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ARTICLE INFO ABSTRACT

Keywords: The Kirsten Rat Sarcoma Virus (KRAS) oncoprotein, one of the most prevalent mutations in cancer, has been

KRAS deemed undruggable for decades. The hypothesis of this work was that delivering anti-KRAS monoclonal anti-

cancer body (mAb) at the intracellular level could effectively target the KRAS oncoprotein. To reach this goal, we

::s;igﬂzzloml antibody designed and developed tLyP1-targeted palmitoyl hyaluronate (HAC16)-based nanoassemblies (HANAs) adapted

Targeted delivery for the association of bevacizumab as a model mAb. Selected candidates with adequate physicochemical prop-

Nanotechnology erties (below 150 nm, neutral surface charge), and high drug loading capacity (>10%, w/w) were adapted to
entrap the antiKRAS®'2V mAb. The resulting antiKRAS®!2V-loaded HANAs exhibited a bilayer composed of
HAC16 polymer and phosphatidylcholine (PC) enclosing a hydrophilic core, as evidenced by cryogenic-
transmission electron microscopy (cryo-TEM) and X-ray photoelectron spectroscopy (XPS). Selected prototypes
were found to efficiently engage the target KRAS®'?V and, inhibit proliferation and colony formation in
KRAS®'?Y_-mutated lung cancer cell lines. In vivo, a selected formulation exhibited a tumor growth reduction in a
pancreatic tumor-bearing mouse model. In brief, this study offers evidence of the potential to use nanotech-
nology for developing anti-KRAS precision therapy and provides a rational framework for advancing mAb
intracellular delivery against intracellular targets.

1. Introduction apoptosis [3-5].

Being the most frequently mutated oncogene, Kirsten Rat Sarcoma

Despite the great advances in cancer therapy and the emergence of
personalized medicine, the majority of intracellular oncoproteins
remain undrugged. A particularly relevant example of the so-called
undruggable targets is the RAS family, whose mutated forms are pre-
sent in 9-30% of human cancers [1,2]. Mutations in RAS are responsible
for the accumulation of RAS proteins in the GTP-bound state leading to a
permanent “on” conformation of the protein, triggering the activation of
RAS-dependent downstream signaling pathways, which ultimately
promote cellular proliferation and angiogenesis while interfering with

Virus (KRAS) has attracted substantial attention. In the clinical setting,
KRAS®!2Y T-cell-based therapies have found their way into phase I-II
clinical trials (NCT04146298, NCT03190941), although scarce infor-
mation is known about their general outcome. Recently, a lymph-node-
targeting amphiphilic platform incorporating vaccine peptides against
KRAS G12D and G12R has shown to induce T cell response (Phase I,
NCT04853017) [6]. Despite this recent success, the necessity of specif-
ically inhibiting KRAS mutations for successful therapy has been argued
[7]. Unfortunately, the two small molecules inhibitors, sotorasib and
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adagrasib [8,9], recently marketed for specifically target KRASC12,
have not been as efficacious as expected in the clinical setting [10]. This
has prompted the exploration of alternative strategies at the preclinical
level, with a focus on targeting the KRAS signaling pathway. Among
these strategies is targeting RAS with ankyrin repeat proteins [11]> with
small interfering RNA (siRNA) standing out [12-16]° While this
approach has led to promising data, it remains at an early stage of
evidence.

Based on the limited success of the so far explored strategies, our
hypothesis has been that the use of monoclonal antibodies (mAbs) with
large surface area paratopes capable of facilitating protein-protein in-
teractions (PPIs) has the potential to be a therapeutic option. To over-
come the inherent limitations of mAbs for diffusing across biological
barriers some researchers have engineered mAb with covalent modifi-
cations, incorporating cytosol-penetrating motifs. Although the results
obtained in murine models of carcinomas look somehow promising
[17,18], there are still pending issues such as the targeting to the tumor
and the potential immunotoxicity associated to its off-target
accumulation.

In our lab, we have gone a step forward and chosen nanotechnology
as an enabling technology for helping mAbs overcoming biological ob-
stacles and facilitating their access to intracellular targets [19-22]. More
precisely, we have developed a platform particularly adapted for the
intracellular delivery of mAbs [21]. By engineering HA-based nano-
capsules, we successfully delivered an anti-gasdermin B mAb, address-
ing the intracellular oncoprotein gasdermin B. This led to a reduced
tumor growth and diminished lung metastasis in an orthotopic mam-
mary fat pad tumor-bearing mouse model. The nanotechnology
approach has been also explored for targeting other oncoproteins as is
the case of transferrin targeted- poly-lactic-co-glycolic acid nano-
particles (NPs) for delivering antiBCR/ABL mAb [20] or antiMYC mAb-
loaded polymeric micelles [19]. The knowledge generated from these
approaches have facilitated the development of the earliest antiKRAS
mAb-Pluronic™ F127 -based micelles. Although some preliminary
promising data in KRASC®13P_mutant tumors have been achieved [22],
the poor loading capacity and the uncontrolled biodistribution have
remained challenging. Despite the efforts invested in these approaches,
none have specifically target the KRAS®'2Y mutation, which exhibits one
of the highest incidences in solid tumors such as pancreatic cancer
[23,24].

As a disruptive alternative to the aforementioned technologies and
recognizing the absence of available treatments for the KRAS®'2Y mu-
tation, this study validates the palmitoyl hyaluronate (HAC16)-based
nanoassemblies (HANAs) technology [25] for the intracellular delivery
of the antiKRAS®'2Y mAb. To ensure the NPs accumulation in the tumor
tissue, our lab and others have identified the truncated LyP-1 (tLyP1)
peptide as an excellent candidate to enhance the NPs uptake and
intratumoral diffusion [26-28]. Indeed, we have demonstrated that the
surface functionalization of docetaxel-loaded nanocapsules with tLyP1
leads to a 36.6-fold increase in tumor accumulation over the free cyto-
toxic agent [26]  Building on this foundation, we have engineered a
synthetic approach for the obtention of tLyP1-conjugates and further use
them for the development of tLyP1-targeted HANAs entrapping a model
mADb, bevacizumab (BVZ). Afterwards, we adapted the HANAs tech-
nology for the association of the antiKRAS®*2V mAb. Furthermore, we
assayed the efficacy and capacity to directly target the KRAS®!2V
oncoprotein after antikRAS®'2V mAb internalization in KRAS®'?Y
mutant lung cancer cell lines. Finally, the antitumoral efficacy was
evaluated in vivo using a KRAS®'2Y mutant subcutaneous pancreatic
murine model.

2. Materials and methods
2.1. Materials

The humanized mAb bevacizumab was kindly donated by
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mAbxience (Spain). AntiKRAS®'?Y mADb was acquired from bioGenes
GmbH (Germany). Sodium palmitoyl hyaluronate MW 30-70 kDa DS
1-10% and DS 10-15% were obtained from Contipro a.s. (Czech Re-
public). Phosphatidylcholine from Soybean (Lipoid S100) was provided
by Lipoid GmbH (Germany). 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy (polyethylene glycol)2000 - maleimide] (DSPE.
PEG3gp0-Mal) was acquired from Avanti Polar lipids (Alabaster, USA).
The truncated LyP-1 peptide (aminoacidic sequence: CGNKRTR) was
synthesized by ChinaPeptides Co., Ltd. (Shanghai, China). Fetal bovine
serum (FBS) was provided by Gibco (Thermo Fisher Scientific, United
States). Methanol-D4 (CD3OD), deuteration degree 99.8%, and antiK-
RAS mAb produced in mice acquired from clone 3B10—2F2 were pro-
vided by Merck (Darmstadt, Germany). Resazurin sodium salt, Triton X-
100, Accutase®, 2-(N-Morpholino)ethanesulfonic acid hydrate (MES)
buffer, N-hydroxysuccinimide (NHS) and N-Ethyl-N'-(3-dimethylami-
nopropyl)carbodiimide = (EDC), N-(2-Aminoethyl)maleimide tri-
fluoroacetate salt (Mal), HEPES buffer, deuterium oxide (D20), dimethyl
sulfoxide-dg (DMSO-dg), TBS lysis buffer [20mM Tris, pH 7.5, con-
taining 150mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM
Na3VO04, 1mM PMSF, and complete protease inhibitor cocktail] were
obtained from Sigma-Aldrich (Darmstadt, Germany). Triethylamine
(TEA) was purchased from Scharlab (Barcelona, Spain). Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) was purchased from
Alfa Aesar (Kandel, Germany). Polyvinylidene difluoride (PVDF) protein
blotting membrane were acquired from SERVA Electrophoresis GmbH
(Heidelberg, Germany). The 96 multiwells plate, SnakeSkin™ Dialysis
Tubing (regenerated cellulose, SnakeSkin 7 K MWCO, 22 mm), anti-
mouse IgG DyLight™ 680 Ab and anti-rabbit IgG DyLight™ 800 Ab
produced in goat, pierce Ip lysis buffer, RPMI 1640, Dulbecco’s Modified
Eagle Medium (DMEM), F(ab’)2-Goat anti-Mouse IgG (H + L) secondary
antibody PE, and BCA protein assay reagent kit were provided by
Thermo Fisher Scientific (United States). Goat anti-human IgG HRP
conjugated was obtained from Jackson Immuno Research Laboratories,
Inc. (United States). 2,2-azino-di-(3-ethylbenzthiazoline sulfonic acid
(ABTS) solution was acquired from Roche (Switzerland). SYPRO® Ruby
was purchased from Lonza (Basel, Switzerland). Protein G PLUS-agarose
beads and mAb anti-alpha tubulin were acquired from Santa Cruz Bio-
technologies (United States). MAbs anti-phosphorylated-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (9106), and anti-p44/42 MAPK (Erkl1/2)
(137F5), were purchased from Cell Signaling Technology.

