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Recent advances in the field of cell therapy have proposed new solutions for tissue repair and regeneration using various cell delivery approaches. Here we studied ex vivo a novel topical delivery system of encapsulated cells in hybrid polyethylene glycol-fibrinogen (PEG-Fb) hydrogel microspheres to respiratory tract models. We investigated basic parameters of cell encapsulation, delivery and release in conditions of inflamed and damaged lungs of bacterial-infected mice. The establishment of each step in the study was essential for the proof of concept. We demonstrated co-encapsulation of alveolar macrophages and epithelial cells that were highly viable and equally distributed inside the microspheres. We found that encapsulated macrophages exposed to bacterial endotoxin lipopolysaccharide preserved high viability and secreted moderate levels of TNFα, whereas non-encapsulated cells exhibited a burst TNFα secretion and reduced viability. LPS-exposed encapsulated macrophages exhibited elongated morphology and out-migration capability from microspheres. Microsphere degradation and cell release in inflamed lung environment was studied ex vivo by the incubation of encapsulated macrophages with lung extracts derived from intranasally infected mice with Yersinia pestis, demonstrating the potential in cell targeting and release in inflamed lungs. Finally, we demonstrated microsphere delivery to a multi-component airways-on-chip platform that mimic human nasal, bronchial and alveolar airways in serially connected compartments. This study demonstrates the feasibility in using hydrogel microspheres as an effective method for topical cell delivery to the lungs in the context of pulmonary damage and the need for tissue repair.
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INTRODUCTION
Cell-based therapies are promising advanced type of medical treatments that allow the repair and regeneration of damaged tissues and organs. Yet, most current delivery strategies of cell transplants in the clinics have mainly used direct injections of cells in buffer, providing insufficient protection for the cells. As a result, the vast majority of transplanted cells lose viability during their delivery, leading to relatively low functional engraftment yields (Li et al., 2009; Sheikh et al., 2012). To overcome these limitations, different bioengineering approaches have emerged using injectable hydrogels based on various biomaterial components (Wang et al., 2019). Specifically, hybrid biosynthetic hydrogels having both naturally occurring components and synthetic components provide structural support and biological activity (Birman and Seliktar, 2021). This artificial niche promotes cell survival by protecting the cells from microenvironment assaults, such as high shear stress and inflammation (Mitrousis et al., 2018), as well as by preventing cell loss at the time of delivery. Moreover, hydrogels have been shown to actively support cell processes such as morphogenesis, cell migration, cell differentiation and cell adhesion (Almany and Seliktar, 2005).
The hybrid natural/synthetic hydrogel Polyethylene glycol (PEG)-fibrinogen (PEG-Fb) has previously been used in different biotechnological (Cohen et al., 2018) and therapeutic tissue engineering applications (Peled et al., 2007; Fuoco et al., 2012b; Rufaihah et al., 2017). Local injection of encapsulated cells in PEG-Fb has enhanced cell survival (Fuoco et al., 2012a) and migration into surrounding host tissues (Seeto et al., 2017). However, distal delivery of encapsulated cells in PEG-Fb microspheres, such as systemic administration intra venously or topically to respiratory tracts, has not been demonstrated yet.
In this study, we investigated in vitro the potential in topical delivery of encapsulated cells within PEG-Fb hydrogel microspheres to respiratory tract in inflamed and damaged environment, such as following bacterial infection. To that end we used a pneumonic plague model of mice intranasally infected with Yersinia pestis bacterium to obtain inflamed whole lung extracts and assessed their effects on cell viability, cytokine expression and mobilization from the hydrogel microspheres ex vivo. As a proof of concept for topical delivery of encapsulated cells to human respiratory tracts, we utilized a recently developed multi-component Airways-on-chip models that mimic human nasal, bronchial and alveolar airways (Nof et al., 2022).
