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A significant fraction of non-small cell lung cancer (NSCLC)
cases are due to oncogenic mutations in the tyrosine kinase
domain of the epidermal growth factor receptor (EGFR).
Anti-EGFR antibodies have shown limited clinical benefit
for NSCLC, whereas tyrosine kinase inhibitors (TKIs) are
effective, but resistance ultimately occurs. The current land-
scape suggests that alternative ligands that target wild-type
and mutant EGFRs are desirable for targeted therapy or
drug delivery development. Here we evaluate NSCLC target-
ing using an anti-EGFR aptamer (MinE07). We demonstrate
that interaction sites of MinE07 overlap with clinically rele-
vant antibodies targeting extracellular domain III and that
MinE07 retains binding to EGFR harboring the most com-
mon oncogenic and resistance mutations. When MinE07
was linked to an anti-c-Met aptamer, the EGFR/c-Met bispe-
cific aptamer (bsApt) showed superior labeling of NSCLC
cells in vitro relative to monospecific aptamers. However,
dual targeting in vivo did not improve the recognition of
NSCLC xenografts compared to MinE07. Interestingly, bio-
distribution of Cy7-labeled bsApt differed significantly
from Alexa Fluor 750-labeled bsApt. Overall, our findings
demonstrate that aptamer formulations containing MinE07
can target ectopic lung cancer without additional stabiliza-
tion or PEGylation and highlights the potential of MinE07
as a targeting reagent for the recognition of NSCLC har-
boring clinically relevant EGFRs.

INTRODUCTION
Lung cancer is the leading cause of cancer-related deaths among both
men and women worldwide, accounting for nearly 1.8 million deaths
per year.1 Non-small cell lung cancer (NSCLC) is the most common
subtype and includes �85% of all lung cancer diagnoses. Most
NSCLC cases are attributed to adenocarcinoma (60%) and squamous
cell carcinoma (30%).2 A significant number of lung adenocarcinoma
cases are due to somatic, activating mutations within the tyrosine ki-
nase domain (TKD) of the epidermal growth factor receptor (EGFR)
gene that occur in 15%–20% of Caucasian and 40%–60% of Asian pa-
tients.3Nearly 80%–90%of theseEGFR genetic changes consist of a sin-
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gle-nucleotide missense mutation in exon 21 (L858R) or in-frame de-
letions of amino acids (aa) 746–749 within exon 19 (Ex19Del).4 These
“classical” mutations act as oncogenic drivers, leading to a constitu-
tively active EGFR that sustains cellular growth and survival signaling
even in the absence of ligand stimulation.5 First-line treatment for
EGFR-mutantNSCLCuses tyrosinekinase inhibitors (TKIs) that selec-
tively inhibit EGFR kinase activity and downstream signaling.2 Unfor-
tunately, TKI resistance eventually occurs within 12–18 months, and
those patients show a 5-year survival rate that is <20%.6 The most
recurring genetic mechanisms of resistance involve the acquisition of
secondary (T790M, which accounts for �50% of resistance cases)
and tertiary (C797S) mutations in the intracellular EGFR TKD, ampli-
fication of other cell-surface protein encoding oncogenes (e.g., MET),
or mutations in downstream oncogenes (e.g., KRAS).3 More recently,
wild-type (WT) EGFR amplification has been found in both lung
adenocarcinoma and squamous cell carcinoma, where it is implicated
in cancer pro-survivalmechanisms.5,7 Genetic alterations inEGFR lead
to NSCLC heterogeneity8 and resistance, which, in addition to delayed
diagnoses,9 contribute significantly to poor survival. This underlines
the importance of having a set of versatile ligands with different biolog-
ical and physicochemical properties, such as antibodies (Abs) and ap-
tamers, that target bothWTandmutantEGFRs. In general, targeting of
EGFR-mutant NSCLC is still a critical and unmet need of contempo-
rary cancer research that requires the continued development of novel
diagnostics and therapeutics to be used as an alternative or adjuvant to
modern reagents.

Due to the heterogeneity of NSCLC, targeted cancer strategies must
achieve specific targeting in mixed populations of closely related
apy: Nucleic Acids Vol. 34 December 2023 ª 2023 The Author(s). 1
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cells. Cells displaying a unique surface marker can be targeted with
monoclonal Abs (mAbs), aptamers, peptides, or other classes of li-
gands, such as folic acid and transferrin.10,11 However, subsets of
cells that do not express a given marker, or express it at low levels,
evade targeted recognition.12 A validated strategy is to simulta-
neously target two or more markers that are expressed on the same
tumor cell surface (called in cis binding).13,14 Dual targeting strate-
gies performed with bispecific Abs (bsAbs) or bispecific chimeric an-
tigen receptor (CAR) T cells have been shown to increase tumor
selectivity.15–18 However, bsAbs have also displayed significant off-
tumor toxicity.19–21 Engineering of mAbs has been performed to
minimize their immunogenicity,22 but this process can be technically
challenging, expensive, and time consuming.23,24

Oligonucleotide diagnostics and therapeutics have been indispensable
in the biomedical sciences and in medicine, highlighted by being the
topic of Noble Prize awardees and the clinical success of small inter-
fering RNA (siRNA), antisense oligonucleotides (ASOs), and mRNA
vaccines.25,26 Aptamer technology is still relatively underexplored
compared with other types of RNA-based technologies. However,
aptamers have various beneficial properties that make them suitable
for new reagent evolution as they combine characteristics of small mol-
ecules and mAbs. Aptamers possess low immunogenicity as a foreign
substance and do not activate immune effector cells unless they are
engineered to act as immunomodulators.27,28 In addition, aptamer se-
quences are programmable making design and molecular engineering
of bispecific aptamers (bsApts) or aptamer-based nanoarchitectures
rapid and cost effective.29–31 Indeed, we and others have demonstrated
that aptamers that target tumor cell-surface markers are valid tools
to deliver several classes of molecular payloads in vitro31–34 and
in vivo.35–38

Several RNA and DNA aptamers have been selected to bind WT
EGFR.39–41 Fewer aptamers have been selected or utilized to target
mutated EGFRs, such as EGFRvIII, a deletion variant (del6-273)
commonly found on glioblastoma.42,43 Recently, a DNA aptamer
(TuTu22) selected to bind WT EGFR41 was reported to label EGFR-
mutant NSCLC H1975 cells,44 although we were unable to reproduce
these results using our method of aptamer labeling (Figure S1). Ap-
tamer data reproducibility has been amajor bottleneck in the progres-
sion to and acceptance of aptamer technology in the clinic, as recently
highlighted.45–47 Therefore, in addition to following the recently
released minimum aptamer publication standards (MAPS),47 we uti-
lized a 20 fluoropyrimidine (FY) RNA anti-EGFR aptamer (MinE07)
that was both rigorously selected and reproducible for our studies.

Aptamer MinE0748 binds WT EGFR with nanomolar affinity (Kd

�1–2 nM) and displays antiproliferative effects in epidermoid cancer
cells.39 MinE07 binds the extracellular domain of human EGFR in
competition with epidermal growth factor (EGF) but also recognizes
EGFRvIII (Kd �250 nM)49 and mouse EGFR (Kd �35 nM),39 albeit
with lower affinity than recognition ofWT EGFR. Over the past years,
we and others have used MinE07 to target WT EGFR as a tool for
super-resolution microscopy,50 in vivo imaging,49 and targeted drug
2 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
delivery.51–53 However, using MinE07 to target tumors harboring
clinically relevant EGFR mutations found in lung adenocarcinoma
patients has not yet been demonstrated.

Here, we show that MinE07 binding to the extracellular domain of
EGFR is retained even in the presence of EGFR TKDmutations associ-
ated with NSCLC. To improve recognition of NSCLC cells, we describe
the engineering of a bsApt that dually targets EGFR and c-Met. We
show that EGFR/c-Met bsApt significantly increases in vitro NSCLC
cell labeling compared to monospecific anti-EGFR (MinE07) and
anti-c-Met (CLN3) aptamers. We also demonstrate that MinE07 and
EGFR/c-Met bsApt effectively target subcutaneous xenografts of hu-
man NSCLC cells. However, in contrast with our in vitro assessments,
we found that increasing aptamer cell-targeting specificity did not
significantly improve in vivo tumor targeting. We propose that these
findings may be attributed to the heterogeneity of c-Met expression
in vivo and todifferences in endocytosis and tumor penetration between
monospecific aptamer and EGFR/c-Met bsApt. Finally, we show that
aptamer biodistribution can be affected by the choice of fluorophore
used for biodistribution studies. Specifically, a near-infrared (NIR) fluo-
rescent dye, Cy7, conjugated to our EGFR/c-Met bsApt inherently
increased accumulation at liver and kidney tissues compared to a
more hydrophilic NIR dye, Alexa Fluor 750. This warrants caution
when interpreting biodistribution of dye-labeled oligonucleotides solely
in terms of the targeting reagent without considering the dye.

Our findings establish monospecific aptamer and bsApt formulations
containing MinE07 as potential reagents for future development of
aptamer-based therapeutics and/or diagnostics for EGFR-mutant
NSCLC. The proposed approaches are modular and can be fine-tuned
and applied to other cancer types. Importantly, aptamer technology
has not yet been widely accepted for clinical use; hence, future devel-
opments should strive for clinically useful reagents.54,55 The disconti-
nuity between in vitro and in vivo studies suggests that translational
in vitro models that better recapitulate three-dimensional tumor
biology (e.g., organoids) should be used to validate aptamer technol-
ogy. Further improvements to aptamer pharmacokinetic properties
should be pursued to increase circulation half-life and decrease
nuclease susceptibility, potentially by selecting and utilizing fully
chemically modified aptamers.
RESULTS
MinE07 aptamer binds cell-surface EGFRs harboring oncogenic

and TKI-resistance mutations

To test whether MinE07 binds EGFR harboring mutations found in
NSCLCpatients, we performedflow cytometry binding assays. To facil-
itate aptamer conjugation to organic dyes, we used a modular design
that was previously applied to several RNA and DNA aptamers,31,32

including MinE07,50 and is similar to constructs used extensively for
targeted siRNA delivery.56 In this design, MinE07 sequence was
extended at its 30 end to include a short 21-nt oligonucleotide “tail”
that can efficiently anneal with its complementary anti-tail bearing an
organic dye (Figure S2). Far-red dyes (Cy5 or Atto647N) were used



www.moleculartherapy.org
for flow cytometry and light microscopy assays, and NIR dyes (Cy7 or
Alexa Fluor 750) were used for in vivo and ex vivo imaging.

