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Membrane anchored IL-18 linked to
constitutively active TLR4 and CD40
improves human T cell antitumor
capacities for adoptive cell therapy
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Michal J Besser

Gideon Gross, " Hinrich Abken,® Hadas Weinstein-Marom

ABSTRACT

Background Adoptive transfer of tumor-infiltrating
lymphocytes (TILs) or blood T cells genetically redirected
by an antitumor TCR or CAR induces a strong antitumor
response in a proportion of patients with cancer; however,
the therapeutic efficacy is often limited by rapid decline

in T cell functions. Coadministering supportive cytokines
frequently provokes systemic side effects preventing
their broad clinical application. We recently showed that
cytokines can be anchored to the cell membrane in a
functional fashion and that cytokine receptor signaling can
synergize with TLR4 and CD40 signaling. Here, we aimed
at augmenting T cell activation by simultaneous signaling
through the cytokine receptor, toll-like receptor and TNF-
type receptor using IL-18, TLR4 and CD40 as prototypes.
Methods Genes were expressed on electroporation

of in vitro-transcribed mRNA in CD4* and CD8* T cells
from healthy donors redirected against melanoma cells
with an anti-melanotransferrin CAR and in TILs derived
from melanoma patients. Functional assays included the
activation of signaling pathways, expression of activation
and differentiation markers, cytokine secretion and killing
of melanoma target cells.

Results To provide IL-18 costimulation to T cells in-cis
while avoiding systemic effects, we genetically anchored
IL-18 to the T cell membrane, either alone (memlL-18)

or fused with constitutively active (ca)TLR4 and caCD40
signaling domains arranged in tandem, creating a
synthetic ‘all-in-one’ memIL-18-TLR4-CD40 receptor.
MemlL-18-TLR4-CD40, but not memlL-18, triggered
strong NF-xB activation in cells lacking the IL-18 receptor,
attesting to functionality of the TLR-CD40 moiety. While
the membrane-anchored cytokine was found to act mainly
in-cis, some T cell activation in-trans was also observed.
The electroporated T cells exhibited spontaneous

T-bet upregulation and IFN-y and TNF-o. secretion.
Melanoma-induced activation of CAR-T cells and TILs as
manifested by cytokine secretion and cytolytic activity was
substantially augmented by both constructs, with memiL-
18-TLR4-CD40 exerting stronger effects than memiL-18
alone.

Conclusions Linking membrane anchored IL-18

with caTLR4 and caCD40 signaling in one hybrid
transmembrane protein provides simultaneous activation
of three T cell costimulatory pathways through one

45 Yuval Shiftan," Arpad Széér,® Gyérgy Vereb,®”

1,234

genetically engineered membrane molecule, strongly
amplifying T cell functions for adoptive T cell therapy of
cancer.

INTRODUCTION

Despite  encouraging achievements of
adoptive cell therapy (ACT) in leukemia/
lymphoma treatment, clinical response is
often partial and transient; a substantial
proportion of patients do not experience
clinical benefit, in particular in the treatment
of solid cancer. Some intrinsic hurdles that
limit T cell activities in vivo are attributed
to their isolation and ex vivo propagation
procedure, particularly when resulting in
a fully differentiated phenotype and func-
tional exhaustion.'™ Additional obstacles
are T cell-extrinsic, arising, in large, from
immune suppression imposed by tumor
cells, subverted stromal cells and counter-
acting immune cells such as regulatory T
cells (Tregs) and myeloid-derived suppressor
cells.”® As a result, the administered T cells
poorly persist in the tumor tissue, show
impaired functionality, and often fall short of
executing a significantand curative antitumor
effect. Different strategies for overcoming
these cell-intrinsic and extrinsic outcomes
are extensively explored, mainly through
the blockade of T cell inhibitory circuits,
such as those governed by CTLA-4 and PD-1,
and the enhancement of stimulatory signals.
Implementing the latter approach requires
stimulation of the respective receptors on
the antitumor T cells by their ligands. These
include proinflammatory cytokines such
as IL-2, IL-7, IL-12, IL-15, IL-18, and IL-21,
ligands for tumor-necrosis factor receptors
(TNFRs) including 4-1BB and OX40, or their
respective soluble agonists and others.”"*
However, the systemic administration of these
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reagents in therapeutic concentrations may result in
severe toxicities.” '” '* Furthermore, Tregs residing at the
tumor site express high levels of cytokine receptors and
compete with effector T cells on key cytokines, especially
IL-2 and TL-15. 11 7

To tackle these challenges, we are aiming at genetically
providing ‘adjuvants’ that function autonomously and
independently of supplemented soluble agonists or other
external stimuli to allow T cell costimulatory signaling in
a strictly autocrine manner. We developed three classes of
adjuvants: (1) stimulatory cytokines like IL-2, IL-12, and
IL-15 genetically anchored to the T cell membrane and
acting in-cis'® '7; (2) constitutively active toll-like recep-
tors (caTLRs), in particular caTLR4, which comprises the
toll/interleukin-1 receptor (TIR) domain and lacks the
ligand-binding domain'®'¥; (3) novel homophilic TNFR
derivatives, harboring an intracellular DNA-binding
leucine zipper derived from the GCN4 yeast transcrip-
tional activator which induces spontaneous homo-
oligomerization.*” ' The membrane cytokines memIL-2,
memlIL-12,and memIL-15, expressed by human CD8" and
CD4" T cells on electroporation of in vitro-transcribed
mRNA, fully supported T cell growth in the absence of
added cytokines.'® The expression of these cytokines in
combination with other adjuvants led to upregulation of
a battery of T cell costimulatory and activation markers,
induction of proinflammatory cytokine secretion and a
substantial enhancement of antigen-mediated target cell
killing.'® 7 1 2! While some of these effects reflected an
additive mode of action, others exhibited synergy between
the different adjuvants.

