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Surface-exposed calreticulin (CRT) serves as a crucial cell damage-associated molecular pattern for immunogenic
apoptosis, by generating an “eat me” signal to macrophages. Aiming at precision immunotherapies we intended
to artificially label tumoral cells in vivo with a recombinant CRT, in a targeted way. For that, we have con-
structed a CRT fusion protein intended to surface attach CXCR4 " cancer cells, to stimulate their immunological
destruction. As a targeting ligand of the CRT construct and to drive its specific cell adhesion, we used the peptide
V1, a derivative of the vMIP-II cytokine and an antagonist of CXCR4. The modular protein tends to self-assemble
as regular 16 nm nanoparticles, assisted by ionic Zn. Through both in vivo and in vitro experiments, we have
determined that CRT itself confers cell targeting capabilities to the construct overcoming those of V1, that are
only moderate. In particular, CRT binds HeLa cells in absence of further internalization, by a route fully inde-
pendent of CXCR4. Furthermore, by cytometry in THP-1 cells, we observed that the binding of the protein is
preferential for dead cells over live cells, a fact that cannot be associated to a mere artefactual adsorption. These
data are discussed in the context of the oligomerizing properties of CRT and the potential clinical applicability of
proteins and protein materials functionalized with this novel cell surface ligand.

1. Introduction types of cancer [12,13]. One of the dominant pro-phagocytic signals is
the protein calreticulin (CRT) [14-16], usually found in the endoplasmic

Despite the development of many innovative approaches, the ther- reticulum (ER) lumen serving as a chaperone, but occasionally trans-

apy of cancer is still based on the systemic administration of cytotoxic
drugs [1,2]. Being untargeted, chemotherapies present systemic toxicity
and severe off-target effects [1], in addition to drug resistance [3]’ these
issues pushing to explore alternative therapeutic approaches. In this
regard, the increasingly recognized contribution of the immune system
to the natural control of cancer [4-7] opens a set of novel therapeutic
possibilities [8-11]. Among them, the stimulation of the adaptive im-
mune system and the inhibition of T cell checkpoints aim at overcoming
aberrant cell proliferation. In this sense, phagocytic cells such as mac-
rophages are a key cell type for destruction of tumor cells in different

located to the cell surface and acting as a “eat me” signal in contrast to
the “don’t eat me” CD47 signal [17]. Surface-exposed CRT (ectoCRT) is
translocated from the ER in stressful situations, and it serves as a crucial
damage-associated molecular pattern for immunogenic apoptosis [18].
The presented ectoCRT is to be recognized by the low-density lipopro-
tein receptor-related protein 1 (LRP1 or CD91) occurring in macro-
phages and dendritic cells, thus activating the cellular machinery
responsible for apoptotic cell phagocytosis [19]. Interestingly, this pro-
phagocytotic signaling caused by the recognition of ectoCRT can be
counterbalanced by CD47. Also known as the “don’t eat me” signal [20]
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this immunoglobulin is overexpressed on the surface of immune-evading
cancer cells of several cancer types including AML, non-Hodgkin lym-
phoma, and bladder cancer [21]. The antagonization or blockade of
CDA47 has been the main approach in recent attempts to stimulate innate
immune response against cancer cells [22]. Unfortunately, antagonistic
peptides are rapidly removed from the bloodstream via renal filtration
due to their small size [23], and CD47-blocking antibodies are in general
unable to trigger macrophage phagocytosis by themselves, requiring
combined therapy with other antibodies that opsonize for destruction
[24].

In previous research, we have identified and characterized several
ligands of the cell-surface tumoral marker CXCR4 [25,26], overex-
pressed in more than 20 human neoplasias [27-31], and successfully
displayed them in self-assembling protein nanoparticles for cell targeted
cancer therapies [32,33]. These CXCR4-targeted materials have been
carriers for low molecular weight drugs [34-36] and cytotoxic
[32,37,38], pro-apoptotic [39] or pyroptotic proteins [40,41]. In the
present study, we have initially tested the ability of the peptide V1, a
CXCR4 ligand derived from vMIP-II (N-terminal residues 1-21) with
poor internalization activities, to promote binding of CRT to the CXCR4 ™"
cancer cell surface for the targeted activation of phagocytic cells.
However, by taking this approach, we have identified unexpected tar-
geting activities of CRT itself, as a functional component of protein
nanoparticles, that impose over those conferred by V1. The mechanics of
CRT-mediated cell targeting is discussed in the context of its potential
clinical applicability as a novel cell surface ligand in oncology.

