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ABSTRACT
◥

Purpose: IL2 immunotherapy has the potential to elicit immune-
mediated tumor lysis via activation of effector immune cells, but
clinical utility is limited due to pharmacokinetic challenges aswell as
vascular leak syndrome and other life-threatening toxicities expe-
rienced by patients. We developed a safe and clinically translatable
localized IL2 delivery system to boost the potency of therapy while
minimizing systemic cytokine exposure.

Experimental Design: We evaluated the therapeutic efficacy of
IL2 cytokine factories in a mouse model of malignant mesotheli-
oma. Changes in immune populations were analyzed using time-of-
flight mass cytometry (CyTOF), and the safety and translatability of
the platformwere evaluated using complete blood counts and serum
chemistry analysis.

Results: IL2 cytokine factories enabled 150� higher IL2
concentrations in the local compartment with limited leakage into
the systemic circulation. AB1 tumor burden was reduced by 80%

after 1 week of monotherapy treatment, and 7 of 7 of animals
exhibited tumor eradication without recurrence when IL2 cytokine
factories were combined with anti–programmed cell death protein
1 (aPD1). Furthermore, CyTOF analysis showed an increase in
CD69þCD44þ and CD69�CD44þCD62L� T cells, reduction of
CD86�PD-L1� M2-like macrophages, and a corresponding increase
in CD86þPD-L1þ M1-like macrophages and MHC-IIþ dendritic
cells after treatment. Finally, blood chemistry ranges in rodents
demonstrated the safety of cytokine factory treatment and reinforced
its potential for clinical use.

Conclusions: IL2 cytokine factories led to the eradication of
aggressive mouse malignant mesothelioma tumors and protection
from tumor recurrence, and increased the therapeutic efficacy of
aPD1 checkpoint therapy. This study provides support for the
clinical evaluation of this IL2-based delivery system.

See related commentary by Palanki et al., p. 5010

Introduction
Malignant mesothelioma affects the organs that are lined by the

mesothelium, including the organs of the chest (pleura) and abdomen
(peritoneum). It is a highly aggressive cancer and is essentially lethal in
all cases (1–5). The most common etiology of this disease is industrial/
environmental exposure to asbestos (�80%), although it can result
from radiation and is occasionally idiopathic (6–8). The combination
of pemetrexed and cisplatin treatment was determined to be the first-
line chemotherapy for malignant mesothelioma. However, this regi-
men only increased median survival from 9 to 11.4 months, compared
with cisplatin alone (9). More recently, the antiangiogenic agent
bevacizumab increased survival by 2 months when added to peme-
trexed/cisplatin (10). Radiation is limited by the large size of its
required field, and it is ineffective as a primary treatment (11–14). In
those with early-stage disease, adding surgery can improve median
survival to 14–19 months (1, 15, 16). However, surgery is associated

with significant morbidity, 3%–10% operative mortality, and early
local recurrence (1, 15, 17–22). In recent trials, immune checkpoint
inhibitors such as nivolumab or pembrolizumab have shown encour-
aging clinical activity and good tolerability in patients with advanced
malignant pleural mesothelioma (23, 24). Objective response rates
(ORR) ranged from15% to 21%, and rates of stable disease (SD) ranged
from 33% to 56%, equating to 53% of patients experiencing durable
clinical benefit (DCB; i.e., ORRþSD; refs. 23, 25–28). These results led
to its recent approval by the FDA as the first line of defense for
malignant pleural mesothelioma (29, 30). Despite promising clinical
results, optimal and safe delivery remains a challenge (31). Side effects
of immune checkpoint inhibitors are predominantly immunologic,
and immune adverse events (iAE) occur in 74% of patients receiving
PD-1 inhibitors, 14% of which are grade III–IV iAEs (32). Local drug
delivery can reduce toxicity by confining the immunostimulatory
effects to the tumormicroenvironment, highlighting a strong rationale
for developing such approaches (33).

IL2 is a proinflammatory cytokine that is critical for the activation,
differentiation, and survival of T and NK cells and helps recruit
immune cells to the tumor microenvironment (34). While the use of
this cytokine was initially introduced as a systemic therapy and led to
20% objective response rates (ORR), its widespread activation of
circulating T cells resulted in severe toxicity and the production of
excess inflammatory cytokines, a phenomenon often referred to as
cytokine storm. Nevertheless, the discovery of IL2 was a breakthrough
in cancer immunotherapy, and it has since been demonstrated that
local IL2 may be similarly efficacious but less toxic due to its confined
action on tumor-adjacent effector immune cells (35). In addition, the
IL2 concentrations that are able to be achieved with local adminis-
tration enable more efficient activation of antitumor immunity,
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necessitating lower doses. Several clinical studies have evaluated
intrapleural infusions of IL2 for the treatment of malignant pleural
mesothelioma, and the results showed improvements in ORR and
disease control rate (DCR) (36–38). Importantly, local intrapleural
IL2 infusions facilitated IL2 levels 6000-fold higher than systemic
levels resulting in therapeutic efficacy without causing systemic
toxicities typically associated with intravascularly administered IL2
therapy (36). However, the need for continuous infusion and large
administration volumes (>100 mL throughout treatment) necessary
for this approach led to complications such as catheter infection that
have prevented widespread use (36–39). Combined, these studies
highlight that an approach for continuous local administration of
IL2 could significantly improve immunotherapy for patients with
malignant mesothelioma (40).

