracellular domain of PD1 (Fig. 2). P2c2s 
sequence was divided into 12 segments (6–10 nucleotides each) and variants were synthesized in each of which 
a single segment was deleted. The variants were tested by ELISA for their ability to interact with PD1. Removal 
of the flanking segments 3 and 4, and segments 6 and 7 within the variable region had no effect on the binding 
while the remaining variants were compromised (Fig.  2A). Based on the above results, P2c2s variants were 
designed lacking multiple segments identified as unnecessary for binding in positional scanning. Concomitant 
elimination of segments 3 and 4 have not affected the aptamer’s (P34) affinity for PD1 while all other tested 
combination variants resulted in the loss of activity (Fig. 2B).

To rationalize the results of positional scanning we analyzed the computationally predicted secondary 
structures of P2c2s and P34 (https://rna. urmc.rochest er.edu/RNAst ructureWeb/ index.html). The analysis 
suggests that each aptamer contains two hairpin motifs identical in P2c2s and P34 (Fig. 3A, Fig. S3). Segments 
3 and 4 constitute an unstructured overhang in P2c2s and thereby could be removed (resulting in P34) without 
affecting the activity (Fig. 3A). Further elimination of segment 6 оr 7 reduced the affinity of the aptamer for 
PD1 (Fig. 3B). These mutations eliminated the segments of G-rich nucleotides probably supporting the aptamer 
structure (Fig. 3B). Elimination of the segments 2, 5, 8 and 9, each of which disrupts the predicted loops, led to 
an almost complete loss of affinity. Overall, the analysis revealed that the binding of P2c2s and P34 is primarily 
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driven by two hairpin motifs and additionally stabilized by segments rich in G nucleotides. Further analysis was 
focused on the parent aptamer (P2c2s) and the P34 variant. In the supplementary data (Fig. S4), the proposed 
variants of the 3D structure of the P34 aptamer are provided. Additional analyses concerning surface charge or 
morphology were not carried out due to a lack of experimental data and inconsistent predictions generated by 
the software.

P2c2s and P34 recognize PD1 with high affinity and specificity
High affinity towards PD1 of aptamers belonging to cluster P2c including P2c2s compared to P1c suggested the 
specificity of P2c2s (Fig. 1B). To further assess the specificity of aptamers selected in this study we compared 
the affinity of P2c2s and P34 to the binding of non-specific sequences composed of flanking fragments and ( A A 
A A C C C C T T T T G G G G)n repeats (n corresponds to the length of the variable region). No efficient binding was 
detected for cNEG1 and cNEG2 (corresponding to P2c2s and P34, respectively) while the parent aptamers were 
characterized by high signal (Fig. 4A, Figure S5A).

Fig. 1. Sequence analysis and binding capacity of aptamer pool after 7 rounds of selection. (A) Sequence 
analysis. (A1) (pseudo-)phylogenetic trees generated based on the multiple sequence alignment (MSA). (A2) 
Multiple sequence alignment (MSA) of particular aptamers within indicated clusters (flanking fragments, 
identical in all aptamers, were excluded from analysis). A3 Number of occurrences in the entire aptamer pool 
(based on NGS results). (B) Binding capacity of representative aptamers determined using ELISA.
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To further characterize the ability of P2c2s and P34 to recognize PD1, the aptamers were immobilized on 
magnetic beads and their ability to retain the purified extracellular domain of PD1 was tested. Both P2c2s and 
P34 were able to retain PD1 in such a setup. Empty beads have shown some unspecific binding, but less than any 
of the productive aptamers (Fig. 4C, Figure S6).

To evaluate the specificity of P2c2s and P34 we tested binding (if any) to human PD1 and arbitrarily selected 
proteins otherwise irrelevant to this study. Neither P2c2s, P34 nor any of the unspecific sequences tested have 
shown detectable affinity to mouse PD-L1 (residues 19–134), bovine serum albumin or trypsin demonstrating 
again that only P2c2s and P34, but not the unspecific sequences, specifically recognized PD1 (Fig. 4D). Certain 
unspecific binding to human elastase was observed, but with significantly lower affinity compared to PD1. This 
may be explained by the fact that elastase is known for its affinity to DNA24. Significantly, both aptamers relevant 
to this study recognized human extracellular domain of PD1 and mouse extracellular domain of PD1 (with high 
homology to the human domain) demonstrating a high level of specificity.