MATERIALS AND METHODS
Cell lines
Murine derived MH-S and J774 cell lines were obtained from ATCC. TC-1 is a tumor cell line derived from primary lung epithelial cells of C57BL/6 mice (Lin et al., 1996). This cell line was a kind gift from the laboratory of Prof. T.C. Wu (Johns Hopkins University). Cells were cultured in full media containing DMEM (Biological Industries) supplemented with 10% (v/v) Fetal Calf Serum (FCS) (Biological Industries), 0.2% (v/v) penicillin/streptomycin (Pen/Strep) (Biological Industries, Israel) and 2 mM L-glutamine (Biological Industries, Israel). Trypan blue reagent (Biological Industries, Israel) was used to count cells and to determine cell viability.
Fabrication of PEG-Fb hydrogel microspheres
PEG-Fb precursor molecules (8 mg/ml protein and 108% PEGylation) were synthesized as described previously (Almany and Seliktar, 2005; Dikovsky et al., 2006). Microspheres were prepared using a photo-initiator emulsion-based method as was described previously (Cohen et al., 2018) with some modifications. PEG-Fb precursor solution was prepared by mixing PEG-Fb molecules with 1% (v/v) of 10% (w/v) pluronic F68 (Merck, Israel) in PBS, 1.5% (v/v) triethanolamine (TEOA), 0.39% (v/v) of N-vinyl pyrrolidone (NVP) (Merck, Israel) and 1% (v/v) of 10 mM eosin Y photo-initiator (Merck, Israel) in PBS. PEG-Fb precursor solution was mixed with 2 × 106 cells in a total volume of 100 µl and transferred to 1 ml mineral oil (Merck, Israel) in a glass test tube. The tube was vigorously vortexed for 2 s to form an emulsion and immediately subjected to photo-crosslinking using white light lamp (150 W) for 40 s. The emulsion was washed twice with 2 ml of full media (centrifuge at 200 g for 5 min). The oil phase was discarded, and the pellet microspheres were resuspended in full media, seeded on 6-well plates and incubated at 37°C and 5% CO2 for 30 min to allow non-encapsulated cells to attach to the plate. Supernatants containing the microspheres were taken for further use. For delivery assay purposes, microspheres were filtered using pluriStrainer with 150 µm cutoff (PluriSelect, 43-50150-03), and the filtrate was further used.
Live/dead assay of encapsulated cells
To examine the viability of the encapsulated cells, microspheres were washed with PBS (1,200 rpm, 5 min) and resuspended in 1 ml PBS containing 1 µl Calcein AM (Merck, Israel) and 5 µl ethidium bromide solution (Merck, Israel). After 15 min incubation at 37°C, the microspheres were washed with PBS and visualized in Nikon Ts2 fluorescence inverted microscope or in LSM 710 confocal scanning microscope (Zeiss, Jena, Germany) equipped with the following lasers: argon multiline (458/488/514 nm), diode 405nm, DPSS 561 nm and helium-neon 633 nm. To determine the number of live encapsulated cells, ten z-axis images (range of 200 µm) were acquired from three different random positions and analyzed in ImageJ. The number of live and dead cells were counted within each microsphere and the viability percentiles were determined.
Examination of cytokine secretion from lipopolysaccharide-exposed macrophages
J774 macrophages were cultured in 24-well plates (500,000 cells/well) and incubated overnight in 37°C. The next day, E. coli LPS (Merck, Israel) was added in a final concentration of 10 ng/ml. Cell counts and viability determination were performed every day for 4 days using trypan blue. Supernatants were taken each day to determine secretion of TNFα in an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s protocol (R&D Systems, MN, United States).