We recently developed a localized cell-based immunotherapy for
improved delivery of IL2 using immunostimulatory alginate-based
microparticles (41). Using this system, which we call RPE-mIL2
cytokine factories, we can deliver high concentrations of IL2 locally
while maintaining low systemic concentrations, alleviating the risk of
toxicity. Previously, we demonstrated the therapeutic potential of this
platform in mouse models of ovarian and colorectal cancers and
developed a clinical-grade version of this product (AVB-001) which
is now advancing toward a phase I human clinical trial in platinum-
resistant ovarian cancer patients. AVB-001 also has significant poten-
tial to treat mesothelioma tumors. In this study, we used our IL2
cytokine factory platform in the highly aggressive AB1 malignant
mesothelioma mouse model. Using this system, we successfully erad-
icated the malignant mesothelioma tumor burden in all treated mice.
Significantly, this approach was used in combination with the FDA-
approved checkpoint inhibitor, aPD1, and improved its therapeutic
efficacy. The results of this study present justification for the initiation
of a clinical trial that evaluates local administration of IL2 cytokine
factories as a monotherapy or in combination with aPD1 for the
treatment of malignant mesothelioma.

Materials and Methods
Cell culture and engineering

Cell culture media and associated reagents were purchased through
Fisher Scientific. Transfection reagents (Lipofectamine 3000) and

selectionmedia (puromycin) were purchased from Invitrogen. Expres-
sion vectors and helper plasmids were designed and purchased
through VectorBuilder. Live Dead stains (Fisher Scientific) were used
to determine cell viability of encapsulated cells. All cell lines tested
negative for mycoplasma contamination. Cell lines used in our studies
were authenticated by the vendor.

These cells were cultured using Dulbecco’s Modified Eagle Medium
(DMEM/F-12), with 10% FBS and 1% antibiotic-antimycotic (AA).
The media were changed three times weekly. Media used for AB1 cells
was RPMI1640, 10% FBS, and 1% antibiotic–antimycotic (AA). All
cells were passaged at least twice between thawing and collection in the
studies described here.

Cell transfection/transduction
ARPE-19 cells (ATCC) were engineered to express cytokines of

interest. AB1 cells (Sigma-Aldrich) were engineered to express firefly
luciferase. Cells were transfected or transduced as described
previously (41).

Core shell cell encapsulation
Capsules were generated as described previously (42). Briefly,

alginate was dissolved at 1.4% w/v in saline and sterile filtered.
Cells were resuspended in alginate at a concentration of 42 � 106

cells/mL. Encapsulation occurred using a custom-built, two-fluid co-
axial electrostatic spraying device.Alginate dropletswere expelled from
a co-axial needle into barium chloride crosslinking solutionwhere they
formed hydrogel capsules. They were subsequently washed with
HEPES buffer and maintained with normal cell culture techniques.

Cell viability postencapsulation
Following encapsulation, a subset of capsules were washed with

5 mL DPBS and stained using a stock 2 mmol/L calcein AM and 4
mmol/L EthD-1 in DPBS. The sample was incubated for 20 minutes
and imaged using a fluorescence microscope.

ELISA
An individual capsule was added to a 96 well plate (n ¼ 5–8) in

200 mL for 24 hours at 37 degrees in a 5%CO2 humidified atmosphere.
Cell supernatant was collected from each well and assayed via ELISA
according tomanufacturer protocols. Kits were obtained commercially
for mouse IL2 (R&D Systems) and human IL2 (R&D Systems). All
samples were run in triplicate.

CyTOF experiments
Single cells were stabilized for 6 hours in media at 37�C. A total of

5 � 105 cells were resuspended in Maxpar Cell Staining Buffer
(Fluidigm, catalog no.201068) in individual 5-mL tubes for each
sample to be barcoded. Mass-tag cellular barcoding using the Cell-
ID 20-Plex Pd Barcoding Kit (Fluidigm, catalog no. 201060) was
performed. Cell-ID Intercalator-Ir is a cationic nucleic acid interca-
lator that contains naturally abundant Iridium (191Ir and 193Ir) and is
used for identifying nucleated cells in CyTOF analysis according to
standard protocol. For measurement of intracellular cytokines by
CyTOF, cells harvested frommicewere incubated in 1mL/mLGolgistop
(BD cell analysis, catalog no. BD B554724A) for 10 hours at 37�C,
according to standard protocol. The samples were then washed and
incubatedwith cell surface antibodies for 45minutes on ice andwashed.
After overnight incubation at 4�C with resuspension in 1� Fix I buffer,
the samples were stained with intracellular antibodies against cells
cytokines for 30 minutes at room temperature and washed. Stained
cells were analyzed on a mass cytometer (CyTOF3 mass cytometer,

Translational Relevance

IL2 is one of two FDA-approved cytokine therapies for cancer
treatment and plays a critical role in the activation of the immune
system. In this study, we utilized a mouse model of malignant
mesothelioma and demonstrated the ability to eradicate these
tumors with IL2 cytokine factories. The rapid clinical course of
malignant mesothelioma necessitates the development of highly
effective treatment modalities that are safe and fast-acting. IL2
immunotherapy allows for rapid activation of tumor-adjacent
effector T cells, which leads to the destruction of tumor cells as
well as the development of memory T cells for protection against
recurrence. For this reason, IL2 cytokine factories have the poten-
tial to be transformative for patients who have not responded well
to combination chemotherapy or other immunotherapies, such as
immune checkpoint inhibitors. Furthermore, because IL2 treat-
ment has been shown to induce memory T-cell formation, this
platform also is promising for patients with tumor recurrence.
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Fluidigm) at an event rate of 400 to 500 cells per second. All mass
cytometry files were normalized together using themass cytometry data
normalization algorithm, which uses the intensity values of a sliding
window of these bead standards to correct for instrument fluctuations
over time and between samples. Barcodes were deconvoluted using the
Debarcoder software (Fluidigm).