We here aimed at converting the redirected T cell
response into an acute phase response in order to break
the cancermediated immune suppression in the long
term. IL-18, initially defined as interferon-y (IFN-y)-
inducing factor,”® has been drawing ample attention as
a powerful tool in cancer therapy, prompting its direct
administration by intravenous infusion to patients with
advanced cancer.” We have recently reported that gene-
delivered IL-18 converted T cells into T-bet"s" FoxO1'"
expressing cells, a signature associated with high IL-2
levels and sustained and improved Kkilling capacities
which showed beneficial for the immune destruction of
advanced tumors.** While IL-18 induces superior ampli-
fication of CD8" CAR T cells through the help of CD4"
T cells and changes the immune cell environment of
solid tumors, there is a direct effect of IL-18 on the CAR
T cell itself.**?” However, alongside its potent antitumor
effects, IL-18 has been demonstrated to possess a multi-
faceted protumorigenic function, manifested in its ability
to promote tumor growth, induce migration, metastasis
and angiogenesis and foster PD-1-dependent immuno-
suppression.28 »

In order to use the direct effect towards the T cell in-cis
while avoiding pro-tumorigenic stimuli, we here anchored
IL-18 to the membrane of engineered T cells (memIL-18
T cells) and expressed it with or without caTLR4 and
caCD40 cosignaling (memlIL-18TLR4-CD40). This

‘all-in-one’ memlIL-18-TLR4-CD40 molecule is designed
to trigger activation of three T cell costimulatory path-
ways simultaneously through one genetically engineered
membrane molecule. Here, we show that this construct
exerted multiple enhancing effects in modified anti-
tumor T cells with relevance to ACT.

MATERIALS AND METHODS

Antibodies and reagents

Fluorophore-coupled mouse monoclonal antibodies
(mAbs) against human CD8a eFluor 450, CD25-PerCP-
efluor710/PerCP-Cy5.5, CD134 (OX-40)-APC, CD279
(PD-1)-PE-Cyanine7 and CDI137 (4-1BB)-FITC were
purchased from eBioscience (San Diego, CA); anti-CD3
(OKT3), anti-CD28 (clone: 15E8), anti-CD4-FITC, and
anti-CD197 (CCR7)-FITC were from Miltenyi Biotec
(Bergisch Gladbach, Germany); anti-CD3-APC (clone
HIT3a) was from SIGMA-ALDRICH (St. Louis, MO);
anti-T-bet-Alexa Fluor 647 (Clone: 4B10) and anti-
CD45RA-APCwere from BioLegend (San Diego, CA); anti-
human IL-18/IL-1F4-Alexa Fluor 647 and recombinant
human IL-18/IL-1F4 were from R&D Systems (Minneap-
olis, MN); rabbit anti-human IL-18, goat anti-rabbit IgG
H&IL-horseradish peroxidase (HRP), goat anti-rabbit IgG
H&I-Alexa Fluor 488 and rabbit IgG monoclonal Isotype
Control were from Abcam (Cambridge, UK); goat anti-
rabbit IgG (H&L) highly cross-adsorbed-Alexa Fluor 488
was from Invitrogen (Waltham, Massachusetts, USA).

Cells

The human erythroleukemic cell line K562 was cultured
in RPMI 1640 medium supplemented with 10% (v/v)
heat-inactivated fetal calf serum (FCS), 2mmol/L L-glu-
tamine, 1 mmol/L sodium pyruvate and Pen-Strep anti-
biotic solution (complete RPMI medium). The human
melanoma cell line M579 (579) was established at the
Sharett Institute of Oncology, Hadassah Medical Organi-
zation (Jerusalem, Israel). 624mel (624) and 888mel (888)
are HLA-A2" and HLA-A2 melanoma cell lines, respec-
tively.30 1 HEK293T is a human embryonic kidney cell
line expressing T antigen. These cell lines were cultured
in DMEM supplemented with 10% (v/v) heat-inactivated
FCS, 1mmol/L sodium pyruvate, 2mmol/L L-glutamine
and combined antibiotics. TIL14, TIL52, TI1.219, TIL.213,
and TIL86 were prepared from HLA-A2" melanoma
patients at the Ella Lemelbaum Institute for Immuno-
Oncology, Sheba Medical Center (Tel-Hashomer, Ramat
Gan, Israel) and were all found to respond to the HLA-
A2-matched melanoma 624. Human peripheral blood
mononuclear cells (PBMCs) were obtained from the
MDA National Blood Services (Tel-Hashomer) and from
‘Cell Generation’, BioPark, Hadassah Ein Kerem, Jeru-
salem. Human lymphocytes were cultured in complete
RPMI 1640 medium supplemented with 1% (w/v) nones-
sential amino acids, 25 mM HEPES, 50 mM 2-ME mercap-
toethanol, and 1000 or 3000IU/mL recombinant human
I1L-2 (rhIL-2; Chiron, Amsterdam, The Netherlands) for
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PBMCs and tumor-infiltrating lymphocyte (TIL) cultures,
respectively.

In vitro transcription of mRNA

Template DNA for in-vitro mRNA transcription was cloned
into the pGEM4Z/GFP/A64 vector™? following removal
of the GFP insert. Plasmids were linearized using the Spel
restriction site and subjected to in vitro transcription reac-
tion in a 20 pL reaction mix at 37°C using the ‘AmpliCap-
MaxTM T7 High Yield Message Maker Kit’ (T7 mScript
Standard mRNA Production System, CELLSCRIPT,
Madison, WI) to generate 5'-capped mRNA. Purification
of mRNA was performed by DNase-I digestion, followed
by LiCl precipitation according to the manufacturer’s
instructions. The mRNA quality was confirmed by agarose
gel electrophoresis and concentration was determined by
a NanoDrop spectrophotometer (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA). RNA was stored at
-80°C in aliquots.

Messenger RNA electroporation

Cells were washed twice and resuspended in Opti-MEM
medium (Thermo Fisher) at a final concentration of
15x10° cells/mL. Cells and cuvettes were prechilled on
ice for bmin prior to electroporation. Subsequently,
0.1-0.3mL of cells were mixed with 1020 pg mRNA in
cold cuvettes using Gene Pulser Xcell (Bio-Rad Labora-
tories, Hercules, California, USA) and electroporated
under the following conditions: K562 cells in 4mm
cuvette, 300pL, 350 V, 150 mF; HEK293T cells in 4mm
cuvette, 300 pL, 280 V, 700 pF, 100 Q and human lympho-
cytes in 2mm cuvette, 200 L, using a 1 ms square-wave
pulse at 380-500 V. Immediately after electroporation,
cells were transferred to fresh growth medium.

