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Abstract

The clinical efficacy of immune cytokines used for cancer therapy is hampered by elements of the
immunosuppressive tumor microenvironment such as TGF-R. Here we demonstrate that FIST15, a
recombinant chimeric protein composed of the T cell stimulatory cytokine IL-15, the sushi domain
of IL15Ra and a TGF-B ligand trap, can overcome immunosuppressive TGF- to effectively
stimulate the proliferation and activation of natural killer (NK) and CD8+ T cells with potent
antitumor properties. FIST15-treated NK and CD8+ T cells produced more IFN-y and TNFa
compared to treatment with IL-15 and a commercially available TGF-p receptor-Fc fusion protein
(STBRIN) in the presence of TGF-B. Murine B16 melanoma cells which overproduce TGF-p were
lysed by FIST15-treated NK cells in vitro at doses ~10-fold lower than NK cells treated with
IL-15 and sTPRII. Melanoma cells transduced to express FIST15 failed to establish tumors in vivo
in immunocompetent murine hosts and could only form tumors in beige mice lacking NK cells.
Mice injected with the same cells were also protected from subsequent challenge by unmodified
B16 melanoma cells. Lastly, mice with pre-established B16 melanoma tumors responded to
FIST15 treatment more strongly compared to tumors treated with control cytokines. Taken
together, our results offer a preclinical proof of concept for the use of FIST15 as a new class of
biological therapeutics that can coordinately neutralize the effects of immunosuppressive TGF-$
in the tumor microvironment while empowering tumor immunity.

Introduction

Extensive studies documenting the use and efficacy of cytokine-based immunotherapy for
cancer in the pre-clinical setting have largely failed to materialize into significant
improvements in clinical therapy for cancer patients. To date, interleukin 2 (IL2) remains the
only FDA-approved cytokine monotherapy for the treatment of cancer (1). Cytokines, in
particular those belonging to the common gamma-chain (yc) family, IL2, IL4, IL7, IL9,
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IL15, and IL21, have been the most studied for their potential anti-tumor properties (2).
These cytokines typically signal via a heterodimeric receptor complex, sharing the use of a
common gamma-chain, CD132, for ligand binding and signaling, in addition to a ligand-
specific receptor alpha-chain (3). In the case of IL2 and IL15, the receptor complex is
heterotrimeric, owing to the use of an additional 1L2/15 receptor beta-chain (Bc/CD122) (4).
These -yc cytokines are thought to mediate their anti-tumor effects through the activation of
innate and adaptive arms of the immune system (2).

Indeed, IL2 has been shown to potently activate tumor infiltrating CD8" T cells and natural
killer (NK) cells, enhancing their ability to induce tumor cytolysis and clearance (5).
However, its serious and potentially life-threatening toxicity profile combined with its low
objective responsive rate has made it a last line treatment in patients with metastatic disease
(6). In contrast to IL2, IL15 has less systemic toxicity and has been shown to be well
tolerated in non-human primate models and preliminary human clinical trials (7, 8).
Whereas IL2 can actually promote tumor growth by inducing regulatory CD4* T cell (Tregs)
formation and activation-induced cell death (AICD) of CD8* T cells exposed to high
concentrations of cognate antigen (9, 10), IL15 has no discernible effect on Tyeq formation
and resists AICD by inducing expression of anti-apoptotic proteins (11). Moreover, 1L15 has
a non-redundant, but critical, role in the formation and maintenance of memory CD8* T
cells; an immunological effect particularly desired in cancer immunotherapy because it hints
at durable, long-lasting protection against future tumor formation (12, 13).

Despite the beneficial effects of IL15 and other -yc cytokines, we and others have
demonstrated that tumor-derived immunosuppressive factors severely abrogate the efficacy
of cytokine and cell-based immunotherapies (14, 15). Transforming growth factor-beta
(TGF-B) is one such immunosuppressive factor overexpressed by the vast majority of solid
tumors (16). TGF- is a pleotropic cytokine involved in cell growth and differentiation,
acting as a tumor suppressor early in tumorigenesis, but takes on oncogenic functions late in
tumorigenesis, as the tumor becomes insensitive to its growth inhibitory effects. TGF-p
secreted by tumors promotes angiogenesis, potentiates the ability of tumors to metastasize
from its primary site, and inhibits the effector functions of tumor infiltrating lymphocytes
(17). CD8* T cells and NK cells are particularly sensitive to these inhibitory effects, being
unable to efficiently proliferate, produce proinflammatory cytokines, and activate cytolytic
pathways in the presence of TGF-p (18, 19). Beyond directly inhibiting these subsets to
evade immune responses, TGF-p can convert and recruit immune cells to promote tumor
growth, such as tumor associated macrophages, myeloid tumor derived suppressor cells
(MDSCs), CD4+ Tyegs, and tolerogenic dendritic cells (DCs) (20).