Cell labeling with MinE07 was compared with that of control aptamer
(mutMinE07), a highlymutated version ofMinE07with a different pre-
dicted secondary structure (Figure S2B). HEK293FT cells (low to no
EGFR) were transiently transfected with WT EGFR or a panel of five
mutant EGFRs (expression plasmid, pCMV EGFR_T2A_EGFP;
Table S1; Figure S3A). We focused on EGFR harboring oncogenic clas-
sical mutations (L858R or exon19 deletions) that are present in 70%–
90% of EGFR-mutant NSCLC cases, and on EGFR double mutants
that include a secondary “gatekeeper” mutation (T790M) that drives
resistance to first and second generations of EGFR TKIs in �50%–
60% of patients.2,3 Each EGFR variant (WT and mutants) was co-ex-
pressed in HEK293FT cells with GFP to identify transfected cells and
to normalize expression levels of WT and mutant EGFRs (see section
“materials and methods”). Cy5-MinE07 targeted all five mutant
EGFR-expressing HEK293FT cells, showing a superior labeling of
GFP-positive HEK293FT cells relative to mutMinE07 (Figure 1A)
and relative to non-transfectedHEK293FT cells (Figure S3B). These re-
sults confirm that MinE07 recognized cell-surface EGFR expressed
upon cell transfection. Among EGFR mutants, MinE07 showed the
highest labeling of cells expressing L858R/T790M, followed by L858R,
and then by cells transfected with EGFR exon19 deletions (del746-
750; del747-751; del746-750/T790M) (Figure 1A). To rule out that
suchdifferences in cell labelingwere due to changes inEGFRexpression
levels, we normalized mean fluorescence intensities (MFIs) of Cy5-
MinE07 relative to MFIs measured for GFP, which is proportional to
the EGFR level.57 Relative MFIs (expressed as MFICy5/MFIGFP) further
confirmed that MinE07 effectively targets all EGFRmutants but indeed
displays an increased labeling of cells expressing L858R/T790M (Fig-
ure S3C). These results illustrate that, when WT or mutant EGFRs
are transiently transfected at similar levels in the same cell line
(HEK293FT), MinE07 retained binding of EGFRs harboring intracel-
lular oncogenic and resistance mutations. In these conditions, we also
observed that MinE07 preferentially labels HEK293FT cells expressing
EGFR L858R/T790M (and to a lesser extent L858R) compared with
exon19 deletions, although it has not yet been determined whether
suchdifferences aredue to an enhancedaptameraffinityof thesemutant
EGFRs or are cell line dependent.

While using HEK293FT cells allowed for the rapid screening of
MinE07 binding toward a panel of mutant EGFRs, this embryonic
kidney cell line does not mimic the diversity of receptors and EGFR
levels that are found on the surfaces of NSCLC cells. Thus, to deter-
mine whether MinE07 targets endogenously expressed EGFR mu-
tants, we performed flow cytometry binding assays using two
EGFR-mutant NSCLC cell lines: H820 (EGFR del746-750/T790M)
and H1975 (EGFR L858R/T790M). A third NSCLC cell line (A549)
that expressed WT EGFR was used as positive control. Atto647N-
MinE07 specifically labeled all three NSCLC cell lines in a dose-
dependent manner (Figure S4A). A549 cells emerged as the cell line
with the highest expression of cell-surface EGFRs, equally followed
by H820 and H1975 cells, which displayed comparable EGFR levels
(Figure S4A). A similar trend of cell labeling (A549 >> H820 z
H1975) (Figures S4B and S4C) was obtained using an APC-labeled
Ab (clone AY13) that targets the extracellular domain of EGFR but
in a different site than MinE07 (Figure S5). These results further
confirmed that MinE07 indeed labels NSCLC cells that express
endogenous mutant EGFRs with primary oncogenic mutations
(L858R or del746-750) and T790M resistance mutation.

MinE07 aptamer competeswith anti-EGFRmAbs cetuximab and

nimotuzumab

Mutations in the kinase domain are not expected to induce major
changes in the extracellular region of EGFR, which contains four do-
mains, I, II, III, and IV. MinE07 was previously shown to bind EGFR-
vIII and to compete with EGF,39 which preferentially recognizing do-
mains I (aa 1–165) and III (aa 310–481), suggesting that major
interactions between MinE07 and EGFR may involve domain III.
To better define the MinE07 binding site, we performed cell binding
competition assays with three anti-EGFR mAbs (nimotuzumab, ce-
tuximab, and matuzumab) that target domain III in distinct epi-
topes.58–60 Nimotuzumab binds EGFR by engaging primarily aa
353 and a stretch of contiguous aa from 356 to 359 that are located
toward the N-terminal end of domain III.61 All these residues are
also found within the EGF binding pocket. Aa 353 is also recognized
by cetuximab, which in turn shows critical interactions with aa 384,
408, 418, 440, 443, 465, 467, 468, 471, and 473.60,61 In contrast, ma-
tuzumab primarily binds an epitope loop on domain III spanning
aa 454–464 that precedes the C-terminal end of domain III and
does not block EGF binding as the other two anti-EGFR mAbs do.59

H1975 cells were incubated with Cy5-MinE07 (50 nM) in the absence
or presence of 10-fold molar excess of anti-EGFR Ab. Competition
between Cy5-MinE07 and a non-labeled version of MinE07 that lacks
the tail sequence was also used as positive control (Figure 1B). Our
results indicate that Cy5-MinE07 effectively labeled H1975 cells in
the presence of matuzumab or a control immunoglobulin (Ig) G
(anti-GAPDH mAb), but cell labeling markedly decreased when
MinE07 was co-incubated with cetuximab or nimotuzumab (Fig-
ure 1B). Cell binding competition assays were repeated at 4�C to pre-
vent EGFR internalization and to ensure that the reduction of Cy5
MFI was not caused by a decrease of cell-surface EGFRs upon Ab-
mediated endocytosis. MinE07 again competed with cetuximab and
nimotuzumab for binding to EGFR but not with matuzumab. These
data illustrate that MinE07 interaction site overlaps with important
residues involved in nimotuzumab and cetuximab recognition but
is distinct from that of matuzumab (Figure 1C).

Next, we investigated whether MinE07 binding is affected by resis-
tancemutations in the EGFR ectodomain that occur in colorectal can-
cer (CRC) in response to cetuximab therapy. EGFR domain III single
point mutations (S464L, G465E, G465R, or S492R), which account
for �20% of CRC patients with clinical resistance,62 were transfected
into HEK293FT cells and labeled with Cy5-MinE07 as above. While
MinE07 retained binding to each of the mutant EGFR at levels
well above background, cell labeling was decreased approximately
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 3
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Figure 1. Anti-EGFR MinE07 aptamer binds cell-surface EGFRs harboring oncogenic and resistance mutations and competes with clinically relevant anti-

EGFR Abs

(A) HEK293FT cells were transfected with an expression plasmid containing either WT or mutant EGFR and an EGFP reporter under control of the pCMV reporter

(pCMV_EGFR_T2A_EGFP; Table S1). Transfected cells were incubated with 100 nM Cy5-labeled anti-EGFR aptamer (MinE07, green bar) or control aptamer (mutMinE07,

gray bar) and cell labeling was analyzed via flow cytometry. Cy5 MFI of GFP+ cells is reported on the y axis. MinE07 variably labeled cells expressing both WT and mutant

EGFR, relative to the control aptamer. Plotted values represent mean ± SD for n = 3 independent experiments. Statistical analysis was performed using a two-way ANOVA

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (B) H1975 cells (NSCLC cell line harboring endogenous EGFR L858R/T790M) were incubated with 50 nM Cy5-labeled

MinE07 in either PBS (no competition) or 10� (500 nM) competitor at 37�C, or at 4�C to mitigate receptor internalization, for 45 min. Cell labeling was defined via flow

cytometry. MinE07 competed with mAbs cetuximab and nimotuzumab, suggesting a specific binding site within extracellular domain III of EGFR. Plotted values represent

mean ± SD for n = 2 independent experiments. (C) Schematic of EGFR interactions with clinically relevant mAbs andMinE07, all of which are proposed to bind sub-domain III

of EGFR ectodomain.
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50%–70% for HEK293FT cells expressing EGFR mutations at resi-
dues 464 and 465 but not at 492 (Figure S6). These results suggest
that S464L, G465E, and G465R affect MinE07 binding properties to
some extent but that they do not fully abolish its ability to label
EGFR-expressing cells. From these results, it is unclear whether
MinE07 establishes direct contacts with S464 or G465 or whether mu-
tations of these residues drive conformational rearrangements in the
MinE07 binding site that ultimately affect its affinity. Nevertheless,
current efforts are ongoing to further define the EGFR-MinE07 inter-
4 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
action and provide a well-characterized RNA ligand to the list of
available reagents for EGFR targeting.

Engineering of EGFR/c-Met bsApts

Targeting of two overexpressed cell-surface receptors on the same cells
(in cis binding) is a proven strategy to increase tumor selectivity.15,17,18

To enhance targeting ofNSCLC cells, we linkedMinE07 to a second ap-
tamer CLN0003 (hereinafter called CLN3) that binds c-Met, another
tyrosine kinase receptor involved in lung cancer progression and drug
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resistance.3,63,64 CLN3 is a 50-nt DNA aptamer that has been widely
used in vitro and in vivo by different groups and has been often reported
with the name SL1.65–68 Monospecific CLN3 recognized endogenously
expressed c-Met on the surface of NSCLC cells (blue bars in Figures 2B
and S7A). EGFR/c-Met ratios for H820, H1975, and A549 cells as
measured by MinE07 and CLN3 cell labeling were indistinguishable
from ratios obtained from those measured employing commercially
available APC-labeled mAbs against EGFR and c-Met (Figure S7).
This result reinforces the precise receptor labeling and specificity of ap-
tamers MinE07 and CLN3 and supports their use as valid Ab alterna-
tives for diagnostic applications of cell phenotyping.

We designed three EGFR/c-Met bsApts (termed A, B, and C) that
anneal the 20-FY RNA tail of MinE07 and a complementary DNA
anti-tail at the 30 end of CLN3 (Figure 2A). While MinE07tail was
kept consistent for all three designs, subtle structural changes were
introduced in the CLN3module. In designA, the 50-nt CLN3 sequence
was extended with a TA dinucleotide linker followed by 21-nt anti-tail.
The annealed tail-anti-tail duplex in design A is expected to separate
MinE07 and CLN3 by �60 Å (assuming �2.9 Å of helical rise per bp
inA-formhybrid DNA:RNA duplexes69,70). Designs B and C introduce
additional nucleotides to increase spatial separation between MinE07
andCLN3or to alter their 3Dorientation. Specifically, designB includes
a flexible single-stranded linker composed of 15 dT residues (dTx15),
adding�105 Å for a total estimated separation of�165 Å (calculation
details in section “materials and methods”). Design C displays a more
structurally constrained stem-loop that is not expected to increase ap-
tamer separation significantly relative to design A because its length is
comparablewith that of a di- or tri-nucleotide linker (�14–21Å).How-
ever, the geometry of the stem could alter 3D orientation of CLN3 and
thus affects the actual spatial distance between MinE07 and CLN3. In
addition, this stem-loop can also increase steric hindrance and struc-
tural rigidity of CLN3, which could influence c-Met recognition. To
minimize the potential impact of molecular-weight differences on
bsApt-targeting properties, CLN3 B and C were designed with nearly
identical sequence lengths (88 and 89 nt, respectively).

The three variants of CLN3anti-tail were directly labeled with Atto647 N
at their 50 ends prior to forming bsApt complexes. Annealing reactions
between Atto647N-CLN3anti-tail (A–C) andMinE07tail used a 1:2 molar
ratio (CLN3:MinE07) to ensure that all Atto647N-CLN3anti-tail was
assembled into the complex. Aptamer assembly was determined by
native polyacrylamide gel shift assay (Figure S8). All three designs
yielded >90% of CLN3anti-tail assembled into bsApt complexes with
MinE07tail.

