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KEY WORDS Abstract Loco-regional recurrences and distant metastases represent the main cause of head and neck
squamous cell carcinoma (HNSCC) mortality. The overexpression of chemokine receptor 4 (CXCR4) in
HNSCC primary tumors associates with higher risk of developing loco-regional recurrences and distant
metastases, thus making CXCR4 an ideal entry pathway for targeted drug delivery. In this context, our
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HNSCC:; group has generated the self-assembling protein nanocarrier T22-GFP-H6, displaying multiple T22
Cell targeting; peptidic ligands that specifically target CXCR4. This study aimed to validate T22-GFP-H6 as a suitable
Recombinant proteins; nanocarrier to selectively deliver cytotoxic agents to CXCR4™" tumors in a HNSCC model. Here we
Nanotoxins; demonstrate that T22-GFP-H6 selectively internalizes in CXCR4+ HNSCC cells, achieving a high accu-
Cancer therapy mulation in CXCR4 " tumors in vivo, while showing negligible nanocarrier distribution in non-tumor

bearing organs. Moreover, this T22-empowered nanocarrier can incorporate bacterial toxin domains to
generate therapeutic nanotoxins that induce cell death in CXCR4-overexpressing tumors in the absence
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of histological alterations in normal organs. Altogether, these results show the potential use of this T22-
empowered nanocarrier platform to incorporate polypeptidic domains of choice to selectively eliminate
CXCR4™" cells in HNSCC. Remarkably, to our knowledge, this is the first study testing targeted protein-
only nanoparticles in this cancer type, which may represent a novel treatment approach for HNSCC pa-

tients.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most
common cancer worldwide, accounting for more than 650,000 cases
and 330,000 deaths annually'?. Current treatment allows loco-
regional control of the disease™*, however, up to 60% of patients
develop loco-regional recurrences and up to 30% distant metastases
after treatment, with a median overall survival of less than one year”.
Importantly, loco-regional recurrences and distant metastases
represent the main cause of patient mortality®. Despite the
improvement in the treatment, including novel surgical procedures,
radiotherapy, new cytostatic compounds, targeted monoclonal an-
tibodies, and immunotherapy; up to 30%—40% of HNSCC patients
still die as a consequence of the disease’. Thus, new therapeutic
strategies are urgently needed in order to improve patient survival.

In the last years, targeted-drug delivery to cancer cells has
emerged as a promising alternative to existing treatments, as it
potentially improves drug accumulation within tumor tissues, thus
enhancing response rates while reducing side effects’”®. In this
regard, the chemokine receptor 4 (CXCR4) has been proposed as a
promising molecular target. CXCR4 is overexpressed in a wide
range of cancers, including HNSCC and has been related to
enhanced invasion, migration, and angiogenesis, as well as with a
stem cell phenotype, chemotherapy resistance and metastasis
development™'’. Importantly, our group and others have reported
that CXCR4 overexpression in HNSCC primary tumors associates
with a higher risk of developing loco-regional recurrences and
distant metastases as well as with worse patient prognosis'"'2.

In this context, our group has developed the self-assembling
protein nanocarrier T22-GFP-H6. This nanocarrier incorporates
T22, a cationic peptide that acts as a CXCR4 antagonist, designed to
inhibit HIV infection'®. In our case, T22 was used instead as a
peptidic ligand to specifically target the CXCR4 receptor, fused to
the green fluorescent protein (GFP), allowing its follow up both
in vitro and in vivo'*'; and a polyhistidine tag (H6) necessary for
T22-GFP-H6 purification and conformation'®'”. T22-GFP-H6
nanocarrier has already proved to be effective in targeting CXCR4™*
cells in colorectal cancer (CRC) and diffuse large B-cell lymphoma
(DLBCL) animal models'>'®. Remarkably, so far, no protein-based
nanocarrier has been reported to selectively target HNSCC cancer
cells, highlighting the relevance of this study. Moreover, T22-GFP-
H6 displays great versatility as a vehicle allowing the conjugation of
different chemical drugs or the incorporation of toxin domains,
enabling the selective targeting and depletion of CXCR4 " cancer
cells'®. Considering the implication of CXCR4 in loco-regional
recurrence and distant metastases, this approach could potentially
improve current HNSCC treatment.

In this study, we report that T22-GFP-H6 nanocarrier in-
ternalizes selectively in CXCR4" HNSCC cell lines. Moreover,
when administered in vivo in a subcutaneous CXCR4-

overexpressing HNSCC model, T22-GFP-H6 mostly accumulates
in the tumor compared to other non-tumor bearing organs. Finally,
we show the ability of the nanocarrier to selectively deliver cyto-
toxic agents to CXCR4 ™" tumors. For this purpose, we intravenously
administered T22-DITOX-H6 and T22-PE24-H6, two nano-
particles presenting the same multidomain-based design as T22-
GFP-H6 nanocarrier but carrying the diphtheria toxin catalytic
domain and the Pseudomonas aeruginosa exotoxin A domain,
respectively. Both nanotoxins were able to induce cancer cell death
and achieve a potent antitumor effect in CXCR4-overexpressing
tumors in HNSCC mouse models, proving their suitability as tar-
geted nanoparticles for anticancer therapy. This work highlights the
potential use of T22-GFP-H6 derived nanoparticles to selectively
target CXCR4 ™ cells in HNSCC patients with worse prognosis.

2. Materials and methods
2.1. Nanoparticles production, purification, and characterization

T22-GFP-H6, T22-PE24-H6 and T22-DITOX-H6 production and
purification were described in previous work'*'>'?. Coding se-
quences introduced in the plasmid pET22b (Novagen 69744-3) for the
three nanoparticles are included in Supporting Information Fig. S1.