To enhance the efficacy of pro-inflammatory IL15 for use in cancer immunotherapy, we here
describe a novel protein therapeutic consisting of IL15 and the sush/ subunit of the IL15Ra
chain fused to a TGF-p ligand trap. Termed FIST15 (Fusion of Interleukin 15 with IL15Ra-
sushiand TGF-P receptor), we detail the design and use of this protein as a bifunctional
biopharmaceutical for use in cancer immunotherapy. We found that the addition of the
IL15Ra-sushidomain to IL15 in the FIST15 fusion protein enhances its biological activity
and rescues its signaling activity compared to a fusion of 1L15 to the TGF-p ligand trap
without the IL15Ra-sushidomain (FIST15Asushi). The use of two tandem TGF- receptor
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ectodomains (type Il; TBRII-ECD) recently described (21) and modified for use in FIST15,
allows it to effectively neutralize TGF- signaling. FIST15 treatment enhanced the capacity
of NK and CD8* T cells to produce critical anti-tumor cytokines, such as IFNy and TNFa.,
as well as their expression of cytolytic effector molecules. /n vitro, FIST15 was superior to
control cytokines at stimulating NK cell mediated killing of B16-FO melanoma and MC-38
colon adenocarcinoma cells. We found that FIST15 predominately acts through NK cells to
mediate control and clearance of B16-FO tumor /n vivo, and that FIST15 treatment of
immunocompetent mice bearing pre-established B16-F0 tumors resulted in significant delay
in tumor outgrowth and improvement in overall survival.

Materials and Methods

Cell lines, in vitro culture, and FIST15 protein generation

cDNA containing mouse 1L15/1L15Ra-sushi domain (Genscript) was subcloned 3” to
cDNA of tandem TGF- receptor ectodomain. A 5" VEGF signal peptide, Tobacco etch
virus protease cleavage site, and 8X His-Tag was added to produce FIST15 cDNA.
HEK?293T cells were transfected and the supernatant collected after 48h, concentrated with
Centricon Plus-70 (Millipore, Billerica, MA). Concentration of FIST15 and IL15 was
quantified by IL15/1L15Ra complex ELISA (eBioscience). Protein expression was
confirmed by immunoblotting of supernatants by anti-mouse IL15 and TGF-pRII antibodies
(R&D). Retroviral particles containing FIST15 or GFP cDNA were generated with 293-GP2
packaging cells (Clontech) and used to infect B16-FO cells to generate B16-FIST15 and
B16-GFP cells. HEK293T and B16-FO0 cells were obtained from American Type Cell
Culture (ATCC), aliquoted, and used within 6 months of recovery from cryopreservation.
MC-38 colon adenocarcinoma cell lines were a kind gift from Dr. Pnina Brodt (McGill
University) (22) and were last authenticated by SNP array profiling in 2014. Cell lines were
maintained in DMEM medium supplemented with 10% FBS and 50 U/ml penicillin and
streptomycin (Wisent).

Immunoblotting and STATS5 phosphorylation by intracellular flow cytometry

Splenocytes from C57BI/6J mice were used as responder cells in immunoblots and
phosphorylated STAT5 intracellular flow cytometric staining. Splenocytes were maintained
in RPMI11640 media (Corning) with L-glutamate, HEPES, p-mercaptoethanol, 50U/ml
penicillin and streptomycin, and 10% FBS (Wisent). Cells were serum-starved for 2 hours
prior to stimulation with FIST15, FIST15Asushi or equimolar control cytokines
(recombinant mouse 1L15, TGFBRII-Fc chimera; sTRRII, and IL15+sTPRII, R&D) with or
without recombinant mouse TGF-p1 (R&D). Immunoblot samples were lysed after 20
minutes of stimulation with indicated cytokines, separated by SDS-PAGE, and blotted for
pSTAT3 (pY705) pSTATS (pY694), STAT3, STATS. All antibodies were obtained from Cell
Signaling Technologies. Intracellular flow cytometric analysis for pSTATS5, splenocytes were
treated by FIST15 or cytokine controls for timepoints indicated before fixation with
Lyse/Fix Buffer and permeabilization with Perm Buffer 111 (BD Biosciences), staining with
CD3, CD8, and NK1.1, and an AF488-conjugated antibody for pSTAT5 (pY694) and
analyzed using a FACSCanto Il (BD Biosciences) and FlowJo software v9.6 (TreeStar Inc).
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Cell phenotyping, cytokine profiling, and proliferation analysis

Splenocytes derived from C57BI/6J mice were cultured in RPMI media (untreated),
stimulated with FIST15, or IL15 and sTBRII for 72 hours at 37°C with TGF-p1. For cell
surface marker staining, cells were resuspended in PBS with 2% FBS, incubated with anti-
mouse FcR 111/11 for 15 minutes and labeled with conjugated antibodies specific for CD3,
CD4, CD8, CD11b, CD19, CD25, CD27, CD44, CD45, CD49b, CD62L, CD95L, CD122,
CD314, Granzyme B, KLRG1, H-2kb, IFN-y, IL2, NK1.1, TNFa, TRAIL. For cytokines
and effector molecule expression, Leukocyte Activation Cocktail (2ul/ml, BD Biosciences)
was used to stimulate cells for an additional 4-6 hours at 37°C before cell surface staining,
fixation/permeabilization with BD Cytofix/Cytoperm (BD Biosciences). Analysis and
presentation of distributions was done using FlowJo and Simplified Presentation of
Incredibly Complex Evaluations (SPICE, NIH) v5.35. Proliferation was assessed utilizing
carboxyfluorescein succinimidyl ester (CFSE) CellTrace (Life Technologies) pre-labeled
lymphocytes stimulated with FIST15 or control cytokines for 72 hours with or without TGF-
B1 and analyzed by flow cytometry. Replication indices were calculated using Prism v6.0
(GraphPad Software).

