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Abstract

Currently, various functionalized nanocarrier systems are extensively studied for

targeted delivery of drugs, peptides, and nucleic acids. Joining the approaches

of genetic and chemical engineering may produce novel carriers for precise

targeting different cellular proteins, which is important for both therapy and

diagnosis of various pathologies. Here we present the novel nanocontainers

based on vectorized genetically encodedMyxococcus xanthus (Mx) encapsulin,

confining a fluorescent photoactivatable mCherry (PAmCherry) protein. The

shells of such encapsulins were modified using chemical conjugation of human

transferrin (Tf) prelabeled with a fluorescein-6 (FAM) maleimide acting as a

vector. We demonstrate that the vectorized encapsulin specifically binds to

transferrin receptors (TfRs) on the membranes of mesenchymal stromal/stem

cells (MSCs) followed by internalization into cells. Two spectrally separated

fluorescent signals from Tf-FAM and PAmCherry are clearly distinguishable and

co-localized. It is shown that Tf-tagged Mx encapsulins are internalized by

MSCs much more efficiently than by fibroblasts. It has been also found that

unlabeled Tf effectively competes with the conjugated Mx-Tf-FAM

formulations. That indicates the conjugate internalization into cells by Tf-TfR

endocytosis pathway. The developed nanoplatform can be used as an

alternative to conventional nanocarriers for targeted delivery of, e.g., genetic

material to MSCs.
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Impact statement

The paper is dedicated to engineering of a novel genetically

encoded vectorized encapsulin-based nanocontainer system.

Encapsulin shells are extremely robust structures, resistant to

high temperature and denaturation, and they also protect the

payloads inside the shell reliably. Encapsulins also have very

developed surface area which allows both loading various

molecules inside and functionalizing the shells using vector

groups. Therefore, encapsulins are very promising to serve as

selective targeting nanocarriers. The data obtained allowed us to

conclude that the interaction between Mx-Tf-FAM and MSCs

was associated with Tf-TfR internalization pathway.

Introduction

Mesenchymal stromal/stem cells (MSCs) are cells capable of

mesodermal cell lineages differentiation. These cells can differentiate

into osteocytes, chondrocytes, adipocytes, and muscle cells [1]. The

possibility of obtaining MSCs from different biological niches, their

low immunogenic and modulating features [2] enable autologous

and allogeneic transplantation of these cells. MSCs are employed for

the treatment of various pathologies such as bone and cartilage

diseases [3, 4], cardiovascular diseases [5, 6], neurological disorders

[7–9], bronchial diseases [10], and many others. Despite some

success of therapy with MSCs, the clinical application of these

cells is restricted by the phenotypic plasticity. These cells lose

stemness ex vivo, resulting in reduced therapeutic potential [11].

Various genetic modifications of MSCs can partially overcome

this issue.

It is considered that MSCs transduction using, for example,

lentiviral vectors is quite effective. However, this method of cell

modification is not always applicable due to safety concerns

associated with the possibility of insertional mutagenesis, as well

as possible immunogenicity of viral antigens [12]. In addition,

lentiviral gene delivery systems have a relatively small transgene

cargo capacity [13].

There are also numerous methods of nonviral gene delivery to

MSCs. Some approaches are realized by violating the integrity of cell

membranes as a result of microinjection or electroporation [14, 15],

or using cell penetrating peptide [16]. Other methods are based on

the use of various nanocarriers, such as inorganic materials, lipids,

polymers, etc., [17, 18]. These techniques are safer, but, with rare

exceptions, may cause a decrease in cell viability [19]. Therefore, the

development of new gene delivery tools, devoid of the described

disadvantages, is an extremely urgent task. Here, we describe a new

targeted delivery system that employ theMyxococcus xanthus (Mx)

encapsulins as vector nanocontainers. Encapsulins are bacterial

capsid-like, high molecular weight structures consisting of a

protein shell and a cargo protein contained within. The

encapsulin shells are extremely stable, have different diameters,

and reliably protect the cargo proteins. The proteins carried by

encapsulins are diverse and differ in their functions [20]. Since the

discovery of encapsulins in 1994, the focus of their investigation has

gradually shifted towards using these structures as nanocontainer

systems. A number of encapsulin-based delivery systems were

developed. For example, Thermotoga maritima (T. maritima)

encapsulin-based system that selectively binds glucose-regulated

protein 78 in human HepG2 carcinoma cells [21]. A similar

system was developed for targeted delivery of encapsulins loaded

with mini SOG (mini-Singlet Oxygen Generator) to HER2+ breast

cancer cells [22]. A possibility of RNA or DNA loading into

encapsulin shells was also demonstrated in recent works [23, 24].