Dual-aptamer recognition of EGFR and c-Met improves labeling

of NSCLC cell lines

RNA tends to fold hierarchically, with local sequences dominating local
structure.71 Nevertheless, individual modules can interfere with each
otherwhen they are assembled or co-transcribed as chimera.72 For these
EGFR/c-Met bsApts, several lines of evidence suggest that both the
MinE07 andCLN3modules retain their individual abilities to bind their
respective target receptors. First, cell labeling was determined by flow
cytometry using non-saturating concentrations (25 and 50 nM) of
Atto647N-EGFR/c-Met bsApts and compared with monospecific and
mutant aptamer samples (Figures 2B, S9, and S10). All three bsApts
(yellow bars) display dose-dependent labeling of NSCLC cell lines
that overexpressed WT (A549 cells) or mutated EGFRs (H1975 and
H820 cells). In each case, cell staining was enhanced relative to mono-
specificMinE07 andCLN3 aptamers (green and blue bars, respectively)
(Figures 2B, S9, andS10). In contrast, this improved cell labelingwasnot
observed for bsApts in which Atto647N-CLN3anti-tail was annealed to
mutMinE07tail (a control sequence with reduced EGFR binding50).
Second, MFI values were unchanged when the molar ratio of CLN3:
MinE07 (design B) was 1:2, 1:1.5, or 1:1, but a reduction of cell labeling
was noted at 1:0.5 (Figure 2C), when formation of the active bsApt
complex was diminished. Third, when MinE07tail was annealed to
mutCLN3anti-tail, which bears 11 point mutations relative to CLN3, its
ability to label H1975 cells was reduced by approximately 50% relative
toMinE07 linked to anti-tail. This was likely due to unwanted intramo-
lecular aptamer interactions that alter MinE07 folding and binding of
EGFR. In contrast, addition of mutMinE07tail to CLN3anti-tail only
slightly reduced H1975 cell labeling relative to the presence of the tail
alone, demonstrating that CLN3 folding and ability to interact with
c-Metwereminimally affected. These results confirm that dual receptor
recognition is required for the observed enhancement of NSCLC cell
targeting. Our data also suggest that any structural differences among
designsA, B andC—such as aptamer separation, rigidity, and 3Dorien-
tation—have little to no effect on net cell labeling. Thus, all three bsApt
designs can be considered as strong initial candidates.

Flow cytometry assays were also performed usingMCF7 cells, a breast
cancer cell line that expresses low levels of EGFR and c-Met (EGFRlow/
c-Metlow) and that mimic the levels found on healthy epithelial cells
(<104 receptor/cell).73,74 All aptamer samples show a reduced labeling
of MCF7 cells (Figures 2B, S9, and S10) in agreement with a dimin-
ished expression of their target receptors. In addition, all three bsApts
did not significantly increase MCF7 recognition compared to mono-
specific MinE07 or CLN3. These data suggest that, even when
EGFR/c-Met bsApts are used for a dual targeting approach, their
recognition of cells that expressed low levels of receptors can still be
minimal and thus a targeted cell labeling could potentially be achieved
even in more complex systems. Altogether, we demonstrated that
EGFR/c-Met bsApts improve in vitro targeted labeling of cell lines
that overexpressed their target receptors, as in the case of NSCLC cells.
Although significant differences were not observed among the three
designs of bsApts, we decided to focus on the most promising of the
three (design B) and use it for our next sets of evaluations.

As shown in Figure 2 and as previously observed,75 when linking two
targeting ligands, the assembled complex can display an improved
binding of cells overexpressing their target receptors as a result of
an avidity gain.76 Depending on the linker length and affinity of the
monovalent ligands, the avidity effect can be due to either a “statistical
rebinding” or “chelate” effect.77 Thus, we sought to determine cell la-
beling properties of our EGFR/c-Met bsApt in comparison with a
cocktail of unligated MinE07 and CLN3 in which the separated
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5
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Figure 2. Engineered EGFR/c-Met bsApts improve labeling of NSCLC cells in vitro compared to monospecific aptamers

(A) Schematics of EGFR/c-Met bsApt engineering composed of MinE07/CLN3 aptamers. All designs utilized a 21-nt complementary 30 tail/anti-tail hybridization to anneal

monospecific aptamers and yield bsApt complexes. In the threeproposedbsAptdesigns (A–C), the structural variations are included in theCLN3sequencebetween the30 end
of the aptamer and anti-tail. Design A contains a short dinucleotide linker, design B has a flexible dTx15 linker, and design C possesses a structurally constrained stem-loop.

(B) A panel of cell lines expressing moderate/high levels (H820, H1975, A549) or very low levels (MCF7) of endogenous EGFR (WT or mutant) and c-Met (WT) were incubated

with 50 nM Atto647N-labeled aptamers. Flow cytometry was used to measure cell labeling. Atto647N MFI of cells is reported on the y axis. All designs (A–C) of EGFR/c-Met

bsApt (yellow bars) increased labeling of NSCLC cell lines compared to monospecific aptamers (MinE07 and CLN3, green and blue bars, respectively), dual-aptamer

complexes with specificity only for c-Met (CLN3 annealed to mutMinE07, blue/white bars), and monospecific control aptamer (mutMinE07, gray bars). (C) We titrated the

amount of MinE07tail and tested bsApt labeling of H1975 cells (EGFR/c-Met�1) while keeping the concentration (50 nM) of the Atto647N-labeled CLN3 (design B) constant.

Cell labelingwasmeasured by flow cytometry andAtto647NMFI of cells is reported on the y axis. Again, bsApt complex (yellow bars) showed a superior cell labeling compared

to monospecific aptamers (MinE07 and CLN3, green and blue bars, respectively), dual-aptamer complexes with specificity either for c-Met (CLN3 annealed to mutMinE07,

blue/white bars) or EGFR (MinE07 annealed tomutCLN3, green/whitebars), andmonospecific control aptamers (mutMinE07, gray bar andmutCLN3, black bar). These results

also showed that binding of H1975 cells was dependent upon the effective concentration of annealed bsApt complexes, as a reduction of cell staining was noted at 1:0.5 M

ratio of CLN3:MinE07. (D) Labeling of H1975 and A549 cells wasmeasured upon incubationwith two different concentrations (25 and 50 nM) of Atto647N-EGFR/c-Met bsApt

(yellow bars) or a cocktail of unligated aptamers (Atto647N-MinE07 and Atto647N-CLN3, dark gold bars). In the aptamer cocktail, we used a 50-nt CLN3 aptamer with no

30-anti-tail sequence, such that it cannot anneal withMinE07tail. As shown in the schematic above the graphs, the actual concentration of Atto647N in the aptamer cocktail was

double the concentration of Atto647N-labeled bsApt. So, when we tested 25 nM bsApt, the actual concentration of Atto647N in the cocktail was 50 nM (25 nM for each

aptamer). A cocktail of unligated, control aptamers (mutCLN3 andmutMinE07, gray bars) was used to ensure that, even at higher concentration of Atto647N, the non-specific

cell labeling was kept minimal. EGFR/c-Met bsApt showed a higher cell labeling at 25 nM relative to the aptamer cocktail, but at 50 nM they both had equivalent MFIs. Plotted

values represent mean ± SD for n = 3 independent experiments. Statistical analysis was performed for each cell line using a one-way ANOVA test (*p < 0.05; **p < 0.01).
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Figure 3. EGFR/c-Met bsApt stains the cell surface

and is internalized into H1975 cells

Confocal microscopy images of H1975 cells stained upon

incubation with 150 nM Atto647N-labeled aptamer sam-

ples: C36 (non-targeting control RNA aptamer), MinE07

(anti-EGFR aptamer), CLN3 (anti-c-Met aptamer), or

EGFR/c-Met bsApt (bsApt). Cells were also stained with

CellBrite Steady 488 (cell membrane stain) and Hoechst

33342 (nuclear marker stain). Representative images from

one of n = 2 independent experiments are shown:

Atto647N-aptamers (red, excitation 647 nm/emission

657–692 nm), cell membrane (green, excitation 488 nm/

emission 521–551 nm), nuclei (blue, excitation 405 nm/

emission 436–473 nm). Scale bars, 20 mm. Qualitatively,

MinE07 was internalized after 45-min incubation at 37�C
and found predominantly in the cytosol, as it did not show

any colocalization with the cell membrane stain. While

CLN3 internalized, it also co-localized with cell membrane

stain. EGFR/c-Met bsApt showed both surface staining

and fluorescent intracellular puncta, and its total cell

staining was greater compared to monospecific aptamers

(MinE07 and CLN3).
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monomers do not possess either statistical rebinding or chelate effect.
When tested at 25 nM, our EGFR/c-Met bsApt (design B) had an
improved labeling of H1975 and A549 cells relative to the aptamer
cocktail (composed of 25 nM Atto647N-MinE07 and 25 nM
Atto647N-CLN3) (Figure 2D). However, when we incubated
50 nM Atto647N-labeled bsApt with the cells, its MFI values were
almost equivalent to those obtained upon incubation with the
aptamer cocktail (50 nM Atto647N-MinE07 + 50 nM Atto647N-
CLN3). This result suggests that, at very low concentrations (e.g.,
25 nM), ligand avidity plays a major role in improving receptor recog-
nition and, hence, labeling of target cells. Whether this avidity effect is
driven by a statistical rebinding (i.e., occurrence of only one binding
event, followed by ligand dissociation, and binding of the same or sec-
ond receptor) or chelate effect (i.e., simultaneous binding of both
receptors) is unclear. Nevertheless, considering the difference in ap-
tamer affinities (MinE07 apparent Kd �20 nM50 vs. CLN3 apparent
Kd �120 nM66), we can speculate that EGFR/c-Met bsApt first binds
EGFR via MinE07, improving the local concentration of CLN3 on the
cell surface and in turn promoting recognition of c-Met.

Overall, the flow cytometry assays of Figure 2 demonstrate that both
MinE07 andCLN3 retain their ability to recognize their target receptors
when assembled in a bsApt complex. The avidity gain of this EGFR/
c-Met bsApt improves targeted cell labeling compared to MinE07 and
CLN3, and compared to a cocktail of the two monovalent aptamers.
Molecular Th
Internalization and surface retention onto

NSCLC cells driven by opposing receptor

dynamics

Several groups,35,37 including ours,31,32 have
demonstrated that aptamer endocytosis is essen-
tial to enable delivery and accumulation of ther-
apeutic or diagnostic payloads into target cancer cells. Aptamers can
be internalized into cells via receptor-mediated endocytosis upon
binding to their target receptors.78 To determine whether MinE07,
CLN3, and EGFR/c-Met bsApt are effectively internalized into
H1975 cells, cellular localizations of Atto647N-labeled aptamers
were monitored by confocal microscopy on living cells that were
stained with a membrane marker (CellBrite) and a nuclear label
(Hoechst) (Figure 3). Only minimal background fluorescence was
detected after 30-min incubation with a non-targeting control
RNA aptamer (C36).45 MinE07 displays high intracellular accumu-
lation with a punctate pattern that is consistent with its localization
into endosomal vesicles, while CLN3 shows clear cell-surface stain-
ing (colocalization with CellBrite), along with some cytosolic puncta
that could be due to endocytic recycling and/or plasma membrane
turnover. Thus, on their own, these two aptamers favor opposing
cell localization outcomes. EGFR/c-Met bsApt combined features
from both aptamers and yielded both cell-surface staining and a
punctate pattern in the cytosol. An increased fluorescence signal
relative to monospecific MinE07 and CLN3 was also observed,
consistent with the improved EGFR/c-Met bsApt binding to
H1975 cells noted above.