In vitro cytotoxicity assays

NK cells were isolated from splenocytes of C57BI/6J mice with the EasySep Mouse NK
Cell Isolation Kits (Stemcell Technologies). Population purity assessed by flow cytometry
was >95%. B16-GFP cells were allowed to adhere overnight before purified splenic NK
cells from C57BI/6J mice were added at an Effector: Target ratio of 20:1. Doses of FIST15 or
control cytokines (0.32pM-1000pM) were added to the co-culture for 48 hours. Floating
cells and debris were washed away and adherent cells were trypsinized, washed, and
analyzed for GFP positivity. %B16-GFP* survival was calculated by dividing the number of
GFP* events in each condition by GFP* events from B16-GFP cultures without NK cells.
MC-38 cytotoxicity assay was conducted in a similar manner. MC-38 cells were pre-labeled
with CFSE and %MC-38 survival was calculated on the basis of CFSE™ events. Event counts
were normalized to AccuCheck counting beads (Thermo Fisher). Granzyme B and caspase 6
serine protease activity was assayed by PanToxiLux cytotoxicity assay kit (Oncolmmunin).
Co-cultures of NK cells and B16-F0 with FIST15 or controls were set up as described
above. 24 hours post co-culture, fluorogenic substrate was added to the culture for 2 hours,
after which cells were trypsinized, washed, and stained with CD45. Substrate cleavage was
assayed by flow cytometry to determine (FL-1 fluorescence) on CD45*, B16-FO0 cells.

Mice and in vivo experiments

Wildtype C57BI/6J, B6.129S52-Cd4™IMakyy (CD4* T cell deficient, Cd4—/-), B6.129S2-
CdgatmIMak/j (CD8* T cell deficient, Cd8—/-), B6.129S2-1ghm™1Ca/3 (B cell deficient,
uMT), and C57BI/6J-LystP99/] (NK cell defective, Beige) female mice (6 to 8 weeks old)
were obtained from The Jackson Laboratory. In tumor implantation experiments, mice were
implanted subcutaneously in the flank with 1 x 10° of the indicated cell type (B16-F0, B16-
GFP, or B16-FIST15). In rechallenge experiments, 1 x 10% B16-FO0 cells were implanted
subcutaneously on the contralateral flank two weeks after B16-FIST15 challenge. In the
therapeutic model experiments, 1 x 108 B16-F0 tumor cells were subcutaneously implanted
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into C57BI/6J mice and allowed to develop palpable tumors before treatment was initiated
with 4 intraperitoneal doses of FIST15 (~3ug/dose), equimolar cytokine controls, or PBS,
every second day. Tumor volume was calculated with the formula: ((/fength= widt/?)/2) with
unblinded measurements of tumor dimensions taken with an electronic caliper (Fisher
Scientific).

Statistical analysis

Results

Values are presented as mean + SEM. Statistical significance was determined by Students ¢
test (two-tailed), one-way ANOVA, in instances of multiple comparisons, followed by
Tukey'’s test, or log-rank test for survival experiments using Prism v6.0 (GraphPad
Software). * P < 0.05, ** P < 0.01, *** P < 0.001, ****, P < 0.0001.

Generation and characterization of murine IL15/IL15Ra/sTBRII fusion protein: FIST15

We generated a plasmid construct encoding the fusion of murine IL-15 and the sushi domain
of the IL15 receptor-alpha (IL15Ra-sush/r, Thr 34 to Pro 109) to the C’-terminus of two
tandem TGF-p traps consisting of portions of the TGF-p receptor ectodomain (TBRII-ECD)
containing the conserved, structured regions required for TGF-f binding (GIn 74 to Thr 180)
flanked by amino acid linkers derived from the unstructured region of the TBRII-ECD.
Cloned in frame N’-terminal to these three domains were a VEGF signal peptide to direct
for protein secretion to the extracellular space, an 8x-His tag, and a Tobacco etch virus
(TEV) protease cleavage site for downstream protein purification (Fig. 1A and B). The
mature, secreted FIST15 protein is 506 amino aids in length and migrates as a ~100 kDa
protein under reducing conditions on SDS-PAGE (Fig. 1C). A variant plasmid of this
construct excluding the IL15Ra-sushA/ domain (FIST15Asushi) was also generated, creating
a protein of approximately 75 kDa under reducing conditions in size (Fig. 1C). Both
constructs were able to inhibit TGF-p signaling by inhibiting Smad2 phosphorylation in
unfractionated murine splenocytes treated with recombinant TGF-B1 (Fig. 2A and C). To
analyze the effect of these constructs on the I1L15 signaling pathway, STAT3 and STAT5
phosphorylation status of unfractionated splenocytes was interrogated after FIST15 and
FIST15Asushi treatment. STAT5 phosphorylation was significantly diminished with
FIST15Asushi treatment compared to 1L15. Addition of the IL15Ra-sushi domain in
FIST15 rescued STATS phosphorylation and induced STAT3 phosphorylation to levels
comparable to equimolar IL15 treatment as observed by immunaoblot (Fig. 2B). Intracellular
flow cytometric analysis of CD8* T cells also showed that addition of IL15Ra-susA/ domain
significantly enhanced pSTATS5 signaling compared to FIST15Asushi to levels, bringing
STATS activation to levels comparable to equimolar IL15 treatment (Fig. 2D).

