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SUMMARY

Encapsulated cell therapy holds a great potential to deliver sustained levels of
highly potent therapeutic proteins to patients and improve chronic disease man-
agement. A versatile encapsulation device that is biocompatible, scalable, and
easy to administer, retrieve, or replace has yet to be validated for clinical applica-
tions. Here, we report on a cargo-agnostic, macroencapsulation device with opti-
mized features for protein delivery. It is compatible with adherent and suspen-
sion cells, and can be administered and retrieved without burdensome surgical
procedures. We characterized its biocompatibility and showed that different
cell lines producing different therapeutic proteins can be combined in the device.
We demonstrated the ability of cytokine-secreting cells encapsulated in our de-
vice and implanted in human skin to mobilize and activate antigen-presenting
cells, which could potentially serve as an effective adjuvant strategy in cancer im-
munization therapies.We believe that our device may contribute to cell therapies
for cancer, metabolic disorders, and protein-deficient diseases.

INTRODUCTION

Encapsulated cell therapy (ECT) consists of encasing living cells within an immunoprotective, selectively

permeable membrane. It is an effective way of delivering therapeutic proteins released by genetically engi-

neered cells to target a specific disease.1 Over the last two decades, ECT has been investigated in many pre-

clinical and clinical models, leading to an evolution of the technology along with the foundation of tangible

clinical applications.2,3 The latter includes type 1 diabetes, neurodegenerative disease and pain, acute liver

failure, cancer, hypoparathyroidism, chronic eye diseases, wound healing and regeneration, kidney failure,

metabolic disorders, and cardiovascular diseases.4–7 The use of ECT for therapeutic protein delivery has sig-

nificant advantages, such as preventing repetitive administrations in the treatment of chronic diseases or dur-

ing protein replacement therapy. It combines the potency of de novo in situ synthesis of cell-derived thera-

peutic proteins and peptides with the safety of an implantable and retrievable medical device.8 By locally

delivering the active protein, it may achieve efficacy while circumventing systemic toxicities in certain indica-

tions.9 The technology relies essentially on two elements: the encapsulation vehicle and the transplanted

cells. Cells can bemicroencapsulated; i.e., encased as single cells or clusters of cells in a polymeric membrane

or matrix of a micron-range thickness,10–12 or macroencapsulated; i.e., large groups of cells housed in a de-

vice.13–15 One of the major limitations of microencapsulation is the degradation of the polymer matrix and

additives over time, in response to heat, hydrolysis, and biological agents.16 This has a negative impact on

the core particle’s stability as well as the surrounding tissues.17 We focused on the development of a macro-

encapsulation device with robust mechanical stability, better suited for longer-term protein delivery. In addi-

tion, macrocapsules can be retrieved, which makes the therapy fully reversible in case of loss of function or

adverse events, and significantly mitigates safety risks compared to microencapsulation strategies.18–20 We

distinguish two main designs of macroencapsulation devices: flat sheet devices, such as the commercially

available TheraCyte; and hollow fiber devices, which are cylindrical in shape. In both designs, the size-selec-

tive permeability of the membrane allows a bidirectional molecular exchange between the inner and outer

environments. Such exchange includes the inward diffusion of nutrients, trophic factors and oxygen, essential

for the survival of encapsulated cells, and the passive diffusion of secretomes, such as the therapeutic protein

and metabolites produced by the encapsulated cells. The membrane also serves as a physical barrier be-

tween the loaded cells and the host’s immune cells, allowing the survival of cells from allogeneic and
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xenogeneic sources.19,21 Depending on the permeability of the membrane, large molecules produced by

host immune cells, such as antibodies, could diffuse into the capsule and potentially react against encapsu-

lated cells. To mitigate immune reaction from the host, the device should be highly biocompatible and the

encapsulated cells as minimally immunogenic as possible.

Our group first developedMVX-ONCO-1, a therapeutic cancer vaccine relying on ECT to deliver the adjuvant

to the immunization site.22–24 Building on the experience gathered during the preclinical and clinical devel-

opment of the MVX-ONCO-1 device (NCT02193503, NCT02999646), we designed the Myo-P device.25,26 It

addresses the weaknesses identified in MVX-ONCO-1’s device (GEN-1), and broadens the scope of thera-

peutic applicability. The Myo-P device bears optimized features for clinical applications. These features

include: a medical grade hollow fiber membrane (HFM) with a molecular weight cut-off (MWCO) that allows

the release of complex proteins by the encapsulated cells as well as a better exchange between the inner and

the outer environments of the capsule; an internal matrix composed of clinical grade polyester yarns,27 allow-

ing adherent cells to attach, and optimizing spatial distribution; a built-in polypropylene retrieval thread

embedded in the retrieval tube, allowing the extraction of implanted capsules; and a light-curable biocom-

patible adhesive with a lower shrinkage index and higher flexibility to reduce the mechanical tensions on the

membrane caused by the curing,28 without jeopardizing the robustness of the capsule. The increased flexi-

bility also improves the overall in vivo robustness of the device.29 All materials were selected on the basis

of their biocompatibility and performance properties. The overall geometry of the device was also developed

to favor biocompatibility and performance.30 It achieves appropriate cellular density and consequently fos-

ters cell survival and sustained production of therapeutic protein. Its cylindrical architecture also allows the

device to be easily administered and retrieved, without any surgical procedures.24

We first assessed the safety and performance of the Myo-P device against the GEN-1 device. We also as-

sessed its suitability to be loaded with both suspension and adherent cells. We explored its versatility by

encapsulating a combination of different secreting cell lines and measuring its secretion capability both

in vitro and in vivo. And finally, we assessed the potential cancer vaccine adjuvant application of the

Myo-P device loaded with a cytokine (GM-CSF) secreting cell line. Our results support its effectiveness

as a vehicle for different cell types and its potential contribution to cell therapies aiming at delivering pro-

teins in various indications.

