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LETTER TO TH E EDITOR

A nanotherapeutic strategy to target drug-tolerant cells and
overcome EGFR tyrosine kinase inhibitor resistance in lung
cancer

Dear Editor,
For patients with epidermal growth factor receptor (EGFR)
mutant non-small cell lung cancer (NSCLC), EGFR tyro-
sine kinase inhibitors (TKIs) are used as the first-line treat-
ment [1, 2]. Despite initial therapeutic responses, patients
invariably experience disease progression due to acquired
drug resistance [3]. Resistance arises, in part, because a
subset of cancer cells undergoes epithelial-mesenchymal
transition (EMT) and remains viable despite exposure to
EGFR TKI concentrations that eliminate the bulk popula-
tion [4]. The surviving cells can be re-sensitized to treat-
ment by prolonged culture in the absence of EGFR TKIs,
indicating a transient, potentially reversible, tolerance to
these drugs [4]. However, these drug-tolerant cells (DTCs)
may regain proliferative potential, evolve, and give rise to
diverse stable mechanisms of resistance in patients [5, 6].
To address this clinical challenge, we developed a novel
liposomal nanodrug, Axl-LP-VD-CTA091, to inhibit DTCs,
thus targeting the origin of diverse resistance mechanisms
(Figure 1A). In this formulation, the pro-differentiation
agents 1,25-dihydroxyvitamin D3 (VD) and CTA091 were
co-encapsulated in liposomes (LP) (Figure 1B). VD was
used to suppress EMT [7] that underlies drug tolerance.
CTA091 prevented catabolic inactivation of VD by 24-
hydroxylase [8]. Axl aptamers [9] enabled preferential
targeting of nanodrug to DTCs, which are known to

List of abbreviations: Axl-LP-VD-CTA091, Axl targeted liposomes
that are loaded with VD + CTA091; Axl-LP-VD, Axl targeted liposomes
that are loaded only with VD; Axl-LP, Axl targeted empty liposomes that
are not loaded with VD + CTA091; CDH1, cadherin 1; CYP24A1,
cytochrome P450 family 24 subfamily A member 1; Cy5-ODN, Cy5
labeled oligodeoxynucleotide; DTC, drug tolerant cell; EGFR, epidermal
growth factor receptor; EMT, epithelial mesenchymal transition; IVIS,
in vivo imaging system; LP, liposome;MMP2, matrix
metallopeptidase-2; MRI, magnetic resonance imaging; NSCLC,
non-small cell lung cancer; SRB, sulforhodamine B; TKI, tyrosine kinase
inhibitor; US, ultrasound; VD, 1,25-dihydroxyvitamin D3.
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have increased Axl expression [10] (see Supplementary
Materials for experimental details).
We prepared Axl-LP-VD-CTA091 by encapsulating VD

and CTA091 in LP and then conjugated Axl aptamers on
the LP surface (Supplementary Figure S1A). The size and
zeta potential of Axl-LP-VD-CTA091 were 106 ± 3 nm and
+30.9 ± 3.8 mV, respectively (morphology and size distri-
bution in Supplementary Figure S1B). The encapsulation
efficiency of VD and CTA091 was 75%. Axl-LP-VD-CTA091
were stable for 24 h ± serum (Supplementary Figure S1C).
We evaluated the targeting and uptake of Axl-LP-

VD-CTA091 in H1975OR cells that developed EMT-
associated osimertinib tolerance (Supplementary Figure
S2A). Axl aptamers were labeled with FITC. LP were
labeled by encapsulation of Cy5-oligodeoxynucleotide
(Cy5-ODN). H1975OR cells were incubated with vehicle,
free Cy5-ODN, untargeted LP-Cy5-ODN or FITC-Axl-
LP-Cy5-ODN. Intact FITC-Axl-LP-Cy5-ODN were taken
up by H1975OR cells, as evidenced by co-localization of
green and red fluorescence in the cytoplasm (Figure 1C).
Flow cytometric quantitation demonstrated strong cellular
uptake of FITC-Axl-LP-Cy5-ODN with 816.5-fold higher
uptake vs. vehicle control and 40.9-fold higher uptake
vs. free Cy5-ODN (Figure 1D). However, Axl aptamers
did not increase uptake beyond what was achieved with
non-targeted LP.
Next, we tested the prediction that Axl-LP-VD-CTA091