2. Experimental section
2.1. Protein production, purification, and characterization

Proteins were designed in-house, and the encoding codon-optimized
genes were provided by GeneArt (Thermo Fisher) already subcloned into
pET22b plasmids (Novagen). Then, protein-encoding plasmids were
transformed into Escherichia coli BL21 (DE3; Novagen) and production
carried out overnight (O/N) at 20 °C and 250 rpm agitation in Lysogeny
Broth (LB) medium upon induction with 0.1 mM isopropyl-p-D-1-tio-
galactopyranoside (IPTG). Cells were then harvested by centrifugation
(15 min at 5,000 g) and resuspended in wash buffer (20 mM Tris-HCl,
500 mM NaCl, 10 mM Imidazole, pH 8) in presence of protease in-
hibitors (cOmplete™ EDTA-Free, Roche). Cells were then disrupted in
an EmulsiFlex-C5 system (Avestin) by 4 rounds at 8,000 psi. The soluble
fraction of the cell lysate, containing the proteins, was separated by
centrifugation (45 min at 15,000 g), filtered through 0.45 and 0.22 pm
pore filters, and then charged into a HisTrap HP column (Cytiva) for
purification by immobilized metal affinity chromatography (IMAC) in
an AKTA pure system (Cytiva). Proteins of interest were eluted using a
lineal gradient of elution buffer (20 mM Tris, 500 mM NaCl, 500 mM
Imidazole, pH 8) and dialyzed against a sodium carbonate salt buffer
(166 mM NaCOsH, 333 mM NacCl pH 8). Protein purity was assessed via
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (12 % TGX
Stain-Free™ FastCast™ Acrylamide Kit, BioRad), followed by western-
blot immunodetection utilizing an anti-His monoclonal antibody
(Santa Cruz Biotechnology). Finally, protein integrity was verified
through matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry (Supplementary Fig. 1A). The design
and production of GPF-H6 and T22-GFP-H6 proteins is described else-
where [25].

2.2. Nanoparticle assembly and morphometric characterization

The protein concentration was adjusted to 3 mg/ml in a sodium
carbonate salt buffer (166 mM NaCOsH, 333 mM NaCl, pH 8) before
initiating nanoparticle assembly, with the addition of 0.6 mM ZnCl,.
Disassembly of the nanoparticles was achieved using 1.2 mM ethyl-
enediamine tetraacetic acid (EDTA). Volume size distribution
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(expressed in nm) of protein constructs was determined in a Zetasizer
Pro particle analyzer (Malvern Instruments). Size was measured by
Dynamic Light Scattering (DLS) at 633 nm. Green fluorescence emission
(510-580 nm) was measured in Qubit™ 4 Fluorometer (Invitrogen)
after excitation with blue LED light (430-495 nm). Fluorescence was
measured at equimolar protein concentrations (300 nM).

2.3. Animal maintenance

Four-week-old female Swiss Nude mice were obtained from Charles
River Laboratories. Mice were maintained in specific pathogen-free
(SPF) conditions with sterile food and water ad libitum. Experimental
procedures were reviewed and approved by the Institutional Animal
Care and Use Committee of the Sant Pau Research Institute and autho-
rized by the Animal Experimental Committee of the local government
authority (Generalitat de Catalunya, authorization No. 10108) in
accordance with the Spanish Law (RD 53/2013) and European Directive
2010/63/EU. Procedures were performed at the Animal Experimenta-
tion Service, ISO 9001:2015 certified. In addition, the investigation
adheres to the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publication No.
85-23, revised 1985) and the ARRIVE guidelines (Animal Research:
Reporting of In Vivo Experiments), and upholds the principles of the 3Rs
in laboratory animal research, thereby utilizing the minimum number of
animals necessary to achieve statistical significance.

