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Abstract

Recombinant agonists that activate co-stimulatory and cytokine receptors have shown limited clinical anticancer utility,
potentially due to narrow therapeutic windows, the need for coordinated activation of co-stimulatory and cytokine pathways
and the failure of agonistic antibodies to recapitulate signaling by endogenous ligands. RTX-240 is a genetically engineered
red blood cell expressing 4-1BBL and IL-15/IL-15Ra fusion (IL-15TP). RTX-240 is designed to potently and simultaneously
stimulate the 4-1BB and IL-15 pathways, thereby activating and expanding T cells and NK cells, while potentially offering
an improved safety profile through restricted biodistribution. We assessed the ability of RTX-240 to expand and activate T
cells and NK cells and evaluated the in vivo efficacy, pharmacodynamics and tolerability using murine models. Treatment
of PBMCs with RTX-240 induced T cell and NK cell activation and proliferation. In vivo studies using mRBC-240, a mouse
surrogate for RTX-240, revealed biodistribution predominantly to the red pulp of the spleen, leading to CD8 +T cell and
NK cell expansion. mRBC-240 was efficacious in a B16-F10 melanoma model and led to increased NK cell infiltration
into the lungs. mRBC-240 significantly inhibited CT26 tumor growth, in association with an increase in tumor-infiltrating
proliferating and cytotoxic CD8 + T cells. mRBC-240 was tolerated and showed no evidence of hepatic injury at the highest
feasible dose, compared with a 4-1BB agonistic antibody. RTX-240 promotes T cell and NK cell activity in preclinical models
and shows efficacy and an improved safety profile. Based on these data, RTX-240 is now being evaluated in a clinical trial.
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many patients do not benefit from these approaches. Even
among responders, significant toxicities limit their use
in many instances [3, 4], highlighting the need for novel
immune-focused approaches.

T cells and natural killer (NK) cells have fundamental
roles in eliminating cancer [5]. Multiple approaches focus
on stimulating the 4-1BB and interleukin 15 (IL-15) path-
ways to activate and expand anti-tumor T cells or NK cells.
IL-15 induces 4-1BB expression on memory CD8 +T cells
in an antigen-independent manner and both act cooperatively
to promote memory CD8 + T cell responses and survival
[6-8]. A fusion protein of IL-15 and 4-1BBL induced T
cell proliferation and interferon-y (IFNYy) secretion from T
cells and was more efficacious in a murine lung metastasis
model than either protein alone [9]. Preclinical studies with
the IL-15 superagonist ALT-803 demonstrated the ability
of IL-15-IL-15 receptor a (IL-15Ra) complexes to expand
and activate human NK cells and T cells [10], as well as
to enhance NK-mediated cytotoxicity toward K562 targets
in vitro [11]. Furthermore, co-expression of membrane-pre-
sented IL-15 and 4-1BBL on K562 cells enhanced NK cell
expansion in vitro [12, 13].

A conventional therapeutic approach, using intravenous
(IV) injection of 4-1BB agonist antibodies to expand and
activate T cells, has been tested in early phase clinical trials
[14, 15]. However, the potential of 4-1BB agonist antibodies
is limited due to severe liver toxicity [16, 17] and anti-drug
antibodies [15]. An alternative strategy has been to expand
NK cells ex vivo for subsequent infusion into patients. This
method involves IL-15 and 4-1BBL proteins expressed on
the surface of K562 cells, which expands autologous NK
cells from peripheral blood in sufficient numbers for poten-
tial therapeutic use [12, 13, 18]. However, this requires an
ex vivo, personalized 10-day laboratory expansion and sub-
sequent depletion of T cells and the K562-IL-15-4-1BBL
cells prior to infusion to avoid toxicity [13].

Engineered human red blood cells (RBCs) that express
biotherapeutic proteins within, or on, their cell surface,
herein termed Red Cell Therapeutics™ or RCTs™, are allo-
geneic cellular medicines potentially able to treat a range of
diseases. RBCs have been used safely in transfusion medi-
cine for many years and preclinical studies demonstrate that
RBCs engineered to present antibody-derived fragments can
provide some therapeutic benefit in mice [19, 20]. Thus, we
evaluated RBC engineering as a novel approach to induce
T and NK cell immune activation. Crucially, RBC distribu-
tion is limited to the vascular system, potentially minimizing
off-tissue toxicity.

To investigate the potential of genetically engineered
RBC:s to induce immune-cell activation and promote anti-
tumor immunity, we created RTX™-240. RTX-240 is an
allogeneic, engineered, enucleated, human RBC with cell-
surface expression of 4-1BBL and trans-presented IL-15
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(IL-15TP), a fusion of IL-15 and IL-15Ra. Here, we show
that RTX-240 promotes NK cell and T cell expansion and
activation in vitro and exhibits the synergistic effects of
combining 4-1BB and IL-15 pathways. A mouse surrogate,
mRBC-240, activated T cells and NK cells in vivo, lead-
ing to reduction in tumor growth in two different models
(B16-F10 and CT26). Importantly, mRBC-240 was primar-
ily distributed to the spleen and was tolerated at the highest
feasible dose, compared with a 4-1BB agonistic antibody.
Together, our data demonstrate the potential therapeutic
effect of RTX-240 in the treatment of cancer.

Materials and methods
Erythroid cell engineering

In vitro generation of human engineered RBCs from hemat-
opoietic progenitor cells was performed as previously
described [20], with modifications, using lentiviral vectors
to induce stable expression of wild-type or engineered pro-
teins [21, 22].

Briefly, human CD34 + hematopoietic progenitor cells
(HemaCare, Inc.) from normal human donors were trans-
duced with lentiviral vectors to express OX40L (RCT-
OX40L-HA), GITRL (RCT-GITRL-HA), 4-1BBL (RCT-
4-1BBL or RCT-4-1BBL-HA), IL-15TP (RCT-IL-15TP)
or both 4-1BBL and IL-15TP (RTX-240). Un-transduced
cells were used as control (RCT-CTRL). The gene encoding
the protein of interest was cloned into the multiple cloning
site of a lentiviral vector under the control of the MSCV
promoter sequence. Lentivirus was produced in 293 T cells
(American Type Culture Collection, ATCC®). The fusion
proteins consisted of: glycophorin A (GPA), human IL-15
and the extracellular portion of human IL-15Ra; GPA
and the extracellular portion of human 4-1BBL; GPA, the
extracellular portion of either human 4-1BBL or OX40L or
GITRL and HA tag. Cells were cultured in expansion, differ-
entiation and maturation conditions, using different compo-
sitions of growth factors and cytokines based on established
erythrocyte culture protocols with modifications. Cells were
collected, washed, and counted by flow cytometry before
use in downstream assays. Successful generation of RCTs
was assessed by expression and ligand-binding assays using
flow cytometry.