RESULTS

Engineering and development of the Myo-P device

The Myo-P device was specifically designed to encapsulate protein-secreting cells for subsequent implanta-

tion in patients (Video S1). It is an evolution of the GEN-1 device, which was successfully tested in 50 patients,

in MVX-ONCO-1 Phase I and Phase IIa studies.24 TheMyo-P bears optimized features for ECT. These features

extend its scope of use to a broad therapeutic applicability and also addresses weaknesses identified in the

previous design. The key developments include an HFMwith anMWCO, allowing for the release of large and

complex proteins, such as antibodies, by the encapsulated cells, as well as a better exchange between the

inner and outer environments of the capsule without compromising the viability of the cargo during implan-

tation. The GEN-1 device’s HFM limits this delivery to molecules with a size of 100 kDa or less. The Myo-P

membrane was selected on the basis of its porosity (0.65 mm) and its mechanical properties to prevent any

structural impairment. Illustrations of the membranes and uniform macroporous surface of both the GEN-1

and the Myo-P membrane are depicted in Figures 1A and 1B. Another feature of the device is its capacity

to be loaded with both adherent and suspension cells. To support such capacity, a specific substrate must

be included in the cargo section of the capsule31,32; thus an internal matrix composed of clinical grade poly-

ester yarns was integrated in the design of the Myo-P. The polyester yarns were placed longitudinally inside

the reinforcement coil of the membrane (Figure 1C). The key physical specifications of the GEN-1 and the

Myo-P membranes are described in Table S1. A built-in polypropylene thread embedded in the proximal

glue point of the retrieval tube replaced the hook in the GEN-1 device to provide physicians with a ready-

to-use device (Figures 1A and 1B). The demonstration of the quick and easy ambulatory administration of

the GEN-1 device subcutaneously in a patient from the Phase I study of MVX-ONCO-1 (NCT02193503) is de-

picted in Figure 1D. The administration procedure of the Myo-P device will remain identical. During a simu-

lated loading of cells, the transmembrane flow pressure remained below 1N in the Myo-P device, while it

gradually increased to reach more than 6N in the GEN-1 device (Figure 2B). This indicates that a lower me-

chanical stress is applied on the cells during the loading in the Myo-P device. Both the Myo-P and the GEN-1

membranes support more than 2N of tensile strength. The absolute tensile strength difference is not
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mechanically meaningful toward in vivo residence as the tension on the membrane per se is minimal by

design, even at retrieval: in the two clinical studies of MVX-ONCO-1, over 600 GEN-1 devices were subcuta-

neously implanted and retrieved from patients without any damage observed on the membrane. The vari-

ability at break is significantly lower with the Myo-P membrane (2.01–2.50) than with the GEN-1 membrane

(2.2–3.5) (Figure 2C) which advocates for a well-controlled manufacturing process by the supplier of Myo-P

membrane. The Myo-P membrane was shown to have more elasticity than the GEN-1 membrane (Figure 2D)

as demonstrated by the superior angle at plastic deformation. A light-curable biocompatible adhesive with a

lower shrinkage index and higher flexibility was also integrated into the design of the Myo-P. The adhesive

used in the GEN-1 device (MD1180) was tested to assemble the Myo-P, and its curing created visible cracks

in themembrane, damaging its mechanical integrity beyond acceptance. The adhesive (MD1187) reduces the

mechanical tensions on the mPES membrane caused by the curing, without jeopardizing the robustness of

the capsule (Figure 2A). A risk assessment was performed to identify potential criticality throughout the

A

B

C

D

Figure 1. Design of the Myo-P device with optimized features for protein delivery in humans

(A and B) Schematic illustration of the GEN-1 device used in MVX-ONCO-1 (A) and the Myo-P device (B) with SEM images

of the membranes and uniform macroporous surface.

(C) 3D illustrations of the Myo-P device with an internal view of the cargo section and the polyester (PET) yarn matrix.

(D) Demonstration of rapid device administration subcutaneously in a patient from the Phase I study with the GEN-1

device. The administration procedure of the Myo-P device remains identical.

See also Table S1.

ll
OPEN ACCESS

iScience 26, 107372, August 18, 2023 3

iScience
Article



manufacturing process of theMyo-P. The in-process and final controls implemented tomitigate the identified

risks are listed in Table S2.

Performance and functional characterization of the Myo-P device for protein delivery

A huGM-CSF-secreting cell line (K562 cells)22 was encapsulated at the same concentration in the GEN-1

device, and in the Myo-P device respectively, and devices were subsequently implanted in the subcutane-

ous tissue of C57/BL6mice for one week (Figures 3A–3D). Prior to implantation, themean huGM-CSF secre-

tion was 98 ng/24 h/capsule in the GEN-1 device, and 149 ng/24 h/capsule in the Myo-P device. After

explantation, the mean GM-CSF secretion was 28 ng/24 h/capsule in the GEN-1 device, and 137 ng/24

h/capsule in the Myo-P device. In the adjacent tissue, the mean GM-CSF concentration was 275 pg/mg

of protein in the GEN-1 device, and 1195 pg/mg of protein in the Myo-P device. In the serum, the mean

GM-CSF level was 35 pg/mL in the GEN-1 device, and 600 pg/mL in the Myo-P device. Overall secretion,

serum and tissue concentration results support the superior protein delivery performance of the Myo-P de-

vice over its predecessor. In another experiment, we maintained Myo-P devices containing human

myoblast cells secreting huGM-CSF (MVX-2/CCOS1901) in culture for 33 months, and the secretion of

A

B C D

Figure 2. Mechanical characterization of the Myo-P device versus GEN-1 device

(A) SEM images of the Myo-P device after distal sealing with MD1180 and MD1187 adhesives, respectively.

(B–D) Characterization of the transmembrane flow properties and mechanical robustness of the Myo-P device in

comparison to the GEN-1 device: (B) transmembrane flow pressure test (n = 3), (C) membrane tension at break (n = 20),

and (D) membrane plasticity (n = 5). ** means significant difference (t-test) and p < 0.01; **** means significant difference

and p < 0.0001.

See also Table S2.

ll
OPEN ACCESS

4 iScience 26, 107372, August 18, 2023

iScience
Article



huGM-CSF in culture supernatant ranged from 613 to 1173 ng/24 h/capsule over time (Figure 4A). We pre-

viously showed that Myo-P encapsulated huGM-CSF and anti-CD20 antibody-secreting cells implanted in

the subcutaneous tissue of Rag2/IL2rg�/� mice produced both proteins to a measurable extent in the

serum over 43 weeks33 The latter model does not develop functional B, T, and NK cells, which results in

a deficient adaptive immune response. It was selected to mitigate the effect of xenogeneic engineered

transplanted cells on the immune system and avoid a neutralizing anti-drug response that may have altered

the blood level of delivered recombinant protein.34,35 Finally, we examined the impact of our standardized

freezing and thawing procedures on the potency of MVX-2-loaded Myo-P devices (Myo-P2) (Figure 4B). A

batch of 24 capsules was split into two sub-batches of 12 capsules. In the first sub-batch, the capsules were

frozen and thawed, whereas in the second sub-batch, capsules were kept in culture. The freezing medium

was specifically developed to be used with our device, as dimethyl sulfoxide, which is the usual cell cryo-

protectant of choice, damages the membrane. The huGM-CSF secretion from both frozen and non-frozen

encapsulated MVX-2 cells was comparable, ranging between an average of 900 ng/24 h/capsule and

2300 ng/24 h/capsule at all timepoints. These results suggest that both small (cytokines) and large mole-

cules (antibodies) can be secreted by Myo-P encapsulated cells for several months, and that Myo-P encap-

sulated cells secretion is not hampered post-freezing.