2.2. Synthesis of tLyP1-targeted conjugates

2.2.1. Palmitoyl hyaluronate (HAC16)-tLyP1

The functionalization of the HAC16 MW 30-70 kDa DS 1-10% with
the tLyP1 peptide was carried out in two-steps reaction. Prior to it,
stocks solutions were dissolved as follows: HAC16 (4 mg/mL) in 40% (v/
v) EtOH in ultrapure water, EDC (20.8 mg/mL), and Mal (267 mg/mL)
in ultrapure water whereas NHS (20.8 mg/mL) in EtOH. Over the
HAC16 (5 mL), it was subsequently added 100 pL MES buffer pH 6
(adjusted with TEA), 71.9 pL EDC for 5 min at RT, 86.4 pL NHS for 10
min at room temperature (RT), and 7.4 pL Mal for 2 h at 40 °C under
magnetic stirring. The product was purified by dialysis against EtOH:
NaCl 150 mM (50%, v/v EtOH/ultrapure water). The resulting HAC16-
Mal conjugate was frozen at —80 °C and freeze-dried (Genesis™ 25 EL,
S-P Industries, PA, USA). Thereafter, the tLyP1 peptide was anchored to
the HAC16-Mal intermediate by mixing the polymer (4 mg/mL) with the
peptide in the presence of TCEP under magnetic stirring at RT. The re-
action was carried out in HEPES buffer 10 mM (60% (v/v) EtOH in ul-
trapure water, pH 7.2) at a roughly determined tLyP1:Mal molar ratio of
1:1. The resulting conjugate was purified by dialysis against EtOH:NaCl
150 mM (60%, v/v) and ultrapure water. Afterward, the HAC16-tLyP1
conjugate was frozen at —80 °C, freeze-dried, and stored at —20 °C.

HAC16 MW 30-70 kDa DS 10-15% synthesis was carried out in a
molar ratio HAC16:EDC:NH:Mal (1,0.164:0.328:0.324) following
above-described methods modified accordingly. Therefore, the polymer
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was dissolved in a volume ratio EtOH:ultrapure water of 1:1, keeping
these conditions during the reaction procedure. For the tLyP-1 incor-
poration, the HAC16-mal intermediate was dissolved in HEPES buffer
10 mM at pH 7.2 (prepared in EtOH:ultrapure water in a volume ratio of
1:1.5 adjusted with NaOH 10 M) at an initial concentration of 4 mg/mL;
tLyP1 and TCEP were dissolved in the same buffer at initial concentra-
tions of 0.65 and 0.22 mg/mL. The reaction was kept overnight under
magnetic agitation at 300 rpm. Then, the conjugate was purified as
previously described but against EtOH:NaCl 150 mM (volume ratio,
1:1). The purified conjugate was freeze-dried and stored.

2.2.2. DSPE.PEGk-tLyP1

Stock solutions of DSPE-PEGyk-Mal (40 mg/mL) and tLyP1 (1 mg/
mL) in HEPES buffer 10 mM (60% (v/v) EtOH in ultrapure water, pH
7.2) were prepared. The peptide was added to the DSPE.PEGok-Mal at a
molar ratio of 2:1 tLyP1: DSPE.PEGgog-Mal and let it stir at RT overnight.
Afterward, the free tLyP1 was removed by dialyzing against 150 mM
NaCl (2 h) and then, two more cycles against ultrapure water. Finally,
the functionalized lipid was freeze-dried, and stored at —20 °C.

2.2.3. 'H NMR spectroscopy

'H NMR spectra were recorded using a Bruker DRX-500 or NEO-750
spectrometer. HAC16-Mal intermediate, HAC16-tLyP1, and DSPE.
PEGgk-tLyP1 were dissolved in CD30D/D,0, phosphate buffer saline
D,0/CD30D (1/1, v/v) at pH 7.4 and DMSO-d¢ at 2 mg/mL, respec-
tively. When required, trimethylsilylpropanoic acid was used as an in-
ternal reference. 'H NMR spectra were recorded at 300 K, 64 to 2048
accumulated scans and a relaxation delay of 8-12 s Spectral analysis was
done by using the MestreNova Software (Mestrelab Research S.L.), and
the extent of the conjugation was calculated as the number of double
bond of the maleimide or tLyP1 molecules per 100 carboxylic acid
groups of HAC16 or methyl groups from the DSPE.PEG.

2.3. Preparation of BVZ-loaded non-targeted HANAs

HANAs were prepared following an assembling technique previously
described by our lab. [25] Briefly, to 500 pL of an 40% v/v ethanol/
ultrapure water HAC16 30-70 kDa DS 1-10% solution (4 mg/mL, stock
concentration) were added 125 pL of an aqueous solution of BVZ (16
mg/mL, stock concentration) under magnetic stirring at 1100 rpm and
RT. Subsequently, 50 pL of an ethanolic solution of Lipoid S100 (20 mg/
mL, stock concentration) were added dropwise over the above mixture.
Finally, the volume was made up to 1 mL with PBS.

In the case of HANAs containing the PEGylated lipid (PEG-NAs), the
above method was modified accordingly. To 500 pL of HAC16 at 0.5
mg/mL were added 125 pL of BVZ (4 mg/mL, stock concentration)
under magnetic stirring at 1100 rpm and RT. Subsequently, 50 pL of an
ethanolic solution containing equal volumes of Lipoid S100 at 20 mg/
mL and DSPE.PEGyk at 0.04 mg/mL were added dropwise over the
above mixture. Finally, the volume was made up to 1 mL with PBS.

HANAs were concentrated up to a BVZ concentration of 3.2 mg/mL.

2.4. Preparation of BVZ-loaded tLyP-1 targeted HANAs

tLyP1 targeted non-PEGylated NPs (tLyP1HA-NAs) were prepared
following an assembling technique previously described. Briefly, 125 pL
of an aqueous solution of BVZ (16 mg/mL, stock concentration) were
added to 500 pL of an hydroalcoholic solution of HAC16-tLyP1 (4 mg/
mL, stock concentration) under magnetic stirring at 1100 rpm. Then, 50
pL of an ethanolic solution of Lipoid S100 (20 mg/mL, stock concen-
tration) were added drop by drop over the HAC16-tLyP1/BVZ solution.
Finally, the volume was made up to 1 mL with PBS.

tLyP1 targeted PEGylated NPs (tLyP1PEG-NAs) were developed as
described in Section 2.3 with minor modifications. Thus, 125 pL of an
aqueous solution of BVZ (4 mg/mlL, stock concentration) were added
over 500 pL of an hydroalcoholic solution of HAC16 30-70 kDa DS
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1-10% (0.5 mg/mL, stock concentration), under magnetic stirring at
1100 rpm. Then, 50 pL of an ethanolic solution of Lipoid S10 (20 mg/
mL, stock concentration) and DSPE.PEGog-tLyP1 (final concentration
from 0.025 to 0.1 mg/mL) were added drop by drop over the HAC16/
BVZ solution. Finally, the volume was made up to 1 mL with PBS.

Blank tLyP1-HANAs were prepared following the same procedure
but replacing the mAD solution by ultrapure water.

HANAs were concentrated, removing the ethanol under a nitrogen
stream up to a BVZ concentration of 3.2 mg/mL.

2.5. Preparation of antiKRAS®?V-loaded tLyP-1 targeted HANAs

125 pL of an aqueous solution of antiKRAS®'2Y mAb (4 mg/mL, stock
concentration) was added to 500 pL of a 40% v/v of EtOH/ultrapure
water solution of HAC16-tLyP1 (0.5 and 1 mg/mL, stock concentrations)
under magnetic stirring at 1100 rpm. Then, 50 pL of an ethanolic solu-
tion of Lipoid S100 (from 5 to 10 mg/mL, stock concentrations) were
added dropwise over the HAC16-tLyP1/antikRAS®!?Y mAb mixture.
Finally, the volume was made up to 1 mL with PBS.