CyTOF analysis
Total live nucleated cells were used for all analyses and visualized

using the UMAP for dimensional reduction (43). 40,000 immune cells
were downsampled from each sample, and they were integrated into
one file. Acquired single-cell data were transferred into additional
cytometric analysis in FlowJo V10 software (FlowJo, LLC). To char-
acterize all cells obtained from peritoneal lavage fluids, all cells, were
organized in 14 phenotypes. Fourteen cellular phenotypes were
manually defined by a panel of 43 antibodies (Supplementary
Table S1): memory B cells (CD45þCD19þB220þCD86þ), na€�ve B
cells (CD45þCD19þB220þCD86�), active CD4 T cells (CD45þCD3þ

TCR-bþCD4þCD44þCD69þCD62L�), effector memory CD4 T cells
(CD45þCD3þTCR-bþCD4þCD44þCD69�CD62L�), na€�ve CD4 T
cells (CD45þCD3þTCR-bþCD4þCD44�CD69�CD62Lþ), active
CD8 T cells (CD45þCD3þTCRbþCD8þCD44þCD69þCD62L�),
effector memory CD8 T cells (CD45þCD3þTCRbþCD8þCD44þ

CD69�CD62L�), na€�ve CD8 T cells (CD45þCD3þTCR-bþCD8þ

CD44�CD69�CD62Lþ), gdT cells (CD45þCD3þTCRb�), M1-like
macrophages (CD45þCD3�CD64þF4/80þCD86þPD-L1þ), M2-like
macrophages (CD45þCD3�CD64þF4/80þCD86�PD-L1�), plasma-
cytoid dendritic cells (CD45þCD3�CD19�CD11cþB220þCD317þ),
conventional DC (CD45þCD3�CD19�CD11cþB220�MHCIIþ).
Mapping of our data onto its interface enabled visualization and
precise quantification of immune cells in any sample as a UMAP
plot, and generation of separate maps for defined groups of mice
enables comparison of cellular networks between these groups. To
improve efficiency and ease of display of our multiple proposed
experiments, we generated the intuitive single-cell maps for each
comparison (as in Fig. 3). Cell frequencies or proportions were
compared across groups of interest. On the basis of the outcome of
interest, statistically significant changes in cell frequencies for each
cluster were shown in a single map with the directionality of change
given by color. Mean metal intensities (MMI) of proteins were used to
evaluate the expression of cytokines and immunoregulatory proteins.

Animal studies
Mouse studies

Balb/C mice (Charles River Laboratories), a mixture of males and
females, aged 8–10 weeks were used for in vivo studies. All animal
experiments were approved by Rice University’s Institutional Animal
Care and Use Committee (IACUC). All biological samples implanted
into animals were approved by Rice University’s Institutional Biosafety
Committee (IBC). For IP tumor models of AB1-Fluc; 5�105 cells
suspended in HBSS were intraperitoneally injected to the lower right
abdomen. Tumors were injected and allowed to develop in vivo for
1 week before treatment (Figs. 1E–K and 2B–G; Supplementary Figs.
S2A–S2C and S5A–S5B). For all studies using in vivo imaging system
(IVIS) imaging for tumor growth tracking, mice were imaged and
stratified into treatment groups 1 day prior to surgery using themethods
described in IVIS imaging section below (Figs. 1E and 2B; Supplemen-
tary Figs. S2A, S5A and S5B). After stratification for tumor size, animals
were randomly assigned to treatment groups. For tumormeasurements,
experimenters were not blinded (as it is commonly accepted in thefield).
Antitumor efficacy of therapy was confirmed by multiple investigators.

Experimental controls

Sham: All mice given sham surgery received IP surgery and were
administered 1 mL sterile saline.

RPE: RPE capsules contained the same density of cells as experi-
mental capsules but contained na€�ve cells.

aPD1: All mice treated with aPD1 antibodies (J43, BioXcell)
received intraperitoneal injection of 200 mg per mouse at day 0, 3,
7, and 10 posttreatment.

Subcutaneous tumor growth tracking
For subcutaneous AB1 rechallenge models, the tumor size was

measured using a digital caliper and tumor volume was calculated
using the formula V ¼ 0.5 � (height) � (width2).

For rechallenge experiments, 5 � 105 AB1 cells suspended in HBSS
were injected subcutaneously into the rear flank of Balb/C mice that
showed complete remission from intraperitoneal tumor inoculations
(Fig. 2I–J).

Immune cell depletion studies
For depletion studies (Supplementary Fig. S2A–S2C), isotype con-

trol (LTF-2), anti-CD8a (2.43), or anti-CD4 (GK1.5) antibodies
(BioXcell) were administered via intraperitoneal injection at a dose
of 100 mg per animal at day -2, 0, and 2 post RPE-mIL2 implantation.

Intraperitoneal tumor growth tracking
Animals injectedwithAB1-Fluc cells were imaged using IVIS 6 days

after injection and stratified into experimental groups based on
luminescent signal. After surgery, animals were tracked for tumor
growth or reduction using IVIS imaging 1x perweek. Imagingmethods
are expanded below.

Intraperitoneal surgical implantation of capsules in mice
Implantation studies were carried out as previously described (41).

Briefly, mice were sedated and anaesthetized in accordance with
approved animal protocols at Rice University. A surgical blade
(15T; Sklar) was then used to cut a 0.5–0.75 cm midline incision
through the skin and the linea alba into the abdomen. Capsule
implants were administered using sterile transfer pipettes. The abdom-
inal muscle was closed by suturing with 5–0 Ethicon black PDS-
absorbable or other 5.0–6.0 monofilament absorbable sutures. The
external skin layer was closed with PDS suture as previously described.

IVIS imaging
Mice were anaesthetized in accordance with approved animal pro-

tocols at Rice University and injected in the IP space with D-luciferin
(300mg/mL, 200mL; PerkinElmer).Animalswere then transferred to the
IVIS manifold (IVIS Spectrum, PerkinElmer) where they were kept
under isoflurane anesthesia (0.25 L/minute) and maintained warm on a
heated stage. Photographs and luminescent images were acquired
10 minutes after injection. Luminescent exposures were set to 1 second
with the binning set at medium, the excitation set to block, the EM gain
set to “off” with 0-second delays between acquisitions. Subsequent to
stratification, the image of each mouse was individually cropped and
stitched to create a collage of each treatment group.

