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Introduction: Interleukin-15 (IL-15) is an immunomodulatory cytokine. It can activate and
expand cytotoxic CD8 T lymphocytes and natural killer cells, leading to potent antitumor effects.
Various forms of IL-15 are now in different stages of development for cancer immunotherapy.
One of the major issues with IL-15 or IL15-IL15Ra fusion is high toxicity due to systemic
activation of immune cells.

Materials and methods: In this study, we engineered a nanobody—cytokine fusion mol-
ecule, anti-CEA-IL15, in which an anti-CEA nanobody was linked to an IL15Ro—IL15 fusion.
The nanobody—cytokine fusion exhibited multiple mechanisms to kill tumor cells, including
promoting immune cell proliferation and directing antibody-dependent cytotoxicity against
CEA-positive tumor cells.

Results: In xenograft models, anti-CEA-IL15 was localized in the tumor microenvironment
and exhibited more potent antitumor activities than non-targeting IL-15, supporting potential
application of this multifunctional fusion molecule in tumor immunotherapy.

Conclusion: We generated and validated a tumortargeting fusion protein, anti-CEA-IL15,
which has potent cytokine activity to activate and mobilize the immune system to fight cancer
cells. Such strategies may also be applied to other cytokines and tumor-targeting molecules to
increase antitumor efficacy.
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Introduction

Cytokines are key regulators of the immune system, and a number of them can activate
and drive immune cells to kill tumor cells.! Thus, much effort has been focused on
the application of a variety of cytokines in cancer therapy. Among them, interleukin-2
(IL-2) has already been approved by the US Food and Drug Administration for use in
metastatic melanoma and renal cell carcinoma.>* However, broad application of IL-2
was hindered by significant toxicity, stimulation of regulatory T cells, and activation
of cell death activity.**

Recently, interleukin-15 (IL-15) has been reported as a potential antitumor
cytokine.’ IL-15 belongs to the same cytokine family as IL-2;'%! however, IL-15 may
have more potent antitumor activities as it does not share the immune-suppressive
feature with IL-2.!! Recombinant IL-15 has been clinically studied for cancer therapy,'?
but has shown limited efficacy due to its short half-life. In addition, high doses are
needed to achieve biological responses, but they can lead to increased toxicity.'>'*

Many novel attempts have been undertaken to enhance and prolong therapeutic
activity of IL-15, including gene therapy" and engineering cells to secrete IL-15.'¢
Complexes of IL-15 and its soluble receptor IL-15Ro have also been extensively
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studied,''® as binding with IL-15Ro can increase IL-15
activity ~50-fold. Fusion of IL-15 to another larger protein
fragment has been proposed,' such as the Fc domain of IgG,
which has been widely used to increase plasma half-life of
many proteins in vivo.? %

Given the diverse functions of I1L-15, which include
increasing the number of activated natural killer (NK) cells,
monocytes, and granulocytes, systemic increases in IL-15
activity may conceivably lead to high toxicity.!>'* A more
attractive strategy would be to target IL-15 to the tumor
microenvironment, engaging immune cells specifically in
the tumor microenvironment to enhance the antitumor func-
tions of [L-15.228

Carcinoembryonic antigen (CEA), also called CEACAMS
or CD66e, is a heavily glycosylated protein involved in cell
adhesion. CEA facilitates bacterial colonization of the
intestine and protects the colon from microbial infection
by binding and trapping infectious microorganisms.?!
While exhibiting little or no expression in normal tissues,”
CEA overexpression has been observed in most lung and
breast carcinomas, ~95% of gastrointestinal and pancreatic
cancers,’! and the majority of colorectal cancers.* Moreover,
in normal colon tissue, CEA is only expressed on the luminal
surface of the epithelium, which is inaccessible to IgG anti-
body. Throughout tumorigenesis, CEA expression pattern
changes, and it becomes expressed on the basal and lateral
membranes of tumor cells,* making it accessible to antibody.
Thus, CEA-expressing cells are an ideal target for antibody-
based cancer therapy because this strategy allows avoidance
of inappropriate cytotoxicity against normal tissue.*

In this study, we constructed an anti-CEA-IL15 structure
by fusing an anti-CEA nanobody-Fc with an IL15Ro—IL15.
This fusion protein recognized CEA-positive tumor cells and
promoted proliferations of immune cells in vitro. In xenograft
models, anti-CEA-IL15 was targeted to the tumor microen-
vironment, where it exerted potent antitumor activity. These
data support further development of anti-CEA-IL15 for use
in cancer immunotherapy.