Internalization was independently evaluated by flow cytometry after
first removing cell-surface membrane-bound aptamers by nuclease
digestion using either a cocktail of RNases (RiboShredder) to target
erapy: Nucleic Acids Vol. 34 December 2023 7
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MinE07 or a deoxyribonuclease (DNase I) to target CLN3. In this
assay, only internalized aptamers are protected from the nuclease
digestion and contribute to the residual fluorescence measured
by flow cytometry. Upon exposure to RiboShredder, MinE07 still
retained �90% of cell labeling (Figure S11A), confirming its rapid
internalization into H1975 cells. Cell staining by the DNA aptamer
CLN3 was not affected by RiboShredder but, upon conjugation with
MinE07, only �55% of EGFR/c-Met bsApt signal was resistant to
theRNAaptamer digestion. Similarly, uponDNase I treatment, the re-
sidual fluorescence of CLN3 and EGFR/c-Met bsApt was reduced,
showing �70% and �60% of residual cell labeling, respectively (Fig-
ure S11B). Exposure to DNase I increased cell staining for both of
the RNA aptamers (MinE07 and non-binding control C36), likely
due to removal of salmon sperm DNA, which had been included as
a competitor/blocking agent to minimize non-specific binding and
endocytosis.

Overall, our findings show that MinE07 and, to a lesser extent, EGFR/
c-Met bsApt are internalized and show punctate intracellular staining
in H1975 cells, whereas CLN3 predominantly localizes on the cell sur-
face and displays a slower endocytic uptake than MinE07 (Figure 3).
Mutant EGFRs harboring NSCLC oncogenic mutations are constitu-
tively internalized via clathrin-mediated endocytosis even in the
absence of ligand stimulation and show aberrant endosomal traf-
ficking.79,80 Thus, we propose that intracellular uptake of MinE07
and EGFR/c-Met bsApt is predominantly driven by EGFR L858R/
T790M as a result of its aberrant trafficking into the endocytic recy-
cling compartment.

In vivo targeting of NSCLC harboring EGFR L858R/T790M

We next sought to determine whether MinE07 targets NSCLC
harboring clinically relevant EGFR oncogenic and resistance muta-
tions and to elucidate whether dual-aptamer specificity (EGFR/
c-Met bsApt) improved tumor targeting in vivo. BALB/c nude mice
were implanted with H1975 cells (EGFR L858R/T790M) to develop
subcutaneous, ectopic xenograft tumors (see schematic in Figure S12).
Approximately 3–4 weeks after cell engraftment, Cy7-labeled ap-
tamer samples were injected retro-orbitally into blood circulation at
a dose of 50 pmol/g, (1.0–1.5 nmol of aptamer per animal). To define
aptamer-dye biodistribution and tumor-targeting properties, whole-
body fluorescence images were acquired at different time points
over the course of 48 h as indicated below for each experiment,
followed by ex vivo fluorescence imaging of harvested tissues (liver,
spleen, kidney, tumor, and muscle). H1975 cells were initially im-
planted subcutaneously into the right flank of eachmouse (Figure 4A).
However, the high level of Cy7 fluorescence in the kidneys hampered
a clear evaluation of aptamer tumor targeting due to proximity to the
kidneys. Nevertheless, Cy7 signal in the implanted tumors was still
visible at 48 h post injection (hpi) in mice treated with MinE07 and
EGFR/c-Met bsApt, whereas signal for C36 or vehicle was lower (or-
ange arrows in Figure 4A).

To better define tumor targeting and Cy7 delivery with less interfer-
ence from kidney accumulation, H1975 cells were implanted subcuta-
8 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
neously into the upper back/shoulder of the mice and lateral view im-
ages were acquired (Figure 4B). Early time points (3 and 6 hpi) showed
no clear distinction in tumor targeting among the aptamer samples,
potentially due to passive accumulation via the enhanced permeability
and retention (EPR) effect due to leaky tumor vasculature.81 At 10 hpi,
Cy7 fluorescence in the tumors persisted inmice treated with dual-ap-
tamer complexes containing MinE07, CLN3, or both (EGFR/c-Met
bsApt), while signalwas reducedwhenCy7was delivered by a complex
composed of two non-targeting aptamers (C36tail and scDW4anti-tail).
Cy7 signal at the tumor persisted at 24 and 48 hpi whenMinE07tail was
linked to CLN3anti-tail (design B) to yield an EGFR/c-Met bsApt. In
contrast, Cy7 signal at the tumor almost disappeared at 24 hpi for
MinE07tail annealed to the control DNA (scDW4anti-tail), suggesting
that H1975 tumor targeting by MinE07 diminished upon annealing
with a less structured aptamer such as scDW4, similarly to what was
observed in Figure 2C upon its annealing with mutCLN3.

Consistent with whole-body imaging above (Figure 4), analysis of Cy7
ex vivo fluorescence at 48 hpi showed the highest off-tumor levels in
the kidneys (Figure 5A). To better define Cy7 delivery in the kidneys,
we applied a color scale that reduced the overall fluorescence signal
and avoided Cy7 saturation in kidney tissues (Figure S13). The highest
Cy7 fluorescence in kidneys was detected when using MinE07 in the
formof single,monospecific aptamer (i.e., MinE07tail linked to the small
anti-tail) (Figure S13B). In contrast, when MinE07 formed the bsApt
complex with CLN3, Cy7 off-tumor signal in the kidneys was reduced.
This result indicates that, as themolecular weight of the aptamer formu-
lation increased (from monospecific MinE07�28 kDa to EGFR/c-Met
bsApt�50 kDa), aptamers are less effectively removed from circulation
through the renal glomerular filtration system (molecular-weight cutoff
�45 kDa).

Quantitative analysis of ectopic tumor targeting of all tumor tissues
(Figures 5B and 5C) showed that Cy7 fluorescence accumulation in
the H1975-derived tumor tissues was highest in mice injected with
monomericMinE07 orwith EGFR/c-Met bsApt relative tomice treated
with vehicle, a non-targeting aptamer (C36), or dual-aptamer com-
plexes composed of C36 linked to scDW4 orCLN3 (Figure 5C). Impor-
tantly, monospecific MinE07 displayed significant tumor staining rela-
tive to C36 when annealed to the small anti-tail, accumulating to a
similar magnitude as the EGFR/c-Met bsApt. However, the same
monospecific MinE07 aptamer failed to retain tumor targeting at
48 hpi when linked to scDW4. These results are in contrast with the
cell-based, in vitro comparative analysis above, where EGFR/c-Met
bsApt showed a superior labeling of NSCLC cells relative to monospe-
cific MinE07 and CLN3 (Figures 2 and 3). To better understand this
discrepancy,we sought todeterminewhether antigen levelswere altered
in vivo. EGFR and c-Met expression levels were measured for H1975
cells recovered from ex vivo tumor tissue and this analysis revealed
that CLN3 was downregulated in a small subset (n = 1 of 4) of animals,
whereas EGFR was expressed at similar levels in all mice of that cohort
(n = 4) (Figure S14). Thus, in tumorswith low to no cell-surface expres-
sion of c-Met, only the MinE07 module of the EGFR/c-Met bsApt was
still able to specifically recognize H1975 cells. The altered in vivo



Figure 4. Cy7-labeled MinE07 and EGFR/c-Met bsApt accumulates primarily in tumor, kidney, and liver during in vivo biodistribution time course

H1975 cells were subcutaneously implanted into the flank (A) or shoulder (B) of 6- to 8-week-old nude mice and allowed to grow for 2–3 weeks until they reached �75–

150 mm2. Yellow ovals highlight tumor location. Once tumors reached appropriate size, either PBS (vehicle, white) or 50 pmol/g (�1-nmol bolus) of Cy7-labeled aptamers

was injected into the retro-orbital (RO) sinus. (A) Injected aptamer samples were C36 (non-targeting aptamer, gray), monospecific MinE07 (anti-EGFR aptamer, green), or

EGFR/c-Met bsApt (bsApt, yellow). (A) At 3, 6, 24, and 48 h post injection (hpi), mice were anesthetized with isoflurane and imaged using the IVIS Spectrum (excitation

710 nm/emission 760 nm). EGFR/c-Met bsApt and MinE07 localized more to the tumor at 48 hpi compared to controls. Earlier time points (3–24 hpi) showed fluorescence

signal at the tumor for all aptamer samples, including non-binding control aptamer C36. (B) To elucidate whether aptamer size played a role in biodistribution and penetration

into tumor tissues, we compared EGFR/c-Met bsApt (yellow) to monospecific aptamers (MinE07, green; CLN3, blue) that were annealed to a negative control aptamer

(scDW4or C36, gray) of similar size (�30 kDa, as opposed to�7 kDawhen annealed to tail or anti-tail oligos as shown in A). All dual-aptamer complexes in (A) range from�45

to �50 kDa. Mice were injected and imaged as in (A). Negative control aptamer (scDW4/C36) lost most tumor signal by 6 hpi, whereas monospecific anti-EGFR aptamer

(MinE07/scDW4) did not lose the majority of tumor signal until 24 hpi. Monospecific anti-c-Met aptamer (CLN3/C36) and EGFR/c-Met bsApt still show Cy7 fluorescence

signal in the tumors at 24 hpi, but a significant reduction occurred at 48 hpi. (A and B) Representative images of onemouse per condition from a single experiment are shown.

Color scale of radiant efficiency in (A) is minimum = 2.5 � 107, maximum = 9.0 � 107. Color scale of radiant efficiency in (B) is minimum = 1.7 � 107, maximum = 2.5 � 108.

Red arrows highlight signal retention in tumor at 48 h. Cohort of mice used in (A) was n = 2mice for vehicle, n = 3 for C36 and EGFR/c-Met bsApt, and n = 4 for MinE07. Cohort

of mice used in (B) was n = 2 mice for vehicle (not shown), C36/scDW4, MinE07/scDW4, and EGFR/c-Met bsApt; n = 3 for CLN3/C36.
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expression of c-Met may have played a role in the targeting of ectopic
xenograft lung cancers, in conjunction with any differences in tumor
penetration and endocytosis rate of MinE07 relative to EGFR/c-Met
bsApt (see section “discussion” below).