The wild type Mx encapsulin (Supplementary Figure S1)

consists of a protein shell (EncA) self-assembled of 180 identical

monomeric proteins (32.5 kDa each) confining three ferritin-like

cargo proteins (EncB, 17 kDa; EncC, 13 kDa; EncD, 11 kDa) [25].

We replaced Mx EncBCD ferritin-like native cargo with an

irreversibly photoactivatable derivative of mCherry (PAmCherry)

fluorescent protein as we previously described [26]. We further

modified the Mx shells with human transferrin (Tf) preliminary

labeled with a fluorescent dye of fluorescein-6 (FAM) maleimide to

provide selective binding to the transferrin receptors (TfRs) on

MSCs. The binding selectivity of the resulting vector system (Mx-Tf-

FAM) to MSCs was confirmed by the laser scanning confocal

microscopy and imaging flow cytometry. It was also

demonstrated that free Tf competed for binding with the Mx-Tf-

FAM conjugates. That indicated the conjugate internalization into

the cells by receptor-mediated endocytosis.

The current study demonstrates a biodegradable, non-toxic

and non-viral nanocarrier system that selectively binds to TfRs

on the membranes of MSCs followed by rapid internalization

into cells via Tf-TfR pathway. Such Tf-mediated targeting may be

useful not only for the delivery of genetic material to MSCs, but

also for therapeutic purposes in the treatment of cancer. For

example, to deliver siRNA (small interfering RNA) to TfRs

overexpressing tumor cells.

Materials and methods

Cell cultures

The procedures performed with patient tissue samples were

in accordance with the Declaration of Helsinki and approved by

the Local Ethics Committee, Medical Research, and Education

Center, Lomonosov Moscow State University (IRB00010587),

protocol #4 (2018). Samples of human adipose-derived MSCs

were collected from the Cryobank of the Institute for

Regenerative Medicine of Lomonosov Moscow State

University (collection ID MSC_AD_MSU1, accessed on

1 www.human.depo.msu.ru
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17 November 2023). Informed consent was obtained from all

subjects involved in the study.

MSCs were cultured on DMEM/F12 supplemented with 10%

FBS (HyClone, Cytiva, Washington, D.C., United States), 2 mM

L-glutamine, and antibiotics (100 U/mL penicillin, 0.1 mg/mL

streptomycin) in T-75 cell culture flasks. Human fibroblasts were

kindly provided by the Laboratory of Cell Biology of Lopukhin

Center of Physical-Chemical Medicine of FMBA of Russia. 293T

EncA_PAmCherry cells and fibroblasts were cultured in DMEM

in T-25 flasks with addition of 100 U/mL penicillin, 0.1 mg/mL

streptomycin, 2 mM L-glutamine and 10% FBS. All cell cultures

were grown under standard conditions (5% CO2 and 37°C). All

reactants were purchased from Gibco (New York, NY,

United States) and laboratory plastic was purchased from

Corning (New York, NY, United States).

Mesenchymal stem cells differentiation

MSCs differentiation into chondroblasts, adipocytes, and

osteoblasts was carried out using a commercial StemPro®

Differentiation kit according to the manufacturer’s instruction

[27–29]. After the differentiation was completed, the resulting

chondroblasts, adipocytes, and osteoblasts, and were stained

using Alcian Blue (Sigma-Aldrich, St. Louis, MI,

United States), OilRed O (Sigma-Aldrich), and Alizarin Red

(Sigma-Aldrich), respectively. A Primo Vert light inverted

microscope (Zeiss, Baden-Württemberg, Germany) was used

to obtain images of the stained cells.