Versatility of the Myo-P device

Myo-P devices were simultaneously loaded with a combination of two different cell lines stemming from the

same parental lineage (IHM-2/CCOS1902). Wild type (WT) cells, huGM-CSF-secreting (MVX-2/CCOS1901)

A B

C D

Figure 3. Performance characterization of the Myo-P device versus GEN-1 device

HuGM-CSF-secreting K562 cells (1M) were encapsulated in the GEN-1 device and in the Myo-P device, respectively.

Devices were subsequently implanted into C57BL/6 mice and kept for one week in the mice.

(A) Scheme of the experimental procedure used to generate figures B–D.

(B) Prior to implantation, a 24-h release was performed to measure the huGM-CSF secretion by ELISA. Capsules were

explanted after one week, and the day after the explantation, a 2-h release was performed to measure the huGM-CSF

secretion by ELISA.

(C) Samples of tissue adjacent to the capsule were collected to quantify huGM-CSF levels.

(D) Serum samples were collected from implanted mice to quantify huGM-CSF levels.

(B–D) Each bar represents meanG SD of n = 8–10 replicates. * means significant difference (t-test) and p < 0.05; *** means

significant difference and p < 0.001; **** means significant difference and p < 0.0001.
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cells, and anti-CTLA4 antibody-secreting (MVX-3) cells were encapsulated either alone or in pairs, at

defined concentrations. Devices were maintained in culture for 21 days, and the expression of huGM-

CSF and anti-CTLA4 antibody was quantified by ELISA over time (Figures 5F and 5G). Myo-P devices

loaded with 1 M of MVX-2 cells produced an average of 945 ng/24 h/capsule on Day 1 and reached a

plateau from seven days onwards (1448 ng/24 h/capsule at Day 7 and 1483 ng/24 h/capsule on Day 21).

Myo-P devices loaded with half the MVX-2 cells (0.5 M) produced on average approximatively half of the

huGM-CSF (423 ng/24 h/capsule) on Day 1 compared to the ones loaded with 1 M of MVX-2 cells. Their

production capabilities progressively increased to reach an average of 1405 ng/24 h/capsule at Day 21,

which is the same level as the Myo-P devices loaded with 1 M of MVX-2 cells. The same trend was observed

in Myo-P devices loaded with two different cell lines: 0.5 M of MVX-2 cells with either 0.5 M of MVX-3 or

0.5 M of WT cells. At Day 1, the average GM-CSF secretion level was 436 ng/24 h/capsule in the MVX-

2+WT group, and 457 ng/24 h/capsule in the MVX-2+MVX-3 group. The average secretion slightly

increased and reached a similar level in both groups at Day 21 (702 ng/24 h/capsule in the MVX-2 + WT

group, and 719 ng/24 h/capsule in the MVX-2 + MVX-3 group). Myo-P devices loaded with 1 M of

MVX-3 cells produced an average of 3395 ng/24 h/capsule of anti-CTLA4 antibody at Day 1 andmaintained

their secretion to reach an average of 2980 ng/24 h/capsule at Day 21. Myo-P devices loaded with half the

MVX-3 cells (0.5 M) secreted 1264 ng/24 h/capsule at Day 1 and increased their secretion until reaching a

plateau at Day 4 to reach an average production of anti-CTLA4 antibody of 2184 ng/24 h/capsule at Day 21.

Myo-P devices loaded with 0.5 M of MVX-3 + 0.5 M of MVX-2 cells produced an average of 1382 ng/24

h/capsule of anti-CTLA4 antibody at Day 1 and 821 ng/24 h/capsule at Day 21. The same trend was

observed in Myo-P devices loaded with 0.5 M of MVX-3 + 0.5 M of WT cells, with an anti-CTLA4 antibody

production of 1637 ng/24 h/capsule at Day 1 and 1045 ng/24 h/capsule at Day 21.

In a second experiment, Myo-P devices loaded with the same combinations of cell lines were implanted

into C57/BL6 mice and kept for one week subcutaneously. A 2-h in vitro release was performed before

A

B

Figure 4. Functional characterization of the Myo-P device for sustained protein delivery and clinical

translatability

(A) Devices containing MVX-2 cells were maintained in culture for 33 months, and the expression of huGM-CSF was

quantified by ELISA over time. Each dot represents mean G SD of n = 7 replicates.

(B) MVX-2 cells were either encapsulated and immediately maintained in culture for 90 days, or encapsulated, frozen and

thawed, then subsequently maintained in culture for 90 days. The expression of huGM-CSF was quantified by ELISA over

time. Each dot represents mean G SD of n = 12 replicates. See also Table S3.
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implantation and immediately after explantation to measure the huGM-CSF, and anti-CTLA4 antibody

secretion by ELISA. After explantation, GM-CSF secretion substantially decreased in all groups (Figure 5B).

Myo-P devices loaded with 1M of MVX-2 cells produced on average 1136 ng/24 h/capsule of GM-CSF at

baseline and 236 ng/24 h/capsule after explantation. Similarly, Myo-P devices loaded with 0.5 M of

MVX-2 cells produced on average 624 ng/24 h/capsule of GM-CSF at baseline and 236 ng/24 h/capsule

A B

C D

E F

G H

Figure 5. Versatility of the Myo-P device

Wild type cells (WT), huGM-CSF-secreting cells (MVX-2) and anti-CTLA4 antibody secreting cells (MVX-3) were

encapsulated either alone or in combination, at different concentrations in the Myo-P device.

(A) Scheme of the experimental procedure.

(B) Histological section of the Myo-P device (without reinforcement coil for imaging purpose) loaded with MVX-2 cells

after one week implantation in the mouse subcutaneous tissue. H&E staining of the myoblast cells in the Myo-P device

(arrow), as well as the external cells (dots). Asterisk depicts the semi-permeable membrane. Arrowhead points to the yarn

that optimizes the spatial distribution and provides a physical support for adherent cells.

(C–F) Devices were subsequently implanted into C57/BL6 mice and kept for one week in the mice. A 24-h in vitro release

was performed before implantation and after explantation to measure the huGM-CSF (C) and anti-CTLA4 antibody (D)

secretion by ELISA. (E and F) Serum samples were collected from implanted mice to quantify huGM-CSF (E) and anti-

CTLA4 antibody (F) levels by ELISA. (C–F) Each bar represents mean G SD of n = 10 replicates.

(G and H) Devices were maintained in culture for 21 days and the expression of huGM-CSF (G) and anti-CTLA4 antibody

(H) was quantified by ELISA over time. (G and H) Each dot represents mean G SD of n = 5 replicates.