Flow cytometry

Cells were harvested, washed twice with cold flow cytom-
etry wash buffer (phosphate-buffered saline (PBS), 1%
(v/v) FCS, and 0.1% (w/v) sodium azide) and incu-
bated for 30min at 4°C in the dark with fluorophore-
conjugated antibodies. Cells were then washed twice with
flow cytometry wash buffer, resuspended in 0.3 mL PBS,
and subjected to flow cytometry analysis using NovoCyte
Quanteon Flow Cytometer (Agilent Technologies, Santa
Clara, California, USA). Data were analyzed by FCSex-
press (DeNovo Software, Los Angeles, California, USA)
or NovoExpress Software.

Immunoblot analysis

Twenty-fourhours post-transfection, cells were centri-
fuged and resuspended in 400pL RIPA buffer (50 mM
TrissHCI pH 7.5, 150mM NaCl, 1% (v/v) IGEPAL deter-
gent, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS and
a protease inhibitor cocktail) and incubated on ice for
20min. Lysates were then centrifuged at 14000rpm for
10min and the supernatant (sup) was collected. Protein
samples were boiled for 5min and separated on a 10%
(w/v) SDS polyacrylamide gel at 10-15 mA. The proteins
were transferred onto nitrocellulose membrane blocked

with 5% (w/v) skim milk buffer (Difco Skim Milk, BD)
diluted in TBST (1M Tris-HCL pH 8.0, 150mM NacCl,
0.5% (v/v) Tween-20 in ddH,0) 30 min at room tempera-
ture. The membrane was then washed twice with TBST
and incubated overnight with the primary Ab diluted in
1% (w/v) skim milk at 4°C. After 3x7min washes with
TBST the membrane was incubated for 1hour with an
HRP- conjugated secondary Ab, washed again 3 times x
5min with TBST and then developed using Enhanced
Chemi-Luminescence Kit, Bio-Rad and recorded using
ImageQuant LAS 4000 (GE Healthcare, Little Chalfont,
UK).

Fluorescence imaging

Twenty-four hours post-transfection, cells were plated in
a black 96-well plate with transparent bottom and washed
with 1% BSA/PBS followed by fixation with Cytofix/cyto-
perm (554722, BD) Kit for 20 min. Cells were then washed
twice with Perm/wash bufferxl (554723, BD), incubated
with primary Ab for 60 min at room temperature, washed
and incubated with fluorophore-conjugated secondary
Ab for 45min at room temperature in the dark. Cells
were washed twice with Perm/wash bufferx]l and then
stained with Hoechst 33342 (Thermo Fisher) for 20 min
at room temperature. Imaging was performed with
WiScan Hermes High Content Imaging System (IDEA
Bio-Medical, Rehovot, Israel). A total of 137 images per
well were automatically acquired, which corresponds to
thousands of cells per sample. The images were taken
at room temperature using 60xobjective, using the blue
(Ex. 390/22, Em. 440/40) and green (Ex. 485/25, Em.
525/30) channels. Image quantification was performed
with the WiSoft Athena software protein expression
Application (IDEA Bio-medical, Rehovot, Israel).

Luciferase reporter assay for NF-xB activity

NF-kB activity was measured by transient transfection of
the NF-kB-Luciferase reporter plasmid to HEK293T cells
together with the particular gene under study. Forty-
eighthours post-transfection, luciferase activity in the cell
lysate was monitored by the ‘Luciferase Assay Systems’
reagent (Promega, Madison, Wisconsin, USA), using
Infinite M200 Pro microplate reader (Tecan, Mannedorf,
Switzerland).

PBMC isolation

Whole blood samples (or apheresis) were separated using
Ficoll-Paque density gradient centrifugation, the PBMCs
were collected and washed several times with PBS. PBMCs
were then allowed a 24-hour rest in complete RPMI1640
culture medium or were frozen in NutriFreez D10
Cryopreservation Medium (Biological Industries, Beit
Haemek, Israel).

PBMC activation and CD8*/CD4" T cell separation

PBMCs were placed at a concentration of 1.5x10° cells/
mL in growth medium containing 250ng/mL OKTS3,
125ng/mL anti-CD28 mAb and 1000 U/mL rhIL-2 and
incubated for 72 hours. Once showing cluster formation,
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cells were harvested and thoroughly washed. Separation
of CD8" and CD4" cells was performed using magnetic
beads (IMagTM Anti-Human CD8"/CD4" Magnetic Parti-
cles, BD Biosciences, San Jose, California, USA) according
to the manufacturer’s protocol and separated cells were
cultured in the presence of 1000 U/mL rhIL-2.

T cell activation assays

IFN-y, TNF-o. and granulocyte-macrophage colony-
stimulating factor (GM-CSF) in the growth medium were
monitored using commercial ELISA kits (R&D Systems).
For assaying anti-melanoma response, 24 hours postelec-
troporation CD8" T cells were cocultured at 1x10° cells/
well in complete RPMI1640 medium with 579 melanoma
target cells at an effector:target (E:T) ratio of 5:1 for
18-24 hours. Cells were subjected to flow cytometry anal-
ysis for either cell surface or intracellular markers. For
intracellular staining cells were pretreated with the ‘Fixa-
tion/Permeabilization Solution Kit’ (BD Biosciences).

Killing assay

Lactate dehydrogenase (LDH): T cells and target cells
were plated in 96-well plates at a 5:1 E:T ratio and growth
medium was harvested after 18 hours. LDH was deter-
mined in the culture supernatant using a commercial
kit (BioVision, Milpitas, California, USA) according to
the manufacturer’s instructions. Active caspase 3: Target
melanoma cells were stained with CellTrace Far Red
(C34564, Invitrogen). Twelve hours postelectroporation,
T cells were plated in 96-well plates at a 1:2 E:T ratio for
1.5hours. Plates were washed with PBS-BSA(1%) and
cells were fixed and permeabilized with Cytofix/Cyto-
perm (BD) for 20min at 4°C. Cells were then washed
with Perm/Wash bufferxl (BD), incubated with rabbit
anti-active caspase 3-PE conjugated Ab (550821, BD) for
30min and analyzed by flow cytometry.