Materials and methods

Antibody design and purification

To generate the recombinant protein anti-CEA-IL15, the
anti-CEA nanobody** was fused with the IgG1 Fc domain
and then linked to the IL15Ra~IL15 fusion protein.® Next,
the fusion gene was cloned into the pcDNA3.1(+) vector
with an IL-2 signal peptide. The plasmid was then transiently
transfected into 293F cells. Anti-CEA-IL15 fusion protein
was purified using a Protein-A-agarose affinity purification
system. Control molecules, anti-CEA-Fc and Fc-1L15, were

also expressed in 293F cells and purified using a Protein-A-
agarose affinity purification system.

Cell lines and animals

SKOV3,LS174T,HT29, CHO, Mo7e, and CTLL-2 cell lines
were obtained from Shanghai Cell Bank (Shanghai, People’s
Republic of China). MC38 cells with stable CEA expression
(MC38-CEA) were purchased from Kerafast (Boston, MA,
USA). Mo7e cells were cultured in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS), 10 ng/mL granulocyte-
macrophage colony-stimulating factor, and 1% non-essential
amino acids (NEAA). CTLL-2 cells were cultured in RPMI
1640 supplemented with 20% FBS, 30 ng/mL IL-2, and 1%
NEAA. SKOV3, LS174T, HT29, CHO, and MC38-CEA
cells were cultured in DMEM or RPMI 1640 (Thermo Fisher
Scientific, Waltham, MA, USA) with 10% HI FBS (Thermo
Fisher Scientific) and 1% penicillin/streptomycin (HyClone)
at 37°C with 5% CO,. Peripheral blood mononuclear cells
(PBMCs) were isolated using Ficoll-Paque plus (GE health
care, Chicago, IL, USA) and cultured in RPMI 1640 supple-
mented with 10% FBS.

Nonobese diabetic-severe combined immunodeficiency
disease (NOD/SCID) mice (female, 18-22 g) were purchased
from the Vital River Laboratory Animal Technology Co.
Ltd. (Beijing, People’s Republic of China). C57bl/6 mice
were purchased from the Animal Experiment Facility of Sun
Yat-Sen University. Animals were housed in the Laboratory
Animal Center, Sun Yat-Sen University under sterile and
standardized environmental conditions (20°C-26°C room
temperature, 40%—70% relative humidity, and 12 h light—
dark rhythm).

The animal care and animal experiments were approved
by the Institutional Animal Ethics Committee of Sun Yat-Sen
University and were performed according to the committee’s
guidelines. The use of human blood was approved by the
Health and Family Planning Commission of Guangdong
Province and the Institutional Animal Ethics Committee of
Sun Yat-Sen University. The human blood samples were
obtained from the Health and Family Planning Commission
of Guangdong Province, and all donors had provided written
informed consent for this study.

Flow cytometry analysis

CEA binding by anti-CEA-IL15 was analyzed using the
following flow cytometry method. Exactly 1x10° cells
per sample were collected by centrifugation at 1,000 rpm
for 5 min and then washed with 1XPBS containing 0.2%
bovine serum albumin (BSA). Cell pellets were resuspended
in 100 uL of ice-cold PBS+0.1% BSA and incubated with
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10 pg anti-CEA-IL15 on ice for 1 h followed by washing
twice with ice-cold PBS+0.1% BSA. After washing, cells
were incubated with Alexa 488-conjugated anti-human IgG1
(A11013; Thermo Fisher Scientific) for a further 1 h on ice.
Cells were then washed and resuspended in 500 uL 1xPBS
buffer. Flow cytometry analysis was performed on an FC500
(Beckman Coulter, Brea, CA, USA).

Mouse lymphocytes and tumor tissues were analyzed
using the following flow cytometry procedure. Peripheral
blood was collected from orbital vein, and tumor tissues were
collected with forceps, following which they were subjected
to enzymatic digestion using 0.2 mg/mL collagenase IV with
0.1 mg/mL DNase [ in RPMI 1640 at 37°C for 15 min. Single
cell suspensions were filtered with 70 uM nylon mesh. Cell
samples from blood and tumor tissue were then incubated
with corresponding antibodies at 1 h on ice. Cells were then
washed and resuspended in 500 uL 1xPBS buffer. Flow
cytometry analysis was performed on an FC500 (Beckman
Coulter).