** means significant difference (t-test) and p < 0.01; *** means significant difference and p < 0.001; **** means significant

difference and p < 0.0001. ns means non-significant difference.
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A B

C D

E F

Figure 6. Local pharmacokinetic and pharmacodynamic profile of Myo-P device loaded with huGM-CSF-secreting

cells (MVX-2) implanted in an ex vivo human skin model

(A) Scheme of the experimental procedure. Myo-P device (empty or with MVX-2 cells) or bolus huGM-CSF (25 ng) was

subcutaneously implanted or injected, respectively, in HypoSkin models. Punch biopsies were sampled at Day 1, 3, 5 and

7 after implantation.

(B) Top view of the HypoSkin model. The arrows are pointing to the distal and proximal ends of the Myo-P device. Asterisk

depicts the location of the bolus injection of GM-CSF. The dotted circle depicts the location punch biopsy.

(C) Prior to implantation, a 24-h release was performed to measure the huGM-CSF secretion by ELISA.

(D) Devices were subsequently implanted into HypoSkin models and kept for up to one week, according to the scheme of

experiment. Tissue samples were collected to quantify huGM-CSF levels by ELISA. Each dot represents mean G SD of

n = 3 replicates.
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after explantation. The same trend was observed in Myo-P devices loaded with two different cell lines: the

GM-CSF-secreting capabilities decreased from an average of 483 ng/24 h/capsule at baseline to 263 ng/24

h/capsule post-explantation in Myo-P devices loaded with 0.5 M of MVX-2 + 0.5 M of WT cells, and from an

average of 631 ng/24 h/capsule to 134 ng/24 h/capsule in Myo-P devices loaded with 0.5 M of MVX-2 +

0.5 M of MVX-3 cells. While a similar trend was observed for the anti-CTLA4 antibody-secreting capabilities

in Myo-P devices loaded with MVX-3 cells alone, it was not observed in Myo-P devices loaded with two

different cell lines (Figure 5C). Myo-P devices loaded with 1 M of MVX-3 cells produced an average of

3220 ng/24 h/capsule at baseline and 2089 ng/24 h/capsule post-explantation, and Myo-P devices loaded

with 0.5 M ofMVX-3 cells produced 1427 ng/24 h/capsule at baseline and 657 ng/24 h/capsule after explan-

tation. In Myo-P devices loaded with two different cell lines; the anti-CTLA4 antibody-secreting capabilities

did not decrease significantly. Serum from implanted mice was also collected at Day 7 post implantation,

for both GM-CSF and anti-CTLA4 antibody quantification by ELISA. Serum level of GM-CSF reached an

average of 643 and 497 pg/mL in mice implanted with 1M and 0.5 M of MVX-2 cells, respectively, and an

average of 384 and 261 pg/mL in in mice implanted with 0.5 M of MVX-2 cells +0.5 M of WT cells and

0.5 M of MVX-2 cells +0.5 M of MVX-3 cells, respectively (Figure 5D). Serum level of anti-CTLA4 antibody

reached an average of 30.1 and 6.8 ng/mL in mice implanted with 1M and 0.5 M of MVX3 cells, respectively,

and an average of 10.1 and 15.6 ng/mL in in mice implanted with 0.5 M of MVX-3 + 0.5 M of WT cells and

0.5M ofMVX-3 + 0.5M ofMVX-2 cells, respectively (Figure 5E). Overall secretion levels tend to indicate that

confluence is reached with 1 M loaded cells. Secretion and serum levels are consistently reflecting the num-

ber of cells loaded in Myo-P devices, and the results support the absence of cell-cell interaction that would

impair the secretion capably in the Myo-P device.

In a third experiment, Myo-P devices built without reinforcement coil for imaging purposes were loaded

with 1 M MVX-2 cells. After one week in the mouse subcutaneous tissue, many viable myoblastic cells

are observed in the inner chamber (Figure 5H), suggesting that the Myo-P device effectively protects its

cargo against external cells. Myo-P biocompatibility was characterized according to the EN ISO 10993.30

The results are outlined in Table S3. The biological evaluation of all data, including information gathered

from published scientific literature on top of the favorable biocompatibility results, supports the accept-

able biocompatibility profile of the Myo-P device for use as intended in adults. The reversibility of the inter-

vention along with the fact that the encapsulated cells never enter into direct contact with the host strongly

mitigate the risk of inflammation at implantation site.

Potential therapeutic application of Myo-P2 as adjuvant

Myo-P devices loaded with huGM-CSF-secreting (MVX-2) cells were subcutaneously implanted in an

ex vivo human skin model for seven days (Figures 6A and 6B). MVX-2 cells were selected because

they are a nontumorigenic, human myoblast cell line which displays contact inhibition, are amenable

to genetic modification, and have been characterized for clinical use.33 The huGM-CSF, as well as a

selected panel of proinflammatory cytokine concentrations, was measured in adjacent tissue at days 1,

3, 5, and 7 to characterize both the pharmacokinetic and the pharmacodynamic of the intervention. A

25-ng bolus injection of recombinant huGM-CSF was used as comparator. Such dose was selected to

match the acceptable range defined in the target product profile of MVX-ONCO-1.24 AUC was 27445

a.u. (SD 8541, 95% CI 10704 to 44185) in the Myo-P group, and 1876 au (SD 417.2, 95% CI 1059 to

2694) in the bolus injection group (Figure 6D). The average tissue concentration over seven days of three

pro-inflammatory cytokines previously described as related to GM-CSF, namely TNF alpha, IL-1 Beta and

IL-12,36,37 was significantly higher in the Myo-P group than in the bolus injection group (Figures 6E and

6F). The results suggest that the Myo-P device enables the production of immunomodulatory cytokines,

such as GM-CSF, by encapsulated cells for up to seven days in human skin. The extended production is

consequently reflected by a distinctive prolonged, local pharmacodynamic effect compared to the bolus,

as demonstrated by the tissue concentration of three pro-inflammatory cytokines in specific response to

GM-CSF.

Figure 6. Continued

(E and F) Proinflammatory cytokines were also quantified by multiplex from tissue samples. (E) Proinflammatory cytokines

levels at each time points. (F) Mean levels of proinflammatory cytokines over 7 days. (E and F) Each bar represents meanG

SD of n = 3 replicates. Statistical significance of AUC was assessed by two-way analysis of variance followed by Tukey’s

multiple comparison test. **** means significant difference and p < 0.0001. For comparison between 2 groups, statistical

significance was assessed by Student’s t test. * means significant difference and p < 0.05.
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Figure 7. Demonstration of Antigen-Presenting Cell (APC) mobilization and activation by the Myo-P device

loaded with huGM-CSF-secreting cells (MVX-2) in an ex vivo human skin model

(A) Scheme of the experimental procedure. Myo-P devices (empty or with huGM-CSF-secreting cells) were

subcutaneously implanted in Hyposkin models. Punch biopsies were sampled at Day 1, 3, 5 and 7 after implantation (only

at Day 3 for the empty Myo-P).

(B) Top view of the HypoSkin model. The arrow is pointing to the Myo-P device.