2.2.  Cell lines and cell culture

HNSCC cell lines UM-SCC-74B (74B) and UM-SCC-22A
(22A)*° were kindly provided by Dr. R.H. Brakenhoff and Dr.
Gregory Oakley, respectively. 293T cell lines were purchased
from ATCC. HNSCC cell lines were authenticated using the Cell
ID Kit (Promega, Madison, WI, USA). The short tandem repeat
(STR) profiles were compared with the profiles previously
described®'. All cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% Fetal Bovine Serum
(FBS), 100 U/mL penicillin/streptomycin and 2 mmol/L gluta-
mine (Life Technologies) and incubated at 37 °C and 5% CO, in a
humidified atmosphere.

2.3.  Lentiviral CXCR4-Luciferase and Luciferase transduction

Lentiviral plasmid CXCR4-Luciferase (pLenti-III-UbC-CXCR4-
2A-luc) and Luciferase (pLenti-III-UbC-luc) were purchased from
Abm (Abm, Vancouver, Canada). Lentiviral particles were ob-
tained by co-transfection of the plasmids described above with
pMD.G_VSV G-poly-A vector and p8 91-Gag-Pol vector into
293T cells using lipofectamine 2000 (Life Technologies). After
48 h, cell supernatant was harvested, filtered through a 45 pm
filter and used to transduce UM-SCC-74B (74B) and UM-SCC-
22A (22A) cell lines. Infected cell lines were selected in medium
containing puromycin (0.8 pg/mL for 74B and 0.4 pg/mL for
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22A) for 3—4 weeks until stable clones were obtained. Cell lines
transduced with the CXCR4-Luciferase plasmid (74B-CXCR4*
and 22A-CXCR4") were sorted by FACSAria cell sorter (BD
Biosciences) using PE-Cy5 mouse antihuman CXCR4 monoclonal
antibody (BD Biosciences) to isolate membrane CXCR4-
overexpressing cells.

2.4.  Flow cytometry

CXCR4 membrane expression in the cell lines was determined by
FACSCalibur (BD Biosciences) using PE-Cy5 mouse anti-human
CXCR4 monoclonal antibody (BD Biosciences). The negative
population was defined using the PE-Cy5 Mouse 1dG2a isotype
(BD Biosciences) as a control.

T22-GFP-H6 internalization was quantified by GFP fluores-
cence signal using FACSCalibur (BD Biosciences). Cells seeded
in 6-well plates (250,000 cell/well for 74B and 500,000 cells/well
for 22A) were treated with different T22-GFP-H6 concentrations
(0—500 nmol/L) for different times (1, 6, and 24 h), then washed
with PBS, detached from the plate, and trypsinized (I mg/mL
trypsin, Life Technologies) for 15 min at 37 °C in order to remove
nonspecific binding of the nanocarrier. For the CXCR4 blocking
assays, cells were preincubated with AMD3100 (1 pmol/L,
Sigma) for 1 h before adding the nanocarrier. T22-GFP-H6
internalization data was analyzed using the Cell Quest Pro soft-
ware and represented as mean fluorescence intensity (MFI).
Buffer-treated cells were considered as the negative population.
All experiments were performed in triplicate.

2.5.  Western blotting

T22-GFP-H6 internalization was further studied by Western
blotting (WB). For that, 74B-CXCR4™" cells were incubated with
different T22-GFP-H6 concentrations (1, 5, 10, and 20 nmol/L)
for 1 h. Then, cells were washed with PBS and proteins were
extracted using RIPA buffer (Sigma). Protein samples were then
sonicated, centrifuged at top speed for 10 min at 4 °C, and su-
pernatants were stored at —20 °C to perform Western blotting
assays. Protein concentration was assessed using the Pierce™
Rapid Gold BCA Protein Assay Kit (Thermo Scientific) according
to the manufacturer’s instructions. 50 pg of protein extracts were
loaded in a 15% SDS-PAGE gel and transferred to a nitrocellulose
blotting membrane (GE Healthcare life sciences). Membranes
were blocked with 5% skim milk in TBS-T for 1 h at room
temperature and incubated overnight at 4 °C with the primary
antibodies GFP rabbit polyclonal (1:500, Santa Cruz Biotech-
nology) or o/fB-tubulin (1:1,000, Cell Signaling). After washing
with TBS-T to remove nonspecific antibody binding, membranes
were incubated with the corresponding secondary antibodies
(1:10,000, Jackson Immune Research) for 1 h at room tempera-
ture. Finally, membranes were further washed with TBS-T and
visualized with the SuperSignal™ West Pico Chemiluminescent
Substrate (Thermo Scientific) and the ChemiDoc XRS™ imaging
system (Biorad).

2.6.  Cell viability assays

The Cell Proliferation Kit II (XTT) (Roche) was used to determine
the cytotoxicity of T22-DITOX-H6 and T22-PE24-H6 nanotoxins,
according to the manufacturer’s instructions. Cells seeded in 96-
well plates (2500 cell/well) were treated with buffer or 50 nmol/L
of either T22-DITOX-H6 or T22-PE24-H6 for different times (6,

24, and 48 h). To test the ability of the nanotoxins to exert any off-
target cytotoxicity upon cellular content release, 74B-CXCR4™"
cells were seeded in 96-well plates and treated as previously
explained. After 48 h, when cells were dead, supernatants were
transferred to 74B mock 96-well plate cultures and further incu-
bated for 48 h. After the different treatments, the XTT reagent was
added to the plate and incubated at 37 °C for 4 h. After this in-
cubation period, the absorbance, which directly correlates to the
number of viable cells, was measured using a multi-well spec-
trophotometer (FLUOstar Optima, BMG Labtech). All experi-
ments were performed in triplicate.

2.7.  Invivo experiments

Four-week-old female Swiss nude mice [NU(Ico)-Foxnl™]
weighing 18—25 g were purchased from Charles River (France).
Animals were housed in a specific pathogen-free (SPF) environ-
ment with sterile food and water ad libitum. All animal experi-
ments were approved by the Hospital de la Santa Creu i Sant Pau
Animal Ethics Committee.