Flow cytometry

For the flow cytometry, MSCs were labeled with conjugated

primary antibodies for MSCs positive (CD105, CD73, and CD90)

and negative (CD19, CD45, CD34, CD14, and HLA-DR)

markers using the MSC Phenotyping Cocktail Kit, anti-human

(Miltenyi Biotec, Bergisch Gladbach, and Germany) according to

the standard protocol [30]. The expression of markers was

assessed with a flow cytometer-sorter (FACS Aria III, BD

Biosciences, Franklin Lakes, NJ, USA). Dead cells were

excluded from the analysis by staining with SytoxBlue Dead

Cell stain (Invitrogen, Waltham, MA, United States); cell debris,

and duplexes were excluded based on the forward and side light

scattering parameters.

Imaging flow cytometry

24 h prior to the experiment MSCs were cultured in a 96-well

plate (~7.000 cells/well, Corning) in 100 µL of DMEM/

F12 medium supplemented with 10% FBS. For Tf competition

binding assay, Mx-Tf-FAM encapsulins in PBS (50 ng/μL) mixed

with free soluble Tf (in fivefold excess) were added to the cells.

After 1.5 h incubation the cells were washed three times with

DPBS to remove the unbound Mx-Tf-FAM and Tf. Next, the

cells were detached from the plastic, precipitated (500× g, 5 min),

and resuspended in 0.1 mL of 4% PFA in PBS (pH 7.4).

Cytometric assays were performed using an ImageStream X

Mark II imaging flow cytometer (Amnis, Luminex

Corporation, Austin, TX, United States), which is a powerful

tool for investigation of binding [31, 32]. The present studies

were carried out using a ×40 objective, 488-nm (175 mW) laser

for fluorescence excitation, and at 785-nm laser light (0.5 mW)

for side scatter measurements.

Laser scanning confocal microscopy

The cell imaging was performed using an A1R MP+ (Nikon,

Tokyo, Japan) instrument (405 and 561 nm laser wavelengths, oil

immersion objective lenses Apo TIRF 60×/1.49) or Eclipse Ti2

(Nikon, Tokyo, Japan) (405, 561, and 642 nm laser wavelengths,

Apo 25×/1,1 water immersion objective lenses) laser scanning

confocal microscopes. The scanning was performed using the

ThorImageLS 2.4 Software (Thorlabs, Newton, NJ, United States)

and Nikon NIS elements 4.50 software (Nikon, Tokyo, Japan). To

process the images the ImageJ2 Fiji software was used.

Immunoprecipitation

293T EncA_PamCherry cells were placed into 6-wells plates

in 2 mL of DMEM culture medium (1.5 × 106 cells/well), FLAG-

tagged Mx encapsulins were isolated from 293T EncA_

PamCherry cells after 24 h of cultivation using Anti-FLAG

M2 Affinity gel (Sigma Aldrich) according to the

manufacturer’s instruction as described earlier [26].

Dynamic light scattering

The hydrodynamic diameter of purified Mx encapsulins was

measured via ZetaSizer Nano ZS (Malvern, UK) at 25°C using

standard glass cuvettes containing 1,000 μL of eluate solution in

TBS according to a procedure recommended the

manufacturer [33].

Western blot analysis

Briefly, 293T EncA_PamCherry cells were, and the resulting

lysate was centrifuged for 20 min at 14,000 × g. Buffer 5× was

added to various amounts (2 μL, 5 μL, 10 μL, and 20 µL) of the

cell lysate, then heated at 95°C, and after that cooled on ice. The

lysate was loaded onto gel and electrophoresed for 25 min at 80 V

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine03

Gabashvili et al. 10.3389/ebm.2024.10055

https://doi.org/10.3389/ebm.2024.10055


and then for 1.5 h at 100 V. The gel was moved into a transfer

buffer. The activated nitrocellulose membrane was placed over

the gel. The transfer procedure was fulfilled for 1 h at 100 V in a

chamber filled with transfer buffer. The membrane was

thoroughly washed in PBST to remove the transfer buffer.

The membrane was incubated with 5% non-fat milk in PBST

solution for 2 h to prevent nonspecific binding and then washed

again. The membrane was incubated with anti-Flag Tag

antibodies (1:1,000, BioLegend, San Diego, United States) for

2 h followed by washing three times with DPBS. Next, secondary

antibodies (1:1,000, goat anti-mouse IgG, Santa Cruz

Biotechnology, Dallas, United States) conjugated with alkaline

horseradish peroxidase were added. The results were readout by a

ChemidocMP Imaging system (BioRad, Hercules, United States).