H&E staining of explanted capsules
Post retrieval, extracted capsules were rinsed three times with PBS

and fixed in 10% formalin overnight. After fixation, the samples were
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rinsed twice with PBS, and dehydrated in gradually ascending
ethanol solutions for 20minutes each time. The samples were
cleared in xylene for 10minutes, and incubated in a 50/50 solution
of xylene and paraffin overnight at 57�C. On day 3, the samples
were transferred to paraffin twice for 1 hour each, and then embed-
ded in a paraffin mould. Subsequently, embedded samples were
sectioned at 5-mm thickness onto positively charged lysine micro-
scope slides. Tissue sections were then stained for H&E to assess
pericapsular cellular overgrowth.

Rat studies
Sprague Dawley rats were purchased from Envigo. Animals were

anesthetized with inhalational isoflurane in 100% O2 (5.0% induction;
2.5% maintenance). Endotracheal intubation was performed, and the
animals ventilated with positive-pressure ventilation. A left lateral
thoracotomywas performed. Capsules were deposited directly into the
pleural cavity via Pasteur pipette and a total transfer volume of 300 mL.
Each animal received one dose of 65 capsules. The chest was then
sutured closed in layers and the animals were extubated and allowed to
recover.

Toxicity analyses
At the scientific endpoint, rats were anesthetized and 2 mL of blood

was collected from the inferior vena cava prior to euthanasia. Samples
were submitted to the Mouse Metabolism and Phenotyping Core at
Baylor College of Medicine. Both a Diabetes and Lipid panel, as well as
a Liver panel were acquired.

Histology
At the scientific endpoint, rat hearts were perfused with PBS and

excised. Lungs, liver, kidneys, and spleen were also excised. Each of the
organs was fixed in 10% formalin. Formalin was exchanged for 70%
ethanol after 24 hours. Organs were submitted to the Pathology Core
and Lab where 5um tissue sections were cut andH&E stained at 0, 300,
and 600 mm deep into each tissue.

Statistical analysis
Sample size was predetermined from pilot experiments and/or

experiments that have been done in the past, to obtain statistically
significant data. Experiments were repeated at least once, or data were
compiled from two independent experiments unless otherwise stated
in the respective figure legend. Replicates were reproducible. All
statistical analyses were conducted using GraphPad Prism 9. One-
way ANOVA tests with the Holm–Sidak multiple comparisons meth-
ods were used to determine P values for CyTOF datasets and toxicity
assays. Unless otherwise indicated as a replicate measurement, data
were taken from distinct samples.

Data availability
All data needed to evaluate the conclusions in the article are

present in the article and/or the Supplementary Materials. The
datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable
request.

Results
IL2-based cytokine factories result in dose-dependent
regression of AB1 tumors in mice

Our IL2-based delivery system consisted of polymer encapsulated
human retinal pigmented epithelial (RPE) cells that were engineered to

stably express human or mouse IL2 (Fig. 1A) using the PiggyBAC
transposon system. These xenogeneic engineered cells were then
protected from the host immune system via hydrogel microencapsu-
lation (Fig. 1A) as previously described (42). After encapsulation, the
engineered cells continue to secrete IL2 and the cytokine molecules
escape from the pores of the hydrogel via diffusion. Following encap-
sulation, the IL2-based cytokine factories are referred to as RPE-mIL2
(mouse IL2) or RPE-hIL2 (human IL2).

Precise IL2 dosing is critical for successful immune cell activation
without triggering toxicity. For this reason, we designed our delivery
system with two levels of dose modulation. First, the administered IL2
concentration can be altered by changing the density of engineered
cells suspended in each capsule. Second, the dose can be fine-tuned by
changing the number of individual capsules in a given dose. To test our
hypothesis, we fabricated IL2-based cytokine factories at three differ-
ent cell densities and assayed individual capsules from each dose group
for IL2 production. Next, we varied the number of capsules in each
dose and evaluated the dose-dependent anti-tumor response in mice
with AB1 tumors. Our results demonstrate that as the cell concen-
tration per capsule increases (Supplementary Fig. S1A), the concen-
tration of IL2 from an individual capsule also increases (Fig. 1B)
without reducing cell viability within the capsules (Fig. 1C), providing
dose-dependent control.

To evaluate whether anti-tumor efficacy was also dose-dependent,
we utilized an intraperitoneal mouse model of mesothelioma and
administered various doses of RPE-mIL2 according to the exper-
imental timeline seen in Fig. 1D. Notably, we found that increasing
the number of capsules in each dose also provides a dose dependent
anti-tumor effect in mice bearing AB1 tumors (Fig. 1E). Tumor
regression was not seen in the control animals at any time (Fig. 1F
and G). After one week of RPE-mIL2 treatment we saw tumor
reduction by greater than 45% percent, regardless of the dose, in 19
of 26 mice when compared to the total flux before treatment
(Fig. 1H–K). Notably, 11/12 mice treated with at least 2.5 mg of
RPE-mIL2 had greater than 75% reduction in tumor burden in one
week and 100% of mice treated with 5 mg of RPE-mIL2 had 90%
reduction in tumor burden. Mice in the sham and capsule control
(RPE) groups experienced progressive tumor growth over time
(Fig. 1F and G) while mice treated with RPE-mIL2 experienced
tumor regression and extended survival (Fig. 1H–K). Furthermore,
17 of 19 mice treated with at least 1.5 mg of RPE-mIL2 survived
more than 2x longer than mice in the sham group. Importantly, we
did not observe any significant deviations in body weight over time
in any of the treatment groups suggesting that the therapy was well
tolerated (Supplementary Fig. S1B–S1E). These results highlight the
significant anti-tumor effects of RPE-mIL2 treatment in mice with
AB1 tumors.