Having demonstrated the specificity of P2c2s and P34 we established the kinetic parameters of the binding 
events by SPR (Fig. 4B). Both aptamers interacted with the extracellular domain of human PD1 (21–168) with 
high nanomolar affinity (Table 1). Truncation of the region irrelevant for binding in P34 resulted in an almost 2x 
increase in affinity compared to P2c2s. The increase in affinity was reflected both in increased kon and decreased 
koff.

P2c2s and P34 target PD1 at the cell surface
Encouraging biochemical results prompted us to evaluate the ability of obtained aptamers to selectively detect 
PD1 at the cell surface. To this end, staining of Jurkat-PD1 cells stably overexpressing the PD1 receptor and 
wild-type cells with negligible expression of PD1 was compared. Non-toxic concentrations of aptamers were 

Fig. 2. Identification of minimal fragment of P2c2s responsible for PD1 interaction. (A) Positional scanning 
of P2c2s – deleted regions are marked. 1,2,3 and 4 encompass invariable primer interaction regions. (B) Tested 
combinations of regions identified as irrelevant for binding in positional scanning. Both panels: The binding 
capacity to PD1 as determined in ELISA is shown.
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selected based on LDH and MTT analyses (supplementary materials Fig.  8). FITC labeled P2c2s and P34 
efficiently stained Jurkat cells overexpressing PD1 (Fig. 5A1, Fig. S5B) but not wild-type cells (Fig. 5B1,B2). 
Some unspecific binding of sequences non-specific for PD1 (NC1, NC2) was observed, but the signal was lower 
compared to the aptamers of interest (Fig. 5A2). The above studies were confirmed using cells characterized 
by a high endogenous level of PD1 expression such as: WM266 and WM115 cells (melanoma)25, HT29 (colon 
cancer)26, PANC-1 (pancreatic cancer)27, and A549 cells (lung cancer)28 (supplementary materials Figs. 7 and 9).

P34 detects PD1 expression in the organoid tumor model
The PD1 overexpression model demonstrated that P2c2s and P34 specifically detect PD1 at the cell surface. 
Nonetheless, the overexpression model is characterized by physiologically irrelevant (high) expression of the 
receptor. To evaluate the ability of P34 to recognize PD1 in a more physiologically relevant setup, we established 
a three-dimensional organotypic co-culture system combining tumor-derived KPC murine pancreatic 
organoids and T-cells (Fig. 6A1,A2). Organoids were incubated with Texas Red (TxRd) labeled P34 (Fig. 6C1) 
or unspecific sequence (Fig. 6C2) and staining was analyzed using confocal microscopy. The TxRd-P34 labeling 
was characterized by a speckled pattern (Fig. 6C1) which colocalized with CFSE-labeled T-cells (Fig. 6B1,D1,F1) 
and not other organoid components (Fig.  6A1,D1,E1,F1). The non-specific sequence stained neither T cells 
(Fig.  6B2,C2) nor other organoid components (Fig.  6A2,D2,E2,F2). These results demonstrate that P34 
selectively labeled PD1 at the surface of immune cells in a complicated environment of a three-dimensional 
organotypic co-culture system.

Discussion
Diagnosis based on localized biopsy is often of limited value due to the heterogeneity of expression of the key 
markers. Non-invasive methods enabling in vivo assessment of heterogeneity throughout the tumor tissue are 
promising alternatives. Highly specific probes required for imaging additionally enable tracking of changes in 
marker expression over time, for example during treatment29. In this manuscript, we reported the development 
and initial evaluation of such a tool - an ssDNA probe suitable for molecular imaging of PD1 expression. PD1 

Fig. 3. Analysis of the 2D structures of developed aptamers. (A) Prediction of secondary structure was carried 
out using the software available at: https:   //r na.u rmc.roche ste r.edu/RNAstruct ur eWe b/index.html (prediction of 
secondary structure common to more sequences) and confirmed by the software available at:  h t t p : / / w w w . u n a f 
o l d . o r g     . (B) Putative loops (grey). Overhang found in P2c2s whose removal does not affect the affinity towards 
PD1 is highlighted by a black frame. Regions from positional scanning are marked as numbers corresponding 
to Fig. 2.
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is expressed, among others, on exhausted lymphocytes signifying the reduction in the capacity of the immune 
system to respond. Thereby, PD1 is considered as a marker in cancer and acute and chronic infections.