promoted VD signaling, decreased EMT features and
improved osimertinib sensitivity in H1975OR cells. Axl-
LP-VD-CTA091 induced vitaminD target gene cytochrome
P450 family 24 subfamily A member 1 (CYP24A1),
increased expression of epithelial marker cadherin 1
(CDH1), and decreased expression ofmesenchymalmarker
matrix metalloproteinase-2 (MMP2) (Figure 1E). Axl-
LP-VD-CTA091 was superior to comparator treatments,
including free VD + CTA091 (demonstrating the impor-
tance of drug encapsulation to activity), Axl-LP-VD (indi-
cating the importance of usingCTA091 to stabilizeVD) and
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Axl-LP containing no VD and CTA091 (showing that Axl-
aptamers and empty liposomes lack therapeutic activity).
Gene expression changes induced by LP-VD-CTA091 and
Axl-LP-VD-CTA091 were comparable and consistent with
their similar in vitro uptake. Axl-LP-VD-CTA091 induced
an 8-fold increase in CDH1 transcripts and a correspond-
ing 3.2-fold increase in E-cadherin protein (Figure 1E).
Osimertinib dose-response studies were used to test EGFR
TKI sensitivity. Axl-LP-VD-CTA091 re-sensitizedH1975OR
cells to treatment, as evidenced by a 3.5-fold reduction in
the osimertinib EC50 value compared with Axl-LP (P =

0.004). The osimertinib EC50 was comparable for vehi-
cle control (HEPES) and Axl-LP (P = 0.625), indicating
that empty liposomes did not affect EGFR TKI sensitivity
(Figure 1F). Notably, Axl-LP-VD-CTA091 were unable to
increase the EGFR TKI sensitivity of PC9ER cells that did
not undergo EMT and had genetically fixed erlotinib resis-
tance (Supplementary Figure S2B-C). These data further
linked Axl-LP-VD-CTA091 activity to EMT control.
To investigate the in vivo activity of Axl-LP-VD-CTA091,

we developed a novel orthotopic model of lung cancer

based on ultrasound (US) guided trans-pleural injection
of tumor cells into the lungs of mice (Supplementary
Figure S3A-C). Nude mice were orthotopically implanted
with parental H1975 cells (Supplementary Figure S3D-F)
or H1975OR cells (Supplementary Figure S3G-I). Osimer-
tinib treatment (5 mg/kg oral gavage, once daily, Mon-Fri)
was initiated after tumor establishment (day 27 post-
implantation) in H1975-bearing mice but within 1 week of
implantation of H1975OR cells to maintain TKI tolerance.
Osimertinib suppressed EGFR activation and reduced the
volume of H1975 tumors (Supplementary Figure S3E-F).
However, H1975OR tumors continued to grow over time
despite receiving the same dose of osimertinib (Supple-
mentary Figure S3G-H). H1975OR tumors expressed lower
E-cadherin levels than parental H1975 tumors, indicating
that they maintained their EMT phenotype in vivo (Sup-
plementary Figure S3I). We concluded that osimertinib
(5 mg/kg) allowed for continued growth of drug tolerant
H1975OR cells with EMT phenotype in vivo.
We did not observe significant differences in cellu-