Conjugation with fluorescent dye and
engineering of Tf-FAM labeled Mx
encapsulins

At first, apo transferrin (10 mg, Merck, Rahway, NJ,

United States) was dissolved in 2 mL of DPBS (pH = 6.8).

Fluorescein-6 maleimide (Lumiprobe, Russia) in the amount

of 2 µL (20 mg/mL in DMSO) was added and mixed

overnight at constant stirring at ambient temperature. After

that, the resulting solution was purified five times using

centrifugal concentrator 30 kDa cut off filters (Millipore

Billerica, United States) and adjusted to 1 mL in PBS (pH =

7.4). Then, 10 μL of 6-Maleimidohexanoic acid

N-hydroxysuccinimide ester at concentration of 0.5 mg/mL in

water:DMSO 1:1 was mixed with Tf-FAM followed by 1 h

incubation at ambient temperature. The solution was also

purified five times by 30 kDa cut off filters and resolved in

1 mL PBS (pH = 6.8). At last, the isolated Mx encapsulins

were also diluted in PBS at pH = 6.8 and mixed 1:1: by

weight in 1 mL of the reaction mixture overnight. The

produced conjugates were washed seven times using 100 kDa

cut off filters and PBS (pH = 7.4). The 500 ng/μL Mx-Tf-FAM

stock solution was kept at 4°C.

Cellular uptake of Mx and Mx-Tf-FAM
encapsulins

MSCs and human fibroblasts were seeded on a 2-well

µ-Dish for confocal microscopy (Ibidi, Martinsried,

Germany) in the amount of 1 × 104 cells/dish and cultured

for 24 h prior the assay. Following the cultivation, 30 μL of Mx

or Mx-Tf-FAM samples in PBS aligned according to protein

concentration was added to the cells to the final concentration

of ~290 ng/μL. The cells were incubated at 5% CO2 and 37°C

for 30 and 90 min. After that, the culture medium was

removed. The cells were washed thoroughly with DPBS to

remove unbounded encapsulins. The cells were studied using

a Nikon Eclipse Ti2 confocal microscope.

Results

Characterization of MSCs

At first, the markers on the cell surface were detected using

the flow cytometry. The data obtained showed that the

expression profile of CD markers was typical for MSCs. The

cells were positive for the mainMSCsmarkers (CD73, CD90, and

CD105) and negative for such markers as CD14, CD20, CD34,

and CD45 (Figure 1A). Besides, it is well-known that MSCs have

a potential for multidirectional differentiation into a different cell

type (chondrocytes, adipocytes and osteoblasts). We used

commercially available kits that allowed implementation of

in vitro MSCs differentiation. As can be seen in Figure 1B,

MSCs exhibited positive Alizarin Red staining after osteogenic

induction; positive Alcian blue (as shown in Figure 1C) and Oil

Red O (as demonstrated in Figure 1D) staining after

chondrogenic and adipogenic induction, respectively. Thus,

the mesenchymal identity (i.e., the ability for multilineage

differentiation and CD markers expression profile) of MSCs

was confirmed. The images of the negative control cells for

each staining are demonstrated in Supplementary Figure S2.

Isolation and characterization of Mx
encapsulins

Our previous study showed that expression of stable Mx

encapsulin protomer protein such as EncA tagged with a

DYKDDDDK sequence and the fluorescent PAmCherry cargo

encoding genes could be successfully achieved in mammalian

293T cells. We also demonstrated that encapsulated label did not

affect cell proliferation and viability [26].

In this study we first verified the presence of necessary

transgenic sequences, as well as proteins translated from

them. For this purpose, PAmCherry was photoactivated in

the transgenic 293T cells. PAmCherry encoding gene is

coupled to a short protein (Figure 2A) unstable under

physiological conditions [destabilization domain (DD)]

[34]. The presence of DD leads to PAmCherry protein

degradation by the proteasome if not encapsulated into the

Mx shell. As can be seen from Figure 2B, after the activation

with a laser with the wavelength of 405 nm and subsequent

excitation with a 561 nm light, a bright red fluorescent signal

from PAmCherry was detected in the cell cytoplasm.