To understand when this therapy would be most beneficial to
patients, we additionally evaluated the ability of our mIL2 cytokine
factories to eradicate more aggressive tumors. Mice were injected
intraperitoneally withAB1 cells andwere treated on day 11with 5mg of
RPE-mIL2. Treatment at this timepoint did not result in tumor
eradication, however, it did result in a significant reduction in tumor
burden compared to sham 1 week after treatment (P < 0.01; Supple-
mentary Fig. S1F).

CD8þ cytotoxic T cells are required for RPE-mIL2–based
antitumor responses seen in AB1 tumor-bearing mice

IL2 is known to be a potent activator and inducer of the proliferation
of effector T cells (44). To elucidate whether CD8þ or CD4þ T-cell
populations (or both) were required to reproduce the tumor reduction
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Figure 1.

Dose response of RPE-mIL2 in a peritoneal model of malignant mesothelioma. A, Schematic demonstrating the development of RPE-mIL2 cells and encapsulation
in hydrogel spheres. B, ELISA measurements of mIL2 in supernatant collected from capsules after 24 hours of in vitro culture. C, Representative live/dead image
of RPE-mIL2 cells encapsulated at 42 � 106 cells/mL in alginate. D, Schematic illustrating the experimental timeline for tumor establishment, treatment, and IVIS
imaging. E, Luminescent images tracking AB1-FLuc tumor burden over time beginning at day 6 post injection, and weekly until day 28 post injection. Subsequent to
stratification, the image of each mouse was individually cropped and stitched to create a collage of each treatment group. F–K, Quantification of tumor burden for
each treatment group (n ¼ 5–7) represented by total flux (photons/second) plotted over time. Black arrows indicate the day of treatment administration.
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Figure 2.

RPE-mIL2 improves therapeutic efficacy of aPD1. A, Schematic of the experimental timeline for tumor establishment, treatment administration, and IVIS imaging.
B, Luminescent images tracking tumor burden over time. Subsequent to stratification, the image of each mouse was individually cropped and stitched to
create a collage of each treatment group. C–G, Quantification of tumor burden for each treatment group (n ¼ 7–8) represented by total flux (photons/second)
plotted over time. Black arrows indicate the day of treatment administration.H, Survival curves plotted as percent survival over time beginning after tumor injection
(n¼ 7–8). P value was determined by a comparison of survival curves by the log-rank (Mantel–Cox) test (ns¼ not significant). I, plot of subcutaneous tumor volume
over time in na€�ve mice compared with RPE-mIL2þaPD1–treated mice. P values were acquired using one-way ANOVA with Holm–Sidak method for multiple
comparisons. J, Representative macroscopic images of the left flank 28 days post subcutaneous tumor injection. (Left; na€�ve, Right; RPE-mIL2þaPD1 treated).
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seen in our earlier studies, we utilized antibodies against CD8þ or
CD4þ T cells in AB1 tumor-bearing mice treated with RPE-mIL2. As
expected, mice lacking CD8þ T cells were unable to mount a sufficient
antitumor response after treatment. The average total flux from this
group was comparable to mice in the sham and RPE control groups
after one week of treatment (Supplementary Fig. S2A and S2B).
However, the CD4þ T cell-depleted mice showed an antitumor
response which was similar to the immune-competent mice after
RPE-mIL2 treatment, suggesting that CD4þ T cells are not required
to mount an antitumor response with our treatment (Supplementary
Fig. S2A and S2B). This trend was consistent throughout the study and
seen in Supplementary Fig. S2C–S2G where the total flux from RPE-
mIL2, RPE-mIL2þisotype and RPE-mIL2þanti-CD4–treatedmice all
exhibit decreases in tumor flux while sham and RPE-mIL2þanti-CD8
treated mice exhibit progression of tumor growth over time. Taken
together, these data provide mechanistic insight into the immune cells
responsible for antitumor efficacy after RPE-mIL2 treatment and
suggest that our results are largely CD8þ T cell–dependent.

RPE-mIL2 in combination with aPD1 checkpoint therapy
eradicates AB1 tumor burden and provides protection against
recurrence in mice

Checkpoint therapy has currently become available as first-line
therapy for patients with unresectable malignant mesothelioma; how-
ever, response rates are still limited (45). To evaluate the potential of
RPE-mIL2 to increase the efficacy of checkpoint inhibitors, we con-
ducted a combination study with RPE-mIL2 and aPD1 treatment. The
experiment was carried out according to the schematic seen in Fig. 2A.
AB1 tumors in the intraperitoneal space of the 7 of 7 mice treated with
RPE-mIL2þaPD1were eradicated after one week of treatment and did
not recur throughout the duration of the study (Fig. 2B). In addition, 7
of 7 mice treated with RPE-mIL2þisotype experienced a significant
reduction of tumor burden early on and tumors in 5 of 7 of these mice
were eradicated. Significantly, mice treated with sham surgical control,
PD-1 only, or RPEþaPD1 did not experience tumor regression at any
time during the study and 100% of these control mice reached humane
endpoints for euthanasia within three weeks after tumor administra-
tion (Fig. 2B–G). The total flux of each animal in this study was
plotted over time. Mice in each of the control groups experienced
increases in total flux until they reached humane endpoints and
were euthanized (Fig. 2B–E). Mice treated with RPE-mIL2þisotype
or RPE-mIL2þaPD1 never experienced a total flux higher than the
starting value suggesting strong antitumor efficacy after RPE-mIL2
treatment (Fig. 2B, F and G). Notably, mice treated with RPE-mIL2
or RPE-mIL2þaPD1 survived significantly longer than mice in the
control groups (Fig. 2H). We did not observe any significant
deviations in body weight overtime in any of the treatment groups
suggesting that the therapy was well tolerated (Supplementary
Fig. S3A–S3C). These results highlight the ability of RPE-mIL2 to
act as a monotherapy and to boost the effectiveness of aPD1
checkpoint therapy when administered in combination.

