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ARTICLE INFO ABSTRACT

Key words: Combinatorial immunotherapy approaches are emerging as viable cancer therapeutic strategies for improving

TGF-p patient responses and outcomes. This study investigated whether two such immunotherapies, with comple-

Anti-PD-L1 . mentary mechanisms of action, could enhance antitumor activity in murine tumor models. The immunocytokine

;\?;gﬁﬁfﬁ;kme NHS-IL12, and surrogate NHS-mulL12, are designed to deliver IL-12 and mulL-12, respectively, to the tumor
microenvironment (TME) to activate NK cells and CD8" T cells and increase their cytotoxic functions. Bintrafusp
alfa (BA) is a bifunctional fusion protein composed of the extracellular domains of the TGF-p receptor II to
function as a TGF-p “trap” fused to a human IgG1 antibody blocking PD-L1. With this dual-targeting strategy, BA
enhances efficacy over that of monotherapies in preclinical studies. In this study, NHS-muIL12 and BA combi-
nation therapy enhanced antitumor activity, prolonged survival, and induced tumor-specific antitumor immu-
nity. This combination therapy increased tumor-specific CD8" T cells and induced immune profiles, consistent
with the activation of both adaptive and innate immune systems. In addition, BA reduced lung metastasis in the
4T1 model. Collectively, these findings could support clinical trials designed to investigate NHS-IL12 and BA
combination therapy for patients with advanced solid tumors

Introduction

Cancer immunotherapies, such as immune checkpoint inhibitors
(ICIs), have revolutionized cancer treatment in the past decade, result-
ing in clinical success for many patients with advanced cancer. However,
response rates remain relatively low and, in certain cancers, immuno-
therapies have little or no effect on patient response or survival [1].
Emerging evidence suggests that the presence of intratumoral T cells
plays a major role in patient sensitivity to ICIs [2], such as anti-
—programmed death (ligand) 1 PD-(L)1. Predictors of poor prognosis
with these therapies include lack of tumor infiltrating lymphocyte (TIL)
populations [3,4], low activity of type 1 T-helper (Th1) cells, reduced
immune cytotoxicity in the TME [5], as well as increased immunosup-
pressive pathways, such as levels of transforming growth factor-f
(TGF-) [6,7]. Therefore, boosting innate and adaptive immunity by
enhancing pro-inflammatory pathways, while also targeting tumor
immunosuppressive pathways, offers a rational therapeutic strategy [1].
Synergistic combinations provide an opportunity to enhance the thera-
peutic benefit of immunotherapeutics by targeting different components
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of tumor progression and immune escape, and appear to be promising
for future therapies [8]

Interleukin-12 (IL-12) is a pro-inflammatory cytokine, released by
dendritic cells (DCs) and phagocytes during T cell priming [9], that
stimulates proliferation and increases cytotoxicity of natural killer (NK),
natural killer T (NKT) cells, and CD8" T cells [10]. IL-12 induces cyto-
kines, such as interferon gamma (IFN-y), which function to stimulate
both innate and adaptive cytotoxic immune effector cells, leading to
immune surveillance and antitumor immune responses [10-16]. Sus-
tained IL-12 signaling can drive naive Th cell differentiation to the Thl
lineage via the activation of STAT4 [11,17]. Therapeutic administration
of IL-12 is therefore a promising strategy to promote immunostimula-
tory antitumor effects and has been investigated by multiple clinical
centers as a monotherapy or in combination with chemotherapy
[18-21]. However, systemic side effects and narrow therapeutic win-
dows limit the clinical application of IL-12 therapies. The NHS-IL12
immunocytokine, composed of the human monoclonal immunoglob-
ulin G1 (IgG1) antibody NHS76 fused at each CH3 C-terminus to IL-12,
was designed to direct IL-12 to intratumoral necrotic regions, thereby
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alleviating safety concerns associated with systemic administration of
recombinant IL-12 and improving its pharmacokinetics [22]. In a phase I
clinical trial (NCT01417546), NHS-IL12 treatment was well-tolerated
and enhanced immune-related activity, including evidence of
increased immune infiltration in the TME of patients with metastatic
solid tumors [23]. These results from early clinical trials suggest that
NHS-IL12 can prime nonimmunogenic tumors and may further trigger
the antitumor immune response to ICIs, indicating that further studies
are warranted, particularly the combination of NHS-IL12 with ICIs

In murine tumor models, NHS-mulL12, the chimeric surrogate of
NHS-IL12, stimulates proliferation and cytotoxic function of immune
effector cells, including NK cells and CD8" T cells, induces the differ-
entiation of naive Th cells towards a Th1l phenotype, and increases the
production of cytokines including IFN-y [24]. NHS-mulIL12 also elicits
antitumor activity in preclinical mouse models as a monotherapy and in
combination with an anti-PD-L1 IgG1 antibody [24]. The complemen-
tary immune stimulatory effects of NHS-mulIL12 and anti-PD-L1
enhanced antitumor activity in combination therapy compared with
either monotherapy in two preclinical tumor models [24]. Results from
this study suggest that NHS-muIL12 alters the TME by enhancing im-
mune cell infiltration and sensitizing tumors to the effects of anti-PD-L1
therapy. These results supported the development of a phase Ib trial with
NHS-IL12 in combination with the anti-PD-L1 antibody avelumab
(NCT02994953), which has reported an acceptable safety and tolera-
bility profile, leading to a recommended phase II dose (RP2D) [25]