Therefore, we could conclude that the expression of

encapsulated PAmCherry label was retained. The protein

expression of EncA protomers was also confirmed by the

Western blot analysis. A single band of protomer protein
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with a weight of ~35 kDa was clearly visible (Figure 2C). The

encapsulins were further isolated from the cells, and the

hydrodynamic size of the shell was measured using the

DLS analysis. According to the DLS analysis, the

hydrodynamic size of isolated Mx encapsulins (Figure 2D)

was 37 ± 6 nm with 0.4 PDI (polydispersity index). This value

corresponds well to the size of the Mx encapsulin shell

described in literature [35].

Engineering of Tf-FAM double-labeled Mx
encapsulins

We have developed a strategy for FAM-labeled Tf

conjugation with Mx encapsulin shells using EMCS − a

heterobifunctional cross-linking reagent with amine and

sulfhydryl reactivity (Figure 3). Thus, the receptor-targeted

Mx-Tf-FAM obtained in this study has two fluorescent labels:

PAmCherry (spectral maximum of exaction at 564 nm and

emission at 595 nm) inside the shell, and FAM (spectral

maximum of exaction at 492 nm and emission at 517 nm) on

the shell. These two fluorescent labels, on the one hand, enable

verification of Tf-FAM localization on the shells of Mx

encapsulins, and, on the other hand, visualize the conjugate

internalization into cells.

Cellular uptake of vectorized Mx
encapsulins by MSCs

First of all, the ability of Tf-FAM to bind to TfRs was

analyzed by the laser scanning confocal microscopy using

MSCs and human fibroblasts. The obtained microphotographs

(Figure 4A) show that TfRs are visualized as characteristic

placoids with cytoplasmic localization. The imaging flow

cytometry measurements (Figures 4B, C) also confirmed

MSCs to be TfR positive. It can be seen that the TfR

expression in fibroblasts is dramatically lower compared to

that of MSCs (Supplementary Figure S3).

Next, the laser scanning confocal microscopy was used for

qualitative estimation of the uptake and intracellular distribution

of Mx-Tf-FAM by MSCs. The obtained micrographs (Figure 5)

clearly show the co-localization of two intense fluorescent signals

in green and red spectral ranges. It can also be seen that the

fluorescent signal is localized predominantly on membranes of

the cells after 30 min of incubation (Figure 5, upper row), and

after 1.5 h of incubation (Figure 5, lower row), the signal from the

labels is also observed in the cytoplasm of the cells. The uptake of

Mx-Tf-FAM by control fibroblasts is presented in Supplementary

Figure S4. In contrast to the result obtained for MSCs, the

fluorescent signals from Tf-FAM and PAmCherry in

fibroblasts are barely distinguishable.

FIGURE 1
Phenotypic characterization and multilineage differentiation of human MSCs. (A) Flow cytometry analysis of the MSCs surface markers
expression: red graphs show experimental samples, while blue graphs—negative control. MSCs differentiation: (B) Osteogenic revealed by Alizarin
Red, (C) chondrogenic revealed by Alcian Blue, and (D) adipogenic revealed by Oil Red staining. Scale bars are 50 μm.
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At last, to verify that the interaction between Mx-Tf-FAM

and MSCs was related to Tf-TfR interaction, we assessed by the

imaging flow cytometry the ability of free Tf to compete for

interaction with the vectorized encapsulins. It was shown

(Figure 6A) that the median intensity in the “Mx-Tf-FAM”

sample exceeded that of the “Mx-Tf-FAM + Tf” sample. It

can also be seen (Figure 6B) that the FAM fluorescence

intensity in the “Mx-Tf-FAM” sample is significantly higher

compared to that observed in the “Mx-Tf-FAM + Tf” sample

(Figure 6C). In addition, it can be noted that in spite of MCSs

presence in bright field, the FAM signal is almost

absent (Figure 6C).

The results obtained demonstrated that the unlabeled Tf

effectively competed with the conjugated Mx-Tf-FAM

formulations. That indicates conjugate internalization into

cells by, supposedly, receptor-mediated endocytosis.

Certainly, further research is required to recognize the

exact Mx-Tf-FAM endocytosis pathway, for example, using

endocytosis blockers.