lar uptake and efficacy between Axl-LP-VD-CTA091 and

F IGURE 1 In vitro and in vivo characterization of the biological activity of Axl-LP-VD-CTA091. (A) In response to EGFR TKI
treatment, most EGFRmt NSCLC cells die (gray). However, a subset of cells (DTCs, red) undergoes EMT and survives treatment. Over time,
DTCs expand, evolve, and give rise to diverse mechanisms of EGFR TKI resistance. Axl-LP-VD-CTA091 oppose EMT and thereby prevent
EGFR TKI failure. (B) Schematic representation of Axl-LP-VD-CTA091. VD (200 nmol/L) and CTA091 (100 nmol/L) were encapsulated in LP.
Concentrations of each agent were determined based on prior optimization experiments. Axl aptamers decorated the surface of LP. Structural
depiction is based on morphology observed in Cryo-TEM studies (Supplementary Figure S1C). (C) Untargeted LP-Cy5-ODN or targeted
FITC-Axl-LP-Cy5-ODN were incubated with H1975OR cells and visualized by confocal microscopy to determine cellular uptake. Nuclei were
stained with DAPI. Merged images showed the overlap in the localization of Cy5 and FITC within cells. (D) Binding of the indicated agents to
H1975OR cells was determined by flow cytometry. Data were mean fluorescence intensity ± SD for ≥ 5 technical replicates from 2 biological
replicates. (E) H1975OR cells were exposed to the indicated treatments. VD and CTA091 concentrations were equal across all groups. Effects of
treatment on expression of vitamin D target gene CYP24A1 and EMT-related genes CDH1 (epithelial marker) andMMP2 (mesenchymal
marker) were determined by qRT-PCR. Data were normalized to vehicle controls (arbitrarily set to an expression value of 1.0). Data were
mean ± SD for 3 biological replicates. Statistical significance was evaluated using one-way ANOVA with multiple comparisons using
GraphPad Prism 9.3.1 software. ns, not significant; *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Statistics were provided for each treatment vs
Axl-LP-VD-CTA091. Immunoblotting was used to determine the effects of the indicated treatments on E-cadherin expression. Densitometric
quantitation was indicated below blots. (F) The ability of Axl-LP-VD-CTA091 to alter sensitivity to osimertinib was tested using the SRB assay.
Osimertinib dose response was measured at 9 d post-treatment. Each curve represented the average of 3 biological replicates. P value was for
comparison of EC50 values for all 3 groups by ANOVA. (G) Representative IVIS and MR images of a mouse harboring an H1975 orthotopic
xenograft. Images were obtained prior to treatment (MRI) or 1 h or 24 h post-treatment with untargeted LP-Cy5-ODN or tumor-targeted
Axl-LP-Cy5-ODN. Yellow circles in MR images highlighted lung tumors. (H) In vivo biodistribution of Cy5 detected by IVIS Optical Imaging.
The percent Cy5 signal present was calculated per organ at each time point from IVIS images. Data were mean ± SD for n = 3 mice per group.
The indicated organs were harvested at the time of euthanasia from n = 3 mice per group and immediately imaged by IVIS. The proportion of
Cy5 signal detected per organ basis was indicated in pie charts. LU, lung; KI, kidney; LI, liver; SP, spleen. (I) Tumor outgrowth curves were
presented for mice harboring H1975OR orthotopic xenografts. Osimertinib was initiated at d 7 in all mice and continued throughout the study.
Axl-LP, free VD+CTA091 and Axl-LP-VD-CTA091 were administered every other day, beginning on d 57 post-implantation. MRI-detected
tumor volume was presented as mean ± SD for n = 4 mice per group. Statistical significance was evaluated using 2-way ANOVA with
GraphPad Prism 9.3.1 software. *, P <0.050; **, P <0.010. (J) Body weight determination in mice stratified to treatment with Axl-LP, free
VD+CTA091, or Axl-LP-VD-CTA091. For each group, body weight at d 57 (prior to treatment initiation) was set to baseline (100%). (K) At study
termination, blood was collected from all animals and used to measure serum calcium levels via colorimetric assay. Data were mean ± SD for
n = 4 mice per group. Statistical significance was evaluated using one-way ANOVA with multiple comparisons using GraphPad Prism 9.3.1
software. *, P < 0.050; **, P < 0.010; ns, not significant. Abbreviations: d, day; EGFR, epidermal growth factor receptor; TKI, tyrosine kinase
inhibitor; NSCLC, non-small cell lung cancer; EMT, epithelial-mesenchymal transition; DTC, drug-tolerant cell; VD, 1,25-dihydroxyvitamin
D3; LP, liposomes; SRB, sulforhodamine B; MRI, magnetic resonance imaging; IVIS, in vivo imaging system; SD, standard deviation.
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untargeted LP-VD-CTA091 in vitro. One possible rea-
son could be that in vitro culture conditions do not
mimic in vivo conditions and lack blood flow, compet-
ing cells and off-target effects. To test for advantages of
Axl-LP-VD-CTA091 over LP-VD-CTA091 in vivo, biodistri-
bution studies were performed. Untargeted LP-Cy5-ODN
or Axl-LP-Cy5-ODN were administered to mice harbor-
ing orthotopic H1975 xenografts at a Cy5-ODN dose of 5
mg/kg (Figure 1G-H). H1975 cells were used for biodistri-
bution studies because they expressedAxl (Supplementary
Figure S2A) and grew relatively rapidly. In vivo imaging
system (IVIS) was used to quantify LP distribution over
time. An intense fluorescent signal was detected within 1 h
of administration in mice that received Axl-LP-Cy5-ODN
(Figure 1G). The Cy5 signals were detected preferentially
in the tumor-bearing lung. No specific localization was
detected in mice that received LP-Cy5-ODN, despite the
mice having comparable tumor burden. Quantitative in
vivo analyses confirmed signal enrichment in the lungs of
Axl-LP-Cy5-ODN treated mice at the 1 h timepoint, which
was significantly higher than mice treated with LP-Cy5-
ODN (71% vs. 58%, Figure 1H). After 24 h treatment, the
majority of fluorescent signal (40%) was present in the
lungs of Axl-LP-Cy5-ODN injected mice, while only 13%
of fluorescent signal remained in the lungs of LP-Cy5-
ODN treated mice (Figure 1G-H). In addition, the kidney
and liver showed greater signal intensities than the lungs
of LP-Cy5-ODN-treated mice. The relative enrichment of
Axl-LP-Cy5-ODN in lung tissues was evident when iso-
lated organs were subjected to IVIS imaging (Figure 1H,
pie charts). The lung/kidney Cy5 signal intensity ratio was
2.58 and 0.5 in mice that received Axl-LP-Cy5-ODN versus
LP-Cy5-ODN, respectively. Thus, Axl-targeting resulted in
preferential localization and retention of LP within the
lungs of tumor-bearing mice.
Based on these results, we conducted in vivo safety and