Human Magnetic Luminex Assays

Twelve hours postelectroporation, T cells were cocul-
tured with target melanoma cells at an E:T ratio of 1:1
for CD8' T cells and 1:2 for TILs. Twenty-four hours later,
growth medium was collected and analyzed by MAGPIX
(Luminex, Austin Tx) and analyzed with xPONENT V.4.2
software (Luminex).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
V.9.3.1 software, using a one-way analysis of variance
followed by the Tukey’s multiple comparison test stated in
the figure legend. Significance levels are indicated in the
figures *p <0.05; **p<0.01; ***p<0.001 (non-significant
results are not marked or indicated in the figures). Graph
bars present the differences in the activity of the study
treatments and presented as mean+SEM

RESULTS

Design, expression and signaling capacity of memiL-18 and
memiIL-18-TLR4-CD40

To anchor IL-18 to the cell membrane, we genetically
linked the cytokine to the transmembrane and cytoplasmic
portion of HLA-A2, including the eight membrane-
proximal amino acids (a.a.) of the A2 ectodomain,
following our previously described design of membrane
cytokines.'® Using flexible linkers of either 18 (Short,
S) or 32a.a. (Long, L) linkers, we created memIL-18(S)
and memlL-18(L), respectively (figure 1A). We hypoth-
esized that memlIL-18 function could be significantly
enhanced by the concomitant signaling of TLR4 and
CDA40, as previously shown by us for memIL-2, memIL-12
and memIL-15."° '7 To assure equal stoichiometry of
the different protein constituents we assembled an ‘all-
in-one’ synthetic transmembrane molecule with the three
components arranged in tandem. To this end, we teth-
ered memlL-18 to caTLR4 by joining the long linker to
the ectodomain C-terminal flanking cysteine-rich region
(CFR), transmembrane and TIR portion of TLR4,* fused
via a short flexible linker to the GCN4-CD40 unit,”’ to
create memlIL-18-TLR4-CD40 (figure 1A).

Immunoblot analysis (figure 1B) and fluorescence
imaging (figure 1C) clearly detected the three protein
products in mRNA-transfected cells; a fraction of these
proteins seems to be retained intracellularly. The intra-
cellular location does not necessarily preclude functional
activities since memlIL-18 can still bind the IL-18R in an
intracellular compartment and the caTLR4 and caCD40
moieties in memlIL-18-TLR4-CD40 can function autono-
mously in the cytosol in a ligand independent manner.

We have developed a reliable protocol for detecting
cell surface IL-18 by flow cytometry analysis, as shown in
figure 1D for mRNA-transfected TIL14. IL-18R signaling
in peripheral blood T cells is manifested by elevated levels
of the transcription factor Tbet** as shown in figure 1E
for the three different constructs when expressed in
human CD8" T cells.

To assess the ability of the TLR4-CD40 unit within the
synthetic membrane protein to induce NF-«kB signaling,
the fusion protein was expressed in HEK293T cells
lacking IL-18R; NF-xB activation was recorded by a lucif-
erase reporter assay. To achieve this, we sequentially trans-
fected the cells with the reporter DNA plasmid and the
respective mRNA, comparing memIL-18-TLLR4-CD40 with
memlIL-18(L), caTLR4 and caCD40; irrelevant mRNA
served as control (figure 1F). As expected, memlIL-18
without downstream signaling domain produced very
low NF-kB activity in this system compared with irrelevant
mRNA. Signaling through caCD40 and caTLR4, respec-
tively, induced NF-kB activity with caCD40 signaling being
superior to caTLR4, which is in accordance with our
previous observations.”” MemIL-18- TLR4-CD40 induced
stronger NF-kB activation than either caCD40 or caTLR4
alone, suggesting that both elements are functional in the
fusion protein.

4 Blokon-Kogan D, et al. J Immunother Cancer 2022;10:e001544. doi:10.1136/jitc-2020-001544



B P.0. recll-18 memiL-18- mem mem  recll-18
1ng  TLRA-CDAO IL-18(L) IL-18(S) 100ng

(g}

memiL-18-

memiL-18(S) memiL-18(L) TLR4-CD40 irr.RNA .
60k0— — b o l:
g memiL-18(S) . N
H .
3
£ memu-la{u.
S. Linker L. Linker 00— L) “
27kD— 5
Bridge memiL-18-TLR4-CDA0 .
HLA—A l 18kD— P 0 2000 4000 6000 8000
Mean intensity
GAPDH  w— —— -
D irr.RNA memiL-18(S) memiL-18(L) memiL-18-TLR4-CDA0
" 9s5.8% 42% 28.7%| " 156.7% 43.3% ©
i " S
2 - - °
“w 10 102 10° 104 105 10® 102 10 0% 10% 10® 102 10 10 10° 10®
memiL-18
memiL-18-
E irr.RNA memlL-18(S) memiL-18(L) TLR4-CD40
100% o%| " Joo.99% .01% “ r00% o%| " J100% o F NT. |

irRNA [T} ]
caTLR4 }4 :

(e a8 | |8
hoaain e 0% o S e cacDs0 Tk

L
irr.RNA lsotypecontrol R memiL-18(1) 1) ] .

H g 2 2
"“ [\ A ‘memiL-18-TLR4-CD40 P

8 I 8 \ 8 \

s . \ ‘ I\
| \ \ 0 10000 20000 30000

s | e || |
& & \ \ | Luminescence (RLU)
=1n“ 104 105 1088 0 10 10% 10° ’D| 2 104 10° 10 ’cmJ 104 10% 10° 5“10’ 104 10% 1055

. } Owith Irr.RNA
irr.RNA
L] ®with CAR

eI —

A A Y B\ \ LT oM
| ' S W B
‘ ‘ \ | :
97.42% | \ \ irr.RNA
s -1 B s \ s \ B \ m—
] \ \
)\ \ \ T —
- L ° e o s
(hPra i P P W BT e M O IR I O

memiL-18-TLR4-CDA0 L

GFP T-bet [T g——

SSC-H
Treatment

Count
=

GFPRNA memiL-18

Donor 1

% o
@ o

Treatment
Donor 2

Count
Count

-
§ memiL-18 _
G ir.RNA memiL-18(S)  memlL-18(L) &
IL-18-TLR4-CD40
o1.a% so% [712% 28.8% [sa.5% 25.5%) memi I
o 50 100 150 200
1L-18 (pg/ml)
T T
g| @ | ||} ] o | ) without co-culture
2 Py 2 =T irr.RNA mwith co-culture
S
san | wex [saox | asad| [ssen | aasn z memiL-18
GFP(+), Adj(-) H memiL-18-TLRA-CDA0 _
’ £
I . AN
2
. g memil-18
89.6% 10.4% |4.9% 57.1%  |43.5% 56.5%) = _
erre A e D
z |
o # i i 0 10 20 30 40 50
a IL-18 (pg/ml)