Subcutaneous tumor models were obtained injecting 10 million
cells either 74B mock or 74B-CXCR4 " in both flanks of the an-
imal. Tumor size was measured three times per week with a
caliper according to Eq. (1):

Tumor volume = Width? x Length/2 (€))]

To assess T22-GFP-H6 biodistribution, animals bearing tumors
of approximately 200 mm> were randomized into two groups
(n = 3 per group). One group was injected intravenously with a
single dose of 200 pg T22-GFP-H6, the other one with buffer
(166 mmol/L. NaCOs;H pH 8). Animals were euthanized at
different times post-injection (2, 6, and 24 h) and an ex vivo
measurement of fluorescence intensity (FLI) of tumors and
different organs was performed using IVIS® Spectrum 200
(PerkinElmer). For the CXCR4 blocking experiments, AMD3100
was subcutaneously injected into mice at a dose of 10 mg/kg three
times (1 h before T22-GFP-H6 administration and 1 and 2 h after).
After euthanizing the animals, tumors and organs were collected,
fixed in 4% formaldehyde solution and paraffin-embedded.
Plasma was also obtained by centrifugation of total blood,
extracted from the animals by intracardiac puncture. Fluorescence
intensity (FLI) data is expressed as average radiant efficiency and
it has been calculated subtracting the FLI signal of buffer-treated
mice to the FLI signal of T22-GFP-H6-treated animals. The FLI
ratio was obtained by dividing the FLI signal of each organ by the
FLI signal of the kidneys (organ with the most stable FLI signal
throughout the experiment); thus being expressed as fold-change
respect to kidneys.

T22-PE24-H6 and T22-DITOX-H6 cytotoxic effect was stud-
ied using the CXCR4 over-expressing subcutaneous mouse model
described above (n = 2 per group). When tumors reached an
approximate volume of 200 mm?>, 30 pg of T22-DITOX-H6 or
100 pg T22-PE24-H6 were intravenously administered to the
animals. After either 24 or 48 h, animals were euthanized, and
tumors and normal organs were collected and fixed for further
analysis. For the antitumoral effect experiment, 2 million cells
either 74B mock or 74B-CXCR4™" were orthotopically injected in
the tongue of the animals. After the detection of luminescence
emitted by viable tumor cells, using IVIS® Spectrum 200, ani-
mals were randomized into three groups (n = 5 per group).
Nanoparticle-treated animals were intravenously administered
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10 pg of T22-DITOX-H6 or T22-PE24-H6 daily up to 5 doses. On
alternate days, body weight was registered and tumor growth was
measured by the luminescent signal emitted by tumor cells using
IVIS® Spectrum 200 system. Mice were euthanized 24 h after the
fifth dose. At the end point of the experiment, tumor volume was
measured with a caliper according to Eq. (2):

Tumor volume = Width x Length x Depth 2)

and tumors and organs were collected for histological analysis.

2.8.  Confocal laser scanning microscopy

Colocalization of GFP and CXCR4 within tumor tissues, liver,
and kidneys was performed by immunofluorescence. Paraffin-
embedded tumors and organs were cut into 4 pm sections,
heated for 1 h at 60 °C, dewaxed and rehydrated. Antigen
retrieval was performed using Tris—EDTA Buffer, pH 9.0
(Invitrogen) in a Decloaking Chamber™ NxGen (Biocare
medical) at 110 °C for 20 min. Then, samples were washed with
TBS and blocked with TBS +0.5% TritonX-100 + 3% donkey
serum for 1 h at room temperature. Tissue sections were then
incubated with the primary antibodies GFP chicken IgY (1:250,
AVES) and CXCR4 rabbit IgG (1:250, Abcam) overnight at
4 °C. Samples were washed and incubated with the secondary
antibodies anti-chicken IgY-Cy2 (1:50, Jackson Immune
Research) and anti-rabbit IgG-Alexa Fluor® 568 (1:200,
abcam) for 2 h at room temperature. Finally, the tumor sections
were washed, stained with DAPI 0.5 pg/mL for 10 min at RT,
and mounted. Samples were visualized in a Confocal multi-
spectral Leica SP5 AOBS microscope (Leica) and analyzed
using Fiji, ImageJ software.

2.9.  Histopathology, DAPI staining, and immunohistochemical
analysis

In order to perform a histopathological analysis to assess any
possible toxic effect, 4 pm paraffin-embedded tumor and organ
sections were stained with H&E and analyzed by two inde-
pendent observers (one section of the whole organ/tumor). Cell
death in tumor tissues and normal organs was assessed by DAPI
staining and cleaved caspase-3 immunohistochemical (IHC)
staining (1:300, BD. Retrieval pH low, Dako). For DAPI
staining, paraffin-embedded sections were dewaxed, rehydrated,
and permeabilized with 0.5% Triton X-100. Then, slides were
stained with DAPI mounting medium (ProLong™ Gold Anti-
fade Mountant, Thermo Scientific) and visualized by fluores-
cence microscopy. Representative pictures were taken using an
Olympus DP73 digital camera and the number of dead cells was
quantified by counting the number of condensed nuclei per 10
high-power fields (magnification 400 x). CXCR4 (1:200,
Abcam, Retrieval pH high, Dako) expression was studied by
immunohistochemistry (IHC) in cell pellets of the different
HNSCC cell lines and tissue sections (tumor and non-tumor
bearing organs). IHC staining was performed in a DAKO
Autostainer Link48 following the manufacturer’s instructions.
Representative images were taken using an Olympus DP73
digital camera and processed with the Olympus CellD Imaging
3.3 software. CXCR4 expression levels in tumors and normal
organs were quantified as mean gray values as well as cleaved
caspase-3 positive cells using Fiji, Image]J software.

2.10.  Statistical analysis

Data are expressed as mean + Standard Error. Statistical analyses
were performed using the GraphPad Prism 5 software (GraphPad
Software, San Diego, California USA). Results were analyzed by
Student’s r-test. Differences were considered statistically signifi-
cant when P value < 0.05. All experiments were performed at
least in triplicates.