AntiKRAS®'?V mAb-loaded PEGtLyP1-HANAs were developed as
follows, an aqueous solution of antiKRAS®'?Y mAb (4 mg/mL, stock
concentration) was added over 500 pL of HAC16 under magnetic stirring
at 1100 rpm. Over it, 50 or 100 pL of a solution of Lipoid S100:DSPE.
PEGgy-tLyP1 were added dropwise over the HAC16/antiKRAS®'2Y mAb
mixture. Finally, the volume was made up with PBS until reaching a final
formulation volume of 1 mL. HANAs were concentrated, removing the
ethanol under a nitrogen stream. Prior to it, stocks solution of Lipoid
S100 and DSPE.PEGgy-tLyP1 were prepared in EtOH and 10% ultrapure
water/ EtOH (v/v) at final concentrations of 20, and from 0.4 mg/mL,
respectively. Then, equal volumes of each solution were mixed. For the
polymer, HAC16 was dissolved in 40% v/v of EtOH/ultrapure water at
0.5 mg/mL.

Blank tLyP1-HANAs were prepared following the same procedure
but replacing the mAb solution by ultrapure water.

Blank and antiKRAS®'2Y mAb HANAs were concentrated, removing
the ethanol under a nitrogen stream up to an antiKRAS®'?V mAb con-
centration of 3.2 mg/mL.

2.6. Physicochemical and morphological characterization

The physicochemical characteristics of the HANAs were determined
by using a Malvern Zeta-Sizer (NanoZS, ZEN 3600, Malvern Instruments,
Worcestershire, United Kingdom). For the analysis, HANAs were
accordingly diluted in PBS and particle size, PDI and derived count rate
(DCR) were determined using Dynamic Light Scattering (DLS). By using
the same device, the zeta potential was recorded by Laser Doppler
Anemometry (LDA) after measuring the mean electrophoretic mobility.
For a further physicochemical characterization based on particle size
and HANAs concentration, samples were analyzed by Nanoparticle
Tracking Analysis (NTA) after diluting the samples in PBS (NanoSight
NS3000, Amesbury, United Kingdom).

2D-cryogenic transmission electron microscopy (cryo-TEM) micro-
graphs were collected on a 120 kV TEM equipped with an UltraScan
4000 SP cooled slow-scan CCD camera (GATAN) at x30,000 magnifi-
cation. High quality data were collected on a JEM-2200FS/CR (JEOL,
Ltd.) 200 kV TEM equipped with a K2 Summit direct detection camera
(GATAN) at x30,000 magnification. To do so, sample preparation was
performed using the Vitrobot Mark IV, applying 4 pL of HANAs (at 1:1
concentration) on a copper mesh. Vitrification was done in 70-80%
humidity at RT. For quality control data was acquired on a JEM-1230
(JEOL, Ltd.)

2.7. Physicochemical and morphological characterization tLyP1-HANAs
surface analysis by x-ray photoelectron spectroscopy (XPS)

Photoelectron spectra were acquired using A Thermofisher NEXSA
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spectrometer equipped with a hemispherical electron analyser and
micro-focused monochromatic Aluminium Al Ka x-ray source (1486.6
eV). The samples were prepared pressing the sample powder on a double
side conductive tape, and the tape attached to the instrument metal
holder. The biggest x-ray spot of 400 pm was chosen by the operator.
Residual vacuum in the analysis chamber was maintained at around 3 x
10~° mbar. Data Analysis was performed with Avantage 6.7.0 Software,
for elemental quantitation and peak fitting analysis. Intensities were
estimated by calculating the area under peaks, after the subtraction of
background. The used background is the “Smart background” based on
the “Shirley background” with additional constraint that the back-
ground should not be of a greater intensity than the actual data at any
point in the region. Experimental curve was fitted using a mix of
Lorentzian-Gaussian lines in variable proportions. Binding energy was
corrected and referenced respect the C1s component peak of aliphatic
carbon at 284.8 eV after the peak fitting routine, following the ISO
19318:2004 procedure. A Flood gun (e- and Argon ions) was used to
minimize surface charging. Binding energy of the aliphatic carbon Cls
component peak was used as reference fixing its value to 284.8 eV. The
correct surface charge compensation throughout the experiment was
checked by acquiring the spectra of the Carbon C1s at the beginning and
end of the experiment, the overlapping spectra practically indicate a
correct charge stabilization and neutralization, and no chemical changes
were observed due X-Ray irradiation.

The library applied is ALTHERMO1 (Modified Scofield) and use TPP-
2 M method for attenuation length. This library was originally based on
Scofield factors but with sensitivity factors adjusted based on experi-
mental data acquired on Thermo fisher Scientific XPS instruments, with
quantification over the main peak areas. Atomic ratios were computed
from peak intensity ratios.

2.8. Colloidal stability

The colloidal stability of the HANAs was determined based on their
physicochemical properties in simulated biological fluids and in sus-
pension at 4 °C.

The stability in simulated biological fluids was evaluated upon in-
cubation in PBS supplemented with 10% FBS after diluting the samples
10 times in the media. HANAs were incubated at 37 °C under orbital
shaking at 300 rpm and, at different time points (0, 2, 4, and 8 h), 100 pL
of the samples were withdrawn and both, particle size based on highest
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2.94 mg/mL, NaHCOs, pH 9.6). After the antigen attachment, the plate
was washed four times with washing buffer (Tween 20 0.05% (v/v) in
PBS, pH 7.4). The process was followed with a blocking step that was
performed with 300 pL/well of blocking buffer (2% v/w of dry milk
powder prepared in washing buffer) for 2 h at 37 °C under orbital
shaking at 300 rpm. By the end, another washing step is done, and the
antigen-coated plate is ready to use. Calibration curves for untreated
BVZ and for the BVZ recovered from the supernatant were done by
diluting accordingly and loading the samples on the previously prepared
antigen-coated plate (incubation for 1 h at 37 °C). As control, a solution
of BVZ at 3.2 mg/mL was treated in the same conditions and subse-
quently quantified. Then, the plate was submitted to a washing step with
the addition of the secondary goat anti-human HRP antibody at a con-
centration of 0.08 pg/mL and incubated for 1 h at 37 °C. Finally, after
this last washing step, the detection substrate (ABTS) was added (50 pL/
well). After 25 min of incubation at RT, samples absorbances were
measured at 405 nm by using a microplate reader (Synergy H4, BioTek,
VT, USA).

The amount of associated antiKRAS®'2V mAb was determined by
SDS-PAGE under reducing conditions. Briefly, the supernatant was
diluted accordingly to fit in the calibration curve. AntikRAS®*2V mAb
standard solutions of known concentrations (from 2 to 0.2 pg/lane) were
prepared in PBS. Treated samples were diluted in a volume ratio 1:1
with 2x Laemmli buffer and vortexed for several seconds. Then, samples
were boiled at 99.5 °C for 5 min. 20 pL of the denatured samples were
resolved using 12% polyacrylamide gels. After 1 h with variable milli-
amps and a 100-120 V voltage, the gel was fixed in 10% methanol and
7% acetic acid for 45 min. Finally, samples were stained using a
SYPRO® Ruby protein gel stain solution overnight at RT. Prior to
analysis, the gel was washed twice with ultrapure water. GelAnalyzer
19.1 software (www.gelanalyzer.com) by Istvan Lazar Jr., PhD and
Istvan Lazar Sr., PhD, was used to process and analyze the samples. Total
bands areas of the calibration curve were referred to the theoretical
value and those ranging between 80 and 120% were considered. Sam-
ples’ bands intensities referred to the calibration curve.

The AE and LC were determined as follows:

AE (%) =[(theoretical amount of mAb
— free mADb) /theoretical amount of mAb] x 100

LC (%) = [associated mAb/total theoretical concentration of the HANAs] x 100

intensity peak and PDI were measured by DLS. As control, the HANAs
were incubated in PBS and, the mean particle size and PDI were
evaluated.

The stability of the HANAs in suspension at 4 °C was also evaluated.
At the indicated time points, the particle size, PDI and zeta potential
were determined as described in Section 2.6.

2.9. Association efficiency (AE) and loading capacity (LC)

HANASs were isolated by ultracentrifugation (i.e., 35,000 rpm - 1.5 h
— 15 °C) by using a Beckman Coulter (optime L90K) ultracentrifuge
equipped with a Beckman type 70.1 Ti rotor. The amount of free BVZ or
antiKRAS®'2Y mAb in the supernatant was recovered and quantified.