T-bet

Figure 1 MemlL-18 constructs: design, expression and signaling. (A) Sketches of the membrane-anchored protein products.
S, short and L, long linker. (B) Immunoblot analysis for the indicated protein products in lysates of K562 cells. Twenty-
fourhours post-transfection, cell lysates were subjected to PAGE analysis and probed by using rabbit anti-human IL-18 Ab

and HRP-conjugated goat anti-rabbit Ab. (C) Quantitative fluorescence imaging in CD8 T cells engineered by memIL-18

mRNA electroporation. Images were acquired using the WiScan Hermes High-Content Imaging System using an X60 objective
and quantification was performed with the WiSoft Athena software protein expression application. Graph summarizes mean
intensity £SEM of at least a thousand cells in 137 images. Nuclei (blue). Scale bar: 12.5um. Indicated significance was
determined by one-way ANOVA with Tukey’s multiple comparison test; (***p<0.001). (D) Representative flow cytometry data

for the surface expression of memlL-18 in TIL14, 24 hours post-mRNA transfection. The experiment was repeated twice.

(E) Upregulation of T-bet in mRNA-transfected CD8" T cells of a healthy donor. Cells were transfected with the indicated mRNAs
and stained for cell surface IL-18 and for intracellular T-bet, using a PE-conjugated anti-human T-bet mAb. The experiment was
repeated twice. (F) Reporter assay for activation of the NF-kB pathway in HEK293T cells. Cells were transiently transfected
with the NF-kB-Luciferase reporter plasmid. Twenty-fourhours later, cells were transfected with 10 ug of the indicated mRNAs
and after 24 hours luciferase activity in cell lysates was monitored. caTLR4 and caCD40, constitutively active TLR4 and CD40,
respectively. All experimental data show mean values+SEM from four independent experiments. Indicated significance was
determined by one-way ANOVA with Tukey’s multiple comparison test; (*p<0.01; ***p<0.001). (G) The two memlL-18 products
engage IL-18R both in cis and in trans. CD8" T cells were electroporated with mMRNA encoding the two memlIL-18 products or
GFP. Six hours post-transfection, coculture was performed at a 1:1 GFP/CD8*:memlL-18/CD8" cell ratio. Fourteen hours later,
cells were stained for cell surface IL-18 and for intracellular T-bet as described above. (H) CD8* T cells were transfected with
the indicated mRNAs, with or without the anti-melanotransferrin CAR mRNA, and cocultured at a 1:1 ratio with 579 melanoma
cells for 24 hours. Growth medium was then collected and analyzed for the presence of IL-18 by MAGPIX Luminex. Graph bars
present the mean cytokine concentration (pg/mL)+SEM (triplicate) from three healthy donors (n=3). (I) TIL14 and TIL86 were
transfected with the indicated mRNAs, cultured in the presence or absence of the 624 melanoma cells at a 1:2 E:T ratio for 24
hours and growth medium was similarly analyzed for IL-18. Some error bars obtained with MAGPIX are too small to be visible.
ANOVA, analysis of variance; E:T, effector:target; mAb, monoclonal antibody; N.T., non-transfected; P.O., pulse-only.
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We assessed the ability of memlIL-18 to interact with
its receptor on neighboring cells, which may produce
positive, but also negative effects, regarding the alleged
protumorigenic function of IL-18. For comparing cis to
trans activity of memIL-18(S) and memlIL-18(L) we took
advantage of the increase in T-bet levels on the expres-
sion of memlL-18 as consequence of ILI8 signaling.
One fraction of CD8" T cells was transfected with either
memlIL-18(S) or memIL-18(L.) mRNA and the other with
GFP mRNA only (figure 1G). The rationale is that on
mixing of these two cell populations, elevation of T-bet
only in GFP cells would indicate that binding of IL-18
to the IL-18R exclusively occurs in the same cell (in cis).
In contrast, similar elevation of T-bet in both populations
will result from binding in-trans. Accordingly, cells were
mixed at 1:1 ratio and analyzed by flow cytometry for
memlL-18 and intracellular T-bet, gating separately on
the GFP" and GFP" populations (figure 1G). There was
clearly a higher increase in T-bet levels in GFP" cells than
in GFP" cells, indicating that cis engagement is favored
over trans engagement, although some paracrine activity
in trans does also take place. Interestingly, no significant
differences of memIL-18(S) and memlIL-18(L) in their
capacity to act either cis or trans was observed. Therefore,
from this stage onwards, we used only memlIL-18(L) in
our analyses and refer to it as memIL-18.

Given the potential impact of solubilized IL-18, we
assessed activation-mediated secretion or shedding
of IL-18 from the transfected T cells. To this end, we
cotransfected CD8" T cells from three different donors
with mRNA encoding memIL-18 or memIL-18-TLR-CD40
along with the anti-melanotransferrin CAR (figure 1H)
and, in parallel, two anti-melanoma TILs with either of
the two adjuvants only (figure 1I). Following coculture
with the 579 (PBMC) and 624 (TIL) melanoma cells,
growth medium was analyzed for IL-18 by MAGPIX. Data
indicate that almost no IL-18 above background level was
detected in the growth medium of engineered T cells in
the absence of the target melanoma cells. Yet, an increase
in soluble IL-18, although to relatively low levels, was
observed on coculture with melanoma cells suggesting
some activation-induced release of IL-18 likely by proteo-
Iytic cleavage of the hybrid molecule ectodomain. IL-18
is physiologically not expressed by T cells, although
activation-induced de novo synthesis of IL-18 can formally
not be ruled out.