Mouse surrogate RBCs were engineered using the prin-
ciples of click chemistry bioconjugation [23]. This method
uses the specific reaction between an azide group provided
by the 6-azidohexanoic acid sulfo-N-hydroxysuccinimidyl
(NHS) ester and a dibenzocyclooctyne (DBCO) group moi-
ety in order to generate mRBCs conjugated with recombi-
nant proteins. Recombinant murine 4-1BBL (m41BBL) and
Fc-human IL-15/IL-15Ra fusion (IL-15TP) were produced
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in Expi293F™ (Thermo Fisher Scientific), purified and con-
centrated to> 1 mg/mL prior to labeling. Endotoxin meas-
urements in protein preparations were less than 10 endo-
toxin units (EU)/mg. Following production and purification,
m4-1BBL and IL-15TP were conjugated to a DBCO group
moiety, which reacts with the azide group in the click reac-
tion. mRBCs obtained from whole blood were filtered to
remove leukocytes and labeled with 6-azidohexanoic acid
NHS ester. The labeled mRBCs were chemically conjugated
with either DBCO-labeled m4-1BBL (mRBC-4-1BBL),
DBCO-labeled IL-15TP (mRBC-IL-15TP), or DBCO-
labeled m4-1BBL and IL-15TP (mRBC-240) during an
overnight incubation. nRBC-CTRL was prepared similarly
to mRBC-240 without the addition of any DBCO-labeled
protein. Conjugated cells were washed with phosphate-buff-
ered saline (PBS) and stained with anti-mouse 4-1BBL or
anti-mouse IgG2a antibodies and analyzed via flow cytom-
etry to determine the protein labeling efficiency.

Expression and ligand-binding assays

For RCTs, ligand-binding assays were conducted by incubat-
ing the RCTs with His-tagged recombinant receptors in PBS
at room temperature or on ice for 30 min, then staining for
ligands (anti-HA, GGS8-1F3.3.1, Miltenyi Biotec, Inc.) and
receptors (anti-His, AD1.1.10, Abcam® plc.). In some cases,
RCTs were directly stained for 4-1BBL and IL-15. Receptor
binding was measured by flow cytometry.

For mRBC, 5x 10° mRBCs were incubated with 1 pg of
recombinant mouse 4-1BB human Fc chimera protein (R&D
Systems™, Inc.) for 30 min. Following binding, staining
was performed with anti-mouse IgG2a antibody (RMG2a-
62, BioLegend®) to detect mRBC-240 and anti-human
Fc antibody (HP6017, BioLegend) to detect recombinant
m4-1BB. Cells were run on a NovoCyte® 3000 flow cytom-
eter (ACEA Biosciences™, Inc.), and binding was deter-
mined by analyzing the percentage of double positive events
using FlowJo™ software (BD Biosciences™, Inc.).

In vitro reporter assays
Human reporter assays

To assess human TNF-family receptor activation, NFkB
reporter Jurkat cells expressing GITR, OX40 or 4-1BB
(GITR Bioassay, OX40 Bioassay, 4-1BB Bioassay, respec-
tively, Promega® Corporation) were used according to the
manufacturer’s instructions. Briefly, reporter cells were
thawed, added to opaque assay plates in RPMI with 1% fetal
bovine serum (FBS) and incubated with engineered RBCs
(starting at 2 10° per well) or controls, for 6 h at 37 °C.
NFKkB activation was measured by luminescence using the
Bio-Glo™ Luciferase Assay System (Promega Corporation)

on a multi-mode plate reader. Fold change in luminescence
was calculated by dividing the signal of each test sample
by the average of the negative controls (reporter cells and
media only).

Human 4-1BBL activity was measured using the 4-1BB/
NFkB reporter HEK293 cell line (BPS Bioscience, Inc.),
maintained according to the vendor’s instructions and used
between passages 4 and 20. For reporter assays, 3.5x 10*
cells were cultured overnight at 37 °C in assay media
(DMEM supplemented with 10% FBS, 1% penicillin/strepto-
mycin, 1% MEM NEAA, 1 mM sodium pyruvate) in opaque
assay plates, then incubated with engineered RBCs (starting
at 2% 10° cells per well) or controls (4-1BB agonistic anti-
body at 10 nM or 1 nM plus F(ab’)2-Goat anti-human IgG
Fc gamma secondary antibody [Thermo Fisher Scientific]
at 25 nM or 2.5 nM) at 37 °C for 6 h. NFkB activation was
measured by luminescence (ONE-Step™ Luciferase Assay
System, BPS Bioscience) on a multi-mode plate reader. Fold
change in luminescence was calculated by dividing the sig-
nal of each test sample by the average of the negative con-
trols (reporter cells and media only).

Functionality of IL-15TP was determined using the
HEK-Blue™ IL-2 reporter cell line (InvivoGen®), which
expresses the IL-2Rp and IL-2Ry receptors common to
both IL-2 and IL-15. HEK-Blue IL-2 reporter cells were
maintained according to the vendor’s instructions and
used between passages 4 and 20. Serial dilutions of RCTs
or mRBCs were prepared starting at 1.3 x 103 for RCT
and 1x 107 cells per well for mRBC and incubated in
assay media (DMEM with 4.5 g/L glucose +2 mM L-glu-
tamine + 10% FBS + 1% penicillin/streptomycin+ 1 pg/
mL Normocin™ antimicrobial reagent) in 96-well tissue-
culture treated plates with 5 x 10* HEK-Blue IL-2 cells for
20 h at 37 °C. Supernatants were collected and secreted
embryonic alkaline phosphatase (SEAP) was quantified
using QUANTI-Blue™ Solution (InvivoGen) according to
the manufacturer’s instructions. Optical density was read at
655 nM using a microplate reader (SpectraMax® M3 micro-
plate reader, Molecular Devices®, LLC). Fold change in
SEAP secretion was calculated by dividing the concentration
in each test well by the average of the concentration of the
negative controls (reporter cells, media only, RCT-CTRL
or mRBC-CTRL).

Murine reporter assays

Assessment of m4-1BB activation and downstream sign-
aling was performed using a mouse 4-1BB/NFkB reporter
cell line. Serial dilutions of mRBC-CTRL or mRBC-240
were prepared starting at 1x 107 cells/well and incubated
with 2 x 10* m4-1BB/NFkB reporter cells for 24 h at 37 °C.
The Bio-Glo Luciferase Assay System was used and lumi-
nescence was measured on a Synergy™ HTX multi-mode

@ Springer



2704

Cancer Immunology, Immunotherapy (2021) 70:2701-2719

microplate reader (BioTek® Instruments, Inc.). The fold
change of mRBC-240 luminescence over that of mRBC-
CTRL was reported.

Assessment of IL-15 activity on mRBC was performed
using the HEK-Blue IL-2 reporter cell line assay (detailed
in human reporter assays).

Primary-cell assays

Cryopreserved PBMCs from human donors were thawed and
washed, then labeled with CellTrace™ Far Red dye (CTFR,
Thermo Fisher Scientific) according to the manufacturer’s
instructions. RCTs were collected and washed. 1-2x 10°
PBMCs were added to 96-well round-bottom plates along
with RCTs (1.25-5x 10%) or control treatments of rIL-15
(PeproTech®, Inc.) at 1 or 0.1 ng/mL or 4-1BB agonistic
antibody at 10 nM or 1 nM plus F(ab’)2-Goat anti-human
IgG Fc gamma secondary antibody at 25 nM or 2.5 nM. In
some assays, purified anti-CD3 antibody (OKT3, Thermo
Fisher Scientific) was added to a final concentration of
0.5 pg/mL. Plates were incubated at 37 °C for 5-8 days
before staining for flow cytometry (detailed in immune
profiling).