BVZ association efficiency (AE %) to NPs was quantified using an
enzyme-linked immunosorbent assay (ELISA). A 96-multiwell plate was
coated with 0.005 pg antigen/well (i.e., recombinant human VEGF;¢5) at
a concentration of 0.05 pg/mL (100 pL/well) and incubated overnight at
4 °C. The antigen was prepared in coating buffer (1.59 mg/mL, NayCOs,

280

2.10. Release profile

BVZ or antiKRAS®*2Y mAb released from the HANAs was quantified
using ELISA and SDS-PAGE, respectively. Samples were diluted 10-times
in PBS at pH 7.4 or pH 5.0 and incubated at 37 °C under orbital agitation
(300 rpm). At different time points (0, 2, 4, 8, 24 and 168 h), the
formulation was isolated by ultracentrifugation (35,000 rpm — 1.5 h —
15 °C). The free mAD in the supernatant was recovered and quantified by
using the below equation where t( indicates the condition prior incu-
bation, and t; corresponds to the condition at the time point of study.

Cumulative mAb released (%) = free mAb at t; — free mAb at t,

2.11. Cell lines

The lung adenocarcinoma human cell lines NCI-H441 (KRAS G12V)
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and NCI-H1568 (KRAS wild type) and murine cell lines A549
(KRASG12S) and CMT167 (KRAS G12V) were obtained from the
American Type Culture Collection (ATCC). NCI-H441 and NCI-H1568
were grown in RPMI 1640, A549 and CMT167 in Dulbecco’s Modified
Eagle Medium (DMEM), all mediums supplemented with 10% FBS and
penicillin/streptomycin, referred to as culture medium. All cells were
routinely tested for mycoplasma infection.

2.12. Cytotoxicity studies of antiKRAS®*?V mAb-loaded HANAs

The lung cancer human NCI-H441, NCI-H1568 and murine cell lines
A549 and CMT167 were plated in a 96-well plate at densities of 25 x 102
cell/well for the CMT167 cell line and 5 x 10° cell/well for the rest and
incubated in 100 pL/well culture medium 10% of FBS at 37 °C. After 20
h of incubation, increasing concentrations of HANAs were resuspended
in culture medium 5% FBS final concentration. After 24 h cell super-
natant was discarded, and cells were incubated with alamarBlue, pre-
viously diluted in DMEM-10%FBS 100 pL/well. To evaluate the
reduction of resazurin to resorufin as indicator of the mitochondrial
respiratory chain in live cells, the resazurin was allowed to react for 40
min at 37 °C. Thus, resorufin levels were recorded at 544-590 nm by
using a microplate reader (Synergy H4, BioTek, VT, USA). As positive
control, cells were incubated in supplemented cell culture medium and
considered as 100% of viability. Treated cells with Triton X-100 (0.5%,
v/v in culture medium) were used as negative control, 0% of viability.
Cell viability was calculated after subtracting negative control values to
crude fluorescence values as follows:

Cell viability (%) =[(sample fluorescence

—negative control fluorescence)
/positive control fluorescence | x 100

2.13. AntiKRAS®'2Y mAb antiproliferative activity

Cell proliferation studies were performed with cell lines NCI-H441
and NCI-H1568, and CMT167. Thus, an initial cell density of 5 x 10°
NCI-H441 and NCI-H1568 cells/well and 2.5 x 10° CMT167 was seeded
on a 24-well plate in culture medium supplemented with 5% of FBS.
Cells were treated with free antiKRAS®'2Y mAb and antiKRAS®'2Y mAb-
loaded HANAs at a 50 nM antiKRAS®*2Y mAb concentration on days 1, 3
and 5 at 37 °C. Cells were exposed to blank HANAs at doses equivalent to
the antiKRAS®'2Y mAb. At days 1, 3, 5 and 7 a resazurin staining assay
was performed. The medium was discarded and 400 pL/well of resa-
zurin diluted in culture medium was added at the indicated time points.
Resazurin was allowed to react for 40 min at 37 °C. Afterward, the
medium was transferred to a 96-well plate and fluorescent levels were
determined at 544-590 nm by using a microplate reader (Synergy H4,
BioTek, VT, USA). Cells incubated in culture medium supplemented
with 5% FBS was considered 100% viability. Aiming to compare cells
growth over time, reads were referred to the cell viability at day 1 and
considered 100%. When needed, reads were scaled up to a negative
control well, Triton X-100 (0.5%, v/v in culture medium). The reduction
of the cell proliferation at day 7 (%) was calculated by dividing the
viability after the treatment with antiKRAS®'2V mAb-loaded HANAs by
the viability after the treatment with the free antiKRAS®'2Y mAb.

2.14. AntiKRAS®'2Y mAb colony formation

The colony formation assay was performed by treating the CMT167
cells with the antiKRAS®*2Y mAb-loaded PEGtLyP1-HANAs at a 100 nM
antiKRAS®'2Y mAbD concentration. After 48 h, the cells were harvested
and reseeded at 2 x 10 cells/well in a 6-well plate. Cells were treated
with equivalent doses of blank PEGtLyP1-HANAs and used as control.
They were allowed to growth for 7 days, after which they were washed
once with PBS and prefixed with a solution of 50% culture medium,
37.5% methanol, and 12.5% acetic acid for 5 min. They were
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subsequently fixed for 10 min with methanol containing 25% acetic
acid. The wells were then washed twice with PBS and stained with
0.05% crystal violet for 10 min. Three PBS washes were performed to
remove the remaining staining. Colonies were counted and analyzed
with ImageJ software. [29]

2.15. AntiKRAS®'2Y mAb intracellular staining

The lung murine cell line CMT167 was seeded at densities of 25 x
10 cells/well in a 24-well plate in culture medium. After 24 h t, anti-
KRAS®'?Y mAb-loaded HANAs were diluted in DMEM (5% FBS final
concentration) at a final antikRAS®'2Y mAb concentration of 1 pM.
Equivalent antiKRAS®'2Y mAb and blank NAs doses were added. After 4
h of incubation at 37 °C and 4 °C, incubation at 4 °C was performed to
measure extracellular attachment or passive internalization since no
active uptake occurs at this temperature, cells were rinsed 3 times with
cold PBS detached with 100 pL/well of Accutase® at 37 °C. Once de-
tached, cell suspension was collected in FACS tubes and washed with
cold 3 mL of FACS washing buffer (PBS 2% FBS). Cells were centrifuged
(1500 rpm, 5 min, 4 °C) and after discarding the supernatant, cells were
fixed with 100 pL of paraformaldehyde (4%) for 30 min at RT followed
by cell permeabilization and blocking achieved by 1 h incubation at 4 °C
with PBS containing 0.3% Triton X-100 and 10% FBS. To detect the anti-
KRAS antibody intracellularly, cells were incubated with F(ab’)2-Goat
anti-Mouse IgG (H + L) secondary antibody PE in PBS containing 0.3%
Triton X-100 for 1 h at 4 °C. Between steps, unbound secondary anti-
bodies were removed with 3 washes with PBS. Finally, cells were
analyzed by flow cytometry in a FACSCalibur instrument (BD Bio-
sciences, Franklin Lakes, NJ, USA). Percentage of intracellular anti-
KRAS®'?V mAb was determined by the integrated mean fluorescence
intensity (iMFI) calculated based on the % of positive cells with the MFI
of that population.

2.16. Western blot analysis

CMT167 cells (0.5 x 10° cells/well) were plated in 6-well plates and
treated with the PEGtLyP-1 HANAs at 37 °C for 48 h. After wash in cold
TBS, cells were lysed in Pierce™ IP Lysis Buffer for 1 h at 4 °C. Nuclei
and cell debris were removed by centrifugation at 8000 g for 15min.
Protein concentration was measured with the BCA protein assay reagent
kit, following the manufacturer’s instructions. To this end, 40-50 ug of
protein from cell lysates were resolved in 12% SDS-polyacrylamide gels
under reducing conditions and electrophoretically transferred to PVDF
membrane. Afterwards, they were blocked with blocking buffer (1x
TBS, 0.1% Tween-20 with 5% w/v nonfat dry milk) for 1h at RT and
incubated overnight at 4 °C with mAbs anti-phosphorylated-p44/42
MAPK (Erk1/2) (Thr202/Tyr204, Cell Signaling), anti-p44/42 MAPK
(Erk1/2), anti-KRAS and anti-alpha tubulin B-7. The membranes were
subsequently incubated for 60min at RT with the appropriate fluo-
rescently coupled secondary antibodies (anti-mouse DyLight™ 680 and
anti-rabbit IgG DyLight™ 800) diluted in blocking buffer. Three 15-min
washes between steps were performed with TBS-0.01% Tween 20.
Bound Ab was detected with an Odyssey Infrared Imager, and densito-
metric analysis was performed using the Image Studio Little software
(LI-COR Biosciences, Lincoln, NE, USA).