FIST15 induces NK and CD8* T cell proliferation and activation in TGF- rich environments

In order to determine the physiological effects of FIST15 treatment on lymphomyeloid cells,
we cultured splenocytes with FIST15 or equimolar control cytokines (IL15+sTBRII) for 72
hours and assessed the proliferation and phenotype of major cellular subsets. An increased
proportion of NK and CD8* T cells were noted after three days of FIST15 culture when
compared to splenocytes that were untreated (Supplementary Fig. SLA). CFSE-labeling of
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these subsets revealed that the proportional increases seen were due to FIST15 driven
proliferation (Fig. 3A). FIST15 was superior to equimolar treatment with IL15 alone and
IL15+sTRRII at inducing CD8* T cell proliferation; while FIST15 treated NK cells
proliferated at a comparable rate to control cytokine treatment (Fig. 3B). CD4* T cells and B
cells did not proliferate in response to FIST15 (Supplementary Fig. S1B). In the presence of
TGF-B1, FIST15 significantly enhanced NK and CD8* T cell proliferation compared to
control treated cells (Fig. 3A and B). Upon PMA/ionomycin stimulation, FIST15
significantly augmented the ability of CD8" T cells to produce TNFa and IFN+y, but not
IL2, compared to control treated cells in the presence of exogenous TGF-B1 (Fig. 4A and
B). FIST15 significantly enhanced the proportion of TNFa*IFNy* double positive CD8* T
cells compared to IL15+sTRRII treated CD8* T cells (Fig. 4C). While IL15+sTBRII
treatment enhanced the proportion of CD8* T cells that were TNFa*IL2* and IFNy*IL2",
the relative contributions of these two subsets to the entire population are low (<15%).
FIST15 treatment also significantly decreased the proportion of triple negative CD8* T cells.

FIST15 enhances NK cell effector molecule expression and augments in vitro cytolysis of
B16-FO melanoma and MC-38 colon adenocarcinoma cells by NK cells

Similar to CD8* T cells, FIST15 treated NK cells also displayed significantly increased
production compared of IFN~y compared to control treated NK cells under TGF- rich
conditions, when stimulated with PMA/ionomycin (Fig. 5A). Absolute numbers of NK cells
secreting IFNy, TNFa, or IL2 were also significantly increased compared to control
cytokine treatment (Fig. 5A). NK cells treated with FIST15 also exhibited enhanced
cytokine polyfunctionality, by significantly increasing the proportion of TNFa*IFNy*
double positive NK cells, and decreasing the proportion of NK cells that fail to produce any
cytokine upon stimulation (Fig. 5B). To test whether FIST15 stimulated NK cells could
inhibit tumor growth /in vitro, we utilized the murine B16-F0 melanoma cell line transduced
to express GFP (B16-GFP) in a cytotoxicity assay. B16-GFP cells were allowed to adhere
overnight before being placed in co-culture with murine splenic NK cells for 48 hours at
increasing concentrations of FIST15. Adherent B16-GFP cells were then trypsinized and
analyzed by flow cytometry for GFP* events. While FIST15 had no direct effect on B16-
GFP growth (data not shown), NK cells in the presence of FIST15 significantly diminished
B16-GFP growth (Fig. 6A). Using non-linear regression, a concentration of FIST15 or IL15
+ sTPRRII required to inhibit 50% of B16-GFP growth (ICsp) could be determined.
Compared to treatment with equimolar IL15 and sTRRII treated NK cells, FIST15 achieved
an 1Csq approximately 10.5-fold lower (2.0 pM, FIST15 vs21.0 pM, IL15 + sTRRII). Low
or lack of MHC-1 expression on target tumor cells, such as in B16-FO melanoma has been
known to spontaneously induce NK cell-mediated cytolysis (Supplementary Fig. S2). In
order to test whether FIST15 could stimulate NK cells to lyse MHC-I expressing cells, we
utilized syngeneic MC-38 colon adenocarcinoma cells (Supplementary Fig. S2). MC-38
cells labeled with CFSE were allowed to adhere overnight before co-culture with NK cells
and FIST15 or control cytokines. MC-38 cells were also susceptible to NK cell-mediated
lysing in the presence of FIST15, despite their MHC-I expression (Fig. 6B). However,
increased concentrations of FIST15 were required to induce comparable lysis to B16-F0
cells. FIST15 was more potent compared to IL15+sTBRII at inducing MC-38 cytolysis,
achieving an 1Csq approximately 14.7-fold lower (10.5 pM, FIST15 vs155.1 pM, IL15 +

Cancer Res. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng et al.

Page 7

STPRII). We next investigated the effect of FIST15 treatment on the expression of effector
molecules associated with NK cell cytotoxicity. We found significantly higher surface
expression of death receptor ligands, such as Fas ligand, and the NK cell activating receptor,
NKG2D, on the surface of FIST15 treated NK cells, compared to controls (Fig.6C).
Intracellularly, FIST15 treated NK cells produced significantly higher amounts of granzyme
B, a serine protease released from cytotoxic granules, which activate caspases in target cells
to initiate apoptosis. To determine if this was the mechanism by which FIST15 treated NK
cells induced B16-FO0 cell death; we utilized a fluorochrome-based cytotoxicity assay to
measure the activity of granzyme B and caspase 6 in B16-FO cells co-cultured with NK cells
and FIST15 or control cytokines (Fig. 6D). After 24 hours of co-culture, higher serine
protease activity was found within B16-FO0 cells cultured with NK cells and FIST15
compared to controls.

FIST15 antitumor effect in immunodeficient mice

In order to test the anti-tumor effects of FIST15 expression in vivo, we first sought to
determine the effects of locoregional FIST15 expression in the tumor microenvironment. To
do this, we stably transduced B16-FO cells to produce FIST15. These cells, B16-FIST15,
displayed similar /n vitro growth kinetics to mock GFP-transduced B16-FO0 cells (B16-GFP),
but failed to form tumor /n vivo in immunocompetent C57BI1/6J mice (Fig. 7A). Mice
receiving B16-FIST15 tumor cells were also protected against subsequent rechallenge by
wildtype B16-FO melanoma cells (Fig. 7B). Mechanistically, we determined the immune
subsets that mediated anti-tumor effect of FIST15 through the use genetic knockout mouse
models lacking individual lymphomyeloid subsets. Consistent with our /in vitro studies, we
found that a lack of functional NK cells allowed for the establishment of tumors by B16-
FIST15 cells (Fig. 7C). In contrast, lack of CD4", CD8* T cells, or B cells did not affect the
ability of mice to mount anti-tumor responses against B16-FIST15 cells. We rechallenged
these genetic knockout strains that had received B16-FIST15 cells with wildtype B16-FO
tumor and found that a lack of B cells and CD4"* T cells significantly correlated with
increases in tumor volume (Fig. 7D).