Antibody-mediated PD1 blockade proved efficient in clinics30,31, but the PD1 imaging strategy is unique 
in cancer because in most cases PD1 is expressed on infiltrating immune cells rather than the primary tumor 
as demonstrated in our organoid model and by others. A number of studies documented the utility of such an 
approach1,2,32–34 and the prognostic value has been demonstrated10. Therefore, assessment of tumor-infiltrating 
lymphocytes in histopathological samples may provide important prognostic information and may also be 
useful in predicting treatment response. For example, Hettich et al.2 developed PET imaging radiotracers 
enabling imaging of both PD1 and PD-L1 ligands in malignant tumors in immunocompetent mice. In these 
studies combination immunotherapy resulted in massive tumor infiltration by PD1+ lymphocytes, suggesting 
the possible utility of PD1 probes in monitoring the progress of the therapy in vivo. Moreover, the pattern of 
antigen expression in secondary lymphoid organs could have been monitored.

Aptamer Dissociation constant Association rate constant Dissociation rate constant

P2c2s Kd = 934 nM kon = 603,4 M −1s −1 koff = 0,00455 s −1,

P34 Kd = 508 nM kon = 3842,33 M−1 s−1 koff = 0,001939 s−1

Table 1. Characterisation of the binding kinetics of P2c2s and P34 with the extracellular domain of PD1 
(residues 21-168;C-terminal His-tag).

 

Fig. 4. Specificity and affinity of P2c2s and P34. (A) Selective binding of indicated aptamers to recombinant 
human PD1 (hPD1, residues 21–168, C-terminal His-tag) and to recombinant mouse PD1 (mPD1, residues 
25–167, C-terminal His-tag) as determined using ELISA. cNEG1 and cNEG2 – non-specific controls. (B) 
Representative SPR sensograms characterizing binding of tested aptamers to immobilized PD1. (C) Target 
protein binding by aptamers immobilized on magnetic beads as analyzed by SDS-PAGE. (D) Specificity of 
P2c2s and P34. The affinity of tested aptamers to a set of proteins as determined by ELISA.
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PD1 probes may also find utility in infectious and autoimmune diseases. PD1 axis negatively affects the activity 
of T cells preventing autoimmune reactions. Continuous exposure to the antigen in chronic infections leads to 
sustained expression of PD1 thus suppressing the response. This may limit the immune-mediated removal of 
pathogens. The important role of PD1 expression in acute and chronic infections has been documented both in 
vivo and ex vivo8. The pioneering research of Blackburn et al.35 demonstrated that antigen-specific T cells from 
mice infected with a chronic LCMV virus strain exhibit higher and more sustained level of PD1 expression 
compared to antigen-specific T cells from mice infected with acute LCMV strain. Further, these authors have 
demonstrated that blockage of inhibitory receptors (PD1 and LAG-3) improved T cell responses and diminished 
viral load in vivo. Later studies confirmed the utility of targeting PD1 in potentiating the response against 
pathogens8.

Blocking the PD1 pathway in model studies improved control of the infection through an increased 
proliferation of T cells, the cytotoxic potential of CD8+ T cells and the production of cytokines8. In this context, 
tracking the changes in marker expression in tissues could be important in predicting responses to PD1 blocking 
therapy in chronic infectious conditions, improving the quality of treatment. Potential therapeutic intervention 
would require stringent monitoring of the response to preclude autoimmunity. PD1 imaging probes could 
potentially find utility in such instances.