The combination of NHS-IL12 with therapies targeting other
immunosuppressive pathways, such as TGF-, provides another rational
therapeutic strategy. TGF-f is a pleiotropic cytokine that can promote
tumor progression and facilitate tumor immune evasion through its
suppressive effects on the innate and adaptive immune systems, or
within the TME, through its induction of stromal modifications, angio-
genesis, and epithelial-mesenchymal transition (EMT) [26-28]. Several
studies have shown that TGF-p can reduce the response of lymphocytes
to IL-12 stimulation by inhibiting their IFN-y production [29-31], and
others have found that TGF-f can suppress IL-12-mediated immune
modulation by interfering with the IL-12 signal transduction pathway
[31,32]. During antigen priming and T cell activation, TGF-f can
downregulate IL-12 receptor expression, blocking the JAK-STAT4
pathway and thereby inhibiting IL-12-mediated modulation of the im-
mune response [29]. On activated T cells, TGF-f directly inhibits JAK2,
TYK2, and STAT4 phosphorylation, inducing unresponsiveness to IL-12
[29].

Bintrafusp alfa (BA) is a bifunctional fusion protein composed of the
extracellular domains of the human TGF-p receptor II (TGF-pRII or TGF-
f trap) fused via a flexible linker to the C-terminus of each heavy chain of
a human anti-PD-L1 IgG1 antibody, designed to simultaneously target
both TGF-p and PD-L1 pathways [33]. In preclinical models, BA can
enhance antitumor activity and prolong survival relative to anti-PD-L1
and TGF-p trap controls [33]. In preclinical models, BA was shown to
activate both the innate and adaptive immune systems and provide
long-term protective antitumor immunity, reduce metastasis and
fibrosis, and be an effective combination partner with radiation or
chemotherapy [33,34]. In phase I clinical trials in patients with
advanced solid tumors, BA showed early evidence of clinical activity
[35-40].

Here we report that NHS-muIL12 and BA combination therapy
enhanced antitumor efficacy and extended survival compared with
either monotherapy in syngeneic mouse tumor models. NHS-mulIL12
and BA combination therapy also induced the generation of tumor-
specific immune memory, as demonstrated by protection against
tumor rechallenge, and stimulated proliferation and priming of immune
effector cells. In addition, combination therapy decreased spontaneous
metastasis, which was driven mainly by BA. These preclinical findings
could support potential clinical development of NHS-IL12 and BA
combination therapy or triple combination with NHS-IL12, BA, and
chemo-radiation therapy [41,42] for the treatment of patients with
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advanced solid tumors.
Materials and methods
Mice

All animal procedures were performed in accordance with institu-
tional protocols approved by the Institutional Animal Care and Use
Committee (IACUC) of EMD Serono Research and Development Insti-
tute; animal care was in accordance with institutional guidelines. BALB/
c Igh-Jtmthu (Jh) B cell deficient mice were purchased from Taconic,
B6.12952-18mmICen /5 C57B],/6 (uMt") were purchased from The Jack-
son Laboratory, and BALB/c and C57BL/6 mice were purchased from
Charles River Laboratories. All mice used for experiments were 8 to 12-
week-old females. Mice were housed with ad libitum access to food and
water in a pathogen-free facility.

Cell lines

EMT-6 and 4T1 breast cancer cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas, VA). The MC38
colon carcinoma cell line was provided by the Scripps Research Institute
(La Jolla, CA). All cell lines were tested and verified to be free of My-
coplasma. EMT-6 cells were maintained in Waymouth’s medium (Gibco)
and 15% heat-inactivated fetal bovine serum [FBS] (Life Technologies).
4T1 cells were cultured in RPMI 1640 supplemented with 10% FBS and
MC38 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS. All cells were cultured under
aseptic conditions and incubated at 37 °C with 5% CO,. Cells were
passaged at least twice prior to in vivo implantation and harvested with
TrypLE Express (Gibco) or 0.25% trypsin. Prior to experiments, trypan
blue exclusion staining was used to determine the number of viable cells.

Murine tumor models

Subcutaneous MC38 tumor model

pMt™ mice were inoculated subcutaneously (sc) into the right flank
with 0.5 x 10°® MC38 cells and tumor growth and survival were
measured. For efficacy experiments, treatment was administered when
the average tumor volume reached 50-100 mm?. For flow cytometry
and enzyme-linked immunospot (ELISpot) studies, treatment was
administered when the average tumor volume reached 300-400 mm?,
and mice were sacrifice on Day 6 post treatment start.

For MC38 tumor rechallenge studies, C57BL/6 mice with complete
remission of MC38 intramuscular (im) tumors for over 3 months after
the last treatment of BA (164 pg, intravenously [iv], Days 0, 2, 4)
monotherapy (n = 2 mice) or BA + NHS-mulL12 (5 or 25 pg, sc, Day 0)
combination therapy (n = 6 mice) were injected sc with 0.1 x 10° MC38
tumor cells into the opposite flank from the original tumor site. As a
control, naive C57BL/6 mice (n = 10 mice) were injected sc with tumor
cells in the flank.

Orthotopic EMT-6 tumor model

To generate the EMT-6 tumor model, BALB/c mice were inoculated
with 0.5 x 10° EMT-6 tumor cells orthotopically in the mammary fat
pad.