efficacy tests of Axl-LP-VD-CTA091. H1975OR cells were
orthotopically implanted. One week later, treatment with
osimertinib was initiated. Once tumors were established
(day 57 post-implantation), the mice were intravenously
injected with empty Axl-LP, free VD+ CTA091, or Axl-LP-
VD-CTA091 at VD and CTA091 doses of 25 μg/kg and 14.5
μg/kg respectively, every 2 days, for a total of 4 injections.
Magnetic Resonance Imaging (MRI)-based tumor volume
measurements showed that Axl-LP-VD-CTA091 signifi-
cantly suppressed the growth of H1975OR lung tumors
in mice compared to treatment with Axl-LP or free VD
+ CTA091 (Figure 1I). However, the mice began to lose
weight following treatment with Axl-LP-VD-CTA091 and
free VD + CTA091, prompting us to terminate the study
(Figure 1J). Weight loss was associated with an elevation
in serum calcium, indicative of hypercalcemia (Figure 1K).
Pathological assessments revealed no overt tissue toxicity

(data not shown). Axl-LP-VD-CTA091 but not free VD +

CTA091 reduced tumor burden; therefore, we anticipated
that the therapeutic index of Axl-LP-VD-CTA091 might be
improved using reduced drug doses and/or an alternative
once-weekly dosing schedule.
Based on the ability of Axl-LP-VD-CTA091 to promote

epithelial phenotype, distribute to tumor-bearing lungs in
vivo, and increase EGFR TKI activity in vitro and in vivo,
we contend that its continued additional evaluation as
a novel strategy to inhibit DTC and promote EGFR TKI
sensitivity is warranted.
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