In studies related to aptamers intended for cells or tissue imaging, researchers typically report Kd values in 
nanomolar range (ranging from several to several hundred nanomoles) obtained through flow cytometry. This 
applies to aptamers selected against entire cells36–39 as well as those chosen for specific molecular targets40–42. 
In our research, the Kd values obtained using Jurkat cells (which overexpress PD1) through flow cytometry 

Fig. 5. P2c2s and p34 recognize PD1 at the cell surface. Cells were incubated with tested FITC-labeled 
aptamers and the labeling was evaluated using flow cytometry. (A1) Jurkat T cells stably expressing human 
PD1 (B1) Wild-type cells. (A2, B2) Quantitative representation of data shown in (A1) and (B1). NC1, NC2 
were non-specific aptamers corresponding in length to P2c2s and p34, respectively.
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were 237.1 nM and 264.9 nM, which is comparable to affinities of aptamers previously suggested as suitable for 
imaging. In line with the above, the utility of aptamers developed in this study to detect PD1 at the immune cell 
surface was demonstrated ex vivo using a pancreatic tumor model. We have shown that the aptameric probe 
specifically labels PD1-expressing T cells, allowing direct visualization of biodistribution. Further studies in 

Fig. 6. P34 specifically recognizes PD1 at the surface of T cells in KPC organoid / T-cell co-culture. Ex vivo 
live staining. (A1, A2) Nuclei staining with DAPI (blue), (B1, B2 ) T-cells labeled with CSFE (indicated by 
arrows) and PD1 expressed on T-cells: P34-TxRd staining (C1), staining with non-specific sequence cNEG-
TxRd (C2); (D–F) the overlay of selected channels and the colocalization of signals.
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living organisms are needed to determine the distribution of the probe, specificity and metabolism and finally 
the diagnostic/prognostic value. This study has set a solid ground for further (pre-) clinical development of 
aptameric PD1-directed probes for the diagnosis and monitoring of tumors and the progress of autoimmune 
disorders.

Methods
PD1 purification
Construct of the extracellular domain of human PD1 encompassing residues 21–168 (C-terminal His-
tag) was expressed and purified as described previously43. Briefly, the protein was expressed in E. coli BL21 
(DE3) as inclusion bodies. Cells were cultured at 37 °C in LB medium and induced with 1 mM Isopropyl-β-
D-thiogalactoside (IPTG) at OD600 = 1.0. After further incubation at 37  °C for 3 h, the cells were collected 
and lysed by sonication in phosphate-buffered saline (PBS). Inclusion bodies were recovered by centrifugation, 
washed twice with 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 0.5% Triton X-100, 10 mM EDTA and 10 mM 
2-mercaptoethanol followed by washing with the same buffer excluding the detergent. The inclusion bodies 
were dissolved in 50 mM Tris pH 8.0, 6 M GuHCl, 200 mM NaCl, and 10 mM 2-mercaptoethanol and refolded 
by drop-wise dilution into 0.1 M Tris pH 8.0, 0.4 M L-Arg hydrochloride, 2 mM EDTA, 5 mM cystamine and 
0.5 mM cysteamine. After refolding, protein was dialyzed 3 times against 10 mM Tris pH 8.0 containing 20 mM 
NaCl, concentrated, and further purified by gel filtration on Superdex 75 (GE Healthcare, Chicago, Illinois, 
USA) in buffer containing; 25 mM Na2HPO4, 25 mM NaH2PO4 pH 6.4, 100 mM NaCl, 5 mM MgCl2 and 10 
mM KCl or 10 mM Tris pH 8.0 containing 20 mM NaCl. The proteins were stored for further experiments as 
0.2 mg/ml stocks at -80 °C. Recombinant human PD1 with C-terminal His tag (residues 25–167) (ab174035) 
and recombinant mouse PD1 (residues 21 to 167) - His tagged at C-Terminus (ab180051) were obtained from 
Abcam, Cambridge, UK.

In vitro selection of aptamers.
The single-stranded DNA (ssDNA) library (N50), composed of a random region of 50 nucleotides flanked by 

fixed 20 nucleotide primer sequences (5’- C A T G C T T C C C C A G G G A G A T G-N50- G A G G A A C A T G C G T C G C A A 
A C-3’) was synthesized at 0.2 µM scale and purified by HPLC (IBA, Göttingen, Germany). The ssDNA library 
and the ssDNA pools obtained after each subsequent selection cycle were renatured by incubation for 5 min at 92 
° C, 10 min 4 ° C and 15 min RT. Prior to productive selection, aptamers interacting with the carrier resin were 
removed by incubation with uncoated beads.