2.4. Invivo biodistribution of V1-GFP-pcCRT-H6 in THP-1 subcutaneous
(5C) mouse model

The nanoparticle biodistribution was evaluated in a well-established
SC mouse model of Acute Myeloid Leukemia, commonly used for studies
involving CXCR4 interactions [42]. Firstly, 10 million THP-1 cells were
injected subcutaneously into the dorsal region of a Swiss Nude mice.
Tumor growth was monitored twice a week with caliper measurements
(tumor volume = width? x length/2). Animal weight was recorded
throughout the experimental period. When tumors reached a volume
between 300 and 400 mm?, mice received a single intravenous dose of
carbonate salt buffer (166 mM NaCOsH, 333 mM NaCl pH 8), 200 mg
GFP-H6 or 200 mg V1-GFP-pcCRT-H6. Animals were euthanized at 1 (n
=2),5(n = 2), and 24 h (n = 1) post-injection. Fluorescence intensity,
expressed as average radiant efficiency, was measured ex vivo in each
tissue, using the IVIS Spectrum 200 Imaging System (PerkinElmer), to
quantify the accumulation of GFP-H6 or V1-GFP-pcCRT-H6, detected by
the fluorescence emission of the GFP domain. The FLI of experimental
mice was determined by subtracting the autofluorescence observed in
control mice injected with buffer.

2.5. Cell culture

To investigate the specificity of our ligand V1, we employed cancer
cell lines overexpressing CXCR4, namely human cervix-derived HeLa
cells and acute myeloid leukemia-derived THP-1 cells. Overexpression
of CXCR4 in such cell lines was confirmed and described elsewhere [38].
HeLa cells (ATCC, CCL-2) were nurtured in MEM alpha medium (Gibco)
supplemented with 10 % Fetal Bovine Serum (FBS, Gibco) within a 5 %
CO9 humidified atmosphere at 37 °C. Concurrently, THP-1 cells (Leibniz
Institute DSMZ, ACC16) were cultured in RPMI-1640 medium com-
plemented with 10 % FBS, 10 mM L-glutamine, 100 U/mL penicillin,
and 10 mg/ml streptomycin, maintained at 37 °C in a 5 % CO3 humid
environment.

2.6. Confocal microscopy
In confocal microscopy experiments, HeLa cells were cultured on

MatTek plates (MatTek Corporation, Ashland, MA, USA) at a density of
200,000 cells per plate over a 24-hour period. Subsequently, MEM Alpha
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Fig. 1. Description and characterization of V1-GFP-pcCRT-H6. A. Modular organization and amino acid sequence of V1-GFP-pcCRT-H6. B. Green fluorescence
emission (510-580 nm) of the assembled protein upon excitation with blue LED light (430-495 nm). In the inset, straightforward fluorescent emission of the protein
solution. C. Volume-size distribution and mean size determination via DLS of the recombinant V1-GFP-pcCRT-H6 in unassembled (black), Zn-assembled (red) and

EDTA-disassembled (blue) forms. Differences between the peak size values of assembled and disassembled samples are statistically significant (**

was replaced with OptiProTM serum-free medium (Gibco), and the cells
were exposed to the proteins of interest for 2 to 24 h, depending on the
assay. Following exposure to the protein materials, cell nuclei were
labeled with 5 pg/ml Hoechst 33,342 (ThermoFisher), and plasma
membranes were stained with 2.5 pg/ml CellMask™ Deep Red (Ther-
moFisher) for 10 min at room temperature. After washing with DPBS
(Sigma-Aldrich), visualization was conducted in MEM alpha medium
using an inverted TCS SP5 Leica Spectral confocal microscope (Leica
Microsystems) equipped with a 63x (1.4NA) oil immersion objective
lens. Excitation was reached using a 405 nm blue diode laser for
Hoescht, a 488 nm diode laser for GFP-containing constructs, and a 633
nm diode laser for CellMask™. Emission detection bandwidths were
meticulously optimized to avoid cross-talk. The confocal pinhole was set
to 95.4 um and fluorescence detection voltages were tailored for each
photomultiplier tube (PMT) sensor. The PMT1 sensor, responsible for
Hoechst detection, operated at a fixed gain voltage of 790 V. For Cell-
Mask™ detection (PMT4) and GFP fluorescence detection (PMT2),
voltages ranged from 797 V to 859 V and from 710 to 890 V, respec-
tively. Higher voltages were used specifically to explore potential traces
in samples lacking green fluorescence. Image processing was carried out
using Leica Application Suite X software version 3.5.7.