(C) Prior to implantation, a 24-h release was performed to measure the huGM-CSF secretion by ELISA.

(D) Digital maps showing the spatial organization of APCs at the implantation site at Day 3. The white dotted line indicates

the location of the Myo-P/sham device. Populations of Langerin+ dermal DCs and Langerhans cells were found closer to

the site of the Myo-P2 condition.

(E) Heatmap of implantation site at Day 3 showing an induction of a population of Langerhans cells that express CD45+

CD1c- CD207+ pan-HLA+ CCR7+ CD40high CD80+ CD83high CD86�only in the GM-CSF treated condition.
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In a different experiment conducted in the same model, we explored the Antigen-Presenting Cell (APC)

mobilization and activation by the Myo-P2 device. We used Multiplex ANnotated Imaging System

(MANTIS)38 and bulk RNA sequencing (Figures 7A and 7B) to characterize the pharmacodynamic signature

of the intervention over 7 days. Antigen-Presenting Cell (APC) populations, including Langerhin+ dermal

DCs and Langerhans cells were found closer to the site of the Myo-P2 device than the sham device at Day 3

(Figure 7D). Two APC populations exhibited a hyper-activated phenotype only in Myo-P2 treated condi-

tion, with Langerhans cells CD45+ CD1c- CD207+ CD80+ CD40high CD83high (Figure 7E) and dermal

Langerin+ dendritic cells CD45+ CD1c+ CD207+ CD40medCD83med CCR7med pan-HLAmed (Figure 7F).

The major effect of the Myo-P2 on gene expression over time was observed from Day 1 to Day 3; 119 genes

were differentially expressed in the Myo-P2 versus only 6 in the sham device group (Figure 7G). Volcano

plots representing the statistically significant DEGs at Day 1, 5 and 7 are described in Figure S1. These

genes are mainly related to immune cell chemotaxis, antigen presentation and immunoglobulin produc-

tion (Tables S4–S6).39,40 An increasing amount of activated dendritic cells was observed in the Myo-P2

group over time (Figure 7H) compared to the sham device group. Overall, when evaluating the differences

in the immune profiling and spatial distribution of immune cells in human skin tissue, the results highlight a

clear increase, mobilization and activation of 2 populations of skin APCs in the Myo-P2 treated condition

compared to the sham device.

DISCUSSION

The delivery of therapeutic proteins by genetically engineered, encapsulated cells could emerge as an

alternative to repeated bolus administrations, and potentially improve chronic disease management.2,41

Here, we have developed the Myo-P device; an implant for the delivery of therapeutic proteins, that is fully

biocompatible, scalable, and easy to administer, retrieve or replace. We were able to demonstrate the

improved features of theMyo-P device compared to its predecessor, the GEN-1 device, towardmechanical

and functional performance. The matrix incorporated in the Myo-P allows for suspension cells to grow and

survive with optimized spatial distribution, and adherent cells such as myoblasts, to attach and fuse

together to form myotubes.15,19 Both the in vitro and in vivo secretion capacity are improved with the

Myo-P device compared to the GEN-1 device; with the same secreting cell line at the same concentration,

the in vitro secretion of huGM-CSF was 1.5 times higher with theMyo-P than with the GEN-1 device at base-

line, and the tissue concentration of huGM-CSF was 4 times higher and the serum concentration was 17

times higher in the Myo-P than in the GEN-1 device seven days post implantation. The built-in polypro-

pylene thread embedded in the proximal glue point of the retrieval tube provides the user with a ready-

to-use device, instead of requiring the user to attach a suture to the hook prior to implantation, as was

the case with the GEN-1 device. The Myo-P device administration procedure in humans remains the

same as the GEN-1 device administration procedure, which is straightforward for physicians, and not

burdensome for patients.26

Both suspension and adherent cells were loaded into the Myo-P device, cultured in vitro and implanted in

mice. The results demonstrated that both types of cell line survive well in the Myo-P device in vitro and

in vivo. Different cell lines secreting different proteins can also be combined in the Myo-P device, and

the secretion capability of the transgene of interest can be adjusted by adapting the proportion of cells

in the device. Several devices can easily be co-administered, which makes the technology scalable in vivo.

Recent investigations have shown that tumor-adjacent administration of different encapsulated proinflam-

matory cytokines demonstrated predictable dose modulation with spatial and temporal control and

enabled cancer immunotherapy without systemic toxicities.42 Combining different cytokine-secreting cells

in theMyo-P device could lead to effective cytokine therapy, without requiring high-dose infusions that can

result in anti-drug antibodies and/or systemic side effects that limit long-term benefits.43 This technology

Figure 7. Continued

(F) Heatmap of implantation site at Day 3 showing an induction of a population of Langerin+ dermal dendritic cells that

express CD45+ CD1c+ CD207+ pan-HLAmed CCR7med CD40med CD80� CD83med CD86�only in the MVX-2 treated

condition.

(G) Volcano plot representing the statistically significant DEGs at Day 3. Scatterplots showed the -log 10 of the false

discovery rate (FDR) versus the log of magnitude of change (fold change). Upregulated genes are in blue, and

downregulated genes are in red.

(H) Immune cell type abundance at Day 1, 3, 5 and 7 in the GM-CSF treated condition (labeled MVX-2), and Day 3 in the

control.

See also Figures S1, S2, and Tables S4–S6.
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could also improve the synergy between proteins with suboptimal systemic delivery such as GM-CSF and

anti-CTLA4 antibody for anti-cancer therapy.44,45 In a proof-of-concept experiment for the long-term de-

livery of therapeutic protein, we demonstrated that Myo-P-encapsulated myoblast cells maintain their

secretion capabilities and produce measurable levels in the blood for more than 9 months in a murine

model. We also demonstrated that the Myo-P device effectively protects its cargo against external cells.

It is interesting to speculate that the function of the secreted molecule by the encapsulated cells matters

and may impact the scope and the duration of the intended application: while the delivery of molecules

with a distant target can be extended to several months, delivery of inflammatory molecules should be

limited to several days. Indeed, both the inward diffusion of nutrients, trophic factors and oxygen, essential

for the survival of encapsulated cells, and the outward diffusion of the therapeutic protein are likely to be

impaired by the influx and clustering of immune cells around the device.46 In both cases, further investiga-

tions in disease models are required.