Aptamers were selected independently against PD1 extracellular domain constructs encompassing residues 
21–168 (in house) and residues 25–167 (Abcam, UK, ab174035) both with C-terminal histidine tags. The target 
protein was immobilized (Dynabeads ™ His-Tag Isolation and Pulldown, Thermo Fisher Scientific, Waltham, 
USA) according to the manufacturer instructions. The beads were washed with PBS pH 7.4 supplemented with 
5mM MgCl2, 10mM KCl and 0.01% Tween 20 (selection buffer) and resuspended in binding buffer (selection 
buffer supplemented with 40–120 µg/ml yeast tRNA (Invitrogen, Waltham, USA) and 125 µg/ml BSA (Bioshop, 
Canada Inc., Burlington, Canada). ssDNA library was added and incubated at 24 °C for 20 min with stirring. 
To increase the selective pressure, in consecutive cycles the amount of beads and concentration of ssDNA 
were gradually reduced while increasing the concentration of the competitor (yeast tRNA) (see supplementary 
materials Fig. 1). After incubation, the beads were rinsed, suspended in dH2O and ssDNA was amplified by 
PCR. 400 µl of PCR mix containing 1 µM primers (unmodified ss50_For: 5′- C A T G C T T C C C C A G G G A G A T 
G-3′ and 5’-phosphorylated ss50_Rev: 5′- G T T T G C G A C G C A T G T T C C T C-3′), 0.5 mM dNTPs, 2.5 mM MgCl2, 
1.25U/100 µl of Taq polymerase (Thermo Fisher Scientific, Waltham, USA) was prepared and mixed with 3–0.3 µl 
of beads containing immobilized protein and bound aptamers. The PCR was performed for 30 cycles, consisting 
of denaturation at 95 °C for 2 min, annealing at 53 °C for 30 s, and extension at 72 °C for 30 s followed by the 
final polishing step of 72  °C for 5  min. The PCR products were extracted using phenol-chloroform-isoamyl 
alcohol (Sigma-Aldrich, St.Louis, USA) and precipitated overnight with ethanol at -20 °C. The DNA pellet was 
recovered by centrifugation, washed twice with 70% cold ethanol, dried, and dissolved in dH2O. The dsDNA 
was converted to relevant ssDNA by digestion with λ exonuclease (Thermo Fisher Scientific, Waltham, USA) in 
a 500 µl containing 100 U exonuclease at 37 °C, for 1 h with gentle shaking. ssDNA was extracted using phenol-
chloroform-isoamyl alcohol (Sigma-Aldrich, St.Louis, USA) and dissolved in 100 µl dH2O. ssDNA samples were 
stored at -20 ° C for the next selection cycle. Enrichment of the pool in PD1 binding aptamers in subsequent 
selection steps was monitored by ELISA (see below). Aptamer pools were analyzed by NGS after 5-th, 6-th and 
7th selection cycle (Genomed S. A., Warszawa, Poland).

Sequence analysis
FASTQ files containing demultiplexed sequences after barcode trimming were further trimmed of the adapters 
(primer attachment sites) and sequences were reversed if needed. Sequences shorter than 10 nucleotides 
were discarded. The remaining sequences were aligned into groups containing identical sequences. In further 
analysis, each group was represented by a common sequence (compressed_seq). The groups were identified by 
their cardinality. 10 most frequent compressed_seqs were clustered with the k-means algorithm. An optimal 
number of clusters was determined employing silhouette method and the silhouette score was computed for 
2 < = k<=4. Then, the compressed_seqs in each cluster were aligned with ClustalW. The obtained alignments 
were subsequently processed with dnadist and neighbour programs from PHYLIP package to generate (pseudo-)
phylogenetic trees representing relationships between compressed_seqs.