Discussion

Over the past decades, many different nanocarrier delivery

systems were developed, e.g., gold [16, 36] and iron oxide [37, 38]

nanoparticles, including those with metal-organic framework

storages for drug and in vivo gene delivery [39, 40]; micelles

[41]; hybrid liposome-, polymer- [42], and protein-based

nanoparticles [43, 44]. The shells of such carriers can be

modified by adding to their surface various receptor molecules

to provide fast binding kinetics to the related ligand [45] and

achieve specific targeting [46]. An important part of these studies

was investigation of toxicity of the obtained nanocarriers and the

products of their in vivo biodegradation [47–49]. Among others,

the protein-based nanocontainers (virus-like particles, ferritins,

encapsulins) are of particular interest due to their stability, non-

toxicity, and biodegradability.

As it is mentioned above, encapsulins are very similar in

structure to viral capsids. Like viral capsids, they reliably keep the

internal payload of the shell. In our recent work [26] on RAW

FIGURE 2
Assembly of Mx encapsulins and PAmCherry photoactivation in 293T cells. (A) Schematic representation of the genetic constructs (with minor
omissions) and the assembled Mx encapsulin shell containing a photoactivatable protein. At the N-terminus, PAmCherry is fused to a destabilization
domain (DD) to degrade such a protein that is not encapsulated within the envelope. MxSig is C-terminal Mx encapsulation signal,
CMV—cytomegalovirus promoter; (B) 293T EncA_PAmCherry cells after irradiation with a 405 nm laser followed by excitation with light with
561 nm wavelength. Laser scanning confocal microscopy using Nikon A1 MP instrument, scale bars are 20 μm; DIC—differential interference
contrast; (C)Western blot analysis against FLAG-tag on EncA protomer proteins; the numbers indicate the volume of cell lysate (2, 5, 10, and 20 µL)
added to the gel; the triangle indicates a decrease in the volume of cell lysate added to the gel; black arrow indicates a band with a molecular weight
of 35 kDa region; (D) Dynamic light scattering analysis of isolated Mx encapsulins (d = 37 ± 6 nm; PDI 0.4).
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FIGURE 3
Schemes of Tf-FAM-conjugated Mx encapsulins preparation. (A) Labeling of human Tf with FAM; (B) Tf-FAM binding with the bifunctional EMCS
linker; (C) Conjugation of Tf-FAM with Mx encapsulin using EMCS.

FIGURE 4
Cellular uptake of FAM-labeled transferrin byMSCs. (A)Uptake of Tf-FAM inMSCs after 90 min incubation. Green fluorescent signal shows FAM.
Laser scanning confocal microscopy, scale bar 50 μm. (B) FAM intensity histogram and (C) representative images of Tf-FAM labeled MSCs in bright
field and FITC channels of an imaging flow cytometer.
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FIGURE 5
Uptake and intracellular localization of Mx-Tf-FAM in MSCs after 30 min (upper row) and after 90 min (lower row) of incubation measured by
confocal microscopy. Green fluorescent signal—FAM, red fluorescent signal—PAmCherry, scale bars are 50 μm.

FIGURE 6
The ability of free unlabeled Tf to compete for binding with Mx-Tf-FAM assessed by the imaging flow cytometry. (A) FAM intensity histograms
for MSCs labeled with Mx-Tf-FAM and under incubation in an excess of free unlabeled Tf that inhibit further binding of Mx-Tf-FAM; (B) representative
images of Mx-Tf-FAM labeled MSCs in bright field and FITC channels (C) representative images of MSCs labeled with Mx-Tf-FAM in an excess of free
Tf in bright field and FITC channels.
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264.7 cells, it was shown that Mx encapsulin shells protect the

cargo protein from the action of intracellular proteases for at least

2 h. Interestingly, there is one more research, in which the

authors investigated the uptake of fluorescently labeled

encapsulins by macrophages (J774 macrophages cell line) [50]

but they used a significantly longer internalization time.

In the present research, FAM-labeled human transferrin was

obtained by binding of SH-groups with FAM-maleimide. Tf-

FAM was then chemically conjugated using a linker bound with

NH2-groups of Tf-FAM and SH-groups on the encapsulin shells.