Animal procedures
All animal experiments were performed in accordance with the recommendations for the Care and Use of Laboratory Animal (National Institute of Health [NIH]) and Israeli law and were approved by the Israel Institute for Biological Research Animal Care and Use Committee (Permit Number: IACUC-IIBR M-28-2013). Female C57BL/6 mice (6–10 weeks old) were purchased from Invigo Israel (Rehovot, Israel). Mice were infected intranasally (i.n) with Y. pestis virulent strain Kimberley53 (Kim53) as described previously (Vagima et al., 2015). Briefly, bacterial colonies were harvested and diluted in heart infusion broth (HIB) (BD, United States) supplemented with 0.2% xylose and 2.5 mM CaCl2 (Merck, Israel) to an OD660 of 0.01 and grown for 22 h at 28°C in a shaker (100 rpm). The bacterial culture was diluted in PBS to the required infectious dose based on pre-determination of bacterial concentration by counting colony forming units (CFU) after being plated on BHIA plates (48 h at 28°C). Prior to infection, mice were anesthetized with a mixture of 0.5% ketamine HCl and 0.1% xylazine and then infected i.n. with 35 μl/mouse of the bacterial suspension, whereas naïve mice were administered i.n. with PBS only.
Whole lung mRNA extractions were obtained as previously described (Vagima et al., 2019). Briefly, mice were euthanized, and lungs were then removed and placed on a 70-μm nylon cell strainer (BD Falcon, United States) dipped in 2 ml PBS containing 1% protease inhibitor cocktail (Merck, Israel). The mashed tissue was centrifuged (1,200 rpm, 5 min), the pellet of cells in suspension was used for total RNA extraction and the supernatant was filtered in 0.2 µm filter and used for microsphere degradation experiments.
Microsphere degradation
Hydrogel microspheres loaded with microphages were cultures in 24-well plates (50,000 cells/well) in 1 ml culture medium supplemented with 300 µl whole lung extract (not diluted) of Y. pestis infected mice or control mice. Hydrogel degradation was monitored for 7 days, and the number of degraded microspheres (determined as clustered cells without boundaries) was counted in quadruplets. The degradation percentage was determined using three independent experiments.
Determination of mRNA expression in extracted tissues
Lung cell suspensions were prepared as described above. Total RNA was extracted from whole lung cell suspensions using Tri-reagent (Merck, Israel) according to the manufacturer’s instructions. Two micrograms of total RNA were reverse-transcribed using Moloney murine leukemia virus reverse transcriptase and oligo-dT primers (Promega, United States). Quantitative PCR analysis was performed using an ABI 7500 instrument (Applied Biosystems, United States) with SYBR green PCR master mix (Applied Biosystems, United States). The fold change in the quantity of gene transcripts was measured and compared to the hypoxanthine phosphoribosyl transferase (HPRT) gene using the comparative (−2ΔΔCt) method. Forty cycles of PCR amplification were performed in duplicate for each primer set. Primer sequences used are listed in Table 1.
TABLE 1 | Primer sequences.
[image: Table 1]H&E staining and confocal microscopy
For hematoxylin and eosin (H&E) general histopathology evaluation, lungs were rapidly isolated, and fixed in 4% neutral buffered PFA at room temperature for 1 week, followed by routine processing for paraffin embedding. Serial sections, 5 µm thick, were performed and selected sections were stained with H&E for light microscopy examination. Images were acquired using 3D HISTECH panoramic midiII3.0.0. For confocal microscopy analysis, images were acquired using a Zeiss LSM710 confocal microscope (Zeiss, Oberkochen, Germany).