For EMT-6 cured tumor rechallenge studies, mice with complete
remission of EMT-6 tumors for over 3 months after the last treatment of
NHS-mulIL12 (5 or 10 pg, sc, Day 0) (n = 7 mice), BA (492 pg, iv, Day 0,
Day 7, or Days 0, 3) (n = 4 mice), or BA + NHS-muIL12 combination
therapy (n = 26 mice) were injected with 0.25 x 10° EMT-6 tumor cells
or 0.5 x 10° 4T1 tumor cells into the opposite mammary pad from the
original tumor site. As a control, naive BALB/c mice were injected with
EMT-6 cells (n = 10 mice) or 4T1 cells (n = 10 mice) in the mammary
pad.
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Orthotopic 4T1 tumor model
To generate the 4T1 tumor model, Jh mice were inoculated with 0.5
x 10° 4T1 tumor cells orthotopically in the mammary fat pad.

Treatments

For all studies, mice were randomized into treatment groups on the
day of treatment initiation. The inactive anti-PD-L1 control (hereafter
referred to as isotype control) is a mutated anti-PD-L1 antibody without
the ability to bind PD-L1. Isotype control, BA, and NHS-mulIL12 were
produced and purified at EMD Serono.

NHS-mulL12

In tumor-bearing mice, NHS-muIL12 (2, 10, or 25 pg) was adminis-
tered sc in 0.1-0.2 mL PBS. Exact doses for each experiment are listed in
the figure legends; all tumor-bearing mice were treated with a single
dose of NHS-mulL12 at Day O.

BA and controls

In tumor-bearing mice, BA (492 pg) or isotype control (anti-PD-L1
[mut], 400 pg) were administered iv in 0.1-0.2 mL PBS as previously
described [33]. Exact doses and treatment schedules for each experi-
ment are listed in the figure legends. Briefly, B cell-deficient Jh or uMt—
tumor-bearing mice were treated twice per week for three continuous
weeks. Because BA is a recombinant human protein and induces a strong
immunogenic response in immunocompetent mice if dosed repeatedly
for more than 6 days [33], B cell-deficient mouse strains (Jh and uMt-)
were used in vivo studies to enable testing of clinically-relevant repeat
dosing schedules, unless otherwise indicated. Wild-type tumor-bearing
mice were treated at Days 0, 2, and 4.

Tumor growth and survival

Tumor size was measured twice weekly with digital calipers and
recorded automatically to a computer using WinWedge software. Tumor
volumes were calculated using the following formula: tumor volume
(mm?®) = tumor length x width x height x 0.5236. Tumor growth in-
hibition (TGI) was calculated using the following formula: TGI (%) = [1
- (Ti-T0)/(Vi-V0)] x 100, where Ti is the average tumor volume (mm®)
of a treatment group on a given day, TO is the average tumor volume of
the treatment group on the first day of treatment, Vi is the average tumor
volume of the vehicle control group on the same day as Ti, and VO is the
average tumor volume of the vehicle control group on the first day of
treatment. For the MC38 model, body weight was measured twice
weekly, and mice were euthanized if their tumor volume exceeded 2500
mm?. For the EMT-6 and 4T1 orthotopic models, mice were euthanized
when their tumor volume reached 1000 mm3. Kaplan-Meier survival
curves were generated to compare the percentage survival between
treatment groups.

Rechallenge studies

For tumor rechallenge studies, mice from 2 to 3 separate studies that
showed complete regression of MC38 or EMT-6 tumors for over 3
months after the last treatment of NHS-muIL12 and BA combination
therapy or BA monothreapy were injected with MC38 or EMT-6 tumor
cells into the opposite side of the original tumor location. As a control,
naive C57BL/6 (for MC38) and BALB/c (for EMT-6) mice were also
injected with tumor cells

Metastasis

To assess metastases in the 4T1 model, mice were sacrificed on Day
25 and lungs were removed and placed in Bouin’s fixation solution for
subsequent scoring of lung nodules. Mice that were sacrificed prior to
the end of study (Day 25) due to health concerns were not included as
part of the metastasis analysis. However, mice that were sacrificed prior
to Day 25 because they reached maximum tumor volume (1000 mm?>)
were included in the analysis.
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ELISpot assay

A mouse IFN-y ELISpot assay was performed as previously described
[24,33] to evaluate the frequency of IFN-y producing CD8" T cells
reactive to the tumor antigen p15E, a T cell rejection epitope expressed
by MC38 tumors. On Day 6, spleens from mice in each treatment group
(n = 6 mice/group) were harvested, pooled, and processed into single
cell suspensions. CD8™ T cells were isolated using a CD8™ T cell isolation
kit (Miltenyi Biotech) and the AutoMACS Pro-Separator. Antigen pre-
senting cells (APCs) derived from splenocytes from naive C57BL/6 mice
were pulsed with the p15E epitope KPSWFTTL (20 pg/mL) (CPC Sci-
entific) or the negative control ovalbumin (OVA) peptide SIINFEKL (20
pg/mL; CPC Scientific) for 1 h and then irradiated with 2000 rads in the
GammaCell 40 Exactor. The peptide-pulsed, irradiated APCs (5 x 10° per
well) were co-cultured with the isolated CD8" T cells (5 x 10° per well)
in ELISpot assay plates (BD Biosciences) coated with purified anti-mouse
IFN-y antibody (BD Biosciences, Cat #51-2525KC). After incubation at
37 °C for 16 to 20 h, the cells were removed from the assay plate and
IFN-y was detected with a biotinylated anti-IFN-y antibody (BD Bio-
sciences, Cat #51-1818KZ) and a streptavidin-HRP detection conjugate
(BD Biosciences, Cat #51-9,000,209) followed by a chromogenic sub-
strate solution (3-Amino-9-Etylcarbazole, Sigma Cat #A6926). The
number of IFN-y—positive spots in each well of the assay plate was
determined using an Immunospot ELISpot reader system (CTL-Immu-
nospot S5UV Analyzer; Cellular Technology Limited). The data are
presented as the mean + SD of the number of spots/well (3 wells) and
well images are displayed.