2.17. Target engagement

Target engagement studies were performed in the lung murine
CMT167 cell line at densities of 0.5 x 10° cells/well plated in a 6-well
plate. Cells were treated with HANAs at 50 nM of mAb. After 24, 48,
or 72 h, cells were washed twice with PBS, and centrifuged at 1500 rpm
5 min. Then, the cell pellet was incubated with Pierce™ IP Lysis Buffer
for 30 min at 4 °C. To pull down the mAb, 1 mg of total protein (carrying
a theoretical amount of 20 pg of mAb) was immunoprecipitated for 1 h
with 40 pL of Protein G PLUS-agarose beads at 4 °C in head-to-tail
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rotation. For positive target engagement control, 1 mg of CMT 167 cell
lysate was incubated for 4 h at 4 °C (head-to-tail rotation) with 5 ug of
free antiKRAS®!'?V mAb and then immunoprecipitated as previously
mentioned.

Samples were loaded in 12%-acrylamide PAGE gels and transferred
to a PVDF protein blotting membrane. Membranes were incubated with
antiKRAS mAb produced in mice followed by an anti-mouse IgG
DyLight™ 680 antibody produced in goat. Finally, membranes were
scanned using the LI-COR Odyssey Scanner system, and band intensities
were quantified with LI-COR Image Studio™ Lite Quantification Soft-
ware (LI-COR Biosciences, Lincoln, NE, USA).

2.18. In vivo antitumor efficacy

Female NMRI-Foxnl nu/nu mice (6-8 weeks old) were purchased
from Janvier Labs (Le Genest-Saint-Isle, France). 3 x 10° CFPAC-1 cells
were subcutaneously injected in the right flank (200 pL of cell suspen-
sion in a 1:1 matrigel:PBS mixture). When tumors reached approxi-
mately 100 mm3 animals were allocated into the different experimental
groups (6-8 animals per group) with equal tumor size distribution
(average and variance): one group received antiKRASGle-PEGtLyPl-
HANAs at antiKRAS®'2V dose of 10 mg/kg, other group received the
respective amount of blank-HANAs and a third group, used as control,
was injected only with PBS. Treatments were administered intrave-
nously twice a week. Tumor size was measured twice a week in two
dimensions using a caliper, and the volume was expressed in mm3 using
the formula Tumor Volume = width2 x length x 0.5. Animals were
observed daily for clinical signs of pain or discomfort and weighted
weekly.

All experimental procedures involving mice in this study were
favorably evaluated by the institutional USC Bioethics Committee and
approved by the Autonomous Government of Galicia (project ID 15012/
2023/007), in accordance with European and Spanish legislation. Mice
were housed at the Centro de Biomedicina Experimental (CEBEGA)
animal facility in individually ventilated cages under SPF conditions,
where they had ad libitum access to food (regular rodent chow) and
water.

2.19. Statistical analysis

The statistical analysis was performed by fixing the confidence level
at 0.05 and significant differences were considered for *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001. GraphPad Prism version 9.3.0
was the software of selection for the data analysis.

3. Results and discussion

Despite the recognized need of improving the intracellular delivery
of mAbs in the context of cancer, the potential of nanotechnology for
achieving this goal has hardly been explored. [30,31] This idea come to
our mind a decade ago and, since then, we have developed different
delivery platforms particularly adapted for fulfilling this unmet need. In
fact, we were the first to disclose the in vivo performance of a nano-
capsule delivery platform to confront critically relevant targets such as
the gasdermine target [21] or the KRAS target. [32-34] Here, we
disclose an additional effort to formulate the mAb anti-KRAS in the form
of nanoassemblies exhibiting distinct and unusual properties. For
example, they exhibit an unusual loading capacity in a special archi-
tectural organization. This was achieved thanks to the rational selection
of hydrophobically modified hyaluronic acid (HA) in combination with
phospholipids. We adapted the HANAs technology, previously devel-
oped for entrapping the clinically relevant mAb BVZ, [25] for the
intracellular delivery of the antiKRAS®'2Y mAb. Prior to it, we have
functionalized the BVZ-loaded HANAs with the tLyP1 peptide to maxi-
mize the tumor accumulation chances and validate them for the anti-
KRAS®'2V mAb. An essential step was to assess the capacity of the
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HANAs to enter the cells and to deliver the anti-KRAS cargo at the
intracellular level, ensuring the adequate engagement of the KRAS®12Y
oncoprotein. Finally, the therapeutic efficacy was investigated a
pancreatic ductal adenocarcinoma tumor model.

3.1. Engineering a synthetic procedure for the tLyP1 functionalization of
HAC16 and DSPE.PEG g

To develop tLyP1-targeted HANAs, we selected two components
known for their efficient integration onto the NP surface, hypothesis
further motivated by the formulation method employed. Additionally,
the confirmation of core-shell nanostructures in the BVZ-loaded HANAs,
characterized by a hydrophilic core encased within a bilayer, indicates
the surface disposition of the hydrophilic components. [25] Conse-
quently, our investigation focused on the functionalization of two inte-
gral components: HAC16 and DSPE.PEGo.

To ensure the obtention of a pure conjugate while preserving the
original physicochemical properties of the NPs, several optimizations of
the synthesis and formulation conditions were conducted.

For the functionalization of the HAC16, a two-steps reaction con-
sisting of a carbodiimide followed by a maleimide reaction chemistry
was conducted. The presence of carboxylic groups in the polysaccharide
structure enabled their amidation with maleimide groups. Conse-
quently, this condition allows an effective conjugation via the thiol
groups of the selected peptide with the double bond of the polymer-
maleimide derivative, building the thio-succinimide link. In the case
of DSPE-PEGqg, we adapted the reactions conditions described in the
literature, [12,35] which simply involves the thiol-maleimide reaction.
Under these reaction conditions, polymers and lipids can be function-
alized via a simple and reproducible method. The use of mild conditions
ensures the preservation of the biological functionality.

The amphiphilic polymer HAC16 MW 30-70 kDa DS 1-10% was
functionalized following the above-described two-steps reaction.
Following an extensive screening of different molar ratios of carboxylate
groups, carbodiimide, N-hydroxysuccinimide, maleimide, and tLypl
(COOH:EDC:NHS:Mal:tLypl), the ratio 1:0.164:0.327:0.327 was
selected and characterized by 'H NMR (Suppl. Fig. 1). The successful
incorporation of the tLyP1 was confirmed by the correlation of the
methyl group of the N-acetyl group (-CO-CH3) at § 2.0 ppm with the
a-proton from the 7th arginine (-CH-(CH2)3-NHC(=NH)NH2) at § 4.2
ppm (Fig. 1A). The successful conjugation was further supported by the
disappearance of vinyl protons signal of the maleimide at § 7.0 ppm.
Hence, the integration of the tLyP1 signal with the signal that corre-
sponds to the HAC16 yielded a degree of substitution (DS) of the HAC16-
tLyP1 conjugate of 2.1 (%) + 0.9.

The versatility of this reaction for other polymers was confirmed in a
HAC16 polymer with superior amount of C16 aliphatic chains (HAC16
MW 30-70 kDa DS 10-15%), yielding values comparable to the previous
polymer (DS of 4.3 (%) + 1.0, n = 3).

For the DSPE.PEGg-tLyP1 conjugation, a thiol-maleimide reaction
was carried out (Fig. 1B) and characterized by H-NMR (Suppl. Fig. 2).
The disappearance of the maleimide singlet peak at 7.0 ppm was used as
an indicator of the coupling. Lastly, the covalent conjugation was veri-
fied by comparison of the integral of the peak corresponding to the
methyl groups (6H) of the DSPE (5 0.85 ppm) with the methyl group
(3H) of the tLyP1 threonine (-CHOH-CHj3) at § 1.05 ppm. As a result, a
DS (%) of 94.8 + 12 was reached (n = 4), suggesting the absence of non-
functionalized DSPE.PEGyy-mal products.

3.2. Development and characterization of bevacizumab-loaded tLyP1-
targeted HANAs with tunable properties

HANAs were prepared by the assembling technique previously
described by our group, [25] exhibiting interesting features that make
them attractive as mAb-delivery systems for cancer therapy. The above
synthetized tLyPl-conjugates were employed for the surface
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functionalization of the BVZ-loaded HANAs. The functionalization
approach and the physicochemical properties of the resulting tLyP1-
targeted HANAs are summarized in Table 1 and compared with the
non-targeted counterpart.

For the functionalization of non-PEGylated HANAs (HA-NAs), native
HAC16 was shifted by the tLyP1-HAC16 conjugate while the amount of
each component was maintained. As observed, the physicochemical
properties of the resulting tLyP1-targeted HANAs (tLyP1HA-NAs) were
similar to those of the non-targeted counterpart. The resulting tLyP1HA-
NAs exhibited a size of around 167 nm and a neutral surface charge.
Moreover, the tLyP1 incorporation dropped the AE (%), from 86 to 26.
We speculate that since the addition of the hydrophilic tLyP1 induces
changes in the physical properties (i.e., solubility) of the tLyP1-HAC16,
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it is expected to observe structural changes in the NPs and thus, a
reduction in the AE.