2.7. Flow cytometry

Flow cytometry protein binding studies were performed with THP-1
cells, known for their suspension growth. This choice was guided by the
advantage that trypsinization, which is not required for THP-1 cells,
could otherwise remove the bound protein in HeLa cells. Additionally,
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the FSC/SSC profile of HeLa cells in cytometry does not resolve alive and
dead populations as clearly as observed in THP-1 cells, based on our
previous studies. Specifically, analyses were conducted using a Cyto-
FLEX Flow Cytometer (Beckman Coulter) equipped with a 488 nm blue
diode laser for excitation. 10,000 events were registered for each sample
replicate. Green fluorescence emission was detected via the FITC
channel, equipped with a 525/40 band pass filter. For fluorescence
determination, the primary focus was on the live cell population
designated as P1. This population was carefully gated based on forward
scatter (FSC-A) and side scatter (SSC-A) parameters, ensuring the se-
lection of viable cells (Supplementary Fig. 1B). During gate definition, a
secondary population (P2) was explored within the realm of dead cells
and debris. Despite its origin in non-viable cells, this population
exhibited significantly enhanced binding of the fluorescent protein. To
validate that Population P2 was composed of dead cells, we performed
propidium iodide (PI) staining. PI, a nucleic acid stain that penetrates
only dead cells with compromised membranes, was used at a final
concentration of 2 ug/mL in phosphate-buffered saline (pH 7.4). After
incubation, cells were analyzed by flow cytometry. Dead cells exhibited
increased red fluorescence in the PE-A channel. As expected, Population
P2 showed a significant increase in red fluorescence, confirming it
consisted predominantly of dead cells (Supplementary Fig. 2). Raw data
processing was conducted in the Cytexpert software version 2.4.

2.8. Statistical analysis and data visualization

All graphs and statistical analyses were performed in GraphPad
Prism 8.0.2. Quantitative data were expressed as mean (x ) + Standard
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Fig. 2. A: Scheme of the in vivo biodistribution assay of the recombinant GFP-H6 and V1-GFP-pcCRT-H6 in the CXCR4" SC THP-1 mouse model. B: Biodistribution
after injection of the protein in plasma, tumor, and major organs. Data presented is the average of all time points (1 h, 5 h, and 24 h). Basal levels of autofluorescence
of each organ, as measured after injection of buffer solution, were subtracted to the experimental values.
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Fig. 3. Description of V1-GFP-H6 and cell binding characterization of the modular proteins. A. Modular organization and amino acid sequence of V1-GFP-H6. B.
Straightforward fluorescent emission (510-580 nm) of the assembled protein upon excitation with blue LED light (430-495 nm) in comparison to a non-fluorescent
protein. The inset provides visual proof of the protein fluorescence. C. Volume-size distribution and mean size determination via DLS of the recombinant V1-GFP-H6
in unassembled (black), Zn-assembled (red) and EDTA-disassembled (blue) forms. Differences between the peak size values of assembled and unassembled samples
are statistically significant (***; p < 0.001). D. Distribution of V1-GFP-H6 and V1-GFP-pcCRT-H6 nanoparticles in CXCR4" HeLa cells determined by confocal
microscopy after exposure to 2 uM of the materials for 2 h. E. Distribution of V1-GFP-pcCRT-H6 nanoparticles after exposure to 2 uM of the materials after 2, 4, 8 and
24 h. The nuclei were stained in blue with Hoechst, the plasma membranes were stained in red with CellMask™ and the green staining corresponds to the GFP-

containing constructs.

deviation (SD). All measurements were performed at least in triplicates
except for cytometry, which was performed using duplicates.