Tumor dissociation

For immunophenotyping studies, flow cytometry staining was per-
formed on dissociated tumors and spleens using standard procedures as
previously described . Mice were sacrificed at study Day 6 and tumors
and spleens were harvested. Briefly, for preparation of tumor cell sus-
pensions, tumors were harvested and finely minced with sterile scissors.
Tumor cell suspensions for immunophenotyping stratification studies
were additionally incubated in a solution of type IV collagenase (400
units/mL) and DNase 1 (100 pg/mL) for ~0.5 to 1 h at 37 °C with
frequent agitation. Following tumor digestion, debris was separated by
sedimentation, and suspensions were passed through a 70-pm nylon cell
strainer. Cells were resuspended in DMEM containing 10% FBS. Single
cell suspensions of splenocytes were obtained by mechanical disruption
of tissue in 2% FBS-PBS and incubation with red blood cell lysis buffer
(Sigma) followed by filtration through a 40-pm nylon cell strainer. For
both tumor and spleen cell analyses, trypan blue was used to distinguish
viable cells prior to staining, and 1 x 10° cells were used for flow
cytometry analysis.

Flow cytometry

Antibody staining of tumor cell and splenocyte suspensions for flow
cytometry analysis was performed following the antibody manufac-
turer’s recommendations. Fluorophore-conjugated antibodies to NK1.1
(PK136), CD8a (53-6.7), CD4 (RM4-5), CD183 (CXCR3-173), CD25
(PC61), CD45 (30-F11), CD44 (IM7), CD69 (H1.2F3), and FoxP3 (FJk-
16 s) were purchased from Biolegend, and the antibody to Ki-67 (MOPC-
21) was purchased from BD Pharmingen. Viability Dye eFluor 455 (UV)
and antibodies to CD62L (L-selectin) (MEL-14), T-bet (4B10), and
EOMES (Danl1lmag) were purchased from eBiosciences.

Cells were blocked with anti-CD16/CD32 (FcyRIIl/FcyRII, 2.4G2) at
a 1:25 dilution for 20 min, incubated with surface marker antibodies for
30 min on ice, stained with fixable viability dye for 30 min at 4 °C, and
then permeabilized with BD Cytofix/Cytoperm buffer before intracel-
lular labeling antibodies (Foxp3, T-bet, and Ki-67) were added for an
overnight incubation at 4 °C. Cells were analyzed on a BD LSR II flow
cytometer according to the manufacturer’s instructions. Flow cytometry
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analysis was performed using BD FACSDiva® software (V8). Cellular
events were first gated by forward and side scatter characteristics and
then by viability (Supplementary Fig. S1). Tumor and splenic cells were
gated on immune cell subpopulations as described in the figure legends.

Statistical analysis

Statistical analyses were performed using GraphPad Prism Software,
version 8.0.1; differences were determined to be significant if p < 0.05.
To assess differences in tumor volumes between treatment groups, two-
way analysis of variance (ANOVA) was performed followed by Tukey’s
multiple comparison test. Tumor volume data are presented graphically
as mean =+ standard error of the mean (SEM) or as individual tumor
volumes, where each line represents data from individual mice. A
Kaplan-Meier plot was generated to show survival by treatment group
and significance was assessed by log-rank (Mantel-Cox) test. For flow
cytometry analysis, data are displayed for individual mice (symbols) and
means (horizontal line) and one-way ANOVA with Sidak’s multiple
comparison tests were used to compare treatment groups. For ELISpot
analyses, bar graphs show mean and standard deviation (SD) and two-
way ANOVA with Tukey’s multiple comparison tests were used to
compare treatment groups. To evaluate the difference in the number of
lung modules between treatment groups, two-tailed unpaired t-tests
were performed.
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Results

NHS-mulL12 and BA combination therapy induces tumor regression in the
MC38 model

To investigate the efficacy of NHS-mulIL12 and BA combination
therapy in a colorectal carcinoma model, mice bearing sc MC38 tumors
were treated with NHS-mulL12 and BA. Significant TGI was induced by
both NHS-mulL12 (TGI = 46.3%; p < 0.0001; Day 21) and BA (TGI =
47.2%; p < 0.0001; Day 21) monotherapies relative to isotype control
(Fig. 1A and B). However, NHS-IL12 and BA combination therapy
further enhanced TGI (94.9%; Day 21) relative to NHS-mulIL12 (p <
0.0001) or BA (p < 0.0001) monotherapy (Fig. 1A and B). The combi-
nation therapy also prolonged survival in MC38 tumor-bearing mice (p
= 0.0003) (Fig. 1C). Complete tumor regression was observed in 2 of 8
(25%) mice treated with combination therapy (median survival = 45
days), compared with 0 of 8 (0%) mice treated with isotype control or
NHS-mulL12 (median survival = 22 and 28 days, respectively) and 1 of
8 (12.5%) mice treated with BA monotherapy (median survival = 29.5
days) (Fig. 1C).