3. Results

3.1. T22-GFP-H6 selectively internalizes in CXCR4-
overexpressing HNSCC cells

CXCR4 cell membrane expression was assessed by flow cytom-
etry and IHC (Supporting Information Fig. S2A-S2C) for
2 different HNSCC cell lines (74B mock and 74B-CXCR4™, and
22A mock and 22A-CXCR4™). 74B mock and 22A mock cell
lines did not express CXCR4, whereas the CXCR4-overexpressing
cell lines (74B-CXCR4" and 22A-CXCR47") presented CXCR4
located in the cell membrane. 22A-CXCR4™" cell line showed the
highest amounts of CXCR4 in the cell membrane as represented
by its mean fluorescence intensity (MFI, Supporting Information
Fig. S2B).

T22-GFP-H6 nanocarrier (Supporting Information Fig. S3)
internalization inside the cells was measured by flow cytometry
and represented as mean fluorescence intensity (MFI), which
correlates with GFP presence inside the cells. Interestingly,
T22-GFP-H6 only internalizes in the CXCR4-overexpressing cell
lines, while MFI values for the mock cell lines remained similar to
those observed in the buffer-treated cells (no statistically signifi-
cant differences, Fig. 1A). Nanocarrier internalization was found
to be concentration-dependant in both CXCR4-overexpressing cell
lines (Fig. 1A). Moreover, T22-GFP-H6 internalization correlated
with CXCR4 membrane expression, as MFI values were higher in
the 22A-CXCR4 " cell line compared to 74B-CXCR4 ™" (Fig. 1A
and Supporting Information Fig. S2B). T22-GFP-H6 internaliza-
tion inside the cells was also assessed by WB confirming its entry
to CXCR4™ cells (Fig. 1B). No statistically significant differences
were found in internalization at 1, 6 and 24 h (Fig. 1C and D).
T22-GFP-H6 internalization appears to be fast and sustained in
time in both CXCR4™ cell lines.

Nanocarrier CXCR4 selective internalization was further
corroborated by CXCR4 blockage using AMD3100 (CXCR4
antagonist). CXCR4-overexpressing cells pretreated with
AMD3100 did not internalize the nanocarrier compared to the
ones without AMD3100 (Fig. 1E and F). Thus, we have demon-
strated that the T22-GFP-H6 nanocarrier internalizes within
HNSCC cells via the CXCR4 receptor.

3.2.  T22-GFP-H6 achieves a high tumor accumulation in
subcutaneous HNSCC tumors compared to normal organs

T22-GFP-H6 tumor accumulation was measured after the
administration of a 200 pg single-dose intravenous injection of the
nanocarrier in CXCR4-overexpressing tumor-bearing mice. Ani-
mals were euthanized at different times (2, 6, and 24 h) and
nanoparticle accumulation in tumors and normal organs was
determined by GFP emitted fluorescence intensity using IVIS®
Spectrum 200 system. T22-GFP-H6 was detectable in tumor tissue
at the three studied time points, presenting a maximum at 6 h
among the three studied time points (Fig. 2A). Importantly,
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Figure 1  T22-GFP-H6 internalization in CXCR4" HNSCC cell lines in vitro. (A) T22-GFP-H6 intracellular levels in 22A mock, 22A-

CXCR4", 74B mock, and 74B-CXCR4™" cell lines quantified by flow cytometry after a 6h exposure at different concentrations (0—500 nmol/L) of
the nanocarrier. (B) Western blotting assay showing the increasing accumulation of T22-GFP-H6 inside 74B-CXCR4 ™" cells treated with different
concentrations of the nanocarrier (1—20 nmol/L) for 1 h. (C) and (D) Nanocarrier internalization in 22A mock and 22A-CXCR4* (C) and 74B
mock and 74B-CXCR4" (D) cells at three different incubation times (1, 6, and 24 h) in the presence of 20 nmol/L T22-GFP-H6. (E) and (F)
AMD?3100 blocking assay in 22A-CXCR4 " (E) and 74B-CXCR4 " (F) treated with a 20 nmol/L T22-GFP-H6 concentration. Data represented as

mean + Standard error. All experiments were performed in triplicate.

*P < 0.05; **P < 0.01; ***P < 0.001; ns, non-significant. Statistical

analysis performed by Student’s r-test. MFI, mean fluorescence intensity.

nanocarrier accumulation was observed mainly in tumor tissues
with almost no signal in non-tumor bearing organs (fold-change
respect to kidneys below 1, indicated by the dashed line in
Fig. 2B) (Fig. 2B and C). Remarkably, fluorescence intensity at
6 h was approximately 10-fold higher in tumor, when compared
with the rest of the analyzed organs (Fig. 2B).

The area under the curve (AUC) was calculated for the time-
course of the experiment in order to quantify the T22-GFP-H6
accumulation for the tumors and different healthy organs. Tu-
mors accumulated 78.3 + 11.8% of the total FLI measured in all
organs (tumors and normal tissues, Fig. 2D and E). The rest of
the organs reached distribution values lower than 10% (Fig. 2D

and E). Importantly, the liver, an organ involved in the meta-
bolism of drugs circulating in blood, presented a value lower
than 1%.