FIST15 treatment significantly inhibits growth of pre-established tumors

To test the efficacy of FIST15 as a therapeutic agent in the setting of pre-established tumor,
we implanted 1 x 10° wildtype B16-FO cells subcutaneously into the flank of
immunocompetent C57BI/6 mice and waited seven days for tumor to establish. We then
treated tumor-bearing mice with intraperitoneal administration of FIST15, IL15 and sTBRII,
or PBS every second day for 1 week (4 doses total) and monitored the mice for tumor
progression and survival. FIST15 treated mice displayed a significant delay in tumor growth
compared to PBS and IL15+sTBRII treated mice (Fig. 7E). We also observed a significant
improvement in overall survival of FIST15 treated mice compared to controls (Fig. 7F).

Discussion

IL15 based monotherapy been met with moderate success in the pre-clinical arena utilizing
experimental tumor models, with some groups reporting no effect, some effect, or significant
effects on tumor growth (23, 24). Consistent with other groups, we have shown that
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modification of the IL15 domain of FIST15 with the addition of an IL15Ra-sush/ domain
increases its biological activity and is one of the potential reasons for the observed gain-of-
function that FIST15 has over combinatorial IL15 and sTBRII treatment (25). IL15 is
physiologically expressed in a complex with IL15Ra, which acts as a chaperone for 1L15
(26). The complex is typically expressed on the surface of DCs, monocytes, and
macrophages. This IL15/IL15Ra complex is then #rans presented to cells expressing the yc
(CD132) and the IL2/15RBc (CD122), resulting in phosphorylation and activation of JAK1/
STAT3 and JAK3/STATS5 pathways in the cells bearing these receptors (27). The addition of
the IL15Ra-sushidomain in the FIST15 protein bypasses the requirement for IL15Ra-
expressing cells to bind IL15 and transpresent to Bc/yc-expressing cells. Mortier et al. have
shown that complexing I1L15 to soluble IL15Ra increases its affinity for pc/yc complexes
over monomeric I1L15, which could provide a mechanism by which FIST15 appears to have
a strong gain-of-function (25). While this may be the case, we found no biochemical
evidence that this increased affinity resulted in enhanced FIST15 mediated STATS5 signaling
downstream by immunoblot (Fig. 2B), or more long-term, by intracellular flow cytometry of
pSTATS5, when compared to 1L15 treatment (Fig. 2D). Another potential reason for the gain-
of-function observed in FIST15, particularly in our /nn vivo experimental systems, is
increased stability and half-life of the molecule compared to monomeric 1L15 and sTRRII
molecules (28). Stoklasek et al. reported that human IL15/IL15Ra complexes increase the 7n
vivo half-life of IL15 from 1 hour to over 20 hours in mice (29). Bioavailability of IL15 was
also increased when complexed to IL15Ra, where maximum serum concentrations were
elevated and peaked later than IL15 administration alone. FIST15 is similar in size to IL15/
IL15Ra complexes and may also enhance its bioavailability and half-life over 1L15 and
STPRII molecules (30).

FIST15 also seems to exhibit greater TGF-p neutralization than STBRII on an equimolar
basis (Fig. 3B). While the tandem TBRII-ECD TGF-p trap and sTBRII have been shown to
neutralize TGF-B1 to similar degrees (21), STBRII molecules consist of two TBRII-ECD
domains linked by mouse 1gG,, in a chimeric fashion. In our /n vitroand in vivo systems
where Fc-receptor expressing cells are present, STBRII may be internalized and rendered
ineffective, compared to FIST15, which contains no such domains.

In line with other studies, we have also observed that addition of TGF-p to primary cultures
of NK and CD8* T cells significantly inhibited their proliferation, activation, and effector
functions. However, FIST15 treatment of these cells was able to overcome these deficits.
Compared to IL15+sTRRII, FIST15 was superior at inducing IFNy and TNFa production in
CD8™ T cells, two cytokines that are critical in mediating anti-tumor responses (Fig. 5B).
FIST15 also enhanced the proportion of TNFa*IFNy* cells. Such polyfunctionality has
been correlated to the ability of CD8* T cells to mount robust anti-tumor responses (31).
The majority of FIST15 expanded CD8* T cells retain markers of central memory
phenotype T cells (CD62L*CD44%), but compared to IL15+sTRRII treated CD8* T cells,
express higher surface levels of CD25 (Supplementary Fig. S3A-D) and intracellular
granzyme B (Supplementary Fig. S5), without appreciable differences in IL2 production,
suggest that FIST15 might preferentially expand memory phenotype CD8+*CD25M T cells
with a predilection for effector differentiation (31). The observation that FIST15 also
significantly upregulates CD122/Bc expression on CD8* T cells compared to IL15+sTBRII
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treatment (Supplementary Fig. S3E) also fits with this hypothesis as CD257CD122* CD8* T
cells are generally marked for effector differentiation, whereas bonafide central memory
CD8* T cells are generally CD25-CD122* (32). TGF-B has been known to suppress
formation of memory CD8* T cells, and tumor derived TGF- has been proposed to do the
same /n vivo, resulting in inefficient priming of anti-tumor T cell responses and subpar
memory recall responses (33, 34). In our /n vitro model system, we were able to demonstrate
that FIST15 can expand central memory phenotype CD8* T cells, although these cells may
be destined for further differentiation to effector cells.