NHS-mulL12 and BA combination therapy induces protective antitumor
immunity to tumor rechallenge in the MC38 tumor model

To assess whether mice with complete tumor regressions had
established tumor-specific immune memory, a series of tumor rechal-
lenge experiments were performed. Mice that had complete MC38
tumor regression for more than 3 months following BA monotherapy or

A  Average tumor volume B Individual tumor volume Fig. 1. NHS-mulL12 and BA combination
2500 Isotype control ~ NHS-mulL12  Bintrafusp alfa NHS-mulL12 +  treatment enhanced antitumor activity and
a . (400 pg) (2 ug) (492 pg) bintrafusp alfa  induced long-term protective immunity in
E 2000+ :;E‘ 3000 1 p<0.0001 b <0.000 1—'M MC38 tumor-bearing mice. (A, B) Effect of NHS-
;1500_ IS / p <0.0001 mulL12 and BA on tumor growth. pMt™ mice (n
g . "o 2000 1 1 1 = 8 mice per treatment) were inoculated sc
§ 1000 . g with 0.5 x 10® MC38 cells (Day —7) and treated
5 | § 1000 1 1 1 with isotype control (400 pg iv; Days 0, 4, 7, 11,
£ 500 S 14, 18, 21), NHS-mulL12 (2 ug sc; Day 0), BA
S E & | == | = (492ygiv;Days0,4,7,11,14,18,21), or NHS-
0 5 10 15 20 25 2 0 510152025 0 510152025 0 5 10152025 0 5 10152025 muIL12 + BA. Tumor volumes (mm®) were

Days post treatment start Days post treatment start

-®- |sotype control (400 pug) -#- Bintrafusp alfa (492 pg)
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100
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0 T T T 1
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2000~
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) -e- Naive mice 10/10

€ 10004 .

2 1000 -&- Bintrafusp alfa-cured 02

z -# NHS-mulL12 + 0/6
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)
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Days post treatment start

measured twice weekly and are presented as
(A) mean + SEM, where ****p < 0.0001 de-
notes a significant difference relative to com-
bination therapy, or (B) individual tumor
volumes, where each line represents an indi-
vidual mouse. P-values were calculated by two-

22 way ANOVA followed by Tukey’s posttest. (C) A
28 Kaplan-Meier survival curve and median sur-
29.5 vival times are shown. (D) Mice in complete
45

remission for more than 3 months following last
monotherapy (n = 2) or combination treatment
(n = 6) and naive C57BL/6 (n = 10) mice were
challenged with 0.1 x 10° MC38 cells by sc in-
jection on the opposite flank of the original
tumor site. Average tumor volume after im-
plantation is displayed with error bars repre-
senting SEM.
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NHS-mulL12 and BA combination therapy were termed ‘cured’ mice.
When these cured mice were rechallenged with MC38 cells (sc in the
opposite flank from the original tumor), no tumor growth was observed
in therapy-cured mice (0/6 mice), whereas treatment-naive mice inoc-
ulated with MC38 cells rapidly developed tumors (10/10 mice, Day 29)
(Fig. 1D), suggesting that the combination therapy generated tumor
antigen specific long-term immune protective memory.

NHS-mulL12 and BA combination therapy elicits a distinct immune
phenotype in MC38 tumor-bearing mice

To examine the potential mechanism by which NHS-mulIL12 and BA
combination therapy enhanced antitumor activity relative to mono-
therapies, immune cell populations within the TME and spleen were
evaluated via flow cytometry analysis (see Supplementary Fig. S1 for
gating strategy). In MC38 tumor-bearing pMt™ mice, NHS-muIL12 and
BA combination therapy significantly increased infiltrating CD8™ T cells
into the TME relative to isotype control (p = 0.0011) and NHS-mulIL12
monotherapy (p = 0.0049), and trended towards increasing CD8™ T cells
relative to BA monotherapy (Fig. 2A). NHS-muIL12 and BA combination
therapy significantly decreased the percentage of regulatory T cells
(Tregs) in the TME relative to isotype control (p = 0.0010) and BA (p =
0.0312), but not relative to NHS-muIL12 monotherapy (p > 0.05).
However, the ratio of CD8" TILs to infiltrating Tregs Was significantly
increased with combination therapy relative to both NHS-mulIL12 (p <
0.0001) or BA (p < 0.0001) monotherapies (Fig. 2A), suggesting that BA
and NHS-mulL12 combination therapy can convert an immune sup-
pressive TME to a more immune activated phenotype.

The percentage of proliferating CD8™ T cells in the tumor and spleen
increased with combination therapy relative to NHS-mulIL12 mono-
therapy (p = 0.0051 and p < 0.0001, respectively), though not relative
to BA monotherapy (p > 0.05), suggesting that BA is the main driver
responsible for CD8" T cell proliferation in the combination therapy
(Fig. 2B). The percentage of CD8'T cells expressing T-bet, a transcrip-
tion factor important for T cell maturation, differentiation, and cyto-
toxicity, also increased in the tumors of mice treated with the
combination therapy relative to those treated with NHS-mulIL12 mon-
otherapy (p = 0.0002) and increased in the spleen relative to NHS-
mulL12 (p < 0.0001) or BA (p < 0.0001) monotherapy (Fig. 2B). The
percentage of CD8" T cells expressing CXCR3, a chemokine receptor that
regulates migration of cytotoxic T lymphocytes (CTLs), increased in both
the tumor and spleen with combination therapy relative to NHS-muIL12
monotherapy (p = 0.0019 and p = 0.0005, respectively) and BA mon-
otherapy (p = 0.0481 and p = 0.0031, respectively) (Fig. 2B), suggesting
a potential additive effect from the single agents.