MemiL-18 and memIL-18-TLR4-CD40 improve multiple
functional capacities of peripheral blood T cells and anti-
melanoma TiLs

We addressed whether the expression of memlIL-18 and
memIL-18-TLR4-CD40 per se exerts direct functional
effects on engineered CD4" and CD8" T cells. As shown
in figure 2A, memlIL-18 increased the level of 4-1BB pref-
erentially in CD8" T cells whereas OX40 was upregulated
mostly in CD4" T cells. Slight decrease in PD-1 expression
was observed in CD4" T cells and less in CD8" T cells.
Combined with caTLR4 and caCD40, memIL-18 induced

higher 4-1BB and OX40 expression than memlIL-18
alone. In CD4" and CD8" T cell samples prepared from
one donor, memlIL-18 increased IFN-y secretion more
robustly in CD4" than in CD8" T cells; the latter cells
substantially benefited from additional caTLR4-caCD40
signaling while CD4" T cells did not. No IFN-y secretion
above background levels was detected during the second
day after transfection, possibly owing to degradation
of the introduced mRNA (figure 2B). In CD4" T cell
samples prepared from other three healthy donors, both
memIL-18 and memlIL-18-TLR4-CD40 induced signifi-
cantly higher IFN-y secretion than recIL-18 (figure 2C);
the same was true for the additional samples of CD8" T
cells (figure 2D). In fact, in all four CD8" T cell prepa-
rations tested memlIL-18-TLR-4-CD40 exhibited marked
superiority over memlL-18 in its ability to induce IFN-y
secretion, which was the case for CD4" T cells of only two
of the four donors.

To address whether concomitant caTLR4 and caCD40
signaling sustains memIL-18-stimulated T cells during
their attack against cancer cells, we engineered antimel-
anoma TILs with the respective constructs. The rationale
is that TILs can be activated against melanoma, however,
are in most cases insufficiently triggered and require
additional activation signals in order to successfully elim-
inate melanoma cells.

First, we addressed whether memIL-18 and/or memIL-
18-caTLLR4-caCD40 affect the differentiation status of the
human TIL population isolated from melanoma biopsies
(table 1).

TIL86 and TIL213, consisting of 70% and 50% CD8"
T cells, respectively, were engineered with memlIL-18
and memlIL-18-TLR4-CD40 mRNA. The frequency of
naive, central memory, effector memory and terminally
differentiated effector memory cells did not substan-
tially change after transfection, compared with irrelevant
mRNA (figure 3A). The large majority of cells in both
TIL cultures displayed a T,,, phenotype as monitored by
the expression pattern of CD45RA and CCR7; the pheno-
type was confirmed by staining for PD-1 and LAG-3 (data
not shown). In memlIL-18-engineered TILs, CD25 was
upregulated while PD-1 was not substantially altered 24
hours post-transfection (figure 3B). In TIL213, higher
TNF-0. secretion was induced by memlIL-18-TLR4-CD40
than by memIL-18 while TIL86 responded with high and
similar TNF-0. secretion to both constructs as well as to
recombinant IL-18 (figure 3C). Superiority of memlIL-
18-TLR4-CD40 over memlIL-18 as reflected by the induc-
tion of IFN-y was evident for the four TILs tested: TIL52,
TIL219, TIL14, and TIL86 (figure 3D). Taken together,
concomitant TLR4 and CD40 signaling with memIL-18
improved cytokine release and CD25 expression while
the differentiation state of anti-melanoma TILs was not
altered.
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Figure 2 The memlL-18 constructs stimulate peripheral blood CD4" and CD8* T cells. (A, B) Peripheral blood T cells from a
healthy donor were grown in the presence of IL-2 for 24 hours, stimulated for another 72 hours with OKT3 and anti-CD28 Abs
and separated into CD4* and CD8" T cells using magnetic beads, followed by 24-hour rest. T cells were then electroporated
with 10 ug of the indicated mRNAs. Twenty-four hours post-transfection, cells were analyzed by flow cytometry. (A) Flow
cytometry data for the expression of OX-40, 4-1BB and PD-1. Values represent mean percentage expression +SEM of T cells
from healthy donors (n=2). (B) 24 hours (day 1) and 48 hours (day 2) post-transfection growth medium was collected and
analyzed for the presence of IFN-y by ELISA. After the first collection cells were thoroughly washed so that ‘day 2’ refers to
IFN-y secretion between 24 hours and 48 hours post-transfection. Graph bars present the mean cytokine concentration (pg/
ml)+SEM (triplicate) from healthy donors (n=2). (C, D) The same protocol described in (A, B) was used to separate CD4" and
CD8" T cells from other three healthy donors (n=3). Twenty-four hours post-transfection with the indicated mRNAs or the
addition of reclL-18 growth medium was collected and analyzed for the presence of IFN-y by ELISA. Graph bars present the
mean cytokine concentration (pg/mL)+SEM (triplicate). Indicated significance (B-D) was determined by one-way ANOVA with

Tukey’s multiple comparison test; (p<0.05; **p<0.01; **p<0.001). ANOVA, analysis of variance.

Membrane-anchored IL-18 enhances antigen-mediated T cell
activation on targeting melanoma cells

We addressed the ability of memIL-18 and memIL-18-
TLR4-CD40 to enhance the antigen-mediated response
of either CAR-engineered CD8" T cells or anti-melanoma

Table 1 Anti-melanoma TILs used in this study

Cells % CD8 % CD4 % Transf.
TIL219 21 79 98
TIL52 69.6 30.4 99
TIL14 99.1 0.85 98
TIL213 51.5 48.5 98
TIL86 70.2 29.8 98

Shown are the TILs CD8/CD4 composition and mRNA transfection
efficiency. All TILs are HLA-A2+ and are responsive to HLA-A2+
melanomas.

TILs, tumor-infiltrating lymphocytes.