Choice of fluorophore affects in vivo aptamer biodistribution

Whole-animal and ex vivo imaging of dye-labeled probes such as ap-
tamers and mAbs are often interpreted as representing the bio-
distribution propensities of the probe molecule itself. However, the
dyemoiety can contribute directly to biodistribution via its overall hy-
drophobicity and its impact on interactions with serum proteins and
other molecules.82–84 Our biodistribution findings using Cy7-labeled
aptamers appeared to be inconsistent with recent observations by
Levy and colleagues45 where in vivo fluorescence of Alexa Fluor 750
(AF750)-labeled aptamerswas largely undetectable by 24 h. Therefore,
we directly compared biodistribution of EGFR/c-Met bsApt upon its
conjugation with two NIR dyes with similar spectral properties but
different physicochemical characteristics. Cy7 (excitation/emission,
743/767 nm) is highly hydrophobic and positively charged, while
AF750 (excitation/emission, 749/775 nm) is hydrophilic and nega-
tively charged. The EGFR/c-Met bsApt labeled H1975 cells with
equivalent efficacy when conjugated to either dye, confirming that
the choice of dye does not affect cell targeting in vitro (Figure S15).
However, a clear distinction in the aptamer-dye biodistribution was
apparent following systemic injection. Whole-body fluorescence im-
aging revealed that EGFR/c-Met bsApt conjugation to AF750 reduced
non-specific interactions with and uptake within liver and kidneys
relative to Cy7 conjugates. In addition, non-specific AF750 signal
was rapidly cleared, allowing effective tumor targeting to be observed
at 8 hpi with a strong fluorescence contrast that clearly delineates the
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 9
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Figure 5. Cy7-labeled MinE07 and EGFR/c-Met bsApt persist into H1975-

derived tumor tissues at 48 hpi

Ex vivo imaging of major organs/tissues from cohort of mice described in Figure 4. At

48 hpi, organs were harvested and immediately imaged using the IVIS Spectrum

(excitation 710 nm/emission 760 nm). (A) Representative ex vivo images of tissues

are shown (from top to bottom): liver, kidney, spleen, tumor, muscle. (B) Ex vivo

images of all H1975 tumors. Color scale of radiant efficiency in (A) and (B) is mini-

mum = 9.9� 106maximum= 3.4� 107. (C) Quantification of Cy7 fluorescence in all

tumor tissues shown in (B). Average radiant efficiency ((p/s/cm2/sr)/(mW/cm2)) is

plotted on the y axis and represent mean ± SD for n = 2–5 mice (two independent

experiments). Monospecific MinE07 (anti-EGFR aptamer, green bar) and EGFR/c-

Met bsApt (bsApt, yellow bar) showed significantly higher radiant efficiency

compared to vehicle (PBS, light gray bar) and C36 (control aptamer, dark gray bar).

Note that individual values of average radiant efficiency of C36 in (C) combine results

obtained with C36 annealed to anti-tail (first three tumors from top) or scDW4 (last

two bottom tumors). Scale bars represent relative radiant efficiency. Statistical

analysis was performed using a one-way ANOVA test (*p < 0.05, **p < 0.01).
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ectopic lung cancer tissues (Figure 6A). In contrast, when themore hy-
drophobic Cy7 was used, fluorophore accumulation in the tumor per-
sisted even at longer times (up to 48 h), but, as observed above (Fig-
ure 4), it also showed strong undesired kidney uptake (Figure 6).
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Ex vivo fluorescence imaging at 48 hpi further confirmed that Cy7
but not AF750 was retained in the kidney tissues (Figure 6B). When
imaging only the tumor tissues, a fluorescence signal above the back-
ground was present at 48 h exclusively upon treatment with Cy7-
labeled EGFR/c-Met bsApt (Figure 6C). It is important to consider
that the signal from the fluorescent dye can persist even if it is sepa-
rated from the probe by digestion or chemical cleavage. To assess
the stability of the aptamers under in vivo-like conditions, aptamers
were incubated in 55% serum at 37�C for various times and analyzed
by native polyacrylamide gel and (RT)-qPCR (Figures S16A and
S16B). These analyses showed that full-length, annealed MinE07
and the EGFR/c-Met bsApt were largely detectible at 10 h but mostly
degraded by 24 h. Therefore, it is likely that the in vivo Cy7 signal
observed at later time points (24 and 48 h; not observed with
AF750) is either from tissue-accumulated dye (±aptamer) or partially
digested circulating probe. Importantly, these results demonstrate that
the conjugation to a small-molecule dye can affect observed (i.e.,
apparent) aptamer biodistribution and that hydrophobic dyes such
as Cy7 can persist in certain tissues (kidneys, tumors) and contribute
to the fluorescence signal even after digestion and clearance of the tar-
geting aptamers.

DISCUSSION
Several solid cancers overexpress WT EGFR or harbor oncogenic
EGFR mutations that drive tumor progression, as in the case of
EGFR-mutant NSCLC. Targeting ligands that bind both WT and
mutant EGFR is highly desirable to develop new diagnostics, thera-
peutics, or adjuvants to current treatments. Examples of ligands
that target bothWT and mutated EGFR are mAbs such as cetuximab,
nimotuzumab, and matuzumab. However, unlike the notable clinical
success for mAb treatment of CRC or head and neck cancer, anti-
EGFR mAbs have shown marginal clinical benefit for the treatment
of NSCLC.7 For instance, the phase III FLEX clinical trial demon-
strated an improvement in overall survival for cetuximab combined
with cisplatin and vinorelbine relative to chemotherapy alone
(cisplatin plus vinorelbine), but the increased toxicity worsened the
safety profile.85 In two recent case reports of patients with lung adeno-
carcinoma harboring oncogenic and acquired EGFR mutations, dual
inhibition of EGFR by two different mechanisms using both TKIs
(osimertinib or brigatinib) and an mAb (cetuximab) improved sur-
vival and showed tolerable toxicity.86,87 However, safety and efficacy
of these approaches need to be further assessed in larger cohorts of
NSCLC patients to determine applicability of combinatorial treat-
ments. Indeed, a phase II clinical trial using EGFR-mutant NSCLC
patients recently demonstrated that TKI (afatinib) in combination
with cetuximab did not show significant clinical improvement and
displayed a slight increase of toxicity relative to TKI alone.88

Aptamers have binding properties similar to mAbs but possess lower
immunogenicity, and their synthesis uses a chemical technology with
high batch fidelity that is not intrinsically prone to viral or bacterial
contamination. These qualities make them ideal reagents to produce
following the current Good Manufacturing Practice (cGMP) regula-
tions. In this work we focused our attention on aptamer MinE07, a



Figure 6. Fluorophore affects aptamer biodistribution in vivo

Cy7- or AF750-labeled EGFR/c-Met bsApt were retro-orbitally injected intomice bearing H1975 tumors on the upper back/shoulder. Yellow ovals highlight tumor location. (A)

At 4, 8, 24, and 48 hpi, mice were anesthetized and imaged using the IVIS Spectrum using two tailored settings (see section “materials and methods” for further details).

Representative images using the AF750 IVIS method (excitation 745 nm/emission 800 nm) are shown. EGFR/c-Met bsApt labeled with AF750 (a hydrophilic dye) clearly

stained the tumor xenograft at 8 hpi with good contrast but showed a significant reduction at later time points, whereas the tumor staining from EGFR/c-Met bsApt labeled

with Cy7 persisted out to 48 h. (B and C) Ex vivo imaging was performed at 48 hpi using the same conditions as in Figure 5: excitation 710 nm/emission 760 nm.

Representative ex vivo images of major tissues collected (B) or tumors alone (C) from n = 1 independent experiment are shown. Cy7-labeled bsApt retained signal in kidney,

liver, and in part tumor tissues out to 48 hpi. Color scale of radiant efficiency in (A) is minimum = 3.0 � 107 maximum = 4.0 � 108. Color scales in (B) and (C) are reported.
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20-FY RNA aptamer that has been previously validated by our lab50

and others,45,49,52 which demonstrated high affinity and specificity
for WT EGFR. Because MinE07 targets the extracellular domain of
EGFR, we hypothesized that, like anti-EGFR mAbs, its recognition
of EGFR would be less susceptible to oncogenic or acquired resistance
mutations that occur in the intracellular TKD. Thus, we first deter-
mined that MinE07 binding was retained even when EGFR harbors
clinically relevant mutations found in NSCLC patients (Figure 1A).
Then, using competition assays, we found that MinE07 competes
with cetuximab and nimotuzumab but not with matuzumab. Thus,
we elucidated that important residues of the MinE07 binding site
lie within domain III of the extracellular domain of EGFR (Figures 1B
and 1C). Interaction of MinE07 with domain III is consistent with its
ability to target EGFRvIII, an EGFR variant with deletions in domain
I (aa 1–165) and II (aa 166–310) but not in domain III (aa 310–481).

MinE07 competition with cetuximab and nimotuzumab but not matu-
zumab is consistent with its ability to compete with EGF, as cetuximab
and nimotuzumab do, and to inhibit ligand-dependent EGFR sig-
naling.39,53 EGFR is present on the cell surface in two interchangeable
conformations: a tethered, inactive conformation and an extended,
active one (shown in Figure 2C). Oncogenic driver mutations (e.g.,
L858R) in the EGFRTKD found inNSCLCpatients can promote an in-
side-out extracellular dimerization that activates EGFR even in the
absence of ligand stimulation,89 ultimately driving canonical (EGF-
like) or non-canonical signaling.7 Our experiments of single-molecule
fluorescence tracking demonstrated that MinE07 still allows formation
of ligand-independent EGFR dimers upon aptamer binding to EGFR
L858R/T790M on the surface of H1975 cells (Video S1), consistent
with our previous findings on HeLa cells.50 These preliminary findings
suggest that MinE07 does not prevent ligand-independent EGFR
dimerization, in contrast with cetuximab and nimotuzumab.90 Howev-
er, whether these aptamer-bound EGFR dimers can still adopt the
extended, active conformation is not yet clear. Importantly, our findings
illustrate that, despite its competition with cetuximab and nimotuzu-
mab, MinE07 interacts differently with EGFR. The nature of this
RNA-protein interaction could potentially lead to different biological
outcomeswhen usingMinE07 to target distinct EGFR variants. Current
studies in our lab are ongoing to clarify this point.

Because targeting of heterogeneous tumor cells is challenging, we
sought to apply a dual targeting strategy to improve specificity toward
EGFR-mutant NSCLC cells. Therefore, we used an approach of bot-
tom-up assembly to enable MinE07 hybridization with a DNA ap-
tamer (CLN3) that targets c-Met, a tyrosine kinase receptor overex-
pressed on several NSCLC cell lines. In vitro flow cytometry
measurements of NSCLC cell labeling clearly demonstrated that
EGFR/c-Met bsApt outperforms monospecific aptamers MinE07
and CLN3 (Figure 2). However, to our surprise, the same trend was
not observed when testing these aptamers in preclinical mouse
models of human lung cancer xenografts. Indeed, when labeled
with Cy7, a hydrophobic NIR dye, MinE07 showed comparable abil-
ity with EGFR/c-Met bsApt in targeting subcutaneous H1975 cell-
derived tumors in nude mice (Figures 5B and 5C). At least three
key factors may have contributed to this disparity. First, we found
that c-Met expression could be downregulated for a subset of tumors
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 11
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in vivo, thereby reducing the targeting ability of EGFR/c-Met bsApt.
Second, the small size of MinE07 (�28 kDa) compared with EGFR/c-
Met bsApt (�50 kDa) might facilitate its penetration and accumula-
tion into the tumor tissues. Third, we found that MinE07 internalizes
into H1975 cells more readily than EGFR/c-Met bsApt (Figures 3 and
S11). This enhanced MinE07 endocytosis and recycling may lead to
more efficient intracellular Cy7 delivery and net accumulation rela-
tive to EGFR/c-Met bsApt, despite the ability of the latter to target
both EGFR and c-Met.