Like CD8* T cells, ex vivo stimulation of NK cells with FIST15 resulted in significantly
higher expression of pro-inflammatory IFN-y, but not increased TNFa or IL2, compared to
IL15+sTBRII treatment. However, the absolute number of NK cells expressing these
cytokines post-FIST15 treatment became significant, owing to FIST15’s enhanced
mitogenic response on NK cells in the presence of TGF-B1 (Fig. 5A). To test the effect of
TGF-p on NK cell cytotoxicity, we specifically chose B16-F0 and MC-38 tumor cells,
known to overexpress TGF-B or are insensitive to TGF-B growth-inhibitory effects,
respectively, as targets in our /n vitro killing assays. B16-FO0 cells were more susceptible to
lysis than MC-38 by NK cells, perhaps owing to their lack of MHC-I expression
(Supplementary Fig. S2). Lack of inhibitory killer-immunoglobulin like receptors (KIRS)
ligand expression, such as MHC-I on target cells, lowers the threshold for NK mediated
killing (35). The ability of FIST15 treated NK cells to lyse target tumor cells is further
correlated with their expression of cytotoxic effector molecules. With FIST15 treatment,
significantly higher levels of granzyme B was detected within NK cells, resulting in
enhanced serine protease activity in target tumor cells (Fig. 6C and D). While increased
recruitment of CD8" T cells into the tumor microenvironment has been well correlated to
improved prognosis, the presence of tumor infiltrating NK cells and its effect on prognosis is
more controversial. Recent studies have shown that tumor-infiltrating CD11b*CD27* NK
cells may convert into immunosuppressive myeloid-derived suppressor cells (MDSCSs) in the
tumor microenvironment (36). We found, however, that FIST15 treated NK cells were
predominately CD11b!° with variable levels of CD27 expression (Supplementary Fig. S4A
and B). Interestingly, we also observed that FIST15 treated CD8* T cells also expressed
higher levels of granzyme B, among other effector molecules associated with cytotoxicity,
compared to control treated cells (Supplementary Fig. S5).

The inability of B16-F0 tumors expressing FIST15 to establish in immunocompetent mice
could have pointed to FIST15 activation of either innate or adaptive immune cell subsets. To
mechanistically ascertain the cellular subsets responsible for FIST15 mediated tumor
rejection, we utilized genetic knockout animals. Bejge mice, lacking functional NK cells,
were the only mice where B16-FIST15 cells were able to form tumor (Fig. 7C). This would
suggest that NK cells play a critical role in preventing tumor establishment in response to
FIST15 secretion locoregionally. This is unsurprising, given most reports suggesting that
IL15 mainly acts /n vivoon NK cells to prevent tumor outgrowth (37). We were, however,
surprised to see that B16-FIST15 tumors failed to grow in mice lacking CD8* T cells, given
the /n vitro effects we had observed. We surmise that FIST15 may activate innate cells /n
vivo, in particular NK cells, to effectively clear tumor before the need for an adaptive
response was required. However, FIST15 may have acted as an adjuvant for the adaptive arm
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of the immune system as B16-FIST15 implanted mice were protected against subsequent
B16-FO0 tumor rechallenge in wildtype mice (Fig. 7B and D).

When genetic knockout strains implanted with B16-FIST15 were rechallenged with B16-FO
tumors, we observed that UM T mice lacking B cells and CD4* T cell-deficient mice
uniformly developed tumors, and that these tumors grew at the fastest rate (Fig. 7D). This
observation is in line with other studies suggesting an important role for antibody-mediated
rejection of tumors, most likely via antibody-dependent cell-mediated cytotoxicity (ADCC)
(38). Without the formation of tumor-specific antibodies, ADCC would be unable to occur,
therefore resulting in enhanced tumor growth. Although NK cells are known to be the
primary mediators of ADCC in vivo, it was interesting that B16-FIST15 immunized Beige
mice were protected from B16-F0 rechallenge. Opsonization of tumor cells by antibodies
may also play a role in B16-FO0 clearance by macrophages and monocytes in an Fcy
receptor-dependent manner, but we were unable to test this hypothesis within our
experimental model (38). We speculate that in our experimental model, CD4* T cells likely
provide help to B cells in promoting antibody formation against B16-FO tumors as opposed
to playing a direct cytolytic role.

In the therapeutic setting, the lack of any anti-tumor effect with IL15+sTBRII treatment
compared to mice treated with PBS alone was an intriguing observation. As previously
discussed, pre-clinical studies indicate that administration of recombinant IL15 alone seems
to have limited impact on models of pre-established tumors (23). Administration of I1L15
with soluble IL15Ra protein, or modification of IL15 with the addition of an IL15Ra
domain in the form of a fusion protein, such as in FIST15, would likely enhance the
molecule’s anti-tumor effects (29, 39). Similarly, strategies involving ligand traps or
antibodies to sequester TGF-f have primarily been shown to be efficacious if primary
tumors have been transduced to express such proteins, or in metatstatic models in which
tumor cells have been systemically introduced (40). Differences in the physiologic clearance
of both monomeric IL15+sTBRII may result in a lack of their biological effect from playing
out in an additive manner to prevent tumor outgrowth. In contrast, FIST15 by virtue of being
a single molecule would presumably act in the same and time space allowing for a more
coordinated anti-tumor response.