TILs against melanoma cells. In the first set of experi-
ments we coexpressed the respective memlIL-18 constructs
with the long linker along with a CAR directed against the
melanoma antigen melanotransferrin® in PBMC-derived
CDS8" T cells. We then cocultured the transfectants with
the human melanoma cell line 579 that expresses mela-
notransferrin (figure 4A). On a 24-hour coculture, upreg-
ulation of CD25, 4-1BB and T-bet was evident which was
similar to the induction by recIL-18 (figure 4B). A robust
effect of memIL-18 and memIL-18-TLR4-CD40, but not of
reclL-18, on the secretion of IFN-y, TNF-o. and GM-CSF in
the CAR-mediated anti-melanoma response was observed
in CD8" T cells from all donors (figure 4C-E). While
memIL-18-TL.LR4-CD40 was clearly superior in this respect
compared with memlIL-18 in CD8" T cells of two of the
donors, they exerted a nearly identical effect on CD8" T
cells of the third. The results were corroborated by the
upregulation of two additional T cell activation markers,
soluble CD40 ligand (sCD40L)* and 114 (figure 4F
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Figure 3 The memlL-18 constructs stimulate antimelanoma TILs. TILs were electroporated with the indicated mRNAs

or treated with reclL-18 and analyzed 24 hours post-transfection. (A) Differentiation status of TIL213 and TIL86 cells as
determined by flow cytometry analysis for the expression of CD45RA and CCR7, where CD45RA*CCR7*, CD45RA CCR7*,
CD45RA'CCR7™ and CD45RA* CCR7" define naive T cells (T,), central memory T cells (T, ), effector memory T cells (T,,) and
terminally differentiated effector memory T cells (T, ,.,), respectively. (B) Flow cytometry analysis of TIL213 and TIL86 for the
expression of CD25 and PD-1. Numbers represent the mean percentage expression +SEM The experiment was repeated twice.
(C) Spontaneous induction of TNF-o. secretion by TIL213 and TIL86, as assessed by ELISA 24 hours post-transfection. Graph
bars represent the mean cytokine concentration (pg/mL)+SEM (triplicate). (D) ELISA assessing the spontaneous secretion of
IFN-y by TIL52, TIL219, TIL14 and TIL86 24 hours post-transfection. Graph bars represent the mean cytokine concentration (pg/
ml)=SEM (triplicate). Indicated significance (C, D) was determined by one-way ANOVA with Tukey’s multiple comparison test;
(*p<0.05; **p<0.01; **p<0.001). ANOVA, analysis of variance; N.T., non-transfected; TILs, tumor-infiltrating lymphocytes.

and G). Enhancement of CAR-mediated cytolytic activity
of the transfected CD8" T cells against the melanoma
cells was observed for all donors, as judged by the secre-
tion of granzyme B (figure 4H), LDH release (figure 4I)
and elevation of cleaved caspase three as indicators for
melanoma cell destruction (figure 4J-K).

In the second set of analyses, we assessed the adjuvant-
mediated enhancement of TIL activation following cocul-
ture with the HLA-A2-matched melanoma 624 cells. Of
note, since the establishment of long-term autologous
melanoma cultures is often not successful, evaluation
of TILs derived from HLA-A2" patients against HLA-A2"
reference melanoma cell lines such as 624 or 526mel,
in comparison with HLA-A2" lines (eg, 888mel) serving
as a mismatched control, is a common practice.37_39 It
is assumed that a fraction of cells in these TIL cultures
respond to non-mutated HLA-A2-bound melanoma-
associated peptides shared with the reference HLA-A2"
melanoma. Yet, other cells in these cultures (likely the
majority) are either CD4" T cells (see table 1) or CD8"
T cells recognizing HLA-A2-binding neopeptides specific
to the autologous tumor or any peptide bound by other
HLA-I products not shared with the reference mela-
noma. As a result, the basal response of these TILs to
624, as observed in these experiments, is weak compared

with their expected response to the autologous tumors.
Clear enhancement of the response of TIL86 to 624,
as monitored by IFN-y secretion, was observed for both
memlIL-18-TLR4-CD40 and memlIl-18, as well as for
reclL-18, while no response to the 888 melanoma could
be detected (figure bA). Next we evaluated the effects
exerted by the adjuvants on the activation of TIL14 and
TIL86 on their coculture with 624 by monitoring the
production of IFN-y, granzyme B, sCD40L, IL-4, and
IL-10 (figure 5B-F, respectively). In all these parameters,
TIL 86 exhibited a higher magnitude of response to 624
than TIL14, although comprizing a lower fraction of
CDS8' T cells (70% and 99%, respectively, table 1). Inter-
estingly, different patterns of response emerged for these
two TIL populations. As for IFN-y (figure 5B) and gran-
zyme B (figure 5C), which are more tightly associated
with antitumor activity, memlIL-18-TLR4-CD40 exhibited
greater enhancing capacity than memlL-18 or recIL-18
in TIL14, while no significant difference between the
three treatments was observed for TIL 86. Following
coculture, memlL-18-TLR4-CD40 augmented the
production of sCD40L in TIL14 only (figure 5D) while
no significant induction of IL-4 was observed (figure 5E).
Both memlIL-18 and memlIL-18TLR4-CD40 caused a
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Figure 4 The memlL-18 constructs enhance the antigen-mediated CAR T cell response. (A) Flow cytometry analysis for the
expression of melanotransferrin on CD8* T cells of one donor (upper panel) and on 579 melanoma cells (lower panel). (B-I) CD8*
T cells from healthy donors were transfected with 10 ug mRNA for memlL-18 or memlIL-18-TLR4-CD40 or control irrelevant
mRNA and with 5pg of anti-melanotransferrin CAR or control irrelevant mRNA and cocultured with melanoma 579 for 24 hours.
Recombinant IL-18 was used as positive control for IL-18 effect. (B) Flow cytometry analysis for the activation markers T-bet, 4-
1BB and CD25, following coculture at a 5:1 E:T ratio. Results are shown as percentage of expressing cells. Numbers represent
the mean percentage expression. (C-H) Following coculture at a 1:1 E:T ratio, growth medium was collected and analyzed by
MAGPIX Luminex for the presence of (C) IFN-y, (D) TNF-o., (E) GM-CSF (Granulocyte-macrophage colony-stimulating factor),