In addition to its effects on CD8" T cells, NHS-muIL12 and BA
combination therapy also significantly increased the percentage of
proliferating CD4™ T cells in the spleen compared with either mono-
therapy (NHS-mulL12: p < 0.0001; BA: p < 0.0001) and trended towards
increasing proliferating CD4" T cells in the TME compared with isotype
control or NHS-mulIL12 monotherapy (Fig. 2C). Combination therapy
increased the percentage of T-bet” CD4" T cells in the tumor and spleen
relative to NHS-mulIL12 (p < 0.0001 and p < 0.0001, respectively) or BA
(p =0.0151 and p < 0.0001) monotherapy and increased the percentage
of CXCR3" CD4™ T cells in the tumor and spleen relative to NHS-mulIL12
monotherapy (p < 0.0001 and p < 0.0001, respectively) and in the
spleen relative to BA (p < 0.0001) monotherapy (Fig. 2C). Taken
together, these data suggest that BA monotherapy has a more pro-
nounced effect on CD8" and CD4" T cells in the tumor, and that adding
NHS-mulL12 to BA can significantly increase CD8" and CD4" T cell
immune response in both the periphery and TME.

Given that we observed induced antitumor immune memory with
NHS-mulL12 and BA combination therapy in the rechallenge studies, we
next investigated the presence of effector memory cells in the TME. We
found that combination therapy significantly increased the percentage
of CD8" effector memory T cells (Tgy) in the tumor relative to NHS-
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mulL12 monotherapy (p < 0.0001) and in the spleen relative to NHS-
mulL12 (p < 0.0001) or BA (p < 0.0001) monotherapy (Fig. 2D)

Expression of NK1.1, a marker of NK cells in the MC38 model, was
evaluated to determine the effect of treatment on the innate immune
response. Although the activation (CD69") of NK cells was not signifi-
cantly affected by BA monotherapy or combination therapy in the tumor
(p > 0.05), NHS-muIL12 monotherapy trended towards increasing the
percentage of CD69" NK cells in the tumor (p = 0.0510) and signifi-
cantly increased these cells in the spleen (p < 0.0001) relative to isotype
control. In the spleen, NHS-mulL12 and BA combination therapy further
enhanced CD69" NK cells relative to NHS-mulL12 (p < 0.0001) or BA (p
< 0.0001) monotherapy (Fig. 2E). In addition, combination therapy
increased the percentage of NK cells in the spleen expressing the
maturation marker EOMES, relative to NHS-mulIL12 (p = 0.0411) or BA
(p < 0.0001) monotherapy and showed trends towards increased cyto-
toxicity of infiltrated NK cell with T-bet expression (Fig. 2E). These data
indicate possible synergy between the two molecules in the activation of
an innate immune response, but suggest that NHS-mulIL12 has a stronger
effect than BA on NK cell activation.

To evaluate tumor antigen-specific T cell activation, the response of
splenic CD8" T cells to pl5E, an endogenous retroviral antigen
expressed in MC38 tumor cells, was analyzed via ELISpot analysis.
Relative to isotype control, the frequency of p15E-reactive, IFN-y-pro-
ducing CD8" T cells increased with monotherapy treatment of NHS-
mulL12 (4.9-fold; p = 0.0175) or BA (5.6-fold; p = 0.0052). Combina-
tion therapy of BA and NHS-mulL12 further increased the frequency of
pl5E-reactive, IFN-y-producing CD8" T cells compared with isotype
control (25-fold; p < 0.0001), NHS-mulL12 (5.1-fold; p < 0.0001), or BA
(4.4-fold; p < 0.0001) monotherapies (Fig. 3A and B)

NHS-muIL12 and BA combination therapy induces tumor regression and
tumor-specific protective immunity in the EMT-6 model

The antitumor efficacy of NHS-mulIL12 and BA combination therapy
was next investigated in the EMT-6 syngeneic breast cancer model. In
this model, significant TGI was induced by both NHS-muIL12 (TGI =
97.3%; p < 0.0001; Day 16) and BA (TGI = 41.4%; p < 0.0001; Day 16)
monotherapies compared with isotype control treatment (Fig. 4A and
B). However, NHS-mulL12 and BA combination therapy further
enhanced TGI (TGI = 113.9%; Day 16) compared with NHS-mulL12 (p <
0.0001) and BA (p < 0.0001) monotherapies (Fig. 4A and B). The
combination therapy also prolonged survival in EMT-6 tumor-bearing
mice (p < 0.0001) (Fig. 4C). Complete tumor regression was observed in
9/10 (90%) of mice treated with the combination therapy (median
survival > 100 Days), compared with 0/8 (0%) of mice treated with
isotype control (median survival = 17 days), 1/10 (10%) of mice treated
with BA (median survival = 19.5 days), or 5/10 (50%) of mice treated
with NHS-mulL12 (median survival = 68.5 days) (Fig. 4C).