To our knowledge, this is the first report of immunotherapy combining IL15 with TGF-
blockade. While other groups have shown that the use of IL15 can elicit anti-tumor effects,
especially when it is complexed with IL15Ra., many of these studies failed to address the
active mechanisms of immunoediting and immunosuppression within the tumor
microenvironment, such as the secretion of TGF-p (39, 41, 42). In order fully realize the
potential of IL15-based immunotherapy; combinatorial strategies with other immune and
tumor modulating agents will likely be employed. Indeed, reports combining IL15 with
chemotherapy, radiation, and other adjuvants have shown improved efficacy over the use of
IL15 alone (7). Combinatorial therapy of IL15 with checkpoint blockade inhibitors, such as
a-PDL1 and a-CTLAA4, has shown particular promise, due in part to the effect of these
agents on tumor-associated CD4+ Tyeqs, Which potently suppress anti-tumor effects of NK
and CD8* T cells (20, 43). Similarly, FIST15 may act to inhibit tumor growth through
sequestration of TGF-p and inhibition of CD4" T,y formation. In a more recent study, an
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IL15 superagonist was found to be efficacious against tumors infiltrated with exhausted
CD8™ T cells only when co-administered with PD-1 blockade (44). The benefit of FIST15’s
ability to neutralize TGF-@, which has been implicated in CD8* T cell exhaustion (34), may
improve therapeutic efficacy against such tumors.

In conclusion, this study provides evidence that FIST15 can combine 1L15 agonism to TGF-
B neutralization into a single immunotherapeutic agent. FIST15 activates both innate and
adaptive arms of the immune system, augmenting NK and CD8* T cell functions, even in
TGF-p rich conditions, such as that found within the tumor microenvironment. More
importantly, FIST15 can inhibit tumor growth in vitroand in vivo, by enhancing NK cell
activity. Given the dearth of pharmacological agents available for NK cell expansion, we
believe that FIST15 holds great promise as a potential biologic to expand NK cells ex vivo
for adoptive cell therapy or as a standalone immunotherapeutic agent for use in cancer,
driving pro-inflammatory 1L15 signaling on immune cells while attenuating an important
axis of tumor immune evasion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Design and expression of murine FIST15 and FIST15Asushi. FIST15 peptide sequence is

shown in (A) with a schematic of critical domains in FIST15 and FIST15Asushi shown in
(B). Immunoblot of murine 1L15 and murine TGF-p receptor (type 1), on conditioned
supernatant of human embryonic kidney (HEK293T; transduced with SV40 Large-T
antigen) cells transfected with a plasmid containing cDNA of FIST15 and FIST15Asushi in
(C). TBRII-ECD: sequences binding to TGF-p and linker amino acids derived from the
unstructured regions of the TGF-p receptor ectodomain, sushi: interleukin-15 receptor alpha
chain-sushi domain, 1L15: interleukin-15.
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Figure 2.
FIST15 and FIST15Asushi signaling properties. Primary murine splenocytes were used as

responder cells in immunoblots. FIST15Asushi is capable of neutralizing TGF-p1 mediated
phosphorylation of Smad2 (pSmad2; Ser465/467), but was deficient at inducing
phosphorylation of STAT5 (pSTAT5; Tyr694) (A). With the addition of the IL15Ra-sushi
domain to FIST15Asushi (FIST15), STAT5 phosphorylation is rescued and STAT3
phosphorylation (pSTAT3; Tyr705) is found to be comparable to equimolar 1L15 stimulation
(B). Addition of the IL15Ra-sushi domain to FIST15Asushi did not alter its ability to
neutralize TGF-B1 (C). Flow cytometric analysis of pSTAT5 (Tyr694) on primary splenic
CD8* T cells upon IL15, FIST15Asushi, and FIST15 treatment over 2 hours (D). Mean
fluorescence intensity (MFI) of the pSTAT5 signal + SEM on primary splenic CD8* T cells
was determined. Statistical significance was determined by Student #test comparing FIST15
to FIST15Asushi. *, P < 0.05. No significant differences were detected between FIST15 and
IL15 treatment at any time points.
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splenocytes labeled with CFSE were cultured with 1L15, IL15 + sTPRII, or FIST15 (1000
pM) in the presence or absence of TGF-B1 (5 ng/ml) for 72 hours before flow cytometric
analysis in (A). The replicative index, representing fold-expansion of cells that undergo
division + SEM of CD8* T cells and NK cells are shown in (B). Representative plots are
shown in (A) and data in (B) are from three independent experiments. Statistical significance
was determined by Student ttests. * P<0.05, ** P < 0.01, ****, P < 0.0001, P > 0.05was

considered to be not significant (ns).
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Figure 4.
FIST15 treatment is superior at inducing CD8* T cell production of TNFa and IFNv, but

not 1L.2, compared to IL15 and sTBRII treatment. Primary splenic CD8* T cells treated with
IL15 + sTRRII or FIST15 (500 pM) for 72 hours in the presence or absence of TGF-B1 (5
ng/ml), followed by a 6 hour stimulation with PMA/ionomycin/brefeldin A, were analyzed
by flow cytometry for TNFa, IFN+y, and IL2 production. Gating was determined by isotype
controls. Representative plots are shown in (A). Histograms comparing the mean percentage
of RPMI (untreated), IL15 and sTBRII, and FIST15 (500 pM) treated CD8" T cells for 72
hours in the presence of TGF-B1 (5 ng/ml) followed by a 6 hour PMA/ionomycin/brefeldin
A stimulation expressing TNFa, IFN<y, or IL2 + SEM (top panel) and the absolute number
of cells expressing these cytokines (bottom panel) from three independent experiments are
shown in (B). Representative pie charts displaying the proportion of CD8* T cells from the
above treatment conditions producing each combination of TNFa, IFN+y, and IL2 and
histograms displaying the mean + SEM for each combination are shown in (C). Data from
three independent experiments are shown. Statistical significance was determined by Student
ttests. * P < 0.05,** P < 0.01, *** P < 0.001, ****, P < 0.0001.
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Figure5.
FIST15 augments NK cell cytokine production. Primary splenic NK cells cultured in RPMI