A subset of the RPE-mIL2þaPD1–treated animals were evalu-
ated for protection against recurrence in a rechallenge experiment.
Briefly, animals treated with RPE-mIL2þaPD1 were challenged
with a subcutaneous injection approximately 60 days after the
initial intraperitoneal administration. 100% of previously treated
mice were protected from recurrence and thus did not develop
subcutaneous tumors while 5 of 6 control mice developed large
tumors with evidence of necrosis (Fig. 2I and J) within the first
30 days. In addition, we did not observe any significant deviations in
body weight in the rechallenged mice (Supplementary Fig. S3D and

S3E). These results suggest that this treatment may provide immu-
nologic memory against AB1 tumors which allows for protection
against recurrence.

RPE-mIL2 and aPD1 combination treatment increasedCD4þ and
CD8þ T-cell activation, and RPE-mIL2 caused a phenotypic shift
in macrophages from M2-like to M1-like

In this model, anti-PD1 checkpoint therapy is largely ineffective
against AB1 tumors (Supplementary Fig. S4A). However, gene set
enrichment analysis of a publicly available data set (accession no.
GSE117358) revealed that the IL2 signaling pathway is associated
with immunotherapy-responsive tumors (Supplementary Fig. S4B;
ref. 46). For this reason, we hypothesized that RPE-mIL2 would
work well as an antitumor therapeutic for mice with mesothelioma.
We utilized CyTOF analysis to evaluate the changes in the presence
and activation of various immune cells after treatment. Briefly, mice
were stratified into 4 groups (Supplementary Fig. S5A and S5B) and
treated with sham surgery, aPD1 injection, RPE-mIL2 only, or
RPE-mIL2þaPD1.

We used Uniform Manifold Approximation and Projection
(UMAP) dimension reduction to visualize the cellular landscape
broadly (Fig. 3A) and with immune cell subset specificity (Figs. 3C
and 4A; Supplementary Fig. S6) of the intraperitoneal space after
treatment. We found that there were no significant alterations in the
total percentage of T cells or macrophages, but there were at least 4.4x
fewer intraperitoneal B cells in mice treated with either RPE-mIL2 or
RPE-mIL2þaPD1 when compared to sham treated mice (Fig. 3B).
Notably, it has been reported that one of themost prevalent cells in the
malignant mesothelioma tumor microenvironment is the immuno-
regulatory M2-like macrophage (47). We found a significant decrease
in the percentage of M2-like macrophages (CD86�PD-L1�) after
either RPE-mIL2 or RPE-mIL2þaPD1 combination treatment
(Fig. 3D). Interestingly, we observed a corresponding increase in
M1-like macrophages (CD86þPD-L1þ) only in the mice treated with
RPE-mIL2 (Fig. 3D) while the combination treated mice displayed
a corresponding increase in conventional dendritic cells (cDC;
MHC IIþ; Fig. 3E). Furthermore, combination treatment resulted in
significantly higher levels of CD40 from both macrophages and
dendritic cells which further highlights the potential of RPE-mIL2
treatment to induce immunologic changes (Fig. 3D and E).

In addition to activating the adaptive immune system, we found that
RPE-mIL2 andRPE-mIL2þaPD1–treatedmice had 2.3x fewer na€�ve B
cells and 1.9�more memory B cells than sham or aPD1–treated mice
suggesting that RPE-mIL2 has a significant effect on B cell maturation
(Fig. 3F). Further, we found notable changes in T cell subpopulations
after administration of IL2 cytokine factories. Specifically, we found
that RPE-mIL2 and RPE-mIL2þaPD1–treated mice had significantly
fewer na€�ve (CD69�CD44�CD62Lþ) CD4þ and CD8þ T cells as well
as increased activated (CD69þCD44þ) CD4þ and CD8þ T cells when
compared with sham treatedmice (Fig. 4B andC). Interestingly, RPE-
mIL2 and RPE-mIL2þaPD1 caused 2� higher expression of proin-
flammatory IFNg from activated CD4þ T cells when compared to
sham or aPD1 treatment (Fig. 4B). Taken together, these data suggest
that combination therapy may boost the antitumor potential of both
CD4þ and CD8þ T cells. Furthermore, RPE-mIL2 treatment caused a
significant increase in CD4þ and CD8þ effector memory T cells
(CD69�CD44þCD62L�) when compared with sham mice (Fig. 4B
and C) suggesting that our treatment was able to induce differ-
entiation of critical T-cell subsets in mice with mesothelioma.
Furthermore, we saw a 1.7x increase of PD-1 on CD8þ T cells
from mice treated with RPE-mIL2 when compared with the sham
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Figure 3.

Alteration of immune composition after RPE-mIL2 or RPE-mIL2þaPD1 therapy. A, Immune atlas map. We performed CyTOF with single cell suspension obtained
from peritoneal lavage fluid. The UniformManifold Approximation and Projection (UMAP)was applied for dimensional reductionwith 1,000,000 cells (40,000/each
experiment� 4mice/group� 4 groups).B,Comparison of T cells, macrophages, and B cells across treatment groups (n¼ 4 per group).C,UMAP of specific immune
cell subsets. RPE-mIL2 treatment and combination of aPD1 therapywithmIL2 led to dramatic changes in lymphocytes andmyeloid cell compositions.D,Comparison
ofM1-like andM2-likemacrophages across treatment groups. Expression of CD40 amongM1-like orM2-likemacrophages across treatment groups. E,Comparison of
cDC cells across treatment groups. Expression of CD40 among cDC cells across treatment groups. F, Comparison of na€�ve and memory B cells across treatment
groups. P values were acquired using one-way ANOVA with Holm–Sidak method for multiple comparisons, ns ¼ not significant.
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group. This suggests a potential rationale for the success seen when
used in combination with anti-PD1 therapy (Fig. 4C). Finally, we
found high expression of TNFa, IL4, IL6, and IL12 as well as
increased Ki67 proliferation marker on the T cells isolated from the
RPE-mIL2 and combination treated mice (Fig. 4D). Taken together,
these results suggest that RPE-mIL2 treatment has the potential to
activate both innate and adaptive immune cells when administered in
mice with AB1 tumors.