ELISA binding assay
The binding of selected aptamers to human PD1 was assessed by ELISA. 96-well microtiter plate (Nunc, 
Rochester, NY, USA) was coated with 100  µl of human PD1 (10  µg/ml in PBS) overnight at + 4  °C. All 
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subsequent steps were performed at RT. Unbound PD1 was removed by washing in the selection buffer. Serial 
dilutions of biotinylated aptamers (100 µl) were added to the wells and incubated for 30 min. The control DNA 
sequences were used to assess non-specific binding. Unbound aptamers were removed by extensive washing 
in the selection buffer. 100 µl of horse-radish-peroxidase HRP-conjugated streptavidin (1:200 dilution; R&D 
Systems, Inc., Minneapolis, USA) was added to the wells. After 20 min of incubation, the unbound streptavidin 
was removed by washing in a selection buffer. Following, 100 µl of the HRP reagent substrate (R&D Systems, 
Minneapolis, USA) was added and incubated for 5–10 min. The reaction was stopped by adding 50 µl of 2 N 
H2SO4. Absorbance at 450 nm and 570 nm (correction for optical plate imperfections) was determined using the 
Infinite 200 PRO multimode reader (Tecan Group Ltd., Switzerland). Unspecific binding to proteins irrelevant to 
this study (mouse extracellular domain of PD-L1, human neutrophil elastase, bovine trypsin, and bovine serum 
albumin ) was analyzed in similar manner after coating the plates with each tested protein (10 µg / ml in PBS) 
separately.

Binding kinetics
Surface plasmon resonance (SPR) was used to characterize the binding kinetics of P2c2s and P34 to the 
extracellular domain of PD1(residues 21–168; C-terminal His-tag). The biotinylated aptamers were prepared as 
5 nM stock in HBS-P buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% v/v Surfactant P20 (GE Healthcare, 
Chicago, Illinois, USA) and 5 mM MgCl2), boiled for 10 min at 95⁰ C, and cooled on ice for 10 min. Aptamers 
were immobilized at a density of approximately 700 RU (resonance units) on the surface of a SA chip (GE 
Healthcare, Chicago, Illinois, USA) according to the manufacturer’s protocol. The binding kinetics was analyzed 
in PD1 aptamer assay buffer (25 mM Na2HPO4, 25 mM NaH2PO4 pH 6.4, 100 mM NaCl, 5 mM MgCl2 and 10 
mM KCl) with the use of Biacore X100 (GE Healthcare, Chicago, Illinois, USA). A single 20-sec pulse of 2 M KCl 
was used for chip regeneration in multi-cycle kinetics. The binding data were fitted to the Langmuir 1:1 binding 
model using Biacore X100 Evaluation software.

Immobilization assay
Biotinylated aptamers (P2c2s, P34) at 4 µM concentration were conjugated to Streptavidin Mag Sepharose (GE 
Healthcare, Chicago, USA) by incubation in PBS for 20 min at RT with constant shaking. The slurry was washed 
three times with PBS and blocked with 0,2% BSA (Bioshop) in SELEX buffer for 30 min in RT with constant 
shaking. After washing with SELEX buffer, the slurry was incubated with PD1 (165 µg/ml, 82,5 µg/ml or 40,7 µg/
ml) in SELEX buffer supplemented with 40 µg/ml tRNA, for 20 min at RT with constant shaking. Samples were 
washed with SELEX buffer three times, eluted by boiling briefly in the loading buffer (3% SDS, 10% glycerol, 12,5 
mM Tris-HCl, pH 6,8, 100 mM DTT, 0,05% bromophenol blue), and analyzed via SDS/PAGE. The Coomassie 
blue-stained gels were imaged with the use of ChemiDoc (Bio-Rad Laboratories, Inc. Hercules, USA).

Cell binding assay (flow cytometry)
Jurkat T-cells (wild type and stably overexpressing PD1) were maintained in RPMI 1640 medium (Gibco) 
supplemented with 10% FBS (InvivoGen, San Diego, CA, USA), at 37 °C with 5% CO2. Jurkat T-cells expressing 
hPD1 were maintained in a medium supplemented with selection antibiotics; hygromycin B (50  µg/ml; 
Sigma Aldrich, Darmstadt, Germany) and G418 (250 µg/ml; InvivoGen, San Diego, CA, USA). Additionally, 
the research used cells characterized by a high endogenous PD1 level: human melanoma cells (WM266 and 
WM115)25, colon cancer cells (HT29)26, pancreatic cancer cells (PANC-1)27, and lung cancer cells (A549)28. The 
WM266 and WM115 cells were cultured in RPMI medium, while HT29, PANC-1, and A549 cells were cultured 
in DMEM medium supplemented with 10% FBS (InvivoGen, San Diego, CA, USA), at 37 °C with 5% CO2.