Delivery of encapsulated cells to respiratory tract models using airways-on-chip technology
To illustrate hydrogel delivery into respiratory airway tracts, we used a recently established a multi-compartment Airway-on-chip model that recapitulates key anatomical and physiological components of the human respiratory tracts (Nof et al., 2022). These include three distinct compartments of nasal passages, bronchial and acinar (alveoli) airways, mimicking the extra-thoracic, conductive and respiratory regions, respectively (Artzy-Schnirman et al., 2019; Elias-Kirma et al., 2020; Sznitman, 2021). Briefly, 3D-printed molds were used to fabricate the nasal and bronchial airway compartments, and standard soft-lithography techniques combined with a modified method for master production using dry reactive ion etching (DRIE) of silicon on an insulator wafer were used to manufacture the small (<100 µm) features characteristic of the acinar model. The resulting molds were used as a master template for polydimethylsiloxane (PDMS) casting. PDMS was prepared according to the manufacturer’s instructions and poured into the appropriate templates. Cured PDMS was subsequently peeled from the molds and punched using a biopsy punch of 1 mm size to create inlet and outlets. Each of the three airway compartments were connected via silicon tubing. A peristaltic pump was connected to the inlet of the nasal device allowing perfusion of a media containing hydrogel microspheres (200 hydrogels/ml) at a physiologically relevant flowrate (10 ml/min) for 20 min. A Y-joint tube-to-tube connector was used in the outlet of the bronchial device to reduce the flowrate fed to the acinar model, based on the physiologically relevant range mimicking airflows at such airway depths.
RESULTS
Optimization of cell encapsulation in PEG-Fb hydrogel microspheres
The design principle of injectable microsphere delivery systems to the respiratory airways is based on the ability to target the delivery of encapsulated cells to the site of interest, while preserving their viability and function. This includes the delivery of cells with different functional properties, such as macrophages that can mediate immune responses or stem cells that can promote the replenishment and recovery of damaged tissues. In some specific therapeutic procedures, it would be beneficial to deliver to the site of damaged tissue two or more cell types that could induce synergic biological effects. In such scenarios, the encapsulation could be taking place either for one or two (and possibly more) cell types together inside a microsphere carrier. Co-encapsulation of different cell types would be particularly advantageous when close interactions are required for intercellular activities. Here we examined the encapsulation of MH-S cells, an alveolar macrophage cell line, alone and together with TC1 cells, an alveolar epithelial cell line. Microspheres with encapsulated cells were prepared using a photo-initiator emulsion-based method that involves the mixture of cells in a tube together with PEG-Fb precursors (see methods). The concentration of cells inside the reaction tube determines the final number of encapsulated cells per microsphere. To examine the optimal number of macrophages needed to achieve cell-packed microspheres, different amounts of cells per glass tube (5 × 105 to 8 × 106 cells per 100 µl in the glass tube) were photo-crosslinked by an emulsification polymerization reaction. The microspheres appeared to be packed with cells when 2 × 106 cells/reaction (or more) were used (Figure 1A). The encapsulation process resulted in increased numbers of cells per microsphere from 40 cells, using 5 × 105 cells/reaction, to 125 cells, using 2 × 106 cells/reaction. Then the number of cells per microsphere remained similar at 4 × 106 and 8 × 106 cells/reaction (Figure 1B). The viability of encapsulated cells was tested with a live/dead assay using Calcein, a fluorescent dye of live cells (green), and Ethidium, a fluorescent dye of dead cells (red). We found that the use of 2 × 106 cells per reaction was optimal and resulted in 90% viability compared to lower or higher cell amounts (Figure 1C). The encapsulation process resulted in a wide diameter range of microspheres from 50 to 300 µm diameter. To adjust the microsphere diameter to further experimental delivery into respiratory tract in vitro models, we used a cell strainer to filter out large microspheres. Using a 150 µm filter provided us with microspheres in the range of 75–150 µm with average of 118 µm in diameter (Figure 1D).
[image: Figure 1]FIGURE 1 | Co-encapsulation of alveolar macrophages (MH-S) and epithelial (TC1) cells inside hydrogel microspheres. (A) Representative brightfield and fluorescent images of encapsulated MH-S cells in elevated number of cells per reaction (5 × 105-8x106 cells/100 µl in a glass tube). Encapsulated cells were stained with Calcein (green) and ethidium (red) for live/dead assay. Scale bar 100 µm. (B) Box plot showing median of encapsulated cell number per hydrogel microspheres using elevated number of cells per reaction tube (5 × 105-8x106 cells/tube). The presented results are from ten individual microspheres, a representative from three independent experiments. (C) Box plot showing live cell percentiles inside microspheres measured by live/dead assay in elevated number of cells per reaction tube (5 × 105-8x106 cells/tube). The presented results are from ten individual microspheres, representative of three independent experiments. (D) Dot plot showing microsphere diameter after filtration using 150 µm cutoff filter. The average of 118 µm is shown in black line. The presented results are from three different experiments in which each experiment was represented by at least twenty individual microspheres that were measured. *p value < 0.05 tested in Wilcoxon non-parametric test; n.s, not significant.