Purified NK cells were thawed, washed, and added to a
96-well round-bottom plate in assay media with RCTs (1:5
NK:RCT ratio) or control treatments and incubated over-
night at 37 °C. K562 cells (CCL-243, ATCC) were labeled
with CTFR according to the manufacturer’s instructions,
added to the pre-activated NK cells or control wells and
incubated at 37 °C for 4 h. To measure target cell killing,
samples were stained with LIVE/DEAD™ Fixable Aqua
Dead Cell Stain (LD, Thermo Fisher Scientific) and washed
and live K562 cells were enumerated by flow cytometry as
CTFR-positive, LD-negative cells. Specific killing was cal-
culated as percentage live targets with no NK minus per-
centage live targets with NK for each control and treatment
condition.

To assess mRBC effects on T cells and NK cells, single-
cell suspensions were prepared from the spleens of C57BL/6
wild-type mice and 1.5 x 10° splenocytes were incubated
with 1 x 10® mRBCs in the presence of 1 pg/mL anti-CD3
antibody (145-2C11, Thermo Fisher Scientific) for 4 days
at 37 °C. Cells were collected, and the staining of CD8 + T
cells and NK cells for flow cytometry was performed using
anti-mouse CD16/CD32 antibody (BioLegend), LD Fix-
able Aqua Dead Cell Stain and fluorophore-conjugated
antibodies recognizing the extracellular CD8 (5.3-6.7, BD
Bioscience) and NK1.1 (PK136, BioLegend) proteins. Data
were acquired on a BD LSRFortessa™ flow cytometer (BD
Biosciences) and analyzed with FlowJo software. To assess
IFNy production, single-cell suspensions were prepared
from spleens of C57BL/6 wild-type mice and 1.5 x 10°
splenocytes were incubated with serial dilutions of mRBCs
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starting at 1x 107 cells in the presence of 2 pg/mL of anti-
CD3 antibody (145-2C11, Thermo Fisher Scientific) for 24 h
at 37 °C. Supernatants were collected and secreted IFNy was
measured using the BD OptEIA™ Mouse IFNy ELISA Set
(AN-18, BD Bioscience) according to the manufacturer’s
instructions. Optical density was read at 450 nM using a
microplate reader.

Immune-cell profiling

Details of the antibodies used and gating strategies for the
identification of cell populations are provided in the sup-
plementary tables 1 and 2. Staining of immune cells for
flow cytometry was performed using a mix of fluorophore-
conjugated antibodies and either LD Fixable Aqua Dead Cell
Stain or Zombie NIR™ dye (BioLegend) in PBS. Fc recep-
tors were blocked with anti-mouse CD16/CD32 antibody
(BioLegend) for mouse staining. For intracellular staining,
cells were fixed with either 4% paraformaldehyde (Electron
Microscopy Sciences) or Foxp3 Fix/Perm fixation buffer
(Foxp3/Transcription Factor Staining Buffer Set, eBiosci-
ence), washed with a permeabilization buffer, then stained
for intracellular antigens in a Foxp3 Fix/Perm permeabili-
zation buffer (eBioscience). After this, cells were washed
with a permeabilization buffer and resuspended in PBS for
analysis by flow cytometry according to the manufacturer’s
instructions. Data were acquired on a BD™ LSRFortessa™
flow cytometer (BD Biosciences) or a NovoCyte 3000 flow
cytometer and analyzed with FlowJo software.

In vivo activity of engineered RBCs

Female C57BL/6 or BALB/c mice 6-8 weeks old (Charles
River Laboratories or The Jackson Laboratory) were housed
in IACUC-accredited animal facilities under specific path-
ogen-free conditions. Protocols were approved by IACUC
and studies complied with ethical regulations and humane
endpoints.

B16-F10 metastatic model

The murine melanoma cell line B16-F10 (ATCC) was cul-
tured according to ATCC recommendations and 1 x 10° cells
were injected IV in 200 pL RPMI-1640 into C57BL/6 mice
to establish a pulmonary metastatic melanoma model. On
days 1, 5, and 8 post-inoculation, animals received either
1x10° mRBCs 1V, 4-1BB agonistic antibody (InVivoMab™
anti-mouse 4-1BB clone 3H3, Bio X Cell, Inc., 2.5 mg/kg)
intraperitoneally (IP), or rIL-15 (0.2 mg/kg) IP. On day 14,
animals were euthanized and lungs were perfused with ice-
cold PBS through the right atrium prior to harvest. The left
lobe was collected into RPMI-1640 for immune phenotyp-
ing by flow cytometry. Remaining tissue was fixed in 10%
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buffered formalin for 24 h, switched to 70% ethanol and
metastases enumerated under the microscope. For evalua-
tion of frequency of immune cells in the spleen, organs were
harvested on day 12 and CD8 + T cells and NK cells were
analyzed by flow cytometry.

CT26 subcutaneous model

The murine colon cancer cell line CT26 (ATCC) was cul-
tured according to ATCC recommendations and 1 x 10° cells
were implanted subcutaneously in 100 pL. RPMI-1640+ 50%
Matrigel® matrix (Corning) into the right flank of BALB/c
mice. When tumors reached 80-120 mm?>, mice were ran-
domized and treated IV with 1x 10° of either mRBC-240
or mRBC-CTRL on days 1, 5, and 8 post-randomization.
Tumor volume was measured three times a week and cal-
culated as length (mm) X width? (mm) x0.5. On day 11,
animals were euthanized and tumors harvested for immune
phenotyping by flow cytometry.

mRBC labeling for in vivo detection

To detect chemically conjugated mRBCs in circulation,
2% 10°/mL mRBCs were incubated with 1 yM DBCO-
conjugated cyanine5 (Cy35, Click Chemistry Tools, LLC)
for 20 min in the dark at room temperature. For histology,
1 x 10°’mL mRBCs were labeled with 10 pM CTFR for
6 min in the dark, quenched with FBS and washed prior to
formulation.

Pharmacokinetics (PK) of mRBC-240

The percentage of Cy5-labeled mRBC in C57BL/6-naive
mice was evaluated using flow cytometry. Mice were dosed
IV with mRBC-CTRL or mRBC-240 (at 2 dose levels) on
days 0, 3, 7, and 10. Whole blood was collected into blood
collection tubes with K,EDTA by tail-nick bleed 4 h fol-
lowing the first mRBC dose and then daily until day 14.
Samples were run on a NovoCyte® 3000 flow cytometer
(Acea Biosciences™, Inc.; 100,000 events/sample), and the
percentage of Cy5-positive singlet cells was analyzed using
FlowJo™ goftware (version 10, BD Biosciences).