3. Results

Among the tested peptide ligands of the tumoral marker CXCR4, V1,
a derivative from the herpesvirus chemokine vMIP-II [43] showed
antagonistic CXCR4 activities that prevented HIV cell infection, among
other CXCR4-dependent activities [43], but with undetectable inter-
nalization into CXCR4 ™" cells [25]. This fact prompted us to explore such
ligand as a tool to promote CXCR4 " cell surface tagging with a desired
protein. Then, the modular V1-GFP-pcCRT-H6 protein was constructed
(Fig. 1A) and produced in E. coli in a recombinant form. The fusion
protein was intended to contain V1 as a targeting agent, a functional
CRT version (harboring the P and C domains) as a tag, GFP as a moni-
toring agent, and a hexahistidine tail (H6) to allow purification from
recombinant bacteria and to promote cation-assisted self-assembling as
oligomeric nanoparticles [44]. The N-terminus of CRT was substituted
with GFP based on findings by Wijeyesakere SJ et al. [45], which

EN

showed that the P and C domains are essential for CRT’s function in
activating macrophages, whereas the N-domain can be replaced without
losing this functionality. Substituting the N-domain with GFP was
necessary to avoid the complications of having a construct that includes
both full-length CRT and GFP, which would be large, complex, and
likely prone to misfolding [44]. Indeed, the soluble protein was fluo-
rescent (Fig. 1B), and it showed a hydrodynamic size of 12 nm that was
increased to around 16 nm by the addition of cationic Zn (Fig. 1C). The
divalent Zn?>" acts as intermolecular gluing agent for H6-tagged pro-
teins, that promotes protein oligomerization within the nanoscale [46].
As expected, the oligomeric status was fully reversed upon the addition
of the chelating agent EDTA (Fig. 1C).

In a preliminary screening (Fig. 2A), V1-GFP-pcCRT-H6 was intra-
venously administered, via tail vein, in a subcutaneous (SC) mouse
model bearing CXCR4 " leukemic cells. V1 being a ligand of CXCR4, we
expected to observe accumulation of GFP fluorescence in tumor a few
hours after administration much over the control protein, as it occurred
with other CXCR4-targeted nanoparticles empowered with the alterna-
tive peptidic ligands of CXCR4, namely T22 [47] or EPIX4 [26]. Indeed,
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a modest tumor accumulation was observed (Fig. 2B) but surprisingly,
the fluorescence was not exclusively found in tumor tissues, and it was
also present as background in other organs. This fact was indicative of a
moderate precision in the CXCR4-targeted GFP labelling compared to
previous biodistribution analyses of the alternative CXCR4 ligand T22
[25,37].

While the antagonistic activities of V1 over CXCR4 had been well
described [43], the selective binding of V1 to CXCR4 and the bio-
distribution of V1-empowered materials such as nanoparticles had been
not precisely determined. In this context, and to finely dissect the tar-
geting abilities of V1, we constructed V1-GFP-H6 (Fig. 3A), that
assembled as fluorescent nanoparticles (Fig. 3B) of around 14 nm
(Fig. 3C) upon Zn?* addition. When exposed to CXCR4 "+ HeLa cells, V1-
GFP-H6 was unable to label them (Fig. 3D). This contrasted with V1-
GFP-pcCRT-HS6, that efficiently labeled cultured cells (Fig. 3D) without
detectable internalization up to 24 h after incubation (Fig. 3E). These
data indicate that the cell binding capabilities and consequent bio-
distribution of V1-GFP-pcCRT-H6 could be mediated by CRT rather than
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by V1, since V1 alone promotes limited cell adhesion, if any, while the
addition of the CRT domain to the construct enables such protein-cell
interaction. Also, the absence of internalization results in a very stable
cell labelling, in this particular case with GFP.

To explore further this possibility, we tested how a CXCR4 chemical
antagonist, namely AMD3100 [30,48,49], could prevent the binding of
V1-GFP-pcCRT-H6 to cells. Indeed, AMD3100 efficiently blocks cell
binding and penetrability of other previously tested ligands of CXCR4
such as T22 and EPIX4, both in vitro [25] and in vivo [50] and serves as
a robust method to assess the specificity of protein binding to CXCR4,
having demonstrated its efficacy in CXCR4 + cell lines across various
reference studies [34,36,42].