In this work, we also noted that recognition of NSCLC cells by their tar-
geting aptamers relative tonon-specificRNAsequenceswas remarkably
lower in vivo than in vitro, making itmore difficult to distinguish clearly
among different aptamers. For example, MinE07-labeled H1975 cells
in vitro �10-fold more than a control RNA (mutMinE07; Figures 2
and S4), and the ratio for EGFR/c-Met bsApt cell targeting was even
higher (�25-fold). In contrast, the fluorescence signal in ex vivo tumor
tissues (IVIS) for MinE07 and EGFR/c-Met bsApt was only �1.5-fold
higher than a control RNA (C36; Figure 5C). These data are consistent
with previous findings in which signal of an anti-PSMA aptamer
(monomeric A9g), in ex vivo tumor tissues, was �1.5- to 2-fold over
background, and aptamer fluorescence relative to background was
again significantly lower in vivo than in vitro.91 Clearly, the sensitivity
of flow cytometry (single-cell level) is vastly different from in vivo and
ex vivo fluorescence imaging of tissues or whole organisms. While ap-
tamers usually bear a single fluorophore permolecule, addingmore flu-
orophores per aptamer or using radionuclides in place of fluorescent
probes might improve in vivo sensitivity. Nuances of tumor biology
can also affect observed tumor targeting and biodistribution.92,93 In pre-
liminary in vivo studies (not shown here), we noticed that increased tu-
mor size, vasculature, and presence of necrotic tissues significantly
increased the level of autofluorescence. Thus, to avoidmisleading inter-
pretation and minimize variation in fluorescence, only animals with
similar tumor size (�75–150 mm2) at the time of aptamer injection
were used for the experiments described here.

Our results also bring attention to the importance of the choice of fluo-
rescent dye in determining the outcomes of in vivo biodistribution
studies. While several reports have highlighted that choice of dye,
conjugation strategy, and degree of labeling can significantly affect
in vivo biodistribution in the Ab and nanoparticle fields,82–84 a similar
comparative analysis using aptamers labeled with different fluoro-
phores has not yet been reported, to the best of our knowledge.
Here, for the first time, we compared how two different NIR dyes
(Cy7 and AF750) with similar spectral properties but distinct charge
and hydrophobicity affect in vivo biodistribution of the same aptamer
complex (EGFR/c-Met bsApt). For Cy7 and AF750, we used the same
conjugation strategy (NHS ester labeling of 50-NH2-CLN3) and high-
pressure liquid chromatography (HPLC) purification, which ulti-
mately provided aptamer-dye conjugates with the same degree of la-
beling (1:1 stoichiometry) and same ability to label H1975 in vitro
(Figure S15). For the in vivo model, we observed that AF750-labeled
EGFR/c-Met bsApt was cleared out from the circulation quite rapidly,
whereas Cy7 contributed to an extended fluorescence signal in kidney
12 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
and tumor tissues (Figure 6) even after the aptamer was likely
degraded (Figure S16) or cleared from circulation.Our data are consis-
tent with previous findings; indeed, persistence of fluorescence signal
in the kidneys after >12 hpiwere observed upon systematic injection of
free Cy794 or several other aptamers68,91,95 that were labeledwith other
hydrophobic cyanine dyes (Cy5 or Cy5.5). Fluorescent signal recorded
at longer time points is probably associated with free fluorophore or
partially digested probe accumulating inside the cells. Upon aptamer
digestion in the endo-lysosomal compartment, hydrophobic cyanine
dyes, such as Cy7, could persist for several hours or days inside the
cells, especially in highly vascularized tissues, such as tumors, or tis-
sues that clear oligonucleotides from the circulation, such as the kid-
ney or liver (e.g., Kupffer cells). In addition, it is also possible that,
owing to its high hydrophobicity and/or positive charge, Cy7 might
favor interactions with circulating serum proteins, such as albumin.
Improved interactions with serum albumin were recently described
for aDNAaptamer (Sgc8) that was chemically synthesized to incorpo-
rate seven hydrophobic residues (3,5-bis(trifluoromethyl)benzoyl) in
its sequence.96 Similar to our Cy7-labeled aptamers, the modified
Sgc8 aptamer showed a prolonged circulation time that favored fluo-
rescence accumulation in kidney and tumor tissues at longer time
points (up to 54 hpi). Accumulation in non-target tissues such as kid-
neys or liver could also reduce the effective concentration of circu-
lating aptamer and the actual tumor-targeting capability of that given
aptamer formulation. Indeed, when EGFR/c-Met bsApt was labeled
with AF750, this reagent clearly defined the ectopic lung cancer tissues
at 8 hpiwith a strongerfluorescence contrast andminimal background
signal in the nearby tissues compared with Cy7-labeled EGFR/c-Met
bsApt (Figure 6A). The choice of the proper dye conjugate is critical
when testing tumor targeting and biodistribution, especially as the
observed signal is coming from the fluorophore (i.e., apparent bio-
distribution) rather than the oligonucleotide itself (i.e., true bio-
distribution, as in in situ hybridization). Based on our results, we
believe that, for in vivo fluorescence imaging studies of aptamer bio-
distribution, the more hydrophilic AF750 is less likely to contribute
to non-specific (i.e., non-aptamer-driven) signal from dye-protein in-
teractions and thus may be preferred over Cy7. In conclusion, our
in vivo and ex vivo data demonstrate that monospecific and bsApt for-
mulations containing the 20-FY-modified RNA aptamer, MinE07, can
target ectopic EGFR-mutant lung cancer even without further stabili-
zation or PEGylation. This outcome is quite remarkable considering
that MinE07 also competes in vivo with endogenous EGF and not
only is specific for human tumor cells but also cross reacts with the
murine EGFR.39

We demonstrated that MinE07 recognizes WT and mutant EGFR on
NSCLC cells, targets ectopic lung cancer, delivers small molecule dyes
inside target cells, and can be easily engineered to yield effective bsApt
constructs. Owing to these findings, MinE07 represents an attractive
reagent for targeting NSCLC harboring clinically relevant EGFR mu-
tations in studies of basic cancer research or for future development of
aptamer-drug conjugates. That said, it is still important to address the
pharmacokinetic properties that impede the clinical translation of ap-
tamer technology, such as metabolic instability. Various groups have
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demonstrated the feasibility of alternative oligonucleotide delivery
methods, such as intranasal drip or inhalation in the context of
lung disease.97,98 Further developments in the field of local delivery
(e.g., interventional radiology) may enable the use of aptamers with
less extensive modifications, as these delivery methods can decrease
aptamer exposure to serum nucleases before reaching their targets.
Aptamer size, nucleotide sugar or backbone modifications, and
conjugation methods also play key roles in aptamer pharmacokinetic
properties. BsApts are larger and less likely to be quickly filtered
through the kidney glomeruli compared to monospecific aptamers
(Figure S13B), allowing for improved circulation times. Our aptamer
constructs were designed using a hybridization method commonly
used in the delivery of doxorubicin,32 in aptamer-siRNA conjugates
(AsiC),56 and in immunomodulating bsApts.28 While hybridization
is a relatively stable method of conjugation with respect to dissocia-
tion of the complex (calculated free energy of tail/anti-tail = �34 to
�41 kcal/mol; Figure S16C), full-length MinE07 and EGFR/c-Met
bsApt were still mostly degraded by 24 h under in vivo-like conditions
(Figures S16A and S16B). This suggests additional sequence design
and engineering methods should be explored to fine-tune aptamer
pharmacokinetics. Chemical modifications that slow renal clearance
(e.g., PEGylation), improve nuclease resistance (e.g., incorporation
of 20-OMe or addition of 30 inverted dT), or enhance linker stability
(e.g., circularization using DNA/RNA ligase or introduction of
LNAs into the hybridized sequences) might extend its circulation
half-life and tumor targeting properties, provided that tumor penetra-
tion, EGFR recognition, and rapid endocytosis are not drastically
affected.14,55 In this regard and in light of current SELEX enzyme lim-
itations,99 medicinal chemistry approaches that have been success-
fully applied to improve clinical success of other RNA-based oligonu-
cleotide drugs (siRNAs and ASOs) offer a fantastic opportunity to
academic labs and biotech companies that could apply similar strate-
gies to unlock the therapeutic potential of aptamers.

MATERIALS AND METHODS
Reagents

DNA oligos were purchased from Integrated DNA Technologies
(IDT, Coralville, IA). Stock solution of sheared salmon sperm DNA
(sssDNA) at 10 mg/mL was purchased from Invitrogen (Waltham,
MA). APC-labeled EGFR mAb (clone AY13, catalog #2364525) and
isotype control (mouse IgG1, k, clone MOPC-21, catalog #2600605)
were purchased from Sony Biotechnology (San Jose, CA). APC-
labeled anti-c-Met mAb (clone 271, catalog #10692-R271-A) was pur-
chased from Sino Biological US (Houston, TX). EGFR mAbs (cetux-
imab, matuzumab, and nimotuzumab) were purchased from Novus
Biotechnology (Centennial, CO). All other materials were purchased
from Sigma Aldrich (St. Louis, MO) unless otherwise noted.

Expression plasmids

pCMV_EGFR_EGFPwas a purchased fromAddgene (plasmid #32751,
Cambridge,MA).AllmutantEGFRconstructswere generatedusing the
Q5 site-directed mutagenesis kit (New England Biolabs, Ipswich, MA).
To generate pCMV EGFR_T2A_EGFP (pBT002; Table S1), a DNA
sequence encoding T2A (50-GGCTCCGGCGAGGGCAGGGGAAGT
CTTCTAACATGCGGGGACGTGGAGGAAAATCCCGGCCCA-30)
was inserted into pCMV_EGFR_EGFP using primer set 1 (Table S2).
Plasmids pBT003, pBT004, pBT005, pMX016, pMX018, pMX019,
and pMX020 (Table S1) were generated using primer sets 2, 3, 4, 6, 7,
8, and 9, respectively (Table S2). Plasmids pBT006 and pBT007
(Table S1) were generated using primer set 5 (Table S2).

Aptamer generation

All DNA and RNA oligonucleotides are reported in Tables S3 and S4.
All oligos were resuspended in appropriate volume of Milli-Q water
to reach a stock concentration of 100 mM. All 20-FY-modified RNA ap-
tamers included an extended 30 tail sequence (50-CGACGACGAC
GACGACGACGA-30; Figure S2). For fluorescent imaging, comple-
mentary DNA anti-tail (50-TCGTCGTCGTCGTCGTCGTCG-30; Fig-
ure S2) or aptamer containing 30 DNA anti-tail (e.g., CLN3) were pur-
chased from IDT with a 50C6 amino modifier. The 50-amino-modified
DNA oligos were conjugated to NHS ester-modified Atto647N, Cy5,
Cy7, or AF750 and purified via HPLC to make 50 dye-labeled DNA ol-
igonucleotides (Figure S2; as described in next section). The 20-FY-
modified RNA aptamers were generated via in vitro run-off transcrip-
tion (IVT). First, the DNA templates were PCR amplified with primers
that appended a T7 promotor (Table S3). Then, 20-FY-modified RNA
aptamerswere transcribed by overnight IVTat 37�Cusing recombinant
mutant T7 RNApolymerase (Y639F), IVT buffer (50mMTris-HCl pH
7.5, 15 mMMgCl2, 5 mMDTT, 4% w/v PEG4000, and 2 mM spermi-
dine), and 2 mM of each of ATP, GTP, 20-fluoro modified CTP, and
20-fluoro modified UTP (TriLink Biotechnologies, San Diego, CA,
USA). All RNA aptamers were purified through denaturing polyacryl-
amide gel electrophoresis (PAGE) (0.75 mm, 6%–8% TBE-PAGE, 8 M
urea) and bands corresponding to the expected product size were visu-
alized by UV shadow, excised from the gel, and then eluted overnight
while tumbling in 300mMsodium acetate pH 5.4. Eluates were ethanol
precipitated, resuspended in Milli-Q water, and stored at �20�C until
further use.