Tested aptamers (P2c2s, P34 and nonspecific sequences) were obtained as conjugates with 5’-FAM, 5’-Texas 
Red or 5’-cyanine (5’-extremity of the oligonucleotide (5’-hydroxyle)). The cells were blocked in Hanks’ Balanced 
Salt solution (HBSS) supplemented with 1 mg/ml dextran (Merck Millipore, Darmstadt, Germany) and 1 mg/
ml salmon sperm DNA (Merck Millipore, Darmstadt, Germany) for 30 min at 37 °C. Labeling with aptamers 
(0–250nM) was obtained by 30 min incubation of 0.25 × 106 cells in HBSS supplemented with MgCl2 and KCl, at 
37 °C in the dark and with shaking (300 rpm). After incubation, cells were washed in HBSS and analysed by Flow 
Cytometry (BD FACSCalibur or BD Accuri c6). The binding of fluorophore-conjugated aptamers to the target 
protein was demonstrated as a percentage of fluorescent positive cells using CellQuestPro software. Antibodies 
against human PD1 (clone J105, Thermo Fisher Scientific, Waltham, MA, USA) were used as positive controls. 
Non-transfected Jurkat cells were used as negative controls.

Ex vivo aptamer analysis in KPC organoid/T-cell co-culture
The Pdx1-Cre; Kras+/LSL-G12D; Trp53+/LSL-R172H (KPC) mice with developed pancreatic tumors were used 
in the analysis. 6 to 8-week old mice were purchased from Charles River Laboratory. The study was carried out in 
compliance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. All experiments 
were carried out with approval of the Animal Care and Use Committee at SCUT. And all methods were carried 
out in accordance with relevant guidelines and regulations. Mouse pancreatic tumor cells were isolated from 
the tumor bulk of mice older than 8 weeks as previously described44. Briefly, mouse pancreatic tumors were 
minced and enzymatically dissociated with 5  mg/ml Collagenase type XI (Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA), 1 mg/ml Dispase (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 1% FBS (Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA) in DMEM medium (Gibco, Thermo Fisher Scientific, Waltham, 
MA, USA) at 37 °C for a maximum of 16 h. The isolated material was incubated with TrypLE (Gibco, Thermo 
Fisher Scientific, Waltham, MA, USA) at 37  °C for 10  min, embedded into growth factor-reduced Matrigel 
(Corning), and cultured in mouse complete medium (AdDMEM/F12 (Gibco) supplemented with 1% penicillin/
streptomycin (Gibco), 1% GlutaMAX (Gibco), 10 mM HEPES (Gibco), 1:50 B27 supplement (Gibco), 1.25 
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mM N-Acetylcysteine (Sigma Aldrich, Darmstadt, Germany), 10% (vol/vol) Rspo1-conditioned media, 10 mM 
Nicotinamide (Sigma Aldrich, Darmstadt, Germany), 10 nM recombinant human-gastrin I (Tocris), 50 ng/ml 
recombinant mouse EGF (Gibco), 100 ng/ml recombinant human FGF10 (Peprotech, London, UK), 0.5 µM A83-
01 (Tocris), and 100 ng/ml recombinant human Noggin (Peprotech, London, UK)). Mouse’s complete medium 
was changed twice a week. All animal experiments were approved by the Animal Care and Use Committee at 
SCUT, and every effort was made to minimize suffering from experiments.

KPC organoids were cultured with CFSE-labelled T cells. Prior to aptamer staining, organoids were incubated 
with blocking buffer (HBSS + 0.1  mg/mL dextran + 1  mg/mL salmon sperm DNA) for 30  min. 50 nM P34-
TxR aptamer or TxR labeled negative control aptamer were added and incubated with organoids for 6 h. After 
this time, organoids were washed with HBSS by pipetting. Images were captured on a confocal fluorescence 
microscope (Carl Zeiss).

Data availability
The data presented in this study are available in the main text and the supplementary materials of this article.
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