Mice that had complete EMT-6 tumor regression for more than 3
months following BA monotherapy, NHS-muIL12 monotherapy, or NHS-
mullL12 + BA combination therapy were termed ‘cured’ mice. When
these mice were rechallenged with EMT-6 cells, no tumor growth was
observed in NHS-mulL12-cured (0/4 mice), BA-cured (0/4), or NHS-
mulL12 and BA combination therapy-cured (0/16 mice). In contrast,
treatment-naive mice inoculated with EMT-6 cells (orthotopically)
rapidly developed tumors (10/10 mice, Day 23) (Fig. 4D). When NHS-
mulL12 or NHS-mulL12 + BA combination treatment-cured mice were
challenged with 4T1 mammary tumor cells, all previously cured mice
developed tumors (3/3 and 10/10 mice, respectively) at the same rate as
naive mice (10/10 mice) challenged with 4T1 cells (p > 0.05, Day 23)
(Fig. 4E). Taken together, these data indicate that the NHS-mulIL12 and
BA combination therapy, as well as monotherapies, induced the gener-
ation of tumor antigen-specific immune memory.
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Fig. 2. NHS-mulIL12 and BA combination therapy induced a distinct tumor
immunophenotype in MC38 tumor-bearing mice. MC38 tumor-bearing pMt
mice (n = 6 mice per treatment) were treated with: isotype control (400 pg iv;
Days 0, 2, 4), NHS-mulL12 (2 pg sc; Day 0), BA (492 pg iv Days 0, 2, 4), or NHS-
mulL12 + BA. Flow cytometry analysis of dissociated tumors (n = 6 mice per
group) harvested on Day 6 after treatment initiation was performed and per-
centages of populations were calculated. (A) TILs, including CD8" TILs and
CD4"CD25"FoxP3" TILs (Treqs) in the CD45" gate and the ratio of CD8" TILs/
Tregs. (B) CD8™ T cells or (C) CD4" T cells in the tumor or spleen expressing
markers for proliferation (Ki-67"), T-bet™, or CXCR3™ (CD183™). (D) Effector
memory CD8" T cells (Tgyg; CD44"#"/CD62'°") in the tumor or spleen. (E) NK
cells (NK1.1") expressing a marker of activation (CD69") in the tumor or
spleen, T-bet” in the tumor, or EOMES™ in the spleen. P-values were deter-
mined using one-way ANOVA followed by Sidak’s posttest, where ****p <
0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 denote a significant difference
relative to combination therapy; ns = not significant. In the plots, symbols
represent individual mice and lines are the mean.

<

NHS-muIL12 and BA combination therapy and BA monotherapy
suppresses spontaneous metastasis in the orthotopic 4T1 model

We next examined whether NHS-mulL12 and BA combination ther-
apy or monotherapies could ameliorate spontaneous lung metastases in
the 4T1 triple negative breast cancer model. Primary 4T1 orthotopic
tumors were generated and metastatic nodules on the lung surface were
evaluated at Day 25 post treatment start or when mice were sacrified
because their tumors reached 1000 mm?®. Although NHS-mulL12 mon-
otherapy had no significant effect on the number of lung tumor nodules
(p > 0.05), BA monotherapy significantly reduced lung metastases (p =
0.0183) relative to isotype control (Fig. 5). NHS-mulIL12 and BA com-
bination therapy also reduced lung metastases relative to isotype control
(p = 0.0177) and NHS-mulL12 monotherapy (p = 0.0420), although not
relative to BA monotherapy (p > 0.05), suggesting that BA was likely the
primary mediator of the reduction in lung metastases observed after
combination therapy.

Discussion

We have previously shown that the immunocytokine NHS-IL12 alters
the TME by enhancing immune cell infiltration and sensitizing tumors to
the effects of anti-PD-L1 therapy [24]. In addition, we demonstrated
that simultaneously blocking the PD-L1 and TGF-p pathways via the
bifunctional fusion protein BA contributes synergistically to the mole-
cule’s antitumor efficacy, through activation of both the innate and
adaptive immune systems [33]. Given the complementary mechanisms
of action of NHS-IL12 and BA, combination of the two therapies is a
rational strategy for the treatment of patients with solid tumors. In this
study, we found that NHS-mulL12 and BA combination therapy
enhanced antitumor activity in a colorectal carcinoma model in
C57BL/6 mice as well as in a breast cancer model in BALB/c mice.

The enhanced antitumor effect with NHS-mulIL12 and BA combina-
tion therapy may be mediated by both redundant and non-redundant
mechanisms of the IL-12, PD-L1, and TGF-p pathways. Both NHS-
mulL12 and BA have been shown to promote innate and adaptive im-
mune responses and associated gene expression [24,33]. IL-12 plays an
important role in regulating the transition from innate to adaptive im-
munity and acts directly on cytotoxic immune effector cells such as
CD8™ T cells and NK cells to stimulate proliferation and increase their
cytotoxicity [10,14]. CD8" T cells and NK cells also play major roles in
the antitumor activity of BA in the MC38 model [33]. We found that, in
NHS-muIL12 and BA combination therapy, BA was the main driver
promoting CD8™" T cell proliferation, infiltration, and cytotoxicity, while
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Fig. 3. Combination therapy with NHS-mulL12 and BA
increased the frequency of pl5E-specific IFN-y-producing T
cells. MC38 tumor-bearing pMt™ mice (n = 6 mice/group) were
treated with: isotype control (400 g iv; Days 0, 2, 4), NHS-
mulL12 (2 pg sc; Day 0), BA (492 pg iv Days 0, 2, 4), or
NHS-mulL12 + BA. Splenic CD8" T cells from these MC38
tumor-bearing mice were incubated with APCs pulsed with
OVA or pl5E in an ELISpot assay. (A) The average number of
IFN-y" spots per 5x10° CD8" T cells were measured and (B)
images of individual wells illustrate the IFN-y production by
CD8™ T cells (“spots™). P-values were calculated using two-way
ANOVA followed by Tukey’s posttest. Error bars represent SD.