Biodistribution of mRBC-240 in the CT26 tumor
model

1 x 10° CTFR-labeled mRBC-CTRL or mRBC-240 were
injected IV in CT26 tumor-bearing mice. One day after dos-
ing, tissues were collected from mice (without perfusion)
and frozen in Tissue-Tek® Cryomold® plastic molds (VWR
International, LLC) containing Tissue-Tek O.C.T. Com-
pound (VWR International, LLC). Tissue blocks were sec-
tioned on a Leica® CM1520 cryostat (Leica Microsystems

Inc.) and mounted onto slides for staining. Slides were fixed
in 4% formalin, blocked with Background Sniper blocking
reagent (Biocare Medical, LLC) and staining was performed
with anti-CD31 antibody (clone 2HS8, MilliporeSigma),
anti-hamster Alexa Fluor® 488 dye-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories, Inc.)
and Hoechst dye. Scanning was performed on the Aperio™
ScanScope® FL scanner (Leica Microsystems Inc.), and
images were analyzed using the HALO image analysis soft-
ware module High Plex FL V2.0 (Indica Labs) to quantify
density (cells per mm?) of mRBC-240 and mRBC-CTRL
in each tissue.

Pharmacodynamics (PD) and in vivo tolerability
of mRBCs

Blood was collected by cardiac puncture in BD Micro-
tainer® blood collection tubes with K,EDTA tubes (BD
Biosciences) and single-cell suspensions were prepared via
treatment with Alfa Aesar™ RBC Lysis Buffer for mouse
RBCs (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Spleens were processed into single-cell
suspensions by mechanical dissociation through a Corning®
70 pm Cell Strainer (Corning, Inc.) and subsequent lysis
of RBCs with ACK Lysing Buffer (Thermo Fisher Scien-
tific). Single-cell suspensions from tumors, lungs and livers
were prepared using the murine Tumor Dissociation Kit,
the murine Lung Dissociation Kit, or the murine Liver Dis-
sociation Kit (Miltenyi Biotec), respectively, according to
the manufacturer’s instructions. For intracellular cytokine
staining, single spleen cell suspensions were incubated for
4 h at 37 °C with eBioscience™ Cell Stimulation Cocktail
(Thermo Fisher Scientific) before staining according to the
immune profiling section.

Toxicity of mRBC-240 in mice was determined using
a previously described model [17], with adaptations: mice
were administered mRBC-CTRL or mRBC-240 at 3 dose
levels (1 x10°, 3% 10® or 1x 10%) or 4-1BB agonistic anti-
body (InVivoMab anti-mouse 4-1BB clone 3H3, 10 mg/kg
or 2.5 mg/kg) on days 1, 5, 8, and 11. On day 18, animals
were euthanized and livers fixed in 10% buffered formalin
for 24 h and paraffin embedded. Tissue sections were either
stained with hematoxylin and eosin (H&E) using standard
procedures or with anti-mouse F4/80 antibody (clone BMS,
Thermo Fisher Scientific). H&E sections were blind-scored
by a pathologist based on necrosis and inflammation in the
tissue and vessels. F4/80 staining quantification was per-
formed using HALO image analysis software. For liver
enzyme analysis, whole blood was collected via cardiac
puncture and alanine aminotransferase (ALT) levels (U/L)
measured in the serum.
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Statistical analysis

A one-way ANOVA was used to account for any differ-
ences between groups for data in vitro or in vivo. A two-
way ANOVA was used to account for the difference in CT26
tumor growth between mRBC-240 and mRBC-CTRL. A t
test was used to compare the density of mRBC-240 and
mRBC-CTRL in different organs.

Results
RCTs can express functional costimulatory ligands

To evaluate the ability of RCTs to stably express functional
immunostimulatory ligands, CD34 + cells were transduced
with lentiviral vectors encoding either OX40L, GITRL or
4-1BBL as HA-tagged fusion proteins of GPA. Robust
surface expression of each fusion protein was confirmed
by flow cytometry, including binding to recombinant His-
tagged receptor (supplementary Fig. 1a) and ligand func-
tion was demonstrated through dose-dependent induction
of NFkB activity (supplementary Fig. 1b). Cell-surface
expression of 4-1BBL led to greater activation of NFkB
(supplementary Fig. 1c) and greater proliferation of human
CD4 +T cells (supplementary Fig. 1d) and CD8 + T cells

(supplementary Fig. 1e) than with the 4-1BB agonistic
antibody, indicating that RCT-4-1BBL induces a more
robust downstream signaling of the 4-1BB pathway.

Characterization and Effects of RTX-240 in vitro
Validation of 4-1BBL and IL-15TP expression on RTX-240

To simultaneously activate key co-stimulatory and
cytokine pathways, we developed RTX-240, engineered
RBCs which co-express 4-1BBL and IL-15TP on the
cell surface. Flow cytometry confirmed that RTX-240
consisted primarily of cells co-expressing 4-1BBL and
IL-15TP, with a minority of cells expressing each ligand
alone (Fig. 1a). Incubation of RTX-240 or RCT-4-1BBL
with 4-1BB-NFkB 293 T-reporter cells resulted in a
greater than 25-fold increase in NFkB activation versus
media alone (Fig. 1b). Similarly, incubation of RTX-240
or RCT-IL-15TP with IL-2-JAK/STAT reporter cells led
to a 45-fold and 39-fold increase (vs media alone) in JAK/
STAT pathway activation, respectively (Fig. 1c). These
data indicate that RTX-240 delivers 4-1BBL- and IL-
15-specific signals that are not compromised by ligand
co-expression.

RCT-CTRL RCT-4-1BBL RCT-IL-15TP RTX-240

Q1 Q2
0.014 0.014

Q2
0044

Q3
0.017
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=
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2 [ 992
4-1BBL —»
b 4-1BB activation
40= A B
30
=
.% I RCT-CTRL
2 RCT-4-1BBL
2 20 = Re
it RCT-IL-15TP
© : : : : B RTX-240
10=4 H H H H— 4-1BB agonistic antibody

Fig.1 4-1BBL and IL-15TP on RTX-240 stimulate receptor-specific
activation in reporter cells. a Representative flow cytometry plots of
RTX-240 stained for 4-1BBL and IL-15TP. b Fold change in NFkB
activation in 4-1BB/NFkB reporter HEK293 cells incubated with
engineered RBCs or 4-1BB agonistic antibody 4+ cross-linking anti-
body (10 nM and 1 nM agonist with 25 nM and 2.5 nM cross-linker,
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Cc IL-15 receptor activation
50— i
i
c
% M RCT-CTRL
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respectively) compared with media alone. ¢ Fold change in JAK/
STAT activation by IL-15 in reporter HEK-Blue-IL-2 cells incubated
with engineered RBCs or recombinant (r) IL-15 (threefold dilutions
from 100 pg/mL), compared with media alone. Bars indicate SD of
2-3 technical replicates. IL-15TP, trans-presented interleukin 15;
RBC, red blood cell; SD, standard deviation
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RTX-240 stimulates human T cells in vitro in the presence
of anti-CD3 stimulation