According to the PDB data (entry 7S20), each EncA monomer

has two cysteines in its structure. In total, theMx encapsulin shell

consists of 180 such monomers so the EMCS linker is potentially

capable of binding FAM-labeled transferrin in 360 sites. That

enables amplification of the fluorescent signal of FAM.

Prior to exploring the Tf-mediated targeting, we tested the

uptake of non-vector Mx encapsulins by MSCs and human

fibroblasts. No, even minimal, fluorescent signal of

PAmCherry was detected in the cells after 2 h of incubation

(Supplementary Figure S5). Unlike macrophages, neither MSCs

nor fibroblasts are professional phagocytes. That is why they are

not able to rapidly internalize protein structures of high

molecular weight. The fact that Mx encapsulins are naturally

inert toMSCs again confirms the need for further development of

the targeted nanocarriers.

TfR-mediated endocytosis is a relatively fast process but the

rate of Tf internalization varies in different cells [51]. In the case

of MSCs, internalization of Mx-Tf-FAM conjugates could be

registered after 30 min of incubation, while after 1.5 h

incubation, fluorescent signals from FAM and PAmCherry

were detected throughout the cell cytoplasm.

The targeted delivery system presented in this work is

effective not only for MSCs but also for other cells of high TfR

expression level. This is particularly true for malignant cells. It

is well known that TfR plays an important role in the processes

of proliferation, migration, and invasion of cancer cells

[52–54]. As an example, one such neoplasm is known to be

human glioblastoma multiforme—the primary grade IV brain

tumor in adults with poor prognosis [55]. The model

PAmCherry cargo protein used in this study can be further

replaced/supplemented with different genetic material [56,

57], and the resulting nanoplatform can be an alternative to

viral vectors for nucleic acids delivery to MSCs [58].

Moreover, this platform is suitable for intracellular delivery

of recombinant proteins which is a potential strategy against a

wide range of diseases.

Regarding the use of encapsulin-based nanocontainer

systems for in vivo studies, it is important to address the

issue of potential immunogenicity of the xenogeneic proteins.

We have already discussed this problem partially: we presently

know that, at least, Quasibacillus thermotolerans encapsulin-

containing cells do not cause an immune response when

implanted into mice [59] and rats [60]. In addition, an

article was recently published evaluating in vivo behavior

of Thermotoga maritima encapsulins administered

intravenously into mice [61]. The work demonstrated that

IV-injected Thermotoga maritima encapsulins exhibited an

excellent safety profile. The results obtained suggest that

encapsulins from bacteria of other strains may also be safe

for in vivo use.

It is noteworthy that all the described encapsulin-based

delivery systems used encapsulins purified from bacteria of

various strains. We have shown a possible alternative

approach to encapsulin isolation using an eukaryotic cell line.

We hope that our results will facilitate further developments of

similar techniques.

Conclusion

Undoubtedly, encapsulins currently remain a relatively new

object of research; their properties and their original functions in

prokaryotes should be comprehensively studied. However,

practical applications of encapsulins in the field of

biotechnology is becoming increasingly promising. In this

study, we describe a new vector tool for delivery of nucleic

acids to mesenchymal stem cells. The entire process for

obtaining of Mx-Tf-FAM conjugates was carried out under

completely aseptic conditions, and that enabled development

of a sterile and endotoxin-free delivery system targeted by

transferrin receptors. The vectorized Mx encapsulins

containing a PAmCherry label can bind transferrin receptors

on the surface of mesenchymal stem cells followed by

internalization into cells by, presumably, receptor-mediated

endocytosis, while maintaining the PAmCherry and FAM

fluorescent signals.

Summarizing, compared to nanoplatforms based on

inorganic and/or polymer nanoparticles encapsulin-based

nanocontainer systems have a number of advantages. These

structures are not only extremely robust. These are completely

biodegradable, non-toxic, endotoxin-free protein

nanoparticles. The synthesis of encapsulins is genetically

based, which, on the one side, means its reproducibility is

extremely high and, on the other side, there is a possibility for

genetic manipulation. Thus, these features of encapsulins

promise significant customization flexibility and broad

usability. The obtained nanocarrier can be supplemented

not only with nucleic acids, but also with peptides or

therapeutic agents for specific delivery to MSCs.
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