(F) sCD40L, (G) IL-4, (H) granzyme B. Graph bars present the mean concentration (pg/ml)+SEM (triplicate) from three healthy
donors (n=3). Some error bars obtained with MAGPIX are too small to be visible. (I) Killing of 579 cells by CD8* T cells of a
single donor as monitored by LDH release performed during an 18-hour coculture at a 5:1 E:T ratio. Graph bars present the
mean concentration (pg/mL)+SEM (triplicate) (J-K) Killing of 579 cells by CD8* T cells as determined by an active caspase three
assay performed after a 1.5-hour coculture at a 1:2 E:T cell ratio. (J) An example of a flow cytometry analysis for active caspase
three performed with CD8* T cells from one donor. (K) Compilation of data obtained with T cells. Numbers represent the mean
percentage expression +SEM (triplicate) from three healthy donors (n=3). Indicated significance (C-H, I, K) was determined

by one-way ANOVA with Tukey’s multiple comparison test; (*p<0.05; **p<0.01; **p<0.001). ANOVA, analysis of variance; E:T,
effector:target; GM-CSF, granulocyte-macrophage colony-stimulating factor; LDH, lactate dehydrogenase.
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Figure 5 Expression of the memlIL-18 constructs enhances anti-melanoma TIL response. TIL14 and TIL86 were electroporated
with each of the indicated mRNAs or cultured with reclL-18 in the presence or absence of the HLA-A2-matched melanoma 624
or the mismatched melanoma 888 at a 1:2 E:T ratio. Twenty-fourhours later growth medium was collected and analyzed by
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TIL86 with TIL14 for the levels of: (B) IFN-y, (C) granzyme B, (D) sCD40L, (E) IL-4 and (F) IL-10. Graph bars present the mean
concentration (pg/mL)+SEM (triplicate). Indicated significance (A-F) was determined by one-way ANOVA with Tukey’s multiple
comparison test; (*p<0.05; **p<0.01; **p<0.001). Some error bars obtained with MAGPIX are too small to be visible. ANOVA,
analysis of variance; E:T, effector:target; TIL, tumor-infilirating lymphocyte.

significant reduction in IL-10 secretion by TIL86, but not
by TIL14 (figure 5F).

DISCUSSION

Systemic administration of immune stimulatory cytokines
is widely explored in clinical protocols for ACT of cancer
to enhance survival and function of the transferred T
cells.” ' Expressing stimulatory cytokines as integral
membrane proteins can assure maximal availability to the
engineered T cells while avoiding severe systemic toxicity
and preventing paracrine protumorigenic activities,
including cytokine consumption by tumor-resident Tregs.
Here, we investigated the capacities of memlIL-18, alone
or in a tandem arrangement with caTLR4 and CD40
signaling domains, to improve the antitumor response of
human T cells.

Quantitative fluorescence imaging combined with
immunoblot and flow cytometry analyses (figure 1B-E)
indicate that memlIL-18(S and L) and memlIL-18-
TLR4-CD40 are expressed at the cell surface, with a
considerable proportion retained intracellularly. Intra-
cellular retention is not necessarily a setback, as long as
the membrane-attached cytokine is capable of function-
ally interacting with the IL-18R expressed by the same
cell; the same cytokine-receptor interaction can also
occur at the ER or post-ER compartments. The upregu-
lation of T-bet (figure 1E) indicates biological activity of
IL-18; coculture of IL-18 expressing and non-expressing
cells (figure 1G) suggests that most T-bet upregulation
results from memlL-18 autocrine (in-cis) activity. The
moderate paracrine effect observed in figure 1G likely
reflects binding in-trans. We think that the risk of protu-
morigenic activity of memlIL-18 is considerably low since
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engagement of CAR-T cells with tumor cells should lead
to eradication of the latter.

In the absence of T cell activation, the mere expres-
sion of memlIL-18 and memIL-18-TLR4-CD40 in human
T cells induced multiple costimulatory effects as evident
for CD4" and CD8" T cells from several healthy donors
(figure 2) and anumber of antimelanoma TILs (figure 3).
Engrafting the TLR4 and CD40 signaling domains onto
the memlIL-18 backbone led to a vast increase in NF-kB
activation relative to memlIL-18 alone (figure 1F) attesting
to the potent function of these elements in the molecular
‘all-in-one’ arrangement. Whereas memIL-18-TLR4-CD40
also induced significantly stronger secretion of IFN-y and
TNF-0. in the majority of T cell samples the pattern was
not uniform, which can be attributed to a pronounced
donor-to-donor variability and, in some experiments, to
differences between CD8" to CD4" T cell ratio.

IFN-y induction was limited to the first 24 hours post-
electroporation which is in agreement with our previous
observations applying membrane IL-2, IL-12, and IL-15
via mRNA transfection.'®'” In the clinical setting, long-
term expression of constitutively functional cytokine and
costimulatory genes poses the risks of cytokine-mediated
toxicity, uncontrolled cell proliferation and malignant
transformation resulting, for example, from continuous
NF-kB activation.” Achieving long-term persistence of
fully functional gene-modified T cells in the patient while
obviating these risks is made possible by viral transduc-
tion, employing the TRUCK approach, which confines
the expression of a gene of interest to the tumor site and
triggered in expression by CAR signaling.* ** Employing
a synthetic NFAT-responsive promoter we and others
previously demonstrated CAR-induced secretion of
IL-12% * and of TL-18%* ® * on engagement of tumor
target antigen.

CAR-T cells from several donors cotransfected with
memlIL-18 and memlIL-18-TLR4-CD40 mRNA exhib-
ited significantly stronger anti-melanoma response than
cells receiving irrelevant RNA instead, as manifested
by marked increase in cytokine secretion and cytolytic
activity (figure 4). The same holds true for the two
TILs tested following coculture with the 624 melanoma
(figure 5). In general, the magnitude of response moni-
tored for memlIL-18-TLR4-CD40 exceeded the magni-
tude recorded for memlL-18 in donor T cells. While
memlIL-18-TLR4-CD40 also exerted the strongest effects
in TIL14, both constructs exhibited similar enhancement
of the tested parameters in TIL86.

Taken together, we demonstrate that membrane-
anchored IL-18 expressed by TILs and CAR-redirected
T cells promotes functional activities, including cyto-
kine release and cytolysis against defined target cells.
MemlL-18 can synergistically act in combination with
membrane-attached caTLR4 and caCD40, all combined
in one hybrid transmembrane molecule, offering a
powerful tool for enhancing the antitumor activity of T
cells in a cell-restricted fashion. The genetic engraftment
of three different costimulatory domains through a single

gene, as shown here, can facilitate therapeutic applica-
tion and assure that the three elements are coexpressed
at equal stoichiometry by the transduced T cells.
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