Dye labeling and HPLC purification of DNA oligonucleotides

The 50-amino-modified DNA oligonucleotides (aptamers or anti-tail)
were labeledwithNHSester-modifiedAtto647N,Cy5,Cy7 (Lumiprobe)
or AF750 (Thermo Scientific). The labeling reaction with Atto647N,
Cy5, or Cy7 was performed as follows: 30 nmol of 50-amino-modified
DNA oligonucleotide were diluted in 0.2 M sodium bicarbonate buffer
(pH 9) and mixed with 20-fold molar excess of dye in a final volume
of 500 mL. The reaction mixture was kept overnight at 4�C. In the case
of AF750, the labeling protocol included the following differences: the
molar ratio between the 50-amino-modified DNA oligo and NHS ester
AF750 was 1:30, and MgCl2 (final concentration of 5 mM) was added
to the labeling mix to reduce the electrostatic repulsion between the
negative charges of the oligonucleotide and AF750. To remove excess
fluorophore before analytical evaluation, oligonucleotides were ethanol
precipitated and resuspended in a minimal volume of Milli-Q water
(<100 mL).

Analytical evaluation of labeling reactions and purification of dye-
labeled oligonucleotides were performed using reverse-phase HPLC
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(RP-HPLC). AnAgilent 1100 series instrument with anAgilent Zorbax
Eclipse XDB-C18 (4.6� 150 mm2) was employed for RP-HPLC anal-
ysis. For all the analyses, column temperature was set at T = 50�C to
partially denature aptamer secondary structures and improve sharpness
and peak resolution. We used a flow rate of 1 mL/min with triethylam-
monium acetate (TEAA)/acetonitrile (ACN) buffer system (solvent A,
100 mM TEAA, pH 7; solvent B, 100% ACN). For Atto647N, Cy5,
and Cy7 fluorophores, dye-labeled aptamers (retention time �18–
20 min) were separated from the unlabeled fraction (retention time
�8–9 min) and purified using a linear gradient from 5% to 30% ACN
over 20 min. A further linear gradient was applied from 30% to 60%
ACN over 5 min. The final step applied 60% ACN for 3 min to purge
the column of unreacted fluorophore. For AF750 (more hydrophilic
and negatively charged), we used a gradient protocol with a reduced
slope to ensure good separation between the peaks of unreacted
CLN3 and AF750-CLN3. Labeled CLN3 (design B) was separated
(retention time �32 min) from the unlabeled fraction (retention time
�27 min) and purified using a linear gradient from 5% to 20% ACN
over 40 min. A further linear gradient was applied from 20% to 60%
ACN over 5 min. The final step applied 60% ACN for 3 min to purge
the column. Coupling efficiency of these labeling reactions strongly de-
pends on the physicochemical properties of the dye and the ap-
tamer.100,101 Cyanine and Atto dyes (more hydrophobic and positively
charged) show a superior labeling efficiency compared with Alexa dyes
(e.g., for a 20-nt DNA oligo, labeling efficiencies were >90% and�50%,
respectively). Labeling efficiency is also affected by the oligonucleotide
length (for 20- to 30-nt oligos, the coupling efficiency is >90%) and their
purification method after synthesis (desalting vs. HPLC). Based on our
experience, we recommend using HPLC-purified amino-modified
DNA oligos from any commercial vendors when their length is >50
nt, as the labeling of these oligos with NHS ester dyes will improve
significantly: e.g., for an 88-nt DNA oligo, labeling was �30% (for de-
salted-purified oligo) and �65% (for HPLC-purified oligo).

Purifieddye-labeledoligonucleotideswere concentrated andpurifiedby
the residual fraction of ACN using either spin desalting column (Ami-
con Ultra-15, 3,000 molecular-weight cutoff [MWCO]) or lyophiliza-
tion. In the case of the latter, dry pellets were dissolved in 100 mL of
Milli-Q water. Dye-to-aptamer ratio was evaluated from absorbance
measured at 260 nm (for DNA oligo) and 646 nm (for Cy5 and At-
to47N) or 750 nm (for Cy7 and AF750) on a NanoDrop 1000 spectro-
photometer (Thermo Scientific). All dye-labeled oligonucleotides result
in a dye-to-oligo stoichiometry of 1:1 within experimental error.

Aptamer folding and annealing with dye-labeled DNA

oligonucleotide

All aptamers were folded and annealed to anti-tail as previously
described.31,50 In brief, in vitro annealing reactions were prepared
at room temperature in Dulbecco’s phosphate buffered saline
(DPBS, pH 7.4) supplemented with 5 mMMgCl2 using a slight excess
(1.5:1.0 to 2:1 M ratio) of RNA aptamer to the dye-labeled DNA anti-
tail (monospecific aptamer; Figure S2) or DNA aptamer anti-tail
(bsApt). For thermal renaturation, samples were transferred into a
preheated aluminum insert within a dry heat block set to 90�C, where
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they were kept for 1–2 min to denature nucleic acid structures, and
then the aluminum insert was removed from the block heater and
placed on the workbench to cool slowly to below 37�C. Aptamer an-
nealing efficiency was checked by electromobility shift assays
(EMSAs) as previously described.31 In brief, �20 pmol of labeled ap-
tamer was loaded and run on a native 8% polyacrylamide gel, stained
with ethidium bromide, and analyzed using FIJI.102 Annealing effi-
ciency is calculated using the limiting reagent (i.e., dye-labeled oligo)
where the fluorescence of the complex is divided by the total fluores-
cence of the lane.

For in vitro applications, dye-conjugated aptamer samples were freshly
prepared before each experiment at 5� concentration, unless otherwise
noted. sssDNA was added to each sample at a final concentration of
1.0 mg/mL as a competitor for non-specific binding sites. MgCl2 was
adjusted to maintain a final concentration of 5 mM Mg2+. For in vivo
applications DNA oligos were conjugated to Cy7 or AF750 instead of
Cy5 to enhance signal penetration through biological tissues. Dye-
labeled aptamers or bsApts were prepared at a dose of 50–60 pmol
per gram (mouse weight) in 100 mL of DPBS without MgCl2 the day
before the experiment and stored at 4�C overnight. Aptamers were
brought to room temperature for 15 min before injection.

Cell culture

HEK293FTwerepurchased from theAmericanTypeCultureCollection
(ATCC,Manassas, VA). HeLa cells were gifted by Dr. Christian Lorson,
University ofMissouri-Columbia. A549 cells were gifted byDr. Bumsuk
Hahm, University of Missouri-Columbia. H1975 and H820 were gifted
by Dr. Raghuraman Kannan, University of Missouri-Columbia. MCF7
cells were gifted by Dr. Thomas Quinn, University of Missouri-
Columbia. HEK293FT, A549, and MCF7 cells were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS), 1 mM so-
dium pyruvate, 2 mM L-glutamine, and 1� NEAAs. H1975 and H820
cells were cultured in HyClone RPMI 1640 supplemented with 10%
FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, and 1� NEAAs. All
cell lines were maintained at 37�C in humidified incubator with 5%
CO2 and passaged when �80% confluent. Cells were not passaged
more than 20 times from thaw or past total passage number 30 (P30)
to minimize genetic drift. Cells were consistently validated for EGFR
and c-Met antigen presence using both Ab and aptamers staining. Con-
sistency in cell morphology was checked prior to each passage.

Transient transfection

For flow cytometry, HEK293FT cells were seeded at 25,000–30,000
cells/well in a 48-well flat-bottom tissue culture plate 24 h prior to
transfection. Transient transfection was performed using the jetPrime
transfection kit (Polyplus, Illkirch, France) and 1 mg of plasmid DNA
per milliliter of medium. Medium was replaced 5–6 h after transfec-
tion and cells were allowed to grow for an additional 24 h prior to use
in binding assays, flow cytometry, and microscopy.

Aptamer and Ab binding assay

A549, HeLa, H1975, H820, and MCF7 cells were seeded at 40,000–
50,000 cells/well in a 48-well flat-bottom tissue culture plate 24 h before
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experiment. On the day of the assay, aptamers were folded and an-
nealed as described above. APC-labeled EGFR and c-Met mAbs and
isotype control were diluted to desired concentration in DPBS supple-
mented with 0.1% BSA. Cells were washed once with DPBS and then
incubated in either aptamer or Ab binding solution for 45 min at
37�C and 5% CO2. After incubation, the solution was removed, cells
were washed once with DPBS, and cells were lifted off with 1�
TrypLE Express (Thermo Fisher, Waltham, MA) for <5 min at 37�C.
TrypLE Express was diluted by the addition of complete medium,
and cells were transferred to 1.5-mL Eppendorf tubes and gently centri-
fuged to pellet (5 min, 400 � g). Cells were then fixed in 4% parafor-
maldehyde (PFA) in DPBS in the dark for 5 min at 4�C before being
pelleted (5 min, 400 � g) and resuspended in DPBS. Cells were kept
in the dark at 4�C until analysis with flow cytometry. Transiently trans-
fected 293FT cells were subjected to the same procedure but were not
washed at either step due to their poor adherence to the plates.

Aptamer cocktail versus bsApt

To determine whether the avidity of the EGFR/c-Met bsApt complex
improves cell labeling compared to a cocktail of monospecific anti-
EGFR and c-Met aptamers, H1975 and A549 cells were incubated
for 1 h at 37�C with either 25 nM Atto647N-labeled bsApt (design
B) or a cocktail composed of 25 nM Atto647N-MinE07 and 25 nM
Atto647N-CLN3 (50-nt sequence with no anti-tail). A second ap-
tamer concentration was also tested; cells were incubated for 1 h at
37�Cwith either 50 nMAtto647N-labeled bsApt (design B) or a cock-
tail composed of 50 nM Atto647N-MinE07 and 50 nM Atto647N-
CLN3. For both concentrations, a cocktail composed of two control
aptamers (mutMinE07 and mutCLN3) was tested to define the
non-specific uptake and background binding. After the incubation,
the same protocol described above was applied prior to performing
the flow cytometry analysis.