In the case of the PEGylated HANAs (PEG-NAs), the incorporation of
increasing concentrations of DSPE.PEGtLyP1 conjugates revealed a
direct correlation with the particle size (see Suppl. Fig. 3). These led us
to the selection of the tLyP1PEG-NAs with the lowest concentration
tested (0.01 mg/mL), aiming to preserve a particle size of around 100
nm, [36-38] desirable feature for the NPs access and accumulation into
the tumor tissue. Hence, the resulting monodisperse tLyP1PEG-NAs
exhibited a size of around 120 nm with neutral surface charge. Unlike
the aforementioned observation, the tLyP1 functionalization approach
did not compromise the AE, which remained at 65%. The low proportion
(~19%) that the DSPE.PEG-tLyP1 represents over the total system may be
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Table 1

Physicochemical properties, AE, and LC of the tLyP1-functionalized HANAs at a
final BVZ concentration of 3.2 mg/mL in comparison with the non-
functionalized counterparts. Data are expressed as mean + SD, n > 3. N.A. not
applicable, AE association efficiency, LC loading capacity.

BVZ- Functionalization Physicochemical properties AE LC
loaded approach ) ) (%)
HANAs P'artlcle PDI Zeta '
size potential
(nm) (mV)
86
HA-NAs N.A. 132 + 0.23 -13+2 + 34.4
11
26
tLyP1HA- HAC16 166 £ 9 0.18 -11+6 + 10.3
NAs
11
67
PEG-NAs N.A. 79+8 0.25 —-13+2 + 22.2
21
tLyP1PEG- 121 + 65
4 PEG 025 -13+2 £ 260
NAs 14 12

the responsible for this outcome. Importantly, it is noteworthy that the
LC values exceeding 25% surpass those reported for mAbs delivery
systems. [39,40]

The size distribution of both BVZ-loaded tLyP1-HANAs was further
confirmed by NTA, as displayed in Fig. 2.

3.2.1. Colloidal stability

3.2.1.1. Stability examination in simulated biological media. tLyP1-
HANAs were incubated upon incubation in PBS-10%FBS and PBS at
37 °C overtime (Fig. 3A). Hence, HANAs exhibited an increment in the
particle size upon incubation in the rich protein media, followed by a
particle size stabilization comparable to the NPs in PBS. We attributed
this behavior to the high affinity of the FBS proteins for the NPs surface,
which is governed by NPs composition. Overall, these results confirmed
the favorable behavior of the NPs in in vivo conditions as they demon-
strated high stability in simulated conditions for at least 8 h.

3.2.1.2. Long-term storage in suspension and freeze-drying preserve the
HANASs properties. A key feature of biopharmaceutical products is their
stability during storage in suspension. Therefore, NPs were stored at 4 °C
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and the colloidal stability was evaluated overtime. Results in Fig. 3B
demonstrated the long-term stability of HAtLyP1 and PEGtLyP1 for at
least 6 months in terms of particle size, PDI and surface charge.

On the other hand, the possibility of storing the HANAs in powder
form was explored (Fig. 3C). To find the most suitable condition, HAt-
LyP1 and PEGtLyP1 were freeze-dried in the presence trehalose at 2.5
and 5% (w/v). The results of the screening led to the selection of
trehalose 5% for both HANAs, since the original physicochemical
properties and the amount of entrapped BVZ to the HANAs after resus-
pension were guaranteed.

3.2.2. Release profile

The in vivo outcome of nanocarriers maybe governed by their
controlled release dynamics during their circulation in the blood stream
and, subsequently, in the TME. In the case of HANAs, it could be pre-
sumed that the mAD is gradually released within the extracellular and
intracellular compartments of the tumor tissue. Hence, the study the
mAD release kinetics from tLyP1-targeted HANAs was conducted at pH
7.4 and 5.0 in an attempt to simulate both environments. The results in
Fig. 3D indicate that the release profiles were similar at both pH values,
however, the burst effect, which was slightly superior for the function-
alized nanocarriers. This might be due to the greater hydration of the
lipid bilayer ascribed to the presence of PEG, [41] which may interfere
with the architecture of the system, triggering the release of the mAb.
Overall, the singularity of the release profile relies on the limited release
over the time, a fact that could be attributed to the robust interactions
observed among the components of HANAs and the mAb, as previously
suggested. [25] We posit that more disruptive conditions, such as a rich
enzymatic environment, will induce the mAb release. For instance, the
degradation of the HA polymer by hyaluronidases [42], as well as the
presence of phospholipase A2 enzymes [43,44] are expected to trigger
the degradation of the nanocarrier’s components, leading to the release
of the mAb in the cytosol.

In brief, the HANAs technology functionalized with the tumor
penetrating peptide, tLyP1, maintains its capacity to entrap the BVZ, its
colloidal stability in several simulated media and the slow released
profile.

3.3. Development and characterization of antiKRAS®'?V mAb-loaded
tLyP1-targeted HANAs

Given the potential of the HANAs technology, we decided to evaluate
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its therapeutic potential for the challenging therapeutic oncoprotein,
KRAS®'?V, Building on the conclusions derived from the above studies
regarding the structural changes that the presence of tLyP1 induces and
aiming to maximize the changes of tumor accumulation, we adapted the
aforementioned BVZ-loaded tLyP1HA-NAs and BVZ-loaded tLyP1PEG-
NAs for the entrapment of the antikRAS®'2Y mAb. Through it, the ad-
vantages of the functionalization approach, whether through the HA or
the PEG, will be explored. In alignment with the optimization, a targeted
particle size of approximately 100 nm was pursued [36-38], aiming to
enhance accessibility and accumulation within tumor tissues.

To establish the optimal formulation conditions for the entrapment
of the antiKRAS®'?Y mAb, we fixed the initial concentration of mAb at
0.5 mg/mL and investigated the influence of the concentrations of
HAC16-tLyP1 (0.25 and 0.5 mg/mL) and Lipoid S100 (0.25, 0.5 and 1
mg/mL) in a volume ratio HAC16/antiKRAS®'2Y mAb /Lipoid S100 of
10:2.5:1, and the resulted HANAs were studied in regards to their par-
ticle size. Results in Suppl. Fig. 4 indicate that, irrespectively of the lipid,
increasing concentrations of HAC16-tLyP1 led to an increment in the
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particle size, with sizes remaining below 200 nm. These results suggest
the role played by the polymer and therefore, the hydrophobic in-
teractions, in the HANAs assembly. The prototype, initially comprising
HAC16-tLyP1 0.25, Lipoid $100 1, antikRAS®'2Y mAb 0.5 (mg/mL),
exhibited the smallest particle size (~130 nm) and therefore, was
selected for further studies, from now on designated as antiKRAS®!2Y
mAD -tLyP1-NAs.

Table 2

Physicochemical properties by DLS, AE (%) and LC (%) of antikRAS®'?Y mAb
tLyP1-NAs and PEGtLyP1-NAs at a mAb concentration of 3.2 mg/mL. Data are
expressed as mean + SD, n > 3. AE association efficiency, LC loading capacity.

antiKRAS®'?Y mAb Particle size PDI Zeta potential AE LC
-HANAs (nm) (mV) (%) (%)
+
tLyP1-NAs 141 +£7 0.20 -11+2 26 18.7
64 +
PEGtLyP1-NAs 142 £11 0.23 -11+2 6 18.2
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To further expand the properties of HANAs, they were granted with a
stealth corona through the incorporation of PEG to the NPs’ surface.
Thus, a DSPE.PEGok-tLyP1 final concentration of 0.01 mg/mL was
introduced to the above system without modifying its physicochemical
properties. Indeed, monodisperse NPs with a particle size of 150 nm and
neutral surface charge were obtained. This candidate was so-called
antiKRAS®!2Y mAb -PEGtLyP1-NAs.

Selected lead candidates (antiKRAS®'2V mADb-tLyP1-NAs and anti-
KRASC12V mADb-PEGtLyP1-NAs) were submitted to a concentration
process to achieve clinical doses and further characterized. Table 2
summarized the physicochemical properties, depicting reproduceable
NPs with the desired particle size (~140 nm) and neutral surface charge.
In good agreement, mean values acquired by NTA confirmed the mon-
odispersity and particle size of antiKRAS®'2Y mAb-HANAs (Fig. 4). As
control, blank NPs were produced and characterized (see Suppl.
Table 1).

Following the development process, the most promising candidates
were selected for assessing their capacity to entrap the antiKRAS®!?V
mAb. Consequently, AE values of 60% were exceeded for both pro-
totypes, with noteworthy LCs reaching ~18.7%. Notably, contrary to
prior findings, [45] the incorporation of a PEGylated lipid did not in-
fluence the physicochemical properties or LC of the HANAs. This
discrepancy may be related to the low proportion (~1%) that the DSPE.
PEG-tLyP1 represents over the total system. Despite this, the attained
high LC values, notably surpassing those reported for mAbs delivery
systems, are noteworthy. Such stable and elevated LC values are indic-
ative of a favorable safety profile, desirable attributes for emerging
biopharmaceutical products. It can be postulated that the formulation
method and the limited quantity of components utilized are pivotal
factors contributing to the observed AE, aligning with our earlier
hypothesis.