T22-GFP-H6 biodistribution was found to be consistent with
CXCR4 levels in each tissue, as measured by IHC (Fig. 3A and
B). Tumor tissues displayed the highest expression of the receptor
compared to non-tumor bearing organs, such as liver or kidneys
(67- and 26-fold, respectively). Importantly, the spleen showed
lower CXCR4 levels than tumors (4-fold), presenting a light
pattern consistent with CXCR4 expression by immune cells such
as lymphocytes. These results imply that the accumulation of the
nanocarrier mainly in tumor tissues is driven by their high CXCR4
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Figure 2  Biodistribution of the T22-GFP-H6 nanocarrier in a CXCR4-overexpressing subcutaneous HNSCC mouse model. (A) Representative
images of emitted FLI signal in the 74B-CXCR4" subcutaneous tumors 2, 6 or 24 h after the IV administration of either 200 pg of T22-GFP-H6 or
buffer. (B) FLI ratio of the registered subcutaneous tumors and normal organs (liver, kidneys, spleen, lungs, and heart) at the three time points of
the experiment (2, 6, and 24 h). FLI ratio was calculated by subtracting the FLI values of the buffer-treated mice (autofluorescence) and dividing
the result by the FLI signal of the kidneys (organ chosen as reference). The dashed line indicates no change in FLI ratio (fold change = 1) (C)
Representative images of the FLI registered in non-tumor tissues (liver, kidneys, spleen, lungs, and heart) 2, 6 or 24 h after the nanocarrier or
buffer administration, (D) Area under the curve (AUC) of registered FLI through the time course of the experiment (2, 6, and 24 h) in the
subcutaneous tumors and normal organs for the T22-GFP-H6 treated animals. (E) T22-GFP-H6 accumulation (%) by the subcutaneous tumors and
non-tumoral tissues throughout the experiment. Percentages were calculated by dividing the emitted FLI of each organ (calculated by the AUC)
between the total emitted FLI (sum of AUC of tumors and normal organs) and are represented as mean =+ Standard error; n = 3 per group (total
animal number 16). Statistical analysis performed by Student’s #-test. FLI, fluorescence intensity.

undetectable after 2 h (Fig. 4). These results are consistent with

expression levels. Moreover, no histological alterations were
previous findings in other tumor models'®'?.

detected in the liver or kidneys (Fig. 3C), suggesting a lack of
toxicity for the nanocarrier.

To further study T22-GFP-H6 in vivo kinetic behavior, the
presence of circulating nanocarrier in plasma at different time
points was studied after a single T22-GFP-H6 intravenous

3.3.  T22-GFP-HG6 exhibits a selective CXCR4 tumor distribution
in subcutaneous HNSCC tumors

administration. FLI signal showed a first phase characterized by a
fast biodistribution half-life (¢;, = ~20min) in plasma, followed
by a second slow elimination phase, becoming practicaly

In order to further study T22-GFP-H6 CXCR4-dependant bio-
distribution, 74B mock and 74B-CXCR4" tumor-bearing mice
were administered an intravenous 200 pg dose of T22-GFP-H6.
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Figure 3 Immunohistochemical and histological analysis of tumors and non-tumor bearing organs from the T22-GFP-H6 biodistribution

experiment. (A) Representative IHC images of the CXCR4 expression in tumor, spleen, liver, kidneys, and lungs. Scale bars = 50 pm (B)
Quantification of the CXCR4 levels in tumors and normal organs (spleen, liver, kidneys, and lungs). CXCR4 expression was quantified as mean
gray value and represented as mean £ Standard error, n = 3; ***P < 0.001. Statistical analysis performed by Student’s #-test. (C) Histological
analysis of liver and kidney sections stained with H&E from animals treated with either buffer or 200 pg T22-GFP-H6 for 2, 6, and 24 h. Scale

bars = 100 or 50 pm (H&E zoom in).

Six hours post-treatment, time at which the FLI nanocarrier
maximum accumulation was observed, animals were euthanized,
and the fluorescence emitted by tumors and organs was registered.
Results show that 74B-CXCR4" tumors accumulate significantly
higher amounts of T22-GFP-H6 compared to 74B mock (Fig. 5SA
and B).

In addition, CXCR4-dependant biodistribution was confirmed
by performing an AMD3100 blocking experiment. CXCR4"
tumor-bearing mice were treated with three consecutive 10 mg/kg
subcutaneous doses of AMD3100, one before T22-GFP-H6
intravenous injection, and two after. Animals were euthanized 6 h
after T22-GFP-H6 administration, registering the emitted fluo-
rescence as previously explained. AMD3100 administration dur-
ing the T22-GFP-H6 treatment induced a statistically significant
reduction in nanocarrier accumulation in tumors compared to
those from animals that did not receive a prior treatment with the
CXCR4 antagonist. Moreover, tumors of animals treated with both
T22-GFP-H6 and AMD3100 presented a fluorescence intensity
similar to those from buffer-treated mice, supporting a selective
and CXCR4-dependant nanocarrier accumulation (Fig. 5A and B).

Consistently, 74B-CXCR4™ tumors displayed a high CXCR4
membrane expression, as detected by IHC, whereas 74B mock
tumors were negative for the receptor (Fig. 5C). These results
confirm the selective CXCR4 tumor distribution of the
nanocarrier.

T22-GFP-H6 CXCR4 selective tumor accumulation was
further confirmed by GFP and CXCR4 co-immunofluorescence
(Fig. 6). At the FLI maximum time point (6 h), T22-GFP-H6
(GFP staining) was detected within tumor tissue in the
nanocarrier-treated animals, whereas their buffer-treated coun-
terparts did not present any GFP signal. CXCR4 could be
observed in all tumor cells from both groups, as 100% of 74B-
CXCR4" cells expressed the receptor. Remarkably, nanocarrier-
treated tumors presented a co-localization of T22-GFP-H6 and
CXCR4 (yellow staining in merged images). This finding suggests
that T22-GFP-H6 is able to interact with the CXCR4 receptor in
the cell membrane leading to its internalization within CXCR4™
HNSCC tumor cells. Importantly, no GFP signal was detected in
liver or kidneys, further corroborating a selective T22-GFP-H6
accumulation in tumor tissue (Fig. 6). These results obtained by
immunohistofluorescence are in agreement with our previous
IVIS findings.