IL-15 and 4-1BBL both promote T cell survival and prolif-
eration [24, 25]. To evaluate the co-stimulatory effects of
RTX-240 on human T cells, CTFR-labeled PBMCs were
incubated with anti-CD3 antibody, along with RCTs or
control treatments. Notably, RCT-4-1BBL, RCT-IL-15TP
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Fig.2 Co-stimulation of human T cells in vitro. PBMCs were labeled
with CTFR and incubated with anti-CD3 (0.5 pg/mL) and the indi-
cated treatments for 5 days, then analyzed by flow cytometry for: a
CD8+T cell number, b CD8+T cell proliferation (percentage of
cells that went through at least one division) and Granzyme B expres-

or RTX-240 led to greater expansion of CD8+ T cells
than the combination of rIL-15 plus 4-1BB agonistic anti-
body (Fig. 2a), thus demonstrating the potency of ligands
expressed on a cell surface. While the majority of anti-CD3-
treated PBMCs were dividing by day 5, a small increase
in CD8+T cell proliferation was observed with RCT-4-
1BBL and RTX-240 (Fig. 2b), suggesting that the increase
in CD8+T cell expansion was due to proliferation and
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Far Red dye; GzmB, Granzyme B; IL-15TP, trans-presented interleu-
kin 15; PBMC, peripheral blood mononuclear cell; rIL-15, recombi-
nant IL-15; SD, standard deviation
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survival. Furthermore, treatment with RTX-240 or RCT-
4-1BBL resulted in a twofold increase in the percentage
of Granzyme B+ CD8+T cells as compared with RCT-
CTRL (Fig. 2c), as with 4-1BB agonistic antibody or rIL-
15 treatments.

RTX-240 provides direct stimulation of human memory
CD8+ T cells and NK cells in vitro

Both soluble and membrane-bound IL-15 or 4-1BB ago-
nists directly promote proliferation and cytotoxicity of
CD8+T cells [9, 24, 25] and NK cells [12, 26], show-
ing increased activity when combined [9, 12]. Consistent
with this, RTX-240 treatment of PBMCs in the absence
of additional stimulation resulted in a fourfold increase in
the number of memory CD8 + T cells (Fig. 3a), a tenfold
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Fig.3 Direct activation of CD8+T cells and NK cells in vitro. (ai)
PBMCs were labeled with CTFR and incubated with the indicated
treatments for 8 days, then analyzed by flow cytometry for: a memory
CD8+T cell numbers; b memory CD8 + T cell proliferation (percent-
age of cells that went through at least one division); ¢ CD8+ effec-
tor memory differentiation; d NK cell numbers; e NK cell prolif-
eration (percentage of cells that went through at least one division);
f—i expression of the following molecules on NK cells: f TRAIL, g
NKp44, h Granzyme B and i 4-1BB. j Purified NK cells were incu-
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bated in vitro overnight with the indicated treatments, then incubated
with labeled K562 target cells for 4 h. Target cell killing was meas-
ured by flow cytometry. Bars indicate a—i SD of 3 biological repli-
cates j or SD of 3 technical replicates. Flow plots are representative
data from one donor. CTFR, CellTrace Far Red dye; GzmB, Gran-
zyme B; IL-15TP, trans-presented interleukin-15; NK, natural killer;
PBMC, peripheral blood mononuclear cell; rIL-15, recombinant
IL-15; SD, standard deviation
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Fig.3 (continued)

increase in proliferation of CD45RO 4+ memory CD8 + T
cells (Fig. 3b) and a threefold increase in the percentage
of effector memory CD8 + T cells (Fig. 3c) compared
with RCT-CTRL. Similar effects were observed with
4-1BB agonist and rIL-15 but not with RCT-4-1BBL and
RCT-IL-15TP.

PBMCs treated with RTX-240 showed dramatic increases
in NK cell numbers (16-fold, Fig. 3d) and proliferation
(eightfold, Fig. 3e) as compared with RCT-CTRL. These
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effects were present to a lesser extent with RCT-4-1BBL,
RCT-IL-15TP, or positive controls.

NK cells can be triggered to kill target cells through
engagement of death receptor ligands such as TRAIL, or
natural cytotoxicity receptors such as NKp44 [27]. RTX-240
led to fivefold and twofold increases in NK cells express-
ing TRAIL and NKp44, respectively, compared with RCT-
CTRL (Fig. 3f and g). Increased expression of the cytotoxic
protease Granzyme B on NK cells was also demonstrated
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Fig.3 (continued)

by treatment with RTX-240 (Fig. 3h). Similar effects were
observed in NK cells after treatment with RCT-4-1BBL,
RCT-IL-15TP, and positive controls. The percentage of
4-1BB + NK cells increased after treatment with RTX-240,
RCT-4-1BBL and RCT-IL-15TP but not 4-1BB agonistic
antibody or rIL-15 (Fig. 3i).

To evaluate the effect of RTX-240 on NK cell cytotox-
icity, NK cells from healthy donors were co-cultured with
RTX-240 or control treatments overnight, then incubated
with K562 target cells. NK cells treated with RCT-IL-15TP
or RTX-240 demonstrated 2.6—threefold increased killing
of K562 targets versus media alone; this was also observed
following rIL-15 treatment (Fig. 3j), as has been previously
described [11].

Collectively, these data indicate that RTX-240 can
directly stimulate CD8 + T cells and NK cells in vitro,
leading to increased proliferation, activation and function,
similar to the effects observed for treatment with 4-1BB
agonist plus rIL-15. Furthermore, RTX-240 is superior to
RCT-4-1BBL and RCT-IL-15TP, demonstrating additive or
synergistic effects for the combination of ligands. The most
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pronounced effect of treatment with RTX-240 is the dra-
matic enhancement of NK cell expansion, while increasing
NK cell functionality.

Effects of MRBC-240: an in vivo surrogate for RTX-240

Owing to the rapid clearance of human RBCs in immuno-
competent rodents [28, 29], RTX-240 cannot be effectively
assessed in an animal model in vivo. Therefore, a murine
surrogate for RTX-240 was developed to assess activity in an
animal model in vivo. mRBC-240 comprises murine RBCs
chemically conjugated with murine 4-1BBL and human IL-
15TP. Surface expression of each molecule and the poten-
tial of mRBC-240 to activate 4-1BB and IL-15 downstream
signaling was confirmed using binding and cell reporter
assays in vitro. mRBC-240 demonstrated additive effects
in expansion of CD8 + T cells and NK cells (supplementary
Fig. 2). In addition, splenocytes stimulated with mRBC-
240 in the presence of anti-CD3 produced higher levels of
IFNy compared with mRBC-IL-15TP and mRBC-4-1BBL
(supplementary Fig. 2). Together, mRBC-240 displayed
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the bioactivity of RTX-240 for use as a surrogate in mouse
studies.

mRBC-240 distributes to the spleen and expands CD8 + T cells
and NK cells in vivo

In a biodistribution study of mRBC-240, after IV adminis-
tration in mice, both mRBC-240 and mRBC-CTRL distrib-
uted predominantly to the spleen and specifically to the red
pulp (Fig. 4a and b). The splenic red pulp capillaries feed
an open circulation in which RBCs and other immune cells
interact [30]. Importantly, the density of mRBC-240 in the
spleen was higher than mRBC-CTRL, suggesting enhanced
interaction of mRBC-240 with target cells in the spleen com-
pared with mRBC-CTRL (Fig. 4c; p=0.0002).