To examine the encapsulation of two types of cells in the same microsphere, we used two different cellular dyes. TC1 cells were stained with Calcein, a fluorescent dye staining cell cytoplasm, and MH-S cells were stained with DAPI, a fluorescent dye staining the nuclei. Then an equal portion of both cells (1:1) was taken for encapsulation. Figure 2A shows fluorescent images of the co-encapsulation of TC1 and MH-S cells in the microspheres. To examine the number of TC1 or MH-S cells inside the microsphere, we counted the cells in each image channel separately and merged the results. The mean proportions of TC1 and MH-S cells inside the microspheres were 40.6 ± 3.7% and 60.5 ± 3.7%, respectively (Figure 2B), demonstrating relatively equivalent proportions of both cell types. To measure the distribution of the cells inside the microsphere, we used the microscope software to divide microsphere images into four quarters (Q1-Q4) and counted the cells in each quarter. The fraction of cells in each quarter out of total ranged between 0.23 ± 0.02 to 0.25 ± 0.04 (Figures 2C,D), demonstrating equal distribution of the co-encapsulated cell types inside the microspheres.
[image: Figure 2]FIGURE 2 | Equal distribution of two co-encapsulated cells inside the microspheres. (A) Representative fluorescent images of alveolar epithelial TC1 cells and macrophage MH-S cells encapsulated alone or together in 1:1 proportion (TC1 + MH-S). (B) Bar plot showing percentiles of TC1 (green) and MH-S (blue) cells inside twelve different microspheres. (C,D) Bar plot showing the fraction of MH-S cells (C) and TC1 cells (D) per quarter (Q1-Q4) inside twelve different microspheres.
Encapsulated macrophages are protected from endotoxin exposure and migrate out of the microspheres upon activation
Macrophages are specialized immune cells that mediate phagocytosis and cytokine secretion as part of the host response to invading pathogens (Hussell and Bell, 2014). Their pivotal role in maneuvering the immune response may provide an advantageous therapeutic approach to treat lung diseases in early stages of the disease (Suzuki et al., 2014). We argued that the PEG-Fibrinogen microspheres would give a supportive and protective environment to the encapsulated macrophages from the bacterial endotoxic environment, and accordingly would preserve their viability and function. To test that, we examined in vitro the effect of exposure to E. coli lipopolysaccharide (LPS) on viability and cytokine secretion of encapsulated macrophages compared to free non-encapsulated macrophages. To that end, J774 type macrophages were chosen, due to their strong response to bacterial LPS. Encapsulated and free macrophages were cultured with a dose response of 1, 10 and 100 ng/ml E. coli LPS for 96 h and analyzed each day for cell viability and secretion of TNFα, a major pro-inflammatory cytokine secreted from macrophages upon the exposure to LPS. Both encapsulated and free non-encapsulated macrophages had similar viability, cell growth and secreted low baseline levels of TNFα under none or minor LPS exposure (1 ng/ml), whereas both exhibited reduced cell viability and increased TNFα secretion under high concentrations of LPS (100 ng/ml) (Figures 3A–D). In contrast, the incubation with an intermediate level of LPS (10 ng/ml) revealed different responses; encapsulated cells were significantly highly viable and secreted only minor amounts of TNFα, whereas non-encapsulated cells were less viable and had a burst TNFα secretion (Figures 3A–D). These results suggest that the effect of encapsulation of macrophages protected against the bacterial endotoxic environment in a dose dependent manner, prevented the typical burst cytokine response, and retained a relatively low-activate state of the cells. An observation on encapsulated cell morphology revealed that LPS-exposed encapsulated cells (10 ng/ml) became elongated and migrated outside the hydrogel microsphere (Figure 4A, red arrows). This migration was two-fold higher when compared to non-LPS exposed encapsulated cells (Figure 4B), suggesting that under LPS activation, the encapsulated macrophages are capable to migrate out of the microspheres.