3.4.  The incorporation of cytotoxic domains to the nanocarrier
confers cytotoxic activity in CXCR4™ subcutaneous HNSCC
tumors without induction of systemic toxicity

To evaluate the ability of this T22-empowered nanocarrier plat-
form to deliver cytotoxic agents into CXCR4-overexpressing
HNSCC tumors, we took advantage of two nanotoxins, T22-
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Figure 4  T22-GFP-H6 pharmacokinetics in plasma. (A) Representative images of the fluorescence signal (FLI) registered in plasma samples
obtained at different times (buffer, 10 min, 30 min, 1, 2, 6, and 24 h) after T22-GFP-H6 administration. (B) Quantification of the fluorescence
intensity (FLI) obtained from plasma samples through the time course of the experiment. Data represented as mean + Standard error. n = 3 per
time-point (total animal number 21).
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Figure 5 CXCR4-dependant T22-GFP-H6 tumor uptake by HNSCC subcutaneous tumors. (A) Representative FLI images of subcutaneous
tumors generated by either the 74B mock or the 74B-CXCR4" cell line 6 h after the TV administration of 200 pg of T22-GFP-H6, AMD3100*
T22-GFP-H6 or buffer. (B) FLI registered signal from the 74B mock or 74B-CXCR4* subcutaneous tumors treated either with T22-GFP-H6 or
the combination of the CXCR4 antagonist AMD3100 and T22-GFP-H6. (C) Immunohistochemical analysis of the CXCR4 expression in 74B
mock and 74B-CXCR4" subcutaneous tumors. Scale bar = 50 um. Data represented as mean + Standard error. n = 3 per group [total animal
number 6 (biodistribution in 74B mock tumors) and 9 (biodistribution in 74B-CXCR4" tumors pre-treated with AMD3100)]. **P < 0.01.
Statistical analysis performed by Student’s #-test.

DITOX-H6, a protein nanoparticle including the diphtheria toxin synthesis inhibition and cell death (Supporting Information
catalytic domain, and T22-PE24-H6, which carries the Pseudo- Fig. S4). Firstly, we evaluated their cytotoxic effect in 74B mock
monas aureoginosa exotoxin A, both presenting a similar structure and 74B-CXCR4" HNSCC cell lines at three different time points
to T22-GFP-H6. Both toxins perform ADP-ribosylation of the (6, 24, and 48 h, Supporting Information Fig. SSA-S5C). Both
ribosomal elongation factor 2 (EEF-2), leading to protein nanotoxins were capable of inducing cell death at 24 h, reaching
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Figure 6

anti-GFP

T22-GFP-H6 colocalizes with CXCR4 ™ tumor cells after in vivo nanocarrier administration, while no GFP signal is detected in liver

or kidneys. Representative immunofluorescence pictures of 74B-CXCR4 " subcutaneous tumors, liver, and kidneys 6 h after the administration of
either 200 pg of T22-GFP-H6 or buffer. T22-GFP-H6, detected by GFP staining, can be observed within the tumor tissue and colocalizing (yellow
signal) with the CXCR4 receptor. On the other hand, no GFP staining was detected in liver or kidney tissue. DAPI staining (blue), anti-GFP
(green), anti-CXCR4 (red), and merged images from the three channels. Scale bar = 50 or 10 um (zoom in).

their full cytotoxicity after 48 h of exposure. Remarkably, both
nanotoxins displayed a CXCR4-dependant cytotoxic effect, as
74B mock cells remained viable upon nanoparticle treatment.
Moreover, to fully test the CXCR4-dependance of the cytotoxicity
induced by both nanotoxins, supernatants from 74B-CXCR4%
cells exposed to either T22-DITOX-H6 or T22-PE24-H6 for 48 h,
were transferred to 74B mock cells. After 48 h of incubation, 74B
mock cells remained viable, suggesting a lack of off-target cyto-
toxicity once the dead cells released their cellular content (Sup-
porting Information Fig. S5D). These results indicate that no free
toxin was present in the media, suggesting that the nanotoxins are
degraded in the targeted cells after exerting their cytotoxic effect.

In order to further study T22-DITOX-H6 or T22-PE24-H6
cytotoxicity, 74B-CXCR4 " subcutaneous tumor bearing mice were

intravenously administered with a single dose of either 30 pg of
T22-DITOX-H6 or 100 pg of T22-PE24-H6. After 24 or 48 h, time
points at which we had observed cytotoxic effect in vitro, animals
were euthanized, and tumors and normal organs were collected for
their histological analysis. Both nanoparticles were able to induce
cell death, as detected by DNA staining with DAPI, in tumor cells
both at 24 and 48 h after treatment (Fig. 7A and B). Moreover, a
tendency in the increase of dead cells at 48 h compared to 24 h could
be observed in the tumors treated with both nanotoxins. These re-
sults were further confirmed by cleaved caspase-3 immunohisto-
chemical staining, showing an increase of cleaved caspase-3
positive cells 48 h after nanotoxin administration (Fig. 7C and D).

In addition, no histopathological alterations were detected in
liver or kidneys, as analyzed by H&E staining (Supporting
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Information Fig. S6A). Moreover, no statistically significant dif-
ferences in cell death (DNA staining) were observed in either of
these organs in T22-DITOX-H6 and T22-PE24-H6-treated mice
(Supporting Information Figs. S6B and S6C). These results sug-
gest the suitability of the T22-GFP-H6 based nanocarrier platform
to incorporate cytotoxic polypeptides of choice for their selective
delivery to CXCR4" HNSCC cancer cells, reaching a potent
cytotoxic effect in the absence of systemic toxicity.

3.5. T22-PE24-H6 and T22-DITOX-H6 nanotoxins induce a
potent CXCR4-dependant antitumor effect in a CXCR4"+
orthotopic HNSCC mouse model in the absence of systemic
toxicity

Finally, taking into account their great cytotoxic effect, we wanted
to assess the antitumor effect of both T22-DITOX-H6 and T22-
PE24-H6 nanotoxins. For this purpose, animals bearing either 74B
mock or 74B-CXCR4% primary tumors (tongue), were daily
administered with consecutive 10 pg intravenous doses of T22-
DITOX-H6 or T22-PE24-H6 up to 5 doses. On alternate days,
animals were weighed and tumor growth was determined by
measuring the luminescent signal emitted by tumor cells using
IVIS® Spectrum 200 system. Twenty-four hours after the last
dose, animals were euthanized and tumors and organs were
collected for further analysis.