As observed (Fig. 4A), AMD3100 did not interfere with the cell
binding properties of V1-GFP-pcCRT-H6, suggesting that the observed
cell adhesion properties are irrespective of the pair V1/CXCR4. This fact,
in agreement with the lack of cell interactivity of V1-GFP-H6 (Fig. 3),
indicates that the capability of V1 to bind CXCR4 is moderate and
overcome by alternative binding properties of the whole construct.
Despite this fact, the capability of cell binding by V1-GFP-pcCRT-H6 was
clearly enhanced when analyzing the dead cells population (Fig. 4B). In
any case, AM3100 was always non effective over V1-GFP-pcCRT-H6,
while this chemical was fully competent in preventing the CXCR4-
specific cell binding of T22-GFP-H6 (Fig. 5A). In this sense, T22-
dependent binding is also linked to a subsequent internalization [25],
while the observed binding of the V1-GFP-pcCRT-H6 construct to cells
did not lead to such outcome (Fig. 3D, E and Fig. 6D). Also, the avidity of
T22 for dead cells was only moderate in contrast to V1-GFP-pcCRT-H6 at
increasing concentrations (Fig. 5B), in agreement with data from Fig. 4A
and B. This fact indicated that the preferential binding of V1-GFP-
pcCRT-H6 to dead cells that we had inferred from Fig. 4 was not an
artifact, that is, it was not caused by a nonspecifically enhanced
adsorption of any protein to senescent cells but by a specific interaction
mediated by CRT. The data presented above were suggestive of CRT
conferring to modular proteins cell binding activities stronger than those
that V1 might offer, and irrespective of CXCR4. This was obvious from
the fact that the only difference between the binder V1-GFP-pcCRT-H6
and the non-binder V1-GFP-H6 was the occurrence of the CRT
domain. To further explore this fact and confirm the concept, we con-
structed a non-fluorescent version of the modular CRT, namely V1-CRT-
H6 (Fig. 6A). This protein harbored all three main domains of calreti-
culin (i.e. N, P, and C domains) and was also capable of self-assembly
(Fig. 6B) in presence of Zn?" but it was not fluorescent (Fig. 6C).
Then, in absence of fluorescence emission, it was used as a competitor
for the binding of V1-GFP-pcCRT-H6 to CXCR4" Hela cells. As

9.41

2.88
1.56

V1-GFP-pcCRT-H6

Fig. 5. A. Cell binding specificity of T22-GFP-H6, used as a positive control to demonstrate CXCR4 receptor-dependent internalization, that can be reverted upon
addition of the CXCR4 antagonist AMD3100. B. Fold increase in fluorescence of T22-GFP-H6 (100 nM) and V1-GFP-pcCRT-H6 (100-1000 nM) proteins comparing

levels detected in the THP-1 live or dead cells fractions in flow cytometry.
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Fig. 6. Description and characterization of V1-CRT-H6. A. Modular organization and amino acid sequence of V1-CRT-H6. B. Volume-size distribution and mean size
determination via DLS of the recombinant V1-CRT-H6 in unassembled (red), Zn-assembled (black) and EDTA-disassembled (blue) forms. Differences between the
peak size values of assembled and unassembled samples are statistically significant (***; p < 0.001). C. Relative fluorescence, that indicates the lack of green
fluorescence emission (510-580 nm) of the assembled protein upon excitation with blue LED light (430-495 nm). The inset provides visual proof of the lack of
fluorescent emission of the protein solution. D. Distribution of V1-GFP-pcCRT-H6 nanoparticles (500 nM) in CXCR4" HelLa cells (control, left panel) by confocal
microscopy after 2 h incubation with (central panel) and without (right panel) competitor (V1-CRT-H6) pre-incubated 1 h at 5 M. Nucleus were stained in blue with
Hoechst, plasma membranes were stained in red with CellMask™ and green staining corresponds to the GFP-containing constructs.

observed, the non-fluorescent protein version could inhibit the cell
binding of V1-GFP-pcCRT-H6 (Fig. 6D).

This finding fully confirmed previous data in Fig. 3 and the
assumption that CRT (and not V1) was the protein domain driving the
cell binding of V1-GFP-pcCRT-H6 by a mechanism independent of
CXCRA4.

4. Discussion

CRT is a cytosolic chaperone with multiple cellular functions that
under stress conditions or during programmed cell death migrates to the
cell surface. In the early stages of cell death or in pre-apoptotic cells, CRT
is externalized [17,51-53], promoting the phagocytic clearance of death
cells. Labelling or over-labelling the surface of tumor cells with CRT
would be then a way to precisely stimulate immunogenic tumor

destruction [54], in form of a novel immune-based synergistic cancer
treatment. The peptide V1, a ligand of the tumoral marker CXCR4 [43]
was used here to drive the in vivo delivery of a recombinant CRT (Fig. 1)
to CXCR4™" cancer cells in absence of internalization [25]. However, it
failed to render a standard biodistribution of the injected protein in a
subcutaneous mouse model of CXCR4™ cancer (Fig. 2). The unexpected
low level of selectiveness and accumulation of the protein in tumor
tissues was in contrast with the very precise targeting previously
observed in the delivery of proteins and protein nanoparticles to several
cancer models, when using an alternative CXCR4 ligand, the peptide
T22 [25,34].