[image: Figure 3]FIGURE 3 | The effect of LPS on TNFα secretion by encapsulated vs. non-encapsulated macrophages. (A,B) Concentrations of free (non-encapsulated) (A) and encapsulated macrophages (B) in 24-well plates over time after exposure to 1, 10, 100 ng/ml LPS (purple, blue and red line) or none (black line). (C,D) Amounts of TNFα secretion per 1,000 free macrophages and encapsulated macrophages after LPS stimulation after exposure to LPS. *p value < 0.05 tested in Wilcoxon non-parametric test.
[image: Figure 4]FIGURE 4 | The effect of LPS on cell migration outside the microspheres (A) Brightfield images of encapsulated macrophages that were LPS-exposed or not exposed over the course of 96 h. Scale bar 100 µm. Magnified images show cell migration outside the microsphere margins (marked in dashed white lines). (B) Box plot showing percentiles of hydrogels with migrating cells calculated from six different images for each LPS or non-LPS exposed cells. *p value < 0.05 tested in Wilcoxon non-parametric test; n.s, not significant.
Ex vivo induction of microsphere degradation using lung extracts of Y. pestis infected mice
To examine the concept to deliver encapsulated macrophage to inflamed environment of infected lungs with bacteria, we used lung extracts from a previously established mouse model of pneumonic plague (Levy et al., 2010; Vagima et al., 2015) and test them on encapsulated macrophages ex vivo. Intranasal infection with highly pathogenic bacterium Y. pestis induces an inflammatory cytokine storm in the lungs of infected mice, bacterial dissemination to internal organs and death without an early antibiotic treatment (Tomashefski Jr, 2000). Moreover, respiratory infection with Y. pestis induces severe tissue damages associated with the secretion of proteolytic enzymes such as matrix-metalloproteases (Vagima et al., 2015, 2020). Under such inflammatory conditions, the delivery and release at site of infection of encapsulated macrophages could be valuable to mediate the resolution of inflammation.
Based on the fact that PEG-Fb hydrogels can be easily degraded upon incubation with collagenase (Cohen et al., 2018), we speculated that such proteolytic environment in the lung could induce the degradation of microspheres that would be beneficial in the liberation of the cell for therapeutic purposes. To address this hypothesis, we designed an ex vivo experiment to examine if microspheres could be degraded during incubation with extracts of bacteria-infected lungs. The illustration of the designed experiment is presented in Figure 5A; Mice were infected intranasally with a lethal dose of Kim53 Y. pestis strain (100LD50). After 48 h, the inflammation in the lungs was well-established with increased egression of immune cells, leading to inflammation and tissue damage, whereas mock infected lungs had clear alveoli with defined air spaces (Figures 5B,C). Consequently, respiratory bacterial infection induced the secretion of metalloproteases, such as MMP3, 7, 8, 9, 14 and pro-inflammatory cytokines, such as TNFα and IL1β in the infected lungs (Figures 5D,E). At that time, the lungs were isolated, mashed and filtered to discard cells and bacteria, and the sterile extracts were introduced to encapsulated J774 macrophages. After 7 days in culture, we observed degradation of hydrogels and cell release that was significantly more prevalent (2-3 times greater) after incubation with lung extracts of infected mice compared to mock (Figures 5F–H). The released cells adhered to the culture surface and continued to grow and proliferate (Figure 5G, red arrows), demonstrating complete release and consolidation on the culture surface.