Animals bearing 74B-CXCR4" primary tumors presented
differences in tumor growth between groups (Fig. 8A).
Nanotoxin-treated animals showed a decrease in tumor growth
compared to their nanotoxin-treated counterparts (Fig. 8A). Pri-
mary tumor growth translated in a rapid body weight loss, which
was more pronounced in animals from the buffer group compared
to nanotoxin-treated animals (Fig. 8B). Ultimately, this weight
loss determined the end of the experiment. Moreover, tumor
volumes at the end point of the experiment were statistically
significantly smaller in the nanotoxin-treated animals compared to
the control group (Fig. 8C). Importantly, no antitumor effect was
observed in the animals bearing 74B mock primary tumors, as no
differences in tumor volume or body weight were detected be-
tween buffer and nanotoxin-treated animals (Supporting Infor-
mation Fig. S7).

Lastly, no toxicity was observed by H&E staining in different
organs, such as liver, kidneys, intestine, or bone marrow (Sup-
porting Information Fig. S8A), suggesting a lack of toxicity for
the treatment. This result is also consistent with the lower
CXCR4 expression found in these organs compared to the pri-
mary tumor (Supporting Information Fig. S§B). Altogether these
results support a potent CXCR4-dependant antitumor effect
without leading to any histopathological alterations in non-
tumor organs.

4. Discussions

Current HNSCC treatment still includes chemotherapeutic drugs,
that affect all cells of the body since they are required to be
administered at high doses in order to achieve significant anti-
tumor effect. As a consequence, patients develop important sys-
temic toxicities derived from the treatment’>. In this context,
nanoparticles have emerged in the last decades as promising ve-
hicles for cancer management™**. Nanoparticle size allows tumor
accumulation through the fenestrations of tumor vasculature (EPR
effect)”?°. Moreover, their bigger size compared to conventional
small molecular tumor drugs, allows nanoparticles to avoid renal

clearance increasing blood circulation time®>*’. In theory, these
facts enable nanoparticles to achieve a high tumor uptake lowering
the drug dose, thus diminishing systemic toxicity. However, in
reality, only 0.7% of the administered dose of the nanoparticles
reported in the literature is able to reach the solid tumor, mainly
accumulating (>95%) in other organs such as the liver, spleen,
lungs, and kidneys resulting in hepatic and renal damage and
systemic toxicity”***’. Remarkably, our results suggest other-
wise, as the tumor accumulation was found to be higher than 75%
of the administered dose, with less than 30% accumulation in
other organs. These results were corroborated by GFP fluores-
cence detection and immunostaining. Moreover, normal histopa-
thology of these organs suggests a lack of systemic toxicity, as
T22-GFP-H6 mainly accumulates in tumors, avoiding adverse
effects. These results are consistent with our previous findings in
CRC and DLBCL cancer models'>'®, further confirming the
suitability of T22-GFP-H6 as a promising nanocarrier in HNSCC.

The great performance of our nanocarrier might be at least
partially explained by its organic composition. Many nano-
particles under research are made of inorganic materials which are
poorly biocompatible and do not degrade easily, accumulating in
organs such as liver and kidneys®’. Moreover, these inorganic
nanoparticles are coated with a protein corona when present in the
body fluids, hindering their interaction with target cells™*~% .
Apart from its protein-only composition, T22-GFP-H6 nanocarrier
presents other advantages such as its small size (around 13 nm),
which is bigger than the renal filtration cut off (5—7 nm) but not
big enough to be cleared out by macrophages, two big problems of
current nanoparticles”’. Importantly, the multivalency of the
T22-GFP-H6 nanocarrier, that incorporates around twelve T22
ligands in each self-assembled nanoparticle, yields super-
selectivity®® that translates into selective internalization in
HNSCC cells that overexpress the CXCR4 receptor, having
negligible internalization in normal cells that lack or express low
CXCR4 levels. These findings are consistent with the high re-
ceptor overexpression in tumors as compared to normal organs.
Altogether, these facts might explain that less than 10% of the
administered T22-GFP-H6 dose accumulates in liver and kidneys,
without producing any histopathological damage.

Moreover, T22-GFP-H6 nanocarrier exploits the actively tar-
geted strategy as a promising alternative to improve drug accu-
mulation within tumor tissues’®*’. Interestingly, the only clinical
studies for HNSCC treatment involving fully protein nanoparticles
are the EphB4-HSA fusion protein, an Ephrin-B2 ligand-receptor
bound to albumin, and albumin-bound rapamycin (mTOR inhib-
itor)*®. Antibody—drug conjugates (ADCs) represent another
strategy for targeted drug delivery. However, it is estimated that
<1% of the administered ADC dose is able to reach the tumor site,
forcing the use of high doses which lead to important side effects
and life-threatening toxicities. Due to these severe side effects and
a limited improvement in efficacy compared to the free drug, 20
ADCs have been discontinued in the last decades. Moreover,
ADC:s also display a poor payload capacity, limited tumor uptake,
and high toxicity’>*". Nevertheless, there are still more than 70
ADCs in clinical trials, that have been improved for instance using
site-specific conjugation®' ™ or bi-specific targeting®**°, for the
treatment of several cancer types, including HNSCC?. Alto-
gether, these facts highlight the current interest for nano-sized and
targeted drug formulations, emphasizing the relevance of our
protein-based nanoparticles targeting CXCRA4.