In most organs, mRBC-240 cells were found inside the
vessels (Fig. 4c). Although mRBC-CTRL and mRBC-240

—=1100 ym

—— 100 pm 100 pm

100 ym

+——100 ym

were detectable in the heart and lungs, these were local-
ized to the lumen of the blood vessels, consistent with the
absence of a perfusion step prior to tissue collection. In the
liver, there was a small but statistically significant increase
in mRBC-240 compared with mRBC-CTRL (p =0.0063).
mRBC-240 cells were detected at low levels in tumors,
draining lymph nodes, and kidneys.

In a PK/PD evaluation for 14 days, while the average con-
centration of mRBC-CTRL in the blood was 12%, mRBC-
240 cells were cleared faster with an average concentration
of 1.7% for the 1x 10° dose and 0.17% for the 1x 10°® dose
(Fig. 4d).

We believe that faster clearance of mRBC-240 from
the blood compartment is due to expression of 4-1BBL
and IL-15TP on the surface of mRBC-240, which leads
to interactions with immune cells in the blood and spleen.
In the blood, to determine mRBC-240 PK, we use a flow
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Fig.4 mRBC-240 biodistribution, PK and PD. a Representa-
tive images of mRBC-240 in different tissues (tumor, spleen, liver,
draining lymph nodes, lung, kidney, and heart). mRBC-240 cells
were labeled with CTFR prior to injection (red channel). Blood ves-
sels were identified by CD31 staining (green channel) and nucle-
ated cells were detected using Hoechst staining (blue channel). b
Representative images of mRBC-240 in the red pulp of the spleen.
¢ mRBC-240 biodistribution: quantification of the density (cells per
mm?) of mRBC-240 and mRBC-CTRL in different organs 24 h fol-
lowing a single IV dose (n=5). Data presented+SEM **p<0.01,
*#%p <0.001, comparing mRBC-240 versus mRBC-CTRL. All com-
parisons were analyzed by t test. d PK of mRBC-240: concentra-
tion of mRBC-240 in the blood was assessed. Blood was collected
4 h post the first dose and each day thereafter and the percentage
of Cy5-labeled mRBC-CTRL (1x10%) or mRBC-240 (1x10° or

Days

O O

1% 10%) in circulation was assessed by flow cytometry (n=4 mice
per group). € PD of mRBC-240 in the spleen of non-tumor-bearing
mice: counts of total NK cells, CD8+T cells and IFNy+CD8+T
cells were analyzed by flow cytometry in the spleen on day 14 (n=4
mice per group). f PD of mRBC-240 in the spleen of tumor-bearing
mice (B16-F10): frequencies of NK cells and CD8+T cells were
analyzed by flow cytometry in the spleen on day 12 (n=>5 mice per
group). Bars indicate SD of biological replicates. Comparisons were
analyzed by a one-way ANOVA or unpaired T test and compared
with mRBC-CTRL group and showing as **p <0.01, ***p<0.001,
*#%%p <0.0001. CTFR, CellTrace Far Red dye; IFNy, interferon-y;
1V, intravenous; mRBC, mouse red blood cell; NK, natural killer; PD,
pharmacodynamics; PK, pharmacokinetics; SD, standard deviation;
SEM, standard error of the mean
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Fig.4 (continued)

cytometry assay that is based on RBC singlets. Thus,
when mRBC-240 cells interact with immune cells in the
blood, mRBC-240 cells are not detected by the PK assay,
which may be a contributor to the short PK of mRBC-240
compared with mRBC-CTRL. In addition, expression of
4-1BBL and IL-15TP on mRBC-240 leads to interaction of
mRBC-240 with immune cells predominantly in the spleen
and sequestration of mRBC-240 there, as suggested by the
biodistribution study (Fig. 4c). In non-tumor-bearing mice
mRBC-240 induced a dose-dependent, 2-2.5 fold increase
in expansion of splenic NK cells and CD8 + T cells com-
pared with mRBC-CTRL (p =0.0002 and p=0.0009,
respectively). Furthermore, mRBC-240 treatment induced
a fivefold increase in count of IFNy-producing CD8+ T
cells (p=0.0001) (Fig. 4e). This suggests that mRBC-240
can recapitulate, in vivo, the effects seen with RTX-240 and

@ Springer

mRBC-240 in vitro. Increased frequency of NK cells and
CD8+T cells in the spleen was similarly observed in tumor-
bearing mice (p <0.0001) (Fig. 4f), indicating that despite
the observation that mRBC-240 cells do not distribute to the
tumor microenvironment, mRBC-240 can activate CD8 + T
cells and NK cells in the spleen, which may lead to tumor
growth inhibition.

mRBC-240 promotes tumor control in vivo

mRBC-240 anti-tumor activity was evaluated in vivo in
two tumor models in mice. In the B16-F10 melanoma lung
metastasis model [31], 3 doses of 1x 10° mRBC-240 (days
1, 5 and 8 post cancer-cell inoculation) significantly reduced
tumor burden compared with mRBC-CTRL (p <0.0001).
mRBC-240 was more effective in reducing lung metastases
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than mRBC-4-1BBL (p=0.0179) or mRBC-IL-15TP
(p <0.0001), demonstrating an advantage for co-presen-
tation of 4-1BBL and IL-15TP on mRBC-240 (Fig. 5a).
The positive controls rIL-15 and 4-1BB agonistic antibody
showed fewer metastases compared with mRBC-CTRL and
mRBC-240.

There was a significant increase in the percentage of
lung-infiltrating NK cells on day 14 in mice treated with
mRBC-IL-15TP (p <0.0001) (Fig. 5b). A similar, not sta-
tistically significant, trend was observed in mice treated
with mRBC-240. Finally, mRBC-240 treatment led to a
significant increase in the percentage of terminally differ-
entiated NK cells in the lungs (NK1.1+CD11b+ CD27-
KLRGI +; p<0.0001), which was also observed in mice
treated with mRBC-4-1BBL (p =0.0016) but not mRBC-
IL-15TP (Fig. 5¢), suggesting an additive effect of 4-1BBL

B16-F10 lung metastasis model

ke

Lung-infiltrating NK cells

and IL-15TP on mRBC-240. No change in lung infiltration
of CD8+T cells was observed in mRBC-240 treatment
compared to mRBC-CTRL (Fig. 5d).