[image: Figure 5]FIGURE 5 | Ex vivo incubation of microspheres with Y. pestis infected whole lung extracts. (A) An illustration of the experimental design showing intranasal administration of a dose of 100LD50 (110,000 CFU) of Y. pestis bacteria (Kim53 strain). After 48 h, the mice were sacrificed, and the lungs were isolated. Isolated lungs were mashed and the whole lung supernatants were filtered and transferred to cultures of encapsulated macrophages in microspheres. (B,C) Hematoxylin and eosin staining of lung sections from representative mock (B) and Y. pestis-infected mice (C), 48 h post infection. (D,E) Bar plots showing mRNA expression (fold change) of metalloproteases MMP3, 7, 8, 9 and 14, as well as, IL1β and TNFα cytokines in mock or Y. pestis-infected (+Kim53) lungs, 48 h post infection. (F,G) Brightfield images of encapsulated macrophages in microspheres after 7 days incubation with mock extract (F) or Y. pestis-infected lung extracts (G). (H) Box plot showing the percent of degraded hydrogels in incubation with mock- and Y. pestis-infected lung extracts. Results are presented as median percentiles of degraded hydrogels analyzed from 12 different images. Scale bar 200 µm. *p value < 0.05 tested in Wilcoxon non-parametric test.
Flowing encapsulated macrophages through human respiratory tract airways-on-chip models
To demonstrate the feasibility to deliver microspheres to respiratory tracts for therapeutic applications, we utilized a recently developed multi-compartment Airways-on-chip model of the human respiratory tracts (Nof et al., 2022). This model was designed to mimic anatomically the flows in respiratory zones and included three compartments with inlet channels: nasal (4 mm diameter), bronchial branches (between 2.2 and 1.25 mm diameter) and alveoli (100 µm height x 170 µm width). This multicompartment model has been previously used to demonstrate viral-laden airflow transmission through the respiratory system’s cellular landscape (Nof et al., 2022). Here we used this system to mimic intranasal administration of encapsulated cells in microspheres in fluid, to analyze microspheres delivery along the respiratory tracts. To that end, the multicompartment models were serially connected one to another with linking pipelines (illustration in Figure 6A), and encapsulated macrophages were streamed (200 microspheres/ml) in a constant flow rate (10 ml/min) using a hydraulic pump for 20 min. To mimic the physiologically airflow at the acinar model, a Y-joint tube-to-tube connector was added in the outlet of the bronchial part to reduce the flowrate fed. To allow easy monitoring in a confocal microscope, the macrophages were pre-stained with Calcein dye. Using both brightfield and fluorescent filters, we observed microspheres throughout all compartments: the nasal, bronchial as well as the alveolar (Figure 6B), demonstrating the feasibility to deliver microcarriers in a fluidic environment to human lungs.
[image: Figure 6]FIGURE 6 | Microsphere delivery to human respiratory tract models. (A) An illustration of the human respiratory tracts: nasal, bronchial and alveolar and the parallel Airways-on-chip models. The models were injected with trypan blue to demonstrate the flow inside the compartments. (B) Confocal images of nasal, bronchial and alveolar compartments showing Calcein-stained microspheres (green). Two representative images from each compartment from three independent experiments are presented. Scale bar 100 µm.
DISCUSSION
With recent advances in the field of cell-therapy, there is a growing demand to improve delivery systems with the aim to increase engraftment efficiency. This study examined a novel immune cell delivery approach that is premised on cell encapsulation in hydrogel microspheres. We utilized a semi-synthetic PEG-Fb hydrogel scaffold that has been applied in different therapeutic studies, and exhibited high biocompatibility to various cell types, including preserving the viability and functionality of the cellular cargo. Using an emulsion-based photo-crosslinking reaction, we demonstrated co-encapsulation of two alveolar cell types (epithelial TC-1 cells and MH-S macrophages) that were equally dispersed inside the microspheres. The co-encapsulation of two different types of cells would have an added advantage when a close interaction between the cells is important to preserve cellular functionality (Belardi et al., 2020; Almet et al., 2021).