Remarkably, our results showed a T22-GFP-H6 CXCR4-
dependant internalization in vitro, as the nanocarrier did not
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Figure 7 T22-PE24-H6 and T22-DITOX-H6 cytotoxic effect in a CXCR4 " subcutaneous HNSCC animal model. (A) Detection of dead cells

by condensate DNA staining (DAPI) in the 74B-CXCR4 " subcutaneous tumors analyzed 24 or 48 h after the administration of a single dose of
either T22-PE24-H6 or T22-DITOX-H6 nanotoxins. Scale bars = 50 or 25 um (zoom in). (B) Quantification of the number of dead cells in the
nanotoxin and buffer-treated tumors 24 and 48 h after treatment. (C) Immunohistochemical detection of cleaved caspase-3 in 74B-CXCR4 ™"
subcutaneous tumors 48 h after the administration of T22-PE24-H6 or T22-DITOX-H6. Scale bar = 50 pm. (D) Quantification of the number of
cleaved caspase-3 positive stained cells in tumor tissue 48 h after treatment. Dead cells were detected by condensate DNA staining using DAPI
and cleaved caspase-3 [HC. Data represented as mean + Standard error. n = 20 per group (total number analyzed tissue sections per group).

*P < 0.05; **P < 0.01. Statistical analysis performed by Student’s -test.

internalize in either CXCR4™ cell lines or AMD3100 pre-treated
CXCR4" HNSCC cell lines. Moreover, nanoparticle tumor dis-
tribution was enhanced by CXCR4 targeting as it was shown by
two independent experiments. Firstly, the AMD3100 blocking
experiment demonstrated a lower nanocarrier tumor accumulation
in AMD3100-treated animals, compared to their non-treated
counterparts. Correspondingly, CXCR4-non overexpressing
tumor-bearing mice also presented significantly lower T22-GFP-
H6 tumor accumulation than the ones overexpressing the receptor.
Furthermore, immunofluorescence results showed a co-
localization of CXCR4 and T22-GFP-H6, further confirming the
interaction between the nanocarrier and the receptor.

Targeting CXCR4 has emerged as a promising strategy for
cancer treatment, as it is associated with metastasis and worse
prognosis in several solid tumors, including HNSCC. Moreover,
CXCRA4 has been described as a marker for metastatic cancer stem
cells (CSC), a subset of cancer cells with capacity of self-renewal
and differentiation that are responsible for the formation of tumor
metastases”® **. Importantly, targeting the CXCR4 receptor to
achieve targeted drug delivery is highly appealing since CXCR4
levels are much higher in tumor tissue compared to the normal
organ in HNSCC, as well as other neoplasias'""'?. Altogether,
these results validate T22-GFP-H6 as a promising nanoparticle for
HNSCC treatment, as previously described for other cancer
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T22-PE24-H6 and T22-DITOX-H6 antitumor effect in a CXCR4 ™ orthotopic HNSCC animal model. (A) Evolution of tumor growth

in the three experimental groups (buffer, T22-PE24-H6, and T22-DITOX-H6) measured as luminescent signal emitted by tumor cells (BLI). (B)
Variation of the body weight of buffer, T22-PE24-H6, and T22-DITOX-H6 treated animals represented as percentage of body weight loss. (C)
Tumor volume registered at the end point of the experiment for the three experimental groups. Data represented as mean + Standard error. n = 5
per group (total animal number 15). *P < 0.05; **P < 0.01; ***P < 0.001. Statistical analysis performed by Student’s -test. BLI, biolumi-

nescence intensity (photons/s).
models'>'®, Remarkably, to our knowledge, no protein-based
nanocarrier for drug delivery has been described for the treat-
ment of HNSCC, highlighting the relevance of this study.

Last but not least, the T22-GFP-H6 nanocarrier developed by our
group has proved to be a versatile platform amenable to deliver drugs
or cytotoxic polypetides, such as bacterial toxins, to selectively
eliminate CXCR4" tumor cells*>'. Most CXCR4 therapies are
based on small receptor inhibitors (e.g., AMD3100), which have
presented poor efficacy, especially in solid tumors®>. Thus, current
research is focused on the combination of blocking the CXCR4
pathway with other therapies, including chemotherapy, presenting
promising results' 7> >*, Nevertheless, these strategies still mainly
rely on conventional chemotherapeutic drugs, which involve impor-
tant systemic toxicities and undesired side effects for patients. Our
approach goes a step further, creating protein-only nanoparticles with
intrinsic cytotoxic activity by incorporating toxin domains. Following
this strategy, we have developed the nanotoxins T22-PE24-H6 which
incorporates an active fragment of P. aeruginosa exotoxin A, and
T22-DITOX-H6 that includes an active fragment of the diphtheria
toxin. Importantly, both nanotoxins were able to significantly induce
cell death in tumor cells compared to buffer-treated mice in our
CXCR4-overexpressing subcutaneous HNSCC model. In addition,
T22-PE24-H6 and T22-DITOX-H6 achieved a potent CXCR4-
dependant antitumor effect in a HNSCC orthotopic mouse model.
Remarkably, treated mice did not present any histopathological
alteration suggesting a lack of systemic toxicity for the treatment.

5. Conclusions

In conclusion, this study showed the selective internalization of
the T22-GFP-H6 nanocarrier exclusively to CXCR4-
overexpressing HNSCC cell lines. Moreover, upon intravenous
administration in a HNSCC CXCR4-overexpressing subcutaneous
mouse model, the nanocarrier mainly accumulates in tumor tissues
(>75% of the administered dose) compared to non-tumor bearing
organs. This result contrasts with previously reported nano-
particles by other groups, that presented a low tumor uptake. In
addition, nanocarrier tumor accumulation is mediated by the
CXCRA4 receptor. This finding is consistent with the high CXCR4
expression reported in tumors, compared to normal tissues,
including organs of the immune system, such as the spleen. Last
but not least, this T22-empowered nanocarrier platform displays a
great versatility to selectively deliver cytotoxic domains to
CXCR4" HNSCC tumors, without inducing systemic toxicity.

Altogether, these results validate the T22-GFP-H6 as a versatile
platform to generate novel therapeutic nanoparticles, incorpo-
rating the small drug or the cytotoxic polypeptide of choice, to
achieve the selective targeting and elimination of CXCR4™ cells,
involved in HNSCC metastatic dissemination, which represents
one of the main causes of patient mortality. Thus, selective
elimination of CXCR4™" cells might represent a huge improve-
ment in HNSCC therapy.
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