Competition assays

Binding assays in presence of competitor (aptamer or Ab) were done
as previously described.50 In short, cells were seeded at 40,000–50,000
cells/well in a 48-well flat-bottom tissue culture plate 24 h before
experiment. Cy5-conjugated aptamers were prepared as described
above at 2� desired concentration. In separate tubes, aptamer
competitor samples were annealed to free DNA anti-tail (unlabeled,
no fluorophore) at 2� desired concentration (10-fold excess Cy5-
apt). Alternatively, anti-EGFR mAbs (cetuximab, matuzimab, nimo-
tuzimab) or control (anti-GAPDH, BioLegend, San Diego, CA) were
prepared at 2� desired concentration (10-fold excess Cy5-apt) in
DPBS supplemented with 0.1% BSA. Cy5-Apt samples and their cor-
responding competitors were combined and supplemented with
1.0 mg/mL sssDNA. H1975 or HeLa cells were incubated with these
solutions as described above with one additional DPBS wash after
removal of aptamer-Ab solution. Binding assays were done at 37�C,
and at 4�C to minimize internalization.

Flow cytometry and analyses

Flow cytometry was performed on a BD Accuri C6 (BD Biosciences,
San Jose, CA) or Attune NxT (Thermo Fisher Scientific, Waltham,
MA) counting 10,000–30,000 live cell events. Fluorescence of far-
red dyes (Cy5 or Atto647N) was excited using a 640-nm (Accuri)
or 637-nm (Attune) laser and detected using a standard FL4 filter
(675 ± 12.5 nm) (Accuri) or RL1 filter (670 ± 7 nm) (Attune). Flow
cytometry data were then analyzed and processed using FlowJo Soft-
ware (Treestar, Ashland, OR). Viable singlet cells were gated and
analyzed for MFI. For 293FT transfection experiments, GFP fluores-
cence was excited using a 488-nm laser and detected using standard
FL1 filter (530 ± 15 nm) (Accuri) or BL1 filter (530 ± 15 nm)
(Attune). Viable singlet cells that were GFP+were gated and Cy5 fluo-
rescence was reported as either raw (Cy5 [GFP+]) or normalized to
GFP fluorescence (Cy5 [GFP+]/GFP [GFP+]).

Confocal microscopy

H1975 cells were seeded at 50,000 cells/chamber in a Nunc Lab-Tek 4
Chamber Slide (Thermo Fisher) 24 h before experiment. Cells were
stained with CellBrite Steady 488 Membrane Staining Kit (Biotium,
Fremont, CA) for 1 h at 37�C and 5% CO2 and then washed twice
with DPBS. Atto647N-labeled aptamers were prepared as described
above to a final concentration of 150 nM and incubated with cells
for 45 min at 37�C and 5% CO2. Cells were washed twice with
DPBS, fixed in 4% PFA for 5 min at 4�C, and washed an additional
three times with DPBS. Cells were counter-stained with 1 mg/mL
Hoechst 33342 (Sigma Aldrich) for 15 min at room temperature,
washed twice with DPBS, and stored in the dark in DPBS at 4�C until
imaging. Confocal images were taken with a Lecia SP8X tandem scan-
ning confocal microscope with a white-light laser using a 63� 1.2 NA
water immersion objective over either a single or multiple z planes
with a pinhole size of 1.00 (Leica Microsystems, Buffalo Grove, IL).
Images were displayed as single xy planes. Images were rendered
and analyzed using LASX (Leica Microsystems).

Aptamer internalization assay

Aptamer binding assays were done in a 48-well flat-bottom tissue cul-
ture plate as described above using a final aptamer concentration of
50 nM. After aptamer incubation, cells were treated with 4 U of
DNase I (Invitrogen) or 3 U of RiboShredder (Epicentre Biotechnol-
ogies, Madison, WI) in 100 mL of DPBS for 30 min at 37�C. Then
400 mL of complete mediumwas added to dilute and stop the reaction.
Supernatant was removed and cells were washed, lifted, and fixed as
described above. To optimize nuclease conditions, various nuclease
concentrations, treatment temperatures (22�C and 37�C), and incu-
bation times (15 and 30 min) were assayed, and aptamer degradation
(presence of a smear or multiple bands versus a single band) was ac-
cessed using native PAGE gels.

Subcutaneous xenograft of NSCLC cells

To develop cell-line-derived subcutaneous tumor models,103 H1975
cells were grown as described above in 15-cm dishes to �80%
confluence. Cells were collected, washed twice with cold DPBS,
and resuspended in ice-cold DPBS plus 50% extracellular matrix
(ECM) at �5 million cells per 100 mL. Cells were kept on ice during
injections to prevent solidification of ECM. To develop xenografts,
BALB/c nude mice (Charles River, Wilmington, MA) were briefly
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anesthetized with isoflurane in an induction chamber (4%, 250 mL/s).
Using a 28G 0.500 1-cc insulin syringe/needle, 5 � 106 cells were sub-
cutaneously injected into the flank or shoulder of each mouse. Cells
were allowed to engraft for 1 week and then mice were palpated every
3–4 days until tumors could be measured (>4 mm2), at which point
tumors were measured using digital calipers at a similar interval until
experimental start point (�75–150 mm2).

Animal ethics statement

All animal procedures were conducted according to the NIH guide-
lines for the care and use of laboratory animals and were approved
by the University of Missouri Institutional Animal Care and Use
Committee.

In vivo and ex vivo imaging

Aptamers for in vivo experiments were folded and annealed as
described above. Nude mice harboring subcutaneous tumors with
sizes of �75–150 mm2 were briefly anesthetized with isoflurane in
an induction chamber (4%, 250 mL/s). Using a 28G 0.500 1-cc insulin
syringe/needle, 100 mL of aptamer solution (50 pmol/g) was injected
into the retro-orbital (RO) sinus of the mice (time point = 0 h). RO
injections104 were used to minimize pain and suffering. The NIR fluo-
rescence imaging studies were conducted on an IVIS Spectrum imag-
ing system (PerkinElmer)105 equipped with a cooled charge-coupled
device (CCD) camera and a 150W quartz halogen light source. At the
indicated time points, four to five mice were simultaneously imaged
under 1.5%–2.5% isoflurane anesthesia (nosecone) and maintained
at a body temperature of 37�C during the imaging procedure, with
the following settings: excitation, 710 nm; emission, 760 nm; binning,
8; exposure time, 1 s; F/stop, 2; lamp level, low. We used these param-
eters for the IVIS images included in Figure 4 (whole-body imaging),
and Figures 5 and S13 (ex vivo imaging of tissues). The fluorescence
intensity was measured as the average radiant efficiency with a unit of
[p/s/cm2/sr]/(mW/cm2) using Living Image 4.4 (PerkinElmer).

To compare Cy7 and AF750, we performed a sequence acquisition us-
ing two tailored settings called “Cy7 custom method” (excitation,
710 nm; emission, 760 nm) and “AF750 IVIS method” (excitation,
745 nm; emission, 800 nm), which are the default IVIS settings for
AF750. The other parameters used for both settings were as follows:
Binning, 8; automatic exposure time; F/stop, 2; lamp level, high.
The IVIS images included in Figure 6 were obtained using the
AF750 IVIS method.

Mice were imaged in prone and right recumbent positions depending
on tumor position. At 48 hpi, mice were humanely sacrificed (CO2

followed by cervical dislocation), and their vascular systems were
flushed with DPBS prior to blood coagulation (<2 min after expira-
tion). To flush the vascular system, a 50-mL syringe was filled with
DPBS and equipped with a 25G butterfly needle. The mouse abdom-
inal aorta was severed, and the needle was placed in the left ventricle.
Then 30–50 mL of DPBS was injected until organs (specifically liver
and kidney) were blanched. Tumor, liver, kidney, spleen, and muscle
were harvested for endpoint IVIS imaging using the parameters re-
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ported above. Tumors were placed in 1.5-mL Eppendorf tubes,
snap frozen in liquid nitrogen, and stored at �80�C for downstream
analyses.

Ex vivo antigen expression

Snap-frozen tumor tissues were used for antigen expression analysis.
Tumors were quickly thawed by the addition of 37�Cmedium (RPMI
supplemented with 5% FBS). To digest and disaggregate into a single-
cell suspension, tumor tissue was added to a 5-cm Petri dish contain-
ing 5 mL of medium supplemented with collagenase type I, cut and
smashed into smaller pieces, and allowed to gently shake (80 rpm)
for 30 min at 37�C. Note that no DNase was added to the digest to
prevent aptamer or oligonucleotide digestion. After digestion, cell so-
lution was filtered (40 mm) and washed with DPBS. Filtration was
repeated two to four times to remove unwanted material. Cells
were treated with red blood cell lysis solution for 5 min at room tem-
perature, washed with DPBS, and resuspended in DPBS to a final con-
centration of 106 cells/mL in a single-cell suspension. Cells were then
incubated with Fc block (BioLegend) for 15 min at room temperature,
moved to a 96-well round-bottom plate (50,000–100,000 cells/well),
washed with DPBS, and pre-blocked with 0.25% BSA, 1.0 mg/mL
sssDNA, 1.0 mg/mL dextran sulfate, and 100 nM arbitrary 20-FY
RNA in DPBS with 5 mM MgCl2 for 20 min at room temperature.
Cells were then incubated with Ab solutions for 25 min at room
temperature, washed in DPBS, fixed in 4% PFA, and analyzed via
flow cytometry as described above. In addition to antigen staining
(anti-EGFR, anti-c-Met), cells were stained with anti-hCD71 (TfR,
clone OKT9, BioLegend) to confirm that cells were of human origin
and not from mouse.

Aptamer stability

To mimic in vivo-like conditions (1 nmol of injected material into
�2 mL of circulating blood), MinE07 or EGFR/c-Met bsApt were
folded and annealed as described above at 5 mM and diluted to
500 nM in 55% FBS in 1� DPBS. Aptamers were allowed to incubate
for 0, 1, 3, 6, 10, 24, or 48 h at 37�C in 5% CO2 and then treated with
1 mg/mL proteinase K for 1 h at 37�C to stop nuclease activity and
degrade serum proteins. For (RT)-qPCR, 1 mL of sample was diluted
1:100 in nuclease-free water, reverse transcribed (BST 3.0; New En-
gland Biolabs) for 30 min at 65�C (MinE07 primers only), and sub-
jected to 40 rounds of qPCR (SYBR Green MasterMix; Bio-Rad, Her-
cules, CA). MinE07 was amplified using the same forward and reverse
primers used for synthesis (Table S3). CLN3 was amplified using the
following primers sequences: forward (50-ATCAGGCTGGATGG
TAGCTCGGTCG-30) and reverse (50-CGACGACGACGACGAC
GACGATAATC-30). Analysis was done using CFXMaestro Software
(Bio-Rad). For native polyacrylamide gel electrophoresis (TBM-
PAGE), 25 mL of sample (�12.5 pmol of starting material) was mixed
with 10% glycerol and loaded onto 8% polyacrylamide gels. Gels were
run at 15 W per gel for 2.5 h at 4�C, stained with ethidium bromide,
imaged on the Typhoon (100-mm resolution; GE Healthcare, Marl-
borough, MA), and analyzed using FIJI.102 For doxorubicin (DOX)
intercalation assays (i.e., quenching of fluorescent signal upon inter-
calation into CG base pairs present in the hybridized tail/anti-tail),32



www.moleculartherapy.org
2 mM DOX was added to the sample and an emission spectrum was
acquired (excitation, 480 nm; emission, 500–700 nm) using the
EnSpire Plate Reader (PerkinElmer). Area under the curve was
used to determined quenching relative to doxorubicin in the presence
of unannealed aptamers.
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