RPE-hIL2 can be safely administered to the intraperitoneal or
pleural cavity and is well-tolerated in mice and rats

Before translating a product into clinical use, the safety and feasi-
bility must be demonstrated. To address feasibility of dosing and the
reproducibility of the foreign body response (FBR), we studied the
in vivo pharmacokinetics of RPE-hIL2 in the intraperitoneal space of
immunocompetent mice. The local (IP fluid) hIL2 concentration
peaked by day 4 after implantation and declined at a rate inversely
proportional to the pericapsular fibrotic overgrowth (PFO) accumu-
lation on the surface of the capsules (Supplementary Fig. S7A and S7C)
suggesting that PFO accumulation plays a role in RPE-hIL2 treatment
duration. Notably, over 80% of the capsules implanted were retrieved
at each time point (days 1, 4, 7, 14, 21, 47, and 60) highlighting the
stability of the cytokine factories at physiological temperatures (Sup-
plementary Fig. S7B). To assess the extent of fibrotic overgrowth and
the stage/activity of the FBR for the RPE-hIL2 platform, we also
examined the PFO at select time points (days 0, 4, 21, and 60) using
H&E staining (Supplementary Fig. S7D). By day 60, a thick coating can
clearly be seen encompassing the capsule(s), but the host cells on the
surface of the capsules no longer possess distinct membranes and
nuclei, thus demonstrating that the cells were not viable, the FBR
remodeling was complete and the capsule-PFO particles were inert. All
animals tolerated both the cell-delivered hIL2 and the alginate micro-
capsules at all-time points. This data was key for ensuring that the
capsules: 1) did not continue to deliver cytokines after treatment
completion and 2) did not pose a safety issue to the patients at
extended periods.

To study the safety and translatability of hIL2 administration in the
pleural cavity, we evaluated the effects of RPE-hIL2 (2 mg/day) in the
pleural cavity of Sprague Dawley rats. First, we studied the pharma-
codynamics of RPE-hIL2 administration and the ability of the host
immune system to cause PFO accumulation on the surface of the
cytokine factories when administered in the pleural cavity. Then we
evaluated changes in the concentration ofwhite blood cells (WBC), red
blood cells (RBC), monocytes, and platelets in the blood. Finally, we
evaluated the safety of this treatment viaH&E staining, complete blood
counts (CBC) and blood serum analysis. Notably, RPE-hIL2 cytokine
factories were successfully administered to the pleural cavity in 20/20
rats (Fig. 5A) which highlights the feasibility of administration to this
cavity. We found that hIL2 concentration peaked 24 hours after
administration in the pleural fluid and the blood (Fig. 5B) and that
the local concentration was at least 100� greater than the systemic
concentration at all time points. This is critical for reducing off-target
effects. Similar to the results seen in mice, the cytokine factories were
heavily coated with pericapsular overgrowth by day 30 post-treatment
(Fig. 5C). This observation corresponded with the reduction of hIL2
levels (local and systemic) back to pre-treatment levels and thus the
hIL2 administration safely ended. Notably, we did not observe any
significant deviations from control values inWBC, RBC, monocyte, or
platelet concentrations at any time during our study. These data
suggest that the cytokine factories were well tolerated by the host
immune system.

Finally, our safety studies further highlight the clinical potential of
this cytokine delivery platform. The liver, kidney, and lungs are often
implicated in IL2-related toxicities (48) so we used H&E staining to
assess the histopathologic condition of these organs 7, 21, or 30 days
after RPE-hIL2 administration. Notably, we saw no major histopath-
ologic changes in cells of the kidney, liver, lungs, or spleens when
compared with control animals at the conclusion of our study
(Fig. 6A). As expected, pleural IL2 altered the immune cell compo-
sition in the pleural cavity and peripheral lung. However, the rats were
without adverse clinical events and demonstrated normal physical
activity and respiratory function. The immune cell changes were
resolved by day 21 without intervention as the therapy ceased sec-
ondary to the expected biomaterial response (Supplementary Fig. S8).
In addition, we saw no significant changes in body weight, insulin
levels, or glucose levels suggesting that the treatment was well tolerated
(Fig. 6B–D). We saw a decrease in triglyceride levels 24 hours after
administration, but this drop was transient and was managed by the
animals without any intervention (Fig. 6E). Finally, we found no
significant changes in high-density lipoprotein (HDL; Fig. 6F), low-
density lipoprotein (LDL; Fig. 6G), alanine aminotransferase (ALT;
Fig. 6H), or aspartate aminotransferase (AST; Fig. 6I) levels when
compared to control animals which suggests healthy heart and liver
function. In total, 20 of 20 rats dosed with RPE-hIL2 managed the
cytokine factories without complication. To further highlight the
translatability of this platform, we demonstrated the successful admin-
istration of cytokine factories via intrapleural catheters in porcine
cadavers (Supplementary Fig. S9). Taken together, these data suggest
that RPE-hIL2 can be safely and successfully administered to the
pleural cavity and this work as a whole provides a rationale for
translation into clinical studies for patients with pleural or intraper-
itoneal malignant mesothelioma.