We proposed that the delivery of the microsphere carriers to inflamed and injured lung tissues would confer protection to the encapsulated cells and would be advantageous over administration of free cells without a carrier. Specifically, damaged lungs after an acute infection with infectious pathogens, such as Yersinia pestis, could obtain therapeutic benefit from exogenous macrophage delivery using the microspheres. The exposure of bacterial endotoxin, a “danger” signal to the innate immune response, induced a burst pro-inflammatory cytokine response in free non-encapsulated macrophages, whereas encapsulated macrophages were more protected and had only a mild response at intermediate endotoxin levels (10 ng/ml). The reduced activation of encapsulated macrophages may be explained by a possible restrictive effect of the microsphere structure on the branched molecular structure of LPS that allows only part of the LPS to penetrate the shell (Ghaly et al., 2011), whereas at high concentrations of 100 ng/ml more LPS can penetrate. Another explanation may be related to the composition of the hydrogel, made from natural fibrinogen, which mimics extracellular matrix and provides a physical support to the encapsulated cells (Coburn et al., 2011). It is most likely that the increase in TNFα secretion per cell (both encapsulated and non-encapsulated) after 96 h under 100 ng/ml LPS is related to the state of cell activation, rather than to cell density inside the microspheres. Interestingly we observed that the encapsulated cells became elongated and migrated outside the hydrogel microsphere upon exposure to LPS. It has been previously shown that LPS activate macrophage migration (Thorley et al., 2007), however, high levels of activation inhibited phagocytosis capabilities important for apoptotic cell clearance and resolution of inflammation (Feng et al., 2011). Therefore, the PEG-Fb hydrogels provided a protective encapsulating microenvironment for the macrophages, tempering their response to bacterial endotoxin stimulation as well as enhancing the migratory phenotype of the macrophage towards outgrowth from the microspheres.
Using an ex vivo animal model of Yersinia pestis airway infection in mice, 48-h post infection we observed a profound damage to the alveoli airways characterized with increased recruitment of immune cells and tissue damaged that was accompanied with pro-inflammatory cytokine and metalloprotease secretion. We postulated that such inflamed conditions would induce the degradation of the microsphere scaffolds and release the encapsulated cells. The incubation of microsphere ex vivo with filtered whole lung extract of infected mice enhanced the degradation of the microspheres and the release of the encapsulated cells, which subsequently adhered to the culture surface. Hence, in addition to the bacterial-induced mechanism of migration out of the microspheres, the proteolytic environment of infected whole lung extracts can further induce hydrogel degradation and promote the release of the encapsulated macrophages. Both mechanisms of microsphere degradation and enhanced migration of encapsulated cells could be beneficial towards the targeted delivery of therapeutic cells to infected lungs.
As a proof of concept, to demonstrate the feasibility of delivering microspheres to human respiratory tracts for therapeutic applications, we successfully flowed microspheres loaded with macrophages to Airways-on-chip models of human respiratory tracts including the nasal, bronchial and acinar airways. To mimic intra nasal administration, the microspheres were transported in a fluidic environment and were observed in all model compartments. This microsphere delivery demonstration was examined in clear airways. Different disease conditions such as lung congestion, may influence normal airways trafficking and consequently microsphere delivery that could be restricted to the first two compartments of the lung. Yet, in such conditions, encapsulated cell could be released following microsphere degradation and farther migrate to the acinar compartment.
In conclusion, this ex vivo study demonstrated the feasibility of using PEG-Fb hydrogel microspheres for topical immune cell delivery to respiratory tracts. We examined essential parameters including the conditions for encapsulation that preserve cell viability and functionality and physical flow rate to respiratory tracts. The interaction of encapsulated macrophages with bacterial environment was simulated in vitro, showing the added value of encapsulation over free cells that could be degraded and release the cells at site of inflammation. Taken together, this study paves the way for further in vivo investigations of immune cell-based delivery for tissue repair of pulmonary diseases.
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