In the CT26 model of colon cancer, three doses of
mRBC-240 inhibited tumor growth in mice compared
with mRBC-CTRL (p <0.0001), with a reduced tumor
burden at day 13 (Fig. 5e). Immune cell profiling on day 11
showed that mRBC-240 significantly expanded CD8 + T
cells in the tumor compared with mRBC-CTRL (p=0.038)
(Fig. 5f). Tumor-infiltrating CD8 + T cells showed higher
proliferation (Ki67 +) and enhanced activation (CD44 +)
in mRBC-240 treated mice compared with mRBC-CTRL
(p=0.044 and p =0.034, respectively) (Fig. 5g and h).
However, no change in tumor infiltration of NK cells was
observed in mRBC-240 treatment compared to mRBC-
CTRL (Fig. 51).
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Fig.5 mRBC-240 promotes tumor control in B16-F10 and CT26
models. a Lung metastases enumeration in C57BL/6 mice inocu-
lated IV with B16-F10 tumor cells. Analysis performed on day 14
(n=8 mice/group). The frequency of b NK cells (NKI1.1+) and
¢ terminally differentiated NK cells (NKI1.1+CDI11b+CD27-
KLRGI1+) and d CD8+T cells in the lung were analyzed by flow
cytometry. Data presented + SD and comparisons analyzed by one-
way ANOVA *p<0.05, *¥p<0.01, **¥*p<0.001, ****p<0.0001.
e Tumor growth curves for CT26 tumor model in BALB/c mice.

Data presented+ SEM ****p <0.0001, comparisons were analyzed
by two-way ANOVA. The numbers of f tumor-infiltrating CD8+T
cells, g proliferating (Ki67+4) CD8+T cells and h activated (CD44 +)
CD8+T cells as well as i tumor-infiltrating NK cells were analyzed
by flow cytometry on day 11 (n=8 mice per group). Data pre-
sented +SD *p <0.05. Comparisons were analyzed by unpaired T
test. IL-15TP, trans-presented interleukin 15; IV, intravenous; mRBC,
mouse red blood cell; NK, natural killer; rIL-15, recombinant IL-15;
SD, standard deviation; SEM, standard error of the mean
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Fig.5 (continued)

mRBC-240 is well-tolerated in vivo

In clinical studies, 4-1BB agonists induce multiple toxicities
[32], including liver inflammation. In mice lymphopenia,
increased monocyte count, thrombocytopenia and anemia
were also reported [33]. ALT-803, a fusion protein of IL-
15R and IL-15, was reported to be tolerated with no dose-
limiting toxicities in a phase I study [34], although toxicities
in mice included weight loss, increased lymphocyte count,
and spleen hyperplasia [10]. Body and organ weights from
B16-F10 tumor-bearing mice treated with mRBC-240 were
unchanged compared with mRBC-CTRL (supplementary
Fig. 3). In contrast, rIL-15 and 4-1BB agonistic antibody
treatments led to an increase in spleen weights (IL-15:
p=0.0001, 4-1BB agonist: p=0.0048). Additionally, rIL-
15 treatment led to lower body weight (p =0.0096) and
increased lung weight (p =0.02) compared with mRBC-
CTRL-treated mice. These data suggest that mRBC-240 is
better tolerated than 4-1BB agonistic antibody or rIL-15.
A previously described liver toxicity model that assessed
a 4-1BB agonistic antibody [17] was adapted to evaluate
toxicity of mRBC-240. In this non-good laboratory practice
(GLP) safety study comparing toxicity induced by mRBC-
240 or a 4-1BB agonistic antibody, mRBC-240 was deter-
mined to be tolerated compared with the 4-1BB agonistic
antibody. No significant changes in macrophage infiltration
into the liver of mRBC-240-treated mice were observed on
day 18 of the study compared with negative controls. A sig-
nificant increase in macrophage infiltration was seen for the
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4-1BB agonistic antibody-treated animals at both dose levels
compared with PBS-treated control (p=0.0001) (Fig. 6a;
IHC: Fig. 6b).

No significant changes in liver-infiltrating CD8 + T cells
or liver CD8 +/Eomes+/KLRG1 + T cells — drivers of liver
injury — were observed in this study in mice that received
four doses of mRBC-240 compared with controls (Fig. 6¢
and d). In contrast, 4-1BB agonistic antibody-treated ani-
mals at both dose levels showed a statistically significant
increase in CD8+ T cell infiltration into the liver compared
with control (»p =0.0001) and a significant increase in liver-
infiltrating CD8 +/Eomes +/KLRG1 + T cells (»p =0.0001).

Mice treated with mRBC-240 in this study showed
ALT within the normal range in 21/24 animals (87.5%
of mice, no significant difference from control). 4-1BB
agonistic antibody-treated mice showed elevated ALT
levels in 9/16 mice (56%, p=0.0017 for 4-1BB ago-
nistic antibody at 10 mg/kg; Fig. 6e). 4-1BB agonistic
antibody-treated groups showed a statistically significant
increase in inflammation score (p =0.035 and p =0.0004
for 2.5 mg/kg and 10 mg/kg, respectively) (Fig. 6f). This
change in the liver inflammation score was not observed
in groups treated with mRBC-240. H&E staining of liver
sections demonstrated perivascular inflammation in liver
sections from 4-1BB agonistic antibody-treated animals
(Fig. 6g); similar peri-vascular inflammation was not
observed in mRBC-240-treated mice. Complete blood
count (CBC) revealed no changes in white blood cell,
lymphocyte or monocyte counts, or hemoglobin levels
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Fig.6 mRBC-240 is tolerated in mice. a Quantification of liver
macrophages (F4/80+). b Representative images of IHC staining of
macrophages (F4/80) from selected mice. ¢ Quantification of liver-
infiltrating CD8+T cells and d liver-infiltrating cytotoxic CD8+T
cells (CD8+/Eomes+/KLRGI1+). Quantification was performed
on liver samples of C57BL/6 wild-type mice by flow cytometry
on day 18 following 4 doses of either mRBC-240 (1x 10°, 3x108,
or 1x10%), mRBC-CTRL, 4-1BB agonistic antibody (10 mg/kg or
2.5 mg/kg) (n=8 mice/group) or PBS. e ALT liver enzyme levels

in mice that received mRBC-240 compared with mRBC-
CTRL (supplementary Fig. 4). 4-1BB agonistic antibody
treatment significantly decreased white blood cell and
lymphocyte counts and increased monocytes when com-
pared with PBS-treated mice (supplementary Fig. 4).

(U/L) in serum on day 18. f Inflammation scoring performed on H&E
stained liver sections. g Representative images of H&E staining of
liver sections from selected mice. All comparisons were analyzed by
a one-way ANOVA and compared with control groups and showing
as *p<0.05, **p<0.01, ***p <0.001, ****p <0.0001. ALT, alanine
aminotransferase; IHC, immunohistochemistry; H&E, hematoxylin
and eosin; mRBC, mouse red blood cell; PBS, phosphate-buffered
saline

Discussion

The development of RTX-240 was based on three con-
cepts: that normal physiological distribution of RBCs
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would avoid unwanted off-tissue effects and lower the
potential for toxicity; that a combination of multiple
ligands would provide improved activity; and that expres-
sion of ligands in their natural, cell-surface conformation
would facilitate binding to receptors through cell-to-cell
contact and lead to more potent activation of downstream
signaling pathways. The data presented here demonstrate
that 4-1BBL and IL-15TP co-expressed on the cell surface
of RTX-240 activated both 4-1BB and IL-15 receptors.
Dual expression did not compromise signaling through
either receptor pathway and acted synergistically to acti-
vate NK cells and T cells in vitro. A murine surrogate of
RTX-240 recapitulated these activities in vitro and in vivo
and demonstrated superior efficacy and tolerability com-
pared with exogenous ligand treatment in multiple in vivo
models.