Discussion
We recently developed and characterized a local delivery platform,

called cytokine factories, composed of engineered RPE-mIL2 cells
encapsulated in biocompatible alginate capsules to enable high dose
IL2 administration for treatment of ovarian and colorectal cancers (41).
Here, our IL2 cytokine factory was evaluated at increasing doses in an
aggressive murine mesothelioma model. We determined that reduc-
tion in tumor burden correlated to RPE-mIL2 dose and that a dose of
5mg/day RPE-mIL2 resulted in themost significant reduction in tumor
burden (90%). Importantly, all doses were well tolerated with no
observed fluctuations in weight over time. Furthermore, our platform
was utilized in combination with the FDA-approved immune check-
point inhibitor aPD1. 100% of AB1 tumors in the intraperitoneal space
of mice treated with a combination of RPE-mIL2 and aPD1 were
eradicated and did not recur upon rechallenge, suggesting the devel-
opment of immunologic memory. CyTOF analysis of the intraperi-
toneal fluid of RPE-mIL2 and RPE-mIL2þaPD1–treated mice
highlighted a reduction in CD86-PD-L1- M2-like macrophages, and
a corresponding increase in CD86þPD-L1þ M1-like macrophages,
and MHC IIþ dendritic cells after treatment. Furthermore, treatment
with our RPE-mIL2 cytokine factory as a monotherapy or alongside
aPD1 resulted in fewer na€�ve CD4þ and CD8þ T cells and an increase
in activated (CD69þCD44þ) T cells. The changes in these cell popula-
tions highlight the involvement of both innate and adaptive immunity
in the eradication of this cancer. Finally, we evaluated the pharma-
cokinetics and safety of this platform in the pleural cavity of Sprague
Dawley rats, demonstrating 150� higher IL2 concentrations in the
local compartment lasting 21–30 days. As intended, the capsules did
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not degrade andwere found to be biocompatible. Further, no persistent
changes in complete blood cell counts or blood chemistry markers
were observed.

Aswithmany other cancers, cytotoxic chemotherapy is the standard
treatment for patients with local or advanced malignant mesothelio-
ma (49). However, malignant mesothelioma is a fibrotic tumor that is
resistant to current approaches, including chemotherapy, radiation,
and debulking (1, 9, 11–15, 17–22). Loss of immune control is
commonly recognized as a hallmark of carcinogenesis, making the
local delivery of immunotherapeutic agents an attractive alternative for
treatment of this aggressive cancer (48). Immunotherapies offer an
opportunity for long-term disease control that is not currently seen
with chemotherapy. The IL2 cytokine factory described here is an
approach that demonstrates drastic improvements in AB1 tumor
burden in a safe and well-tolerated manner. Like other immunothera-
pies, including checkpoint inhibitors ipilimumab and nivolumab, the
IL2 cytokine factory should be considered for patients with platinum-
resistant tumors. The observed absence of tumor recurrence following
rechallenge in cytokine factory treated groups also highlights the

potential of this approach for patients who experience relapse. Impor-
tantly, immune checkpoint inhibitors are not effective in all patients,
partly due to cytotoxic T-cell exhaustion. This phenomenon typically
results in the loss of critical effector T-cell functions, such as IL2
production, high proliferative capacity, and cytotoxicity. Therefore,
IL2 cytokine factories have the potential to act both as a monotherapy
by inducing cytotoxicity and T-cell proliferation or as a means of
enhancing immune checkpoint inhibitor efficacy through mediation
of immune exhaustion (50).

To date, there are two FDA-approved cytokine therapies; high dose
IL2 for metastatic melanoma and renal carcinoma and IFNa for stage
III melanoma. However, cytokines as monotherapies have not been
widely effective across all patients due to dose-limiting toxicities that
prevent patients fromcompleting the full course of therapy (34, 51–53).
Currently, many commercialized cytokines are recombinantly pro-
duced cytokine variants engineered to improve bioactivity and func-
tion mainly by increasing protein stability (52). Other modifications
have also been implemented, such as antibody-fused cytokines that
enhance localization and conjugation with poly(ethylene glycol)
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(PEG) which functions to improve pharmacokinetics (54). Though
these techniques have been able to resolve limitations of toxicity, each
is associated with reduced efficacy. Modified cytokines are typically
less potent and are limited in the number of doses that can be
administered (55). Furthermore, various properties of the PEG poly-
mer can modify the interaction capabilities of the bound protein and
havebeen shown toaffect biological activity andbioavailability (56, 57).
The results of this study as well as our previous work demonstrate that
native IL2 produced from RPE cells maintain bioactivity. In addition,
the encapsulation of these cells within a hydrogel matrix and subse-
quent local administration enables the delivery of physiologically
relevant concentrations of IL2 directly to the tumor without cytotox-
icity, which is often observed with traditional cytokine therapies.

While this approach has significant potential, unlike recombinant
IL2 cytokines, which are typically injected, the relatively large size
of the cytokine factory prevents it from being administered non-
invasively. However, patients receiving treatment for malignant
mesothelioma often require chest catheter placement for drainage of
pleural effusions throughout the course of treatment. This is done in
outpatient settings and can be used in a similar manner to administer
RPE-IL2. Thus, recovery time is not significantly increased through
the administration of RPE-IL2. Furthermore, it has been demonstra-
ted that local IL2 reduces malignant pleural effusions in 81% of
patients (58). This advantage of local IL2 delivery results in a less
frequent need for fluid drainage throughout treatment leading to a
significant improvement in patient quality of life.

Overall, we observed a significant reduction of tumor burden in
mice treated with RPE-mIL2 monotherapy and complete eradication
of tumor burden in mice treated with RPE-mIL2 and aPD1 combi-
nation therapy. This effect was achieved through the modulation of
both innate and adaptive immune populations and was accompanied
by protection against tumor recurrence. Importantly, immune acti-
vation was attained while mitigating prolonged toxicity in both
peritoneal and pleural cavities. Although previous studies have dem-
onstrated that IL2 is highly efficacious, our cytokine factory is the first
approach that requires minimal access to the target site. This advan-
tage overcomes current clinical drawbacks regarding catheter infection
and may alleviate overall adverse events. The continued occurrence of
malignant mesothelioma necessitates the clinical assessment of new,
effective treatments. Thus, the potential of the IL2 cytokine factory
described here to ease the global burden of malignant mesothelioma
highlights the urgency of its evaluation in clinical trials.
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