In fact, V1 showed here very poor (almost undetectable) levels of cell
binding (Fig. 3). Actually, its affinity for CXCR4 is between 1 and 2
orders of magnitude lower than that of the parental cytokine vMIP-II
[43]. Despite this, the peptide has been described as a potent CXCR4
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antagonist that efficiently inhibits CXCR4-dependent HIV infection and
cell migration [43]. The capability of the protein V1-GFP-H6 to bind
cells is instead conferred by CRT (Fig. 3), in a fully CXCR4-independent
fashion, being such activity preferential over the dead cells population
as discriminated by the flow cytometer (Fig. 4). This preferred dead cell
binding is not shown by the construct T22-GFP-H6 (Fig. 5), which
demonstrates that it is not an artifactual issue but an active mechanism.
The supposed CRT-mediated cell binding blockage by an excess of CRT
(Fig. 6) confirms that this protein is involved in the superficial cell
binding of V1-GFP-pcCRT-H6. In contrast to the T22-GFP-H6 construct,
which promotes both cell binding and internalization through the well-
characterized CXCR4 pathway [25], the CRT-based nanoparticles
exhibit surface binding without subsequent internalization (Fig. 3).The
way in which nanostructured CRT attach cells and preferentially, dead
cells, needs further investigation. However, it is known that this protein
tends to self-oligomerize [55-57] and, on the other hand, it abounds on
the dying cell surface [17,51-53]. Additionally, we discarded the pos-
sibility that the HeLa cells observed in confocal microscopy labeled with
V1-GFP-pcCRT-H6 were already dead, as there were no morphological
changes indicative of cell death. This reinforces that V1-GFP-pcCRT-H6
binding does not necessarily indicate cell death but may reflect the
presence of ecto-calreticulin on the cell surface, which can act as an “eat-
me” signal under stress conditions [58].

Combining these facts and the observations presented here, a specific
interaction between the soluble and the cell-surface exposed CRT could
not be discarded. Such interaction could be enhanced by the multimeric
nature of the soluble CRT (Fig. 1), since the multivalent display of li-
gands promotes cooperativity and tighter and highly selective binding
through cell surface interactors [59,60]. We also considered the possi-
bility of THP-1 behaving as macrophages and conducting phagocytosis
to induced by CRT binding to targeted cells. However, this scenario
would likely result in the degradation or consumption of the V1-GFP-
pcCRT-H6 construct, leading to a lack of observable fluorescence.
Additionally, if THP1 cells were phagocytized after initial binding, they
would be ingested by macrophages and not appear as distinct events in
the P2 population during cytometry.

Irrespective of the precise mechanics, targeting senescent or dying
cells is a promising therapeutic approach in diverse clinical fields,
including aging, regenerative medicine, and vascular diseases [61-66],
specially aiming at the destruction of such target cells. The novel cell-
targeting properties of CRT described here provide a new tool among
those available in such approaches, offering an effective ligand that
enjoys from the versatility, manipulability, and easy productivity of
recombinant proteins.

5. Conclusions

A recombinant calreticulin, incorporated into multidomain protein-
only nanoparticles, surpasses the targeting properties of an accompa-
nying CXCR4 ligand V1, a fragment of the viral cytokine vMIP-II. The
protein, initially intended as a surface ‘eat-me’ signal for cancer cells,
shows specificity for senescent cells, through a stable and specific
interaction that is inhibited by soluble calreticulin and that does not
result in efficient cell uptake. Being an unexpected data, the possibility
of targeting dying cells by means of protein-only nanoparticles offers a
new strategy for their selective labelling and drug delivery. This possi-
bility is critical in fields such as regenerative medicine and ageing that
are under the imperative need of new diagnostic, therapeutic and
theragnostic approaches.
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