3.3.1. Morphological and surface characterization by cryo-TEM and X-ray
photoelectron spectroscopy (XPS)

To delineate the native morphology of the HANAs, blank and anti-
KRASG12V mAb PEGtLyP1-NAs were subjected to cryo-TEM (Fig. 5A).
In terms of structural organization, the acquired 2D cryo-images show
the presence of unilamellar or multilamellar vesicular structures con-
sisting of a lipid/polymer bilayer and an aqueous core. Notably, in the
experimental set-up used, no striking differences, were observed among
blank and loaded NPs, indicating minimal impact of the mAb
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incorporation onto the structural arrangement of the system. Morpho-
logically, the images unravelled heterogeneous populations that falls
into spherical to oval shape and particle sizes <100 nm, consistent with
the particle size obtained from above orthogonal sizing techniques.
Overall, on the basis of the structural analysis, we could infer a popu-
lation of bilayer polymer/lipid assemblies, [46,47] alongside some
irregular undefined nanoaggregates. These undefined nanostructures
might be due to the complexation of the mAb with the polymer (HAC16)
and/or the lipid (Lipoid S100).

XPS is a surface-sensitive technique providing information about the
elemental composition of <10 nm thick surface layer. Herein, XPS was
performed in “as received” condition, operating in spectroscopic mode,
to provide an insight on the distribution of the components of the tLyP1-
PEGNAs on its surface (Fig. 5B). This study was performed for blank
tLyP1-PEGNAs in order to avoid possible interferences of the mAb
elemental composition. Hence, the presence of lipids on the surface of
the HANAs has been conclusively confirmed through the detection of
P2p signals. Elemental composition analysis reveals comparable levels
of phosphorus in the control lipid and tLyP1-PEGNAs, albeit in lower
proportions in the polymer control. XPS elemental composition analysis
further corroborates the presence of phosphorus in expected pro-
portions, likely originating from the Lipoid S100 disposition on the
surface of the HANAs. The anticipated presence of phosphate (PO4)-3
groups in the control lipid, a key constituent of phospholipids, is
consistent with findings. Concomitantly, the presence of the HAC16
polymer on the surface of the tLyP1-PEGNAs was confirmed through
N1s signals. In the control lipid, the N1s signal presents a single peak,
indicative of one chemical environment, centred at 402.5 eV with 100%
relative intensity. Conversely, the N1s signal of the polymer displays two
chemical environments. The primary peak, centred at 399.8 eV with
91.66% relative intensity, predominates, while a secondary peak ap-
pears at a higher binding energy of 402.6 eV with 8.34% relative in-
tensity, similar to that observed in control lipid.

These results allow us to conclude the surface disposition of both the
polymer and the lipid, Lipoid S100. This, together with the nature of the
components, it is highly likely that the hydrophilic segment of the
components (i.e., HA segment from HAC16 and phosphatidylcholine
from Lipoid S100) are the ones found in the outer surface. Additionally,
previous hypotheses suggesting the exposure of tLyP1 to the outer NP
environment following its conjugation to the lipid or polymer are
supported.
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Fig. 5. Characterization PEGtLyP1-NAs and tLyP1-NAs for aKRAS®'?V delivery. A. Gallery of cryo-TEM micrographs. Cryo-TEM micrographs of blank and
oKRASG12V PEGtLyP1-NAs. Scale bar 100 nm, inset x3 enlarged from original; white arrowheads mark the ~3.5 nm thickness of the bilayer, the black-arrow
presence of nanoaggregates. B. XPS Binding Energies and Relative Percent of N1s species of the free polymer and Lipoid S100, and the respective PEGtLyP1-
NAs. “A” and “B” indicate the chemical environments or species that are detected in the Nitrogen of each sample. C. Stability of aKRAS!?V tLyP1-NAs and
aKRAS®'?V PEGtLyP1-NAs upon incubation in relevant biological media at 37 °C. Mean particle size in PBS and particle size by intensity in PBS-10%FBS were
recorded overtime. (d) Long-term stability based on particle size (circle) and Zeta potential (square) upon storage in suspension at 4 °C for up to 30 days. (e)
Cumulative % of released aKRAS®'2V from tLyP1-NAs and PEGtLyP1-NAs quantified by SDS-PAGE. HANAs were incubated in PBS pH 7.4 at 37 °C for up to 1 week.

Data are expressed as mean + SD, n > 3. FWHM full width at half maximum.

3.3.2. Colloidal stability in simulated biological media and under storage
conditions

We studied the colloidal stability of selected HANA prototypes upon
incubation at 37 °C in a relevant biological media (i.e., PBS supple-
mented with 10% of FBS) and PBS as control. As shown in Fig. 5C, the
particle size of tLyP1-HANAs was found to be stable upon incubation in
biorelevant media for up to 8 h. These results indicate that the inter-
action of the components forming the assembly, presumably hydro-
phobic and ionic forces as observed for other mAbs, is strong enough as
to prevent any premature degradation of the HANAs.

Performing preliminary storage stability studies is critical to ensure
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the adequate use of the HANAs and to anticipate stability issues in the
potential preclinical development of the prototypes. Therefore, the
stability in suspension at 4 °C of the HANAs was investigated overtime
(Fig. 5D). The long-term stability in terms of particle size, PDI and
surface charge was confirmed, which was found to be of at least 30 days.

3.3.3. Release profile

A recurring challenge in formulating biopharmaceuticals lies in the
premature release during circulation, [48,49] particularly problematic
for mAbs addressing intracellular targets where off-target accumulation
compromises the therapeutic effect. In order to ensure the capacity of
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the HANAs to retain the mAb during blood circulation, we quantified the
amount of antiKRAS®12Y mAD released from the HANAs after incubation
in PBS pH 7.4 at 37 °C (Fig. 5E). Both prototypes, independently of the
functionalization approach show the same release profile, characterized
by a very slow release, reaching ~26% after 1 week of incubation. The
absence of burst release is a consequence of the important interaction of
antiKRAS®'2Y mAb with the components of the HANAs.

Journal of Controlled Release 373 (2024) 277-292

technology in terms of its functionalization with the tumor penetrating
peptide, tLyP1 and its capacity to entrap different mAbs. Hence, we
anticipate the applicability of the technology for the entrapment of other
mAbs and the functionalization with other targeting ligands. To identify
the most promising candidate, we evaluated the ability of the anti-
KRAS®'2Y mAD -loaded HANASs to interfere with the cell signaling and
growth, as well as capacity to engage the KRAS®'2Y oncoprotein.

These findings suggest that antiKRAS®'2Y mAb molecules would not
be prematurely released during plasma circulation and subsequent
biodistribution. As stated before, more disruptive conditions, such as a
rich enzymatic environment, will induce the mAbD release.

The aforementioned findings underscore the versatility of HANAs

3.4. antikRAS®'?Y mAb-loaded HANAs impairs KRAS-mutant cell
signaling and growth

The functional activity of antiKRAS®*2Y mAb -loaded HANAs was
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Fig. 6. Functional evaluation of <KRAS®'?V-loaded tLyP1-NAs in several lung cancer cell lines. A. Cell viability of lung cancer cell lines treated with blank (open
dots) aKRASC12V-HANA:s (filled dots) after 24 h of exposure. An aKRAS®!2V concentration of 1.9 pM corresponds to 0.7 mg/mL of HANAs. Cell viability values below
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housekeeping protein expression control. Data are expressed as mean + SEM, n > 3.
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evaluated across a panel of cell lines: NCI-H1568 (wild-type), A549
(KRASGlZS—mutant), CMT167 and NCI-H441 (KRASGlzv—mutants). In
cell viability assays, the two leading candidates (antiKRAS®2V mAb-
tLyP1-NAs and antiKRAS®'?Y mAb-PEGtLyP1-NAs) were tested at
increasing concentrations of (60-1900 nM) antiKRAS®'?V  mAb
(Fig. 6A). As displayed, antikRAS®'2?Y mAb -loaded PEGtLyP1-NAs
impaired the growth in the KRAS®'?Y-mutant NCI-H441 cell line but
not in CMT167. These observations, coupled with the absence of activity
observed from KRAS®!?5-mutant, wild-type cell lines and blank HANAs,
implies a specific cell line-dependent activity elicited by the intracellular
delivery of the mAb. [50,51] Hence, the specific activity associated to
the antiKRAS®!2Y mAb was suggested while the low cytotoxicity profile
of the HANAs was confirmed.