media (untreated), treated with IL15 + sTBRII, or FIST15 (500 pM) for 72 hours in the
presence of TGF-pB1 (5 ng/ml), followed by a 6 hour stimulation with PMA/ionomycin/
brefeldin A, were analyzed by flow cytometry for TNFa,, IFNy, and IL2 production.
Histograms present the mean of the percentage of NK cells £ SEM (left panel) and absolute
number of NK cells £ SEM (right panel) expressing each cytokine (A). Representative pie
charts displaying the proportion of NK cells from the above treatment conditions producing
each combination of TNFa, IFN-y, and IL2 and histograms displaying the mean + SEM for
each combination are shown in (B). Data from three independent experiments are shown.
Statistical significance was determined by Student ftests * P < 0.05, ** P<0.01, ***P <
0.001.
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Figure 6.
FIST15 enhances NK cell cytotoxicity and cytolytic effector molecule expression. B16-GFP

cells were co-cultured with purified splenic NK cells in the presence of IL15 and sTRRII or
FIST15 (0.32 — 1000 pM) for 48 hours. %B16-GFP survival was calculated by dividing the
number of GFP* events in each condition by the number of GFP* events in control wells
containing B16-GFP cells without NK cells. Event counts were normalized to counting
beads. Each point represents the mean percent survival + SEM (A). CFSE-labeled MC-38
cell survival in the presence of NK cells with IL15 and sTBRII or FIST15 was similarly
measured. %MC-38 survival was calculated by dividing the number of CFSE™ events in
each condition by the number of CFSE* events in control wells containing CFSE-labeled
MC-38 cells without NK cells (B). The percentage of NK cells expressing NK activating
receptor, NKG2D, Fas ligand (FasL), TNF-related apoptosis inducing ligand (TRAIL), and
granzyme B (GrB) + SEM after 72 hour treatment with FIST15 or control cytokines,
followed by a 6 hour stimulation with PMA/ionomycin/brefeldin A, is shown in (C). Serine
protease (granzyme B and upstream caspase) activity using a fluorogenic substrate was
measured by flow cytometry in B16-FO target cells following 24 hour NK cell co-culture
with I1L15 and sTRRII or FIST15 treatment (0.32 — 200 pM). Percent positivity (% serine
protease activity) £ SEM is shown in (D). Inset shows representative plots for co-cultures at
the 40pM dose. Gating was determined using B16-FO cells cultured in the presence of the
fluorogenic substrate in the absence of NK cells as a negative control. Data from two (A, B,
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and D) and three (C) independent experiments are shown. Statistical significance was
determined by Student ttests * P < 0.05, ** P < 0.01, *** P < (0.001.
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Figure 7.
FIST15 inhibits B16-FO tumor growth /inn vivo through NK cell activity and significantly

delays growth of pre-established tumors. 1 x 10® B16-FO0 transduced with FIST15 (B16-
FIST15) or a vector containing GFP (B16-GFP) cells were implanted subcutaneously into
the flank of immunocompetent C57BI/6 mice (n=5, each) and monitored for tumor growth.
Graph of tumor volumes at day 7 post-implantation + SEM is shown in (A). Mice that had
received B16-FIST15 (B16-FIST15 immunized, n=5) were rechallenged on day 14 post-
implantation subcutaneously with 1 x 106 B16-FO cells on the contralateral flank compared
to naive mice (B16 naive; n=5) and monitored for tumor growth. Graph of tumor volumes
from £ SEM is shown in (B). Syngeneic mouse strains lacking CD4" (Cd4-/-), CD8*
(Cd8—/-) T cells, B cells (uMT), or functional NK cells (Beige) were implanted with 1 x 108
B16-FIST15 cells and tumor volume £ SEM from two independent experiments was
measured on day 7 post-implantation in (C). Genetic knockout strains receiving B16-FIST15
were rechallenged 14 days post-implantation with 1 x 108 B16-F0 cells. Graph showing
tumor volume £ SEM from two independent experiments at day 12 post-rechallenge is
shown in (D). In the FIST15 therapeutic model, wildtype C57BI/6J mice were implanted
with 1 x 108 B16-FO0 cells subcutaneously. Day 7 post-implantation, once palpable tumor
had formed, mice were randomized into treatment groups receiving: PBS (n=7), IL15 +
STBRII (n=9), and FIST15 (n=11). Mice were given intraperitoneal injections every second
day for 1 week (4 doses total, indicated by arrows) and monitored for tumor growth. Graph
measuring tumor volume = SEM is shown in (E). Survival of mice in the three groups
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depicted in a Kaplan-Meier plot is shown in (F). Representative data are shown from two (A,
B, E, and F) independent experiments. Statistical significance was determined by Student ¢
tests (A, B, and E), one-way ANOVA with Tukey multiple comparisons test in (C and D),
and the log-rank test in (F). Statistical significance between I1L15 + sTRRII and FIST15
conditions are denoted in (Eand F). * P < 0.05, **P < 0.01, *** P < 0.001, ****, P <
0.0001.
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