Fig. 4. Combination therapy with NHS-mulIL12
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NHS-mulL12 contributed mainly to NK cell activation, maturation, and
cytotoxicity in both the spleen and TME.

Although BA monotherapy slightly decreased Tiegs in the MC38
model, NHS-muIL12 and BA combination therapy further decreased
Tregs relative to BA monotherapy, but not NHS-mulIL12 monotherapy,
suggesting that NHS-mulL12 plays a greater role in modulating Tyegs in
the combination therapy. This enhanced reduction of Tyegs with NHS-
mulL12 could be due to IL-12 inhibition of TGF-p-induced Ty devel-
opment [43]. Independent of BA, NHS-mulL12 may be abrogating
TGF-B-driven development of Tregs in the TME. Despite each component
of the combination therapy eliciting different immune effects, NHS-IL12
and BA combination therapy significantly increased the ratio of CD8"
TILs to infiltrating Tegs relative to either monotherapy, suggesting that

the molecules have complementary and additive effects when
combined.

T-bet stimulates the expression of IFN-y, FasL, and Prfl, regulates
cytotoxicity of CD8" T cells, and sustains memory T cell subsets
[44-46]. NHS-mulIL12 and BA combination therapy significantly
increased splenic T-bet" CD8T cells relative to NHS-mulL12 and BA
monotherapies, suggesting potential additive effects on this cell popu-
lation. The fact that NHS-muIL12 and BA combination therapy signifi-
cantly increased CD8" T cells expressing CXCR3 relative to either
monotherapy further suggests a potentially important role for CTLs in
the mechanism of action of NHS-mulIL12 and BA combination therapy.
Indeed, results from a recent publication suggest that CXCR3-mediated
trafficking of CD8" T cells to the tumor is necessary for an effective
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Fig. 5. Combination therapy with NHS-mulIL12 and BA reduced spontaneous
lung metastases in 4T1 tumor-bearing mice, similar to BA monotherapy. Jh
mice bearing 4T1 orthotopic tumors (30-50 mm?®) (n = 7-10 mice/group) were
treated with: isotype control (400 pg iv; Day 0, 4, 7, 11, 14), NHS-mulL12 (25
ug sc; Day 0), BA (492 pg iv Day 0, 4, 7, 11, 14), or NHS-muIL12 + BA. Lung
metastases were quantified at Day 25 or when mice were sacrified because their
tumors reached 1000 mm?; mice that were sacrificed prior to Day 25 due to
health concerns were not included in the analysis.

antitumor immune response to anti-PD-1 therapy [47].

Currently, cancer immunotherapy research mainly focuses on anti-
tumor activity of CTLs as a major driver of adaptive immunity. However,
CD4" T cells also play an important role in the antitumor activity.
Although CD4™" T cells can differentiate into multiple subtypes that may
play opposing roles in antitumor immunity [48,49], IL-12 induces the
differentiation of naive Th cells towards a Th1 phenotype and the pro-
duction of cytokines such as IFN-y and tumor associated factor alpha
(TNF-a) to promote cell-mediated immunity [48,49]. The Th1 subset of
CD4" T cells are key to adaptive immunity, and priming of CTL re-
sponses depends on innate signals relayed from CD4™" T cells to CD8" T
cells [50,51]. On the other hand, NHS-muIL12 and BA treatment can
significantly decrease the subpopulation of CD4" Tyegs, which plays an
important role in cancer immune suppression. NHS-muIL12 and BA may
synergize to increase these CD4" Thl cell populations to assist the
priming of tumor-specific CTLs and decrease Tregs to diminish immune
suppression, thereby contributing to enhanced antitumor activity with
the combination therapy.

NHS-muIL12 and BA combination therapy further enhanced activa-
tion of NK cells relative to either monotherapy, suggesting possible
synergy between the two molecules in the activation of an innate im-
mune response. This is supported by previous studies that suggested
NHS-mulL12 may act as a bridge to link innate and adaptive immunity
[24] and data that BA can increase the density of NK cells expressing
activating receptors and an NK growth factor receptor [33].

Results showing that NHS-mulIL12 and BA combination therapy
increased CD8" Tgy relative to NHS-mulL12 monotherapy are consis-
tent with previous findings that BA induces CD8™ Ty cells in the TME of
MC38 and EMT-6 models [33] and are consistent with BA monotherapy
and NHS-muIL12 and BA combination therapy being resistant to tumor
rechallenge in these models. ELISpot also demonstrated that combina-
tion therapy of BA and NHS-mulL12 further increased the frequency of
tumor antigen specific immune memory CD8™ T cells relative to either
monotherapy.

BA monotherapy has recently been shown to significantly reduce
EMT and mesenchymal markers in human non-small cell lung cancer
xenografts [52]. BA can also reduce collagen deposition and cancer
associated fibroblasts (CAFs) [33], which play a role in metastasis, and
can decrease spontaneous metastases in mouse models [33]. In the
current study, we found that decreased metastases with BA and
NHS-muIL12 combination therapy in the 4T1 model was driven mainly
by BA. These results are consistent with the link between PD-L1 and the
EMT [53,54] and the known role of TGF-p-induced EMT in driving
tumor invasion and metastasis [55].

Collectively, these preclinical findings strengthen the rationale for
the combination of NHS-IL12 and BA and highlight the potential clinical
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development of this combination for the treatment of patients with solid
tumors.
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