RAS mutations are implicated in cell proliferation [3,5] and colony
formation, an outcome advocated by the persistent activation of the RAS
protein. Consequently, the efficacy of the antiKRAS®'?Y mAbD in dimin-
ishing the number of proliferating cells through its entrapment into the
HANAs was assessed over 7 days (Fig. 6B). Upon evaluating the activity
of the antiKRAS®'?Y mAb -tLyP1-NAs in KRAS®!?V-mutant cell lines
(NCI-H441 and CMT167), a suppression of the proliferation was
observed, with rates of 9% and 36%, respectively. Consistent with these
findings, PEGtLyP1-NAs exhibited a comparable delay in cell prolifera-
tion, which was of 27% (CMT167) and 19% (NCI-H441) with statisti-
cally significant differences even on day 5 of treatment. The superior
rate of response observed in the CMT167 cell line might be attributed to
a high expression of the tLyP1 receptor, NRP-1 [26,27] or the absence of
resistance mechanisms, [52-54] a phenomenon documented in other
KRAS-mutant cell lines where KRAS knockdown activated downstream
pathways, including ERK and AKT. [51,55] Despite, since absence of
activity was displayed with control groups (untreated cells, free mAb, or
blank HANAs) and in the wild-type cell line, the specific activity ascribes
to the antiKRAS®'2V mAb triggered by the HANAs was confirmed. These
variable inhibition levels observed among HANAs and cell lines are
consistent with prior in vitro studies on KRAS siRNA-based therapeutics.
[56,57] In parallel, the oncogenic effects of the most efficacious candi-
date (antiKRAS®'?Y mAb-PEGtLyP1-NAs) was further evaluated by
clonogenic studies. As displayed in Fig. 6C, the relative degree of inhi-
bition in the oncogenic KRAS®'2V mutant cell line CMT167 was 36 (%)
+ 11.

KRAS-mutated cancer are related to upregulation of several down-
stream signaling cascades. Therefore, the knock-down efficacy by means
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of downregulation of the ERK phosphorylation was evaluated in the lung
KRAS®'?Y mutant cell line CMT167 (Fig. 6D). Hence, while KRAS pro-
tein expression was maintained constant, a significant reduction in
pERK/total ERK was displayed by western blot analysis in contrast to the
blank HANA and untreated group.

In brief, the results of these studies showed the inhibition of the
KRAS-GTP bound state, suggesting the degree of involvement of the
mAD in reducing the proliferation and colony formation presumably
after reaching intracellular compartments at levels that allow for
endogenous KRAS inhibition.

3.5. The functional activity is a consequence of the antiKRAS®*2V mAb
intracellular delivery and target engagement, driven by the mAb
entrapment into the HANAs

Given the main goal of this work, which aims to achieve the intra-
cellular delivery of functional mAbs, it is imperative to assess the ca-
pacity of the HANAs technology to release antikRAS®'2V mAb at the
intracellular level and interact with its epitope. Consequently, the
intracellular levels of antiKRAS®!'?Y mAb upon tLyP1-HANAs and
PEGtLyP1-HANAs treatment were quantified after 4 h of incubation at
37 °C (Fig. 7A). Notably, PEGtLyP1-HANAs exhibited the greatest effi-
cacy (1.5 times higher than tLyP1-HANAs) in reaching intracellular
domains. It is our hypothesis that the presentation of tLyP1 to the tumor
microenvironment through the PEG spacer [58] is more appropriate
than the one achieved for tLyp1-HAC16 in terms of its recognition by the
NRP-1 receptors. This aligns with the PEGtLyP1-HANAs superior effi-
cacy observed in the aforementioned functional studies. The lack of
signal found for the free mAb further support the key role played by the
HANAs in facilitating the access of mAbs into intracellular compart-
ments. Finally, minimal signal was noted at 4 °C for blank and anti-
KRASG12V mAb -loaded HANAs, indicating energy-dependent uptake
[59] pathways as the primary mechanisms for internalization.

Following the confirmation of the intracellular delivery of anti-
KRAS®'2V mAb, we found crucial to study its interaction with the
KRAS®12Y oncoprotein. To do so, the CMT167 cell line was treated with
the antiKRAS®!2V mAb PEGtLyP1-HANAs for up to 72 h. Fig. 7B illus-
trates time-dependent dynamics of target engagement, peaking at 48 h
and diminishing thereafter. This reduction in engagement intensity
suggests gradual mAb damage [60] followed by a decline in affinity for
its target. Furthermore, the kinetics of release at the intracellular level
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Fig. 7. Intracellular delivery of the antiKRAS®!2Y mAb, followed by the engagement of the KRAS®!?V oncoprotein in the KRAS®??V-mutant CMT167 cell line. A.
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anti-mAb beads. Statistical differences were determined by using a one-way ANOVA between groups. Data are expressed as mean + SEM (n > 3).
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induced by the disruptive intracellular conditions cannot be ruled out.

This assay plays a pivotal role in elucidating the mechanism of action
of these novel candidates for KRAS targeting and inhibition. While prior
delivery systems addressing other targets (BCR/ABL [20] or ¢cMYC
[19]), have provided valuable information into the fundamental
mechanism, our study validates this mechanism specifically for KRAS.

Overall, the greatest capacity of PEGtLyP1-NAs to inhibit cell pro-
liferation, colony formation and knockdown pERK was aligned with an
efficient intracellular delivery of the antiKRAS®*2V mAb. Moreover, the
capacity of the delivered mAb molecules to recognize the intracellular
target represents a clear assessment of the potential of the HANA’s
nanotechnology. In consequence, the most promising candidate (PEGt-
LyP1-NAs) was selected to validate its in vivo efficacy in a relevant
KRAS®'?Y mutant model.

3.6. antiKRAS®'?Y mAb -loaded HANAs reduce the tumor growth on a
subcutaneous pancreatic cancer model

Previous investigations into KRAS inhibition have demonstrated
reduced phosphorylation of downstream proteins in the RAS/RAF/MEK
pathway. However, a paradoxical outcome has been observed, wherein
KRAS blocking fosters compensatory mechanisms, leading to drug
resistance through either innate or acquired means. [53,61] Conse-
quently, our hypothesis posits that the use of antikRAS®'?Y mAb-
PEGtLyP1-NAs for targeting the KRAS®!?V mutation would allow the
blockage of KRAS and mitigate compensatory mechanisms.

The antitumor efficacy of the aforementioned therapeutics was
assessed in a subcutaneous CFPAC-1 pancreatic tumor model harboring
the KRAS®'?Y mutant (Fig. 8) [62,63]. As the enhanced tumor accu-
mulation of these NPs relies on the tLyP1 recognition by the NRP-1 re-
ceptor, NRP-1 expression in CFPAC-1 cells was previously confirmed in
cell culture by flow cytometry and in subcutaneously implanted tumors
by immunoblot (Suppl. Fig. 5), aligning with previous reports [64].
Since mAbs cannot cross cell membranes and, hence, no therapeutic
activity is expected [21], free mAb was not administered. The results
indicate that the intravenous administration of antikRAS®'2V mAb-
PEGtLyP1-NAs as a monotherapy effectively impeded tumor progres-
sion, resulting in a significantly reduced tumor volume (40%) at the
endpoint. This inhibitory effect can be attributed to the successful in vivo
blockade of the KRAS®'2V protein within the tumor tissue. None of the
treated animals showed signs of toxicity nor body weight change over
the experiment (Suppl. Fig. 6). In summary, our results underscore the
potent antitumor activity of antikRAS®12Y mAb-PEGtLyP1-HANAs in a
KRAS®'2V.mutant pancreatic-bearing mice model.

In the realm of KRAS-targeted therapies, tackling the KRAS®!?V
mutation remains a therapeutic enigma. Our pioneering technology
addresses the G12V-mutation specifically, utilizing an antikRAS®!2Y
mAD. This novel approach not only block KRAS®12V while exhibiting a
favorable safety profile. In the context of recent findings suggesting a
suboptimal.

patient response to KRASC!2C inhibitors, [10] our mAb-based
nanotechnology approach brings new hopes towards a therapeutic op-
tion addressing other mutations.

4. Conclusions

We disclose a new versatile nanotechnology specifically designed for
the intracellular delivery of mAbs. The HANAs technology enables a
remarkable loading of mAbs (bevacizumab and antiKRASC12Y mADb)
while incorporating a tumor penetrating peptide (t-LyP1) on the NP
surface. The antikRAS®'?Y mAb loaded HANAs were able to reduce
proliferation and colony formation across a panel of KRAS®!2Y mutant
cell lines. Intracellular staining and target engagement assays shed light
to the underlying mechanism of the antikRAS®!2Y mAb, confirming its
specific binding to the KRAS®!2V oncoprotein. This in vitro behavior was
translated into a significant tumor reduction in vivo. These findings
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validate the potential of KRAS®'2V blockade through our technology and
propose them as a novel targeted cancer therapy. Our research offers a
paradigm shift in the pursuit of effective KRAS-targeted interventions,
representing a significant step towards personalized and impactful
cancer therapeutics.
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