A major logistical aspect to consider during the development of a clinically translatable implant for the de-

livery of therapeutic protein is its ability to endure freezing, storage in liquid nitrogen, and thawing.47 To

assess such features, Myo-P devices were loaded with MVX-2 cells, subsequently frozen and stored in liquid

nitrogen. Devices were then thawed and cultured in vitro. Their secretion capability was comparable to the

ones that remained in culture after loading. The variability is inherent to the biologic nature of the ELISA

assay and remains within the acceptable tolerance of suitable analytical methods.48

We also investigated the potential of Myo-P devices loaded with GM-CSF secreting cells to mobilize and

activate APCs in a human skin model. GM-CSF-based vaccines have been shown to elicit potent antitumor

and antiviral immune responses in preclinical experiments, as well as in some clinical studies,49–54 andmany

concluded that both the delivery and the dosematters.55,56 While sustained, low doses of GM-CSF at vacci-

nation sites might increase the vaccine-induced immune response, systemic administration of high doses

(100 mg–500 mg) of GM-CSF might mediate an immune suppression by activating and expanding myeloid

suppressor cells.57–60 First, we investigated the effect of sustained exposure to huGM-CSF in models

implanted with Myo-P2 devices over seven days, compared with a bolus injection of recombinant huGM-

CSF. In this experiment, we observed a higher exposure to huGM-CSF over seven days along with a higher

expression of proinflammatory cytokines in response to huGM-CSF in the Myo-P2 device group compared

to the bolus.36,37,61 Finally, we characterized the immune cellmobilization and activation byMyo-P2 devices.

The threemain skin APC subtypeswere detected in both the treated and the control conditions (Langerhans

cells, Langerin+Dermal dendritic cells and dermal dendritic cells). Both the Langerhans cells and Langerin+

dermal dendritic cell populations exhibited a hyper-activated phenotype in the Myo-P2 condition. These

two populations express most of required co-stimulatory molecules to trigger naive T cell activation.62,63

In addition, the population of Langerin+ dermal dendritic cells was found closer to the site of capsule im-

plantation and expressedCCR7, which is amajor chemokine receptor involved in the homing to the draining

lymph node.64,65 Based on this preliminary analysis, it is interesting to speculate that the latter population

could be the one that would uptake the antigens andmigrate to trigger an adaptive immune response in the

draining lymph node. Further investigations would be required to affirm such speculation. To further char-

acterize the local pharmacodynamic effects, the gene expression was also analyzed by bulk RNA

sequencing. From Day 1 to Day 3, the Myo-P2 device had a clear impact on gene expression, with 119

DEGs versus only 6 in the sham device group. In the treated condition, upregulated genes were related

to immune cell chemotaxis, antigen presentation, immunoglobulin production, other immune functions,

and tissue remodeling.66 Two trends were identified. On the one hand, upregulated gene expressions

were related to adaptive immunity, in particular to attraction and migration of T-cells and dendritic cells:

at all time-points, CCL17, which is involved in trafficking and activation of mature T-cells, was highly overex-

pressed.67,68 DEGs suggested the involvement of leukocytes, particularly onDay 3.On the other hand, gene

expressions which were downregulated were linked to host defense against pathogens, inhibition of the

T cell response andmast cells, suggesting a downregulation of innate immunity (Tables S4–S6).69Other pro-

cesses were detected in response to Myo-P2s: cell division (Day 1), extracellular matrix remodeling (with

high upregulation of MMP12 over seven days), cell metabolism, and skin homeostasis (Days 5 and 7). These

results suggest huGM-CSF released by Myo-P2 devices in HypoSkin for seven days activates at least two

populations of antigen-presenting cells over time, and stimulates skin-resident immune cells, with T cell,

dendritic cells and neutrophil attraction and migration. It bolsters the exploration of Myo-P2 devices as

adjuvant in cancer immunization schemes. Overall, we believe that our technology may contribute to cell

therapies in different indications, and potentially improve the management of chronic diseases.
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Limitations of the study

There are several limitations to studies presented in this report. First, systemic protein delivery was as-

sessed with encapsulated human cells secreting human proteins in a murine model; the xenogeneic nature

of the encapsulated cells may have triggered an adaptive immune response altering the blood level of

delivered protein, which may not accurately reflect an allogeneic setting. Second, for the in vivo work, a

1-week implantation period was defined. Here again, it is partly due to the xenogeneic nature of the inter-

vention as the component of the immune response directed against xenogeneic antigens is typically very

strong. In all GM-CSF/anti-CTLA-4 related experiment, we defined the duration of 1-week because the aim

is immunization. Additional in vivo work should be performed in an appropriate model to show the in vivo

function of the technology for longer than 100-day, which is typically considered a threshold for assessing

mitigation strategies against chronic rejection. Third, the key observations related to the potential thera-

peutic application of the Myo-P2 as adjuvant in cancer immunization strategies were performed in an

ex vivo human skin model. Such model holds the features and functionalities of in vivo human skin, with

all skin and immune cells, and generate predictive human data. It is suitable for local pharmacological char-

acterization; however, it may not accurately reflect a fully vascularized human skin. Finally, it was not

possible to explore comparative multiplexed imaging between the Myo-P2 and the bolus injection of

GM-CSF and, as such, the sham device was used as control: while it is easy to locate devices, the precise

location of the bolus is difficult to determine in 3D and less reliable to assess cell mobilization in that partic-

ular case. The latter limitation is mitigated by the similar pharmacodynamic profile between the bolus in-

jection and the sham device (Figures 6E and 6F). Nevertheless, despite these limitations we believe these

data provide a ground for further exploring this technology in therapeutic models.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Julien Grogg (jgrogg@maxivax.ch).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD45 Monoclonal antibody [HI30], Alexa FluorTM 532 ThermoFisher Scientific 58-0459-42

Recombinant anti-CCR7 antibody [Y59], Alexa Fluor 488 Abcam ab196459

Recombinant anti-CD80 antibody [EPR1157(2)] Abcam ab134120

ZenonTM rabbit IgG labeling kit, Alexa FluorTM 594 ThermoFisher Scientific Z25307

Anti-human CD83 antibody [HB15e], APC/Cyanine7 Biolegend 305329

Anti-human CD86 antibody [IT2.2], Brilliant violet 650TM Biolegend 305427

Anti-CD40 monoclonal antibody [LOB7/6] ThermoFisher Scientific MA1-80926

ZenonTM rabbit IgG2a labeling kit, Alexa FluorTM 647 ThermoFisher Scientific Z25108

Anti-human HLA-DR, DP, DQ antibody [Tü39], PE/Cyanine7 Biolegend 361707

Anti-Langerin/CD207 antibody [923B7], Alexa FluorTM 546 Novusbio DDX0373A546

Anti-CD1c monoclonal antibody [L161], PerCP-eFluorTM710 ThermoFisher Scientific 46-0015-42