A key property of engineered RBCs for clinical applica-
tion is their biodistribution—they follow the same distribu-
tion and clearance patterns as endogenous RBCs, with mini-
mal organ accumulation [35]. RBCs, lymphocytes and all
other circulating cells freely percolate through the red pulp
and are subsequently re-collected into the sinuses for venous
drainage [36]. In line with these findings, biodistribution
assays indicated that mRBC-240 was found in the circulation
and the spleen. The low flow rate and known mixing of lym-
phocytes and RBCs within the red pulp, combined with the
observed increase in mRBC-240 at this location, suggest that
the spleen red pulp is the primary area of mRBC-240 inter-
action with T and NK cells. This limited biodistribution is
likely to reduce the unwanted off-tumor effects of RTX-240.
Despite the absence of mRBC-240 in tumors, expansion and
activation of NK cells and CD8 +T cells was observed in
both the spleen and the tumor in mRBC-240-treated mice,
suggesting that these immune cells are activated by mRBC-
240 in the spleen and then traffic to the tumor. This is in
line with recent reports indicating that T cells activated in
the periphery can traffic to the tumor and potentially drive
anti-tumor responses [37-40].

Preclinical studies with the IL-15 super-agonist ALT-803
(now N-803) demonstrated the ability of IL-15-IL-15Ra
complexes to expand and activate human NK cells and T
cells [10] and to enhance NK-mediated cytotoxicity toward
K562 targets in vitro [11]. Clinical studies with ALT-803
also demonstrated in vivo expansion of CD8 +T cells and
NK cells [34, 41, 42]. Similarly, 4-1BB activation enhances
proliferation of CD8 + T cells and anti-tumor activity [43].
However, although ALT-803 is well-tolerated by patients
[41], some 4-1BB agonistic antibodies have shown dose-
dependent liver toxicity that limited the clinical develop-
ment of these therapies [32, 44]. Toxicity was seen with both
exogenous ligands in our studies, but was not observed with
membrane-bound ligands presented on mRBC-240, which
showed efficacy in tumor models as well as a favorable

@ Springer

therapeutic index. Crucially, mRBC-240 cells were tolerated
by mice and showed no liver or hematological toxicities, no
increase in organ weights, no increase in liver infiltration of
CDS8 +T cells or macrophages, no change in liver inflam-
mation score and no change in CBC. In contrast, the 4-1BB
agonistic antibody resulted in increased liver infiltration of
CD8+T cells and macrophages, increased serum transami-
nases, increased liver inflammation score and peri-vascular
inflammation and lymphopenia, all of which are consistent
with previous reports [10, 17, 32, 33, 44]. Favorable toler-
ability of mRBC-240 compared with the 4-1BB agonistic
antibody may be explained by the cells’ biodistribution:
mRBC-240 did not activate liver Kupffer cells, which secrete
IL-27 and are required for the initiation of the toxic cascade
[17]. Collectively, these data support the hypothesis that
RTX-240 may be a better tolerated therapy than a 4-1BB
agonistic antibody or rIL-15.

Multiple lines of evidence support the combination of
IL-15 and 4-1BBL for improved potency and efficacy. The
independent activity of both IL-15 fusions [45, 46] and
4-1BB agonists [47-50] has been demonstrated for in vivo
tumor inhibition; however, there is a clear benefit for the
simultaneous presentation of IL-15 and 4-1BBL in a single
fusion protein in a tumor mouse model in vivo [9]. Here, we
demonstrate that the combination of 4-1BBL and IL-15TP
on mRBC-240 inhibited tumor growth in the B16-F10 model
of lung metastasis and this was accompanied by an increase
in the frequency of NK cells and terminally differenti-
ated NK cells in the lung, as has been observed for rIL-15.
mRBC-240 was more efficacious than cells presenting only
4-1BBL or IL-15TP, emphasizing the benefit of having both
molecules expressed on the same cell and in line with former
demonstrations [9]. In a second tumor model (CT26 colon
cancer), mRBC-240 showed tumor growth inhibition that
was associated with an increase in activated and proliferating
CD8+T cells in the tumor. These separate in vivo observa-
tions support the combination of 4-1BBL and IL-15TP for
improved efficacy and suggest that the RTX-240 mechanism
of action includes expansion of NK cells and CD8+T cells
in the spleen and increased infiltration of activated NK cells
and CD8+T cells in the tumor site.

Clinical studies have linked increased activation and
cytotoxic function of NK cells with improved patient prog-
nosis in several cancer types [51-53]. In vitro studies with
human PBMCs support the use of a combination of IL-15
and 4-1BBL for robust activation of NK and CD8 + T cells.
In the presence of TCR stimulation, RTX-240 increased
CD8+ T cell proliferation and activation primarily through
4-1BBL. In the absence of TCR stimulation, both 4-1BBL
and IL-15TP were required for greatest memory CD8 +T
cell proliferation, specifically effector memory CD8 +T cells
and greatest NK cell activation, proliferation and expres-
sion of cytotoxic molecules. In a short-term cytotoxicity
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assay, RTX-240 increased NK target cell killing exclusively
through IL-15TP. In this experiment, RTX-240 primed NK
cells to be more cytotoxic against the myeloid leukemia line,
K562, demonstrating the potential activity of RTX-240 in
activating NK cells against leukemic cells.

Feeder cells consisting of K562 expressing 4-1BBL and
membrane-bound IL-15 have been used to expand NK cells
for adoptive cell therapy for cancer, inducing upregulation
of TRAIL, NKp44 and 4-1BB [12, 26]. RTX-240 similarly
induced dramatic expansion of NK cells and expression of
these activating receptors on NK cells in vitro, suggesting
that RTX-240 may be able to leverage the synergistic effects
of 4-1BBL and IL-15TP to drive NK cell expansion and
activation in patients.

Cell-surface presentation of 4-1BBL and IL-15 may fur-
ther enhance their combined activity, compared with soluble
agonists. Notably, RTX-240 treatment led to greater NK cell
and CD8+ T cell expansion in vitro than 4-1BB agonistic
antibody, rIL-15, or a combination of both, suggesting that
natural ligand presentation of 4-1BBL and IL-15TP on RTX-
240 may be more stimulatory.

In summary, this study highlights the potential of RTX-
240 as a novel anticancer cell therapy to enable 4-1BB-
and IL-15-driven efficacy. The data demonstrate the many
advantages of RTX-240, including a specific biodistribution
to the spleen red pulp that may limit off-tissue toxicity and
the ability to mediate cell-to-cell interactions and to pre-
sent ligands and cytokines in their native conformation for
more potent activation of the immune system. The in vitro
and in vivo results presented here offer promise for clinical
translation and warrant evaluation of RTX-240 in patients
with cancer. Based on these data, a clinical trial has been
initiated (NCT04372706).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-021-03001-7.
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