Chemicals, peptides, and recombinant proteins

E. coli-derived human GM-CSF protein Biotechne R&D systems 215-GMP

RNeasy Plus Mini KIT Qiagen 74104

Critical commercial assays

V-PLEX Plus Human GM-CSF Kit Mesoscale Discovery K151RIG

V-PLEX Plus Proinflamatory Panel 1 Human Kit Mesoscale Discovery K15049G-1

GM-CSF Human ELISA Kit ThermoFisher Scientific KHC2011

IgG (Total) Human ELISA Kit ThermoFisher Scientific BMS2091

Experimental models: Cell lines

K562 cells secreting huGM-CSF This paper MVX-1

Immortalized human myoblast cells CCOS 1902

Immortalized human myoblast cells secreting huGM-CSF CCOS 1901

Immortalized human myoblast cells secreting anti-CTLA-4 This paper MVX-3

Experimental models: Organisms/strains

Mouse: C57BL/6NCrl Charles River 027

HypoSkin XL Genoskin SAS HPS004-10

Software and algorithms

MANTIS software Genoskin SAS https://doi.org/10.1101/2023.01.13.523748

Prism 9.5.1 GraphPad https://www.graphpad.com/scientific-

software/prism/

Other

Monochromated field emission scanning electron microscope NIST HELIOS 660

Dynamic tensile and compression test stand Mecmesin (Mecmesin Multitest-1)
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Materials availability

This study did not generate new unique reagents. There are restrictions to the availability of the Myo-P de-

vice generated in this study due to the proprietary nature of this technology. Distribution for research pur-

poses is possible under MTA.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any reasonable information request related to the data reported in this paper is available from the lead

contact.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Adult C57BL/6J female mice from 7 to 12 weeks were purchased from Charles River Laboratories (France).

Animals were group housed in a specific pathogen-free environment, at 21�C and 29% humidity, with light-

ing on a 12 h light/dark cycle. Mice were allowed to acclimate for at least 2 weeks before any manipulation.

All experiments were performed according to local animal care regulation (Geneva) by trained and licensed

personnel. The study protocol was reviewed and approved by the Committee for Animal Research Ethics at

the University of Geneva and by the Cantonal Committee for Animal Experimentation, as per Swiss Federal

law (study protocol GE/62/20).

Ex vivo human skin model

The HypoSkin model is a validated clinical skin model from Genoskin. It contains living ex vivo human skin

biopsies with attached subcutaneous adipose tissue harvested from both male and female healthy donors.

Gender has no influence on the results of the study provided. The epidermis, dermis, and subcutaneous fat

of human origin are embedded in a proprietary solid matrix, with the epidermal surface in direct contact

with ambient air, which maintain all tissues alive and fully immunocompetent for more than 7 days70 Ano-

nymized healthy human skin samples were obtained from donors that underwent abdominoplasty proced-

ures and had given their written informed consent. Donors did not have any record of allergies or derma-

tological disorders and did not use corticosteroids. Genoskin has obtained all legal authorizations

necessary from the French Ministry of Higher Education, Research and Innovation (AC-2017-2897) and

the Personal Protection Committee (2017-A01041-52). All studies were conducted according to Declara-

tion of Helsinki protocols.

Media and reagents

The medium used for the culture of all myoblast cell lines is a customized growth medium (GM) prepared

with Ham’s F-10 Nutrient Mix GlutaMAX Supplement (Gibco, 41550021) and supplemented with 15% FBS,

0.5 mg/mL bovine serum albumin (BSA) (Sigma Aldrich, A4503), 0.5 mg/mL fetuin (Desert Biological,

302070), 10 ng/mL epidermal growth factor (R&D Systems, 236-GMP-200), 0.39 mg/mL dexamethasone

(PharmaServ, 8016), 0.04 mg/mL insulin (Sigma Aldrich, I9278), 149 mg/mL creatine monohydrate

(PharmaServ, 8114), 100 mg/mL pyruvate (Gibco, 11360039), 50 mg/mL uridine (Sigma Aldrich, U3003)

and 5 mg/mL gentamycin (Gibco, 15710049).

METHOD DETAILS

Device manufacturing

The manufacturing process of both the GEN-1 and the Myo-P devices was developed and supported by

feasibility assessments, parameter optimization, scale-up trouble shooting, and engineering batches.

Both devices have essentially two parts: a semi-permeable HFM reinforced by a stainless steel helicoid

coil, and a retrieval tube on the proximal end of the device. Both the GEN-1 and the Myo-P devices

were prepared with a 13 mm (+/� 0.5 mm) long HFM section (ID 0.7 mm) and were assembled according

to the description presented in Figures 1A–1C). The characteristics of both the GEN-1 and theMyo-P HFMs

are described in Table S1. Due to the design and material specifications of the capsule, the sterilization

process is performed with ethylene oxide (EO) at 55�C. The capsules go through a degassing phase to
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allow for adequate EO desorption. After sterilization, biological indicators are analyzed to validate the ster-

ilization process.

Mechanical characterization

The samples were characterized by different analytical techniques. Scanning electron microscopy (SEM)

was performed by using a monochromated field emission scanning electron microscope (HELIOS 660).

Tension at break and transmembrane flow pressure were performed using a dynamic tensile and compres-

sion test stand (Mecmesin Multitest-1) with a 10N calibrated cell. Membrane tension at break was assessed

on 13-mm (+/� 0.5 mm) long HFM sections (n = 20) in each group, with a traverse speed set at 2 mm/s.

Transmembrane flow pressure was assessed by injecting HTF culture medium with 10% albumin in

13-mm (+/� 0.5 mm) long HFM sections (n = 3) with a traverse speed set at 2 mm/s. The sections of mem-

brane used in this experiment were obstructed with a UV-curable adhesive (Dymax MD1187). Elasticity was

assessed by applying an angulation to 13-mm (+/� 0.5 mm) long HFM sections until plastic deformation

(n = 5).

Cell encapsulation

All cell lines were cultured in T-Flasks at a defined density (cell/cm2), in a defined volume of culture medium

and incubated for 24 h as described above. Given the adherent nature of the MVX-2 (human GM-CSF-

secreting cells/Culture Collection Of Switzerland (CCOS) 1901) and the MVX-3 (anti-human CTLA4 anti-

body-secreting cells) human myoblast cells, a trypsinization process was required to pass and count cells.

All cell lines were counted in duplicate with an automated cell counter (Countess II device, Thermo Fisher

Scientific) and resuspended in culture medium. Each capsule was loaded with 30 mL of the cell suspension

containing 1 M of cells through a loading tube (vasculon). After loading, the vasculon was cut and capsules

were sealed with UV-curable adhesive (GEN-1 device with Dymax MD1180, and Myo-P capsules with

MD1187). Capsules were placed in 12-well plates containing 2 mL of culture medium per well and main-

tained in a humidified incubator with 5% CO2 at 37
�C.

Freezing and thawing of loaded Myo-P capsules

Before freezing, capsules were loaded using the same procedure previously described, except that the

cells were resuspended in freezing medium (culture medium supplemented with 10% glycerol (Sigma Al-

drich, 49767)) instead of normal culture medium. Capsules were then placed in silicone tubes prefilled with

freezing medium, and the latter were subsequently transferred into cryotubes. Cryotubes were immedi-

ately placed in a CoolCell freezing chamber (Corning) and frozen at �80�C overnight, then stored in liquid

nitrogen. Capsules were thawed by placing the frozen silicone tube in which they were contained into a

10-cm Petri dish filled with pre-warmed (37�C) culture medium immediately after being taken out of liquid

nitrogen. Then, capsules were removed from the silicone tubes and placed in 12-well plates containing

2 mL of culture medium and maintained in a humidified incubator with 5% CO2 at 37
�C.

Implantation of capsules in mice

Adult mice received a subcutaneous injection of 0.1 mg/kg buprenorphine for analgesia 20 min before

anesthesia. Afterward, mice were anesthetized with isoflurane and a capsule was implanted in the subcu-

taneous tissue of the flank in each mouse using a trocar. The wound was sutured with surgical staples and

animals recovered in their home cage. After surgery, analgesia was provided with 2 mg/mL acetaminophen

added to the drinking water for three days. At sacrifice, blood was collected by terminal cardiac puncture

under anesthesia with xylazine and ketamine. The tissue around the capsule was snap frozen in liquid nitro-

gen. Capsules were dissected and retrieved from the mice and were placed in culture medium for further

quantification of Protein of Interest and then fixed for further histological analysis.

Implantation in an ex vivo human skin model

The HypoSkin models weremounted on cell culture inserts, loaded in multi-well companion plates with lids

containing proprietary medium. This medium was free of serum, growth factors, phenol red, or hydrocor-

tisone. The plates were then kept at 37�C with 5% CO2. Capsules were implanted between the hypodermis

and the dermis using a 14G catheter (BD Insyte SKU 381467), and biopsies were collected at different

timepoints.
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Tissue preparation

Punch biopsies were mechanically dissociated in gentleMACS M Tubes (Miltenyi Biotech, 130-093-236) us-

ing the GentleMACS protein program. Tissue samples were processed in 500 mL of T-PER Tissue Protein

Extraction Reagent (Thermo Fisher Scientific, 78510) and cOmplete, Mini, edetic acid (EDTA)-free Protease

Inhibitor Cocktail Tablets (Sigma Aldrich, 04693159001). After dissociation, samples were centrifuged, and

the supernatant was collected and analyzed for protein quantification.

Protein quantification

All recombinant protein secreted by encapsulated cells, as well as their presence in the blood or in the tis-

sue of animal and human models were quantified by immunoassay. After cell encapsulation and mainte-

nance, capsules were transferred into 12-well plates containing 2 mL of fresh culture medium and main-

tained in a humidified incubator with 5% CO2 at 37�C for 2 to 24 h. The medium was then collected for

analysis. Results were reported in ng/24 h/capsule. Tissue lysates of human origin were analyzed with

the V-PLEX Plus Human GM-CSF Kit (Mesoscale Discovery, K151RIG) and the V-PLEX Plus Proinflamatory

Panel 1 Human Kit (K15049G-1), and results were reported in pg/125 mg total protein. Tissue lysates of mu-

rine origin were analyzed with the GM-CSF Human ELISA Kit (Thermo Fisher Scientific, KHC2011), and re-

sults were reported in pg/mg total protein. Antibodies were quantified with an IgG (Total) Human ELISA Kit

(Thermo Fisher Scientific, BMS2091). All protocols were applied according to the manufacturer’s

instructions.

Multiplexed imaging

For imaging purposes, 40 mm OCT tissue sections were blocked and permeabilized with PBS, 0.5% BSA,

0.3% Triton X-100 at room temperature, then incubated with fluorophore-coupled antibodies overnight

at 4�C in the dark. The sections were then washed three times in PBS, 0.5% BSA, 0.3% Triton X-100. Finally,

samples were treated with an autofluorescence quenching solution. The slides were mounted in Mowiol

medium and sealed with a coverslip. z stack images with a resolution of 512x512 pixel were acquired using

a confocal microscope SP8 (Leica Microsystems). 3D mosaic images were then imported into Huygens SVI

software in order to correct the signal by applying deconvolution and crosstalk correction. 3D mosaic im-

ages were imported into Imaris software and a segmentation was applied on the CD45 channel surface.

Statistical properties (Object Volume, Sphericity, Area, xyz Position and Mean Fluorescence Intensity)

were exported as a.csv table. Each object was then phenotypically assigned to a cell type based on bio-

markers expression using the MANTIS software (Genoskin SAS). Visualization charts were obtained using

the ggplot2, Pigengene & Complex Heatmap R packages, and matplotlib & seaborn Python packages.

t-Distributed Stochastic Neighbor Embedding (tSNE) was computed with Rtsne.38 Experimental workflow

along with APCs panel is described Figure S2.

Skin bulk RNA sequencing

RNA extraction was made using the RNeasy Plus Mini KIT (Qiagen #74104). Libraries were produced using

TruSeq Stranded mRNA Illumina and their quality was assessed using a fragment analyzer. FastQ files were

generated via 2x150 bp Flowcell SP on Illumina NovaSeq. Quality of FastQ files was controlled using

FastQC and trimmed with TrimGalore. Reads were aligned with Homo sapiens transcriptome reference

GRCh38 using STAR. Then reads were sorted with SAMtools. The quantification of gene expression was

performed with HTSeq2. Filtering, normalization, and differential expression analysis was done using the

R package EdgeR. The library size was normalized with the TMMmethod. Filtering and data normalization

were performed by calculating the log2(cpm). Only log2(cpm) > �1 were conserved. The differential gene

expression analysis was performed using the exact test of Robinson and Smyth (2008) for a difference in

mean between two groups of negative binomial random variables.71 The Bonferroni method was used

for adjusting p values and only genes with an adjusted p value <0.05, a logFC >1 and a false discovery

rate (FDR) < 0.05 were kept. R Pheatmap package was employed to display differentially expressed genes

(DEGs) (hierarchical clustering using the euclidean distance and complete linkage method). Pathway anal-

ysis was performed with the R package EnrichR using the Gene Ontology database.39,40

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are expressed as meanG standard deviation. Statistical significance was assessed by Student’s t test

for comparison between two groups, and two-way analysis of variance (ANOVA) followed by Tukey’smultiple

comparison test. Statistically significant differences between groups is presented as follows: *p < 0.05,
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**p < 0.01, ***p < 0.001 and ****p < 0.0001. Area under the curve (AUC) is presented as total area of arbitrary

units, standard error, and 95% Confidence Interval (CI). Box, whiskers, and violin plots were created to illus-

trate range (min-max). Data analyses were performed using the software package GraphPad Prism 9

(GraphPad Software).

ADDITIONAL RESOURCES

The MVX-ONCO-1 trials referred in this article are registered at Clinicaltrials.gov registration

NCT02193503 and NCT02999646.
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