Cytokine-dependent cell

proliferation assay

To measure cytokine-dependent cell proliferation, Mo7e
and CTLL-2 cells were harvested during their logarithmic
growth phase, washed twice with PBS, and incubated for
4 h with cytokine starvation in assay medium (RPMI 1640
supplemented with 10% FBS and 1% NEAA) at 37°C and
5% CO,. After incubation, the cells were collected, and a
cell suspension (2x10* cells/well) was seeded immediately
into wells with anti-CEA-IL15 or Fc-IL15 at different con-
centrations. Cells were then incubated at 37°C and 5% CO,
for 48 h, followed by application of the Cell Counting Kit-8
(Dojindo, Kumamoto, Japan) assay to quantify live cells.

Isolation of PBMCs and NK cells

Human PBMCs were prepared from healthy donors’ blood
using Ficoll density centrifugation as previously described.*
NK cells were then isolated from PBMCs using an Easy Sep™
Human NK Cell Enrichment Kit according to the manufac-
turer’s instructions (Stem Cell Co. Ltd [Carlsbad, CA, USA],
Cat#19055). Isolated NK cells were cultured in complete
RPMI 1640 with 10% FBS and 1% penicillin/streptomycin
at 37°C in a 5% CO, humidified incubator prior to assays.

Immunofluorescence assay

SKOV3 and LS174T cells were cultured in 30 mm glass
bottom dishes (Cellvis, Mountain View, CA, USA) to 70%
confluence. Cells were then incubated with 5 g of purified
anti-CEA-IL15 at 0°C for 1 h. The cells were then washed with

cold PBS and fixed with 4% paraformaldehyde. The fixed cells
were incubated with goat anti-human IgG-Alexa Fluor 488 for
1 hatroom temperature. Nuclei were counterstained with 4’,6-
diamidino-2-phenylindole. Cells were then washed with PBS
and imaged with a Zeiss LSM710 confocal microscope.

In vitro cytotoxicity assay

In vitro cytotoxicity assays were performed as previously
described.? Briefly, tumor cells were seeded in 96-well
microplates at 2,500 cells per well and incubated overnight
at 37°C in the presence of 5% CO,. PBMCs or NK cells
(25,000 per well) with or without anti-CEA-IL15, Fc-IL15,
or anti-CEA-Fc were then mixed in growth medium and
added to each well. After 72 h of culture, the supernatant
was removed, and cells were washed twice with PBS. The
Cell Counting Kit-8 reagent (Dojindo) was then applied.
After 1-4 h of incubation, the OD,
TECAN microplate reader and Fc-IL15 was used as control.
450 nm treated_OD
medium)]x100%.

was measured using a

Cell survival rate was calculated as [(OD
medium)/(OD OD

450 nm

450 nm

450 nm untreated

In vivo antitumor experiments

To study the antitumor efficacy of anti-CEA-IL15 in vivo, the
human tumor cell LS174T xenograft model was constructed.>*
In brief, fresh cultured LS174T cells (1x10°) were mixed
with freshly isolated human PBMCs (5x10°) in 200 puL and
subcutaneously co-implanted into the right flank of 5-week-
old male NOD/SCID mice. Mice were then treated with anti-
CEA-IL15 or PBS every 3 days by intraperitoneal injection for
a total of four doses. Mice were weighed, and tumor growth
was measured twice a week using an electro caliper.

To further test the antitumor effects of anti-CEA-IL15
in vivo, the mouse colon cancer cell line MC38 stably trans-
fected with human CEA gene was used. Briefly, 4-6-week-old
female C57bl/6 mice were injected with 1x10° MC38-CEA
cells in the right flank. Mice were then treated with different
dosages of anti-CEA-IL 15 by intraperitoneal injection for five
doses in total. Mice were weighed, and tumor growth was
measured twice a week using an electro caliper.

To compare the antitumor efficacy of anti-CEA-IL15 with
that of Fc-IL15, MC38-CEA, the mouse colon cancer cell line
MC38 stably transfected with human CEA gene was used.
After transplantation with MC38-CEA cells, the mice were
treated with anti-CEA-IL15 or Fc-IL15 in 200 uL PBS every
3 days until the tumor volume reached 5-8 mm in diameter
(~5-7 days). Tumor diameters were measured every 3 days
with an electro caliper. Tumor volume was calculated as 1/2
(length x width?). At the end of the experiment, tumor tissues
were harvested for immunohistochemical (IHC) analysis.
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IHC analysis

IHC staining was carried out according to the manufac-
turer’s protocol. Briefly, processed sections were incubated
in a moistened box with goat anti-human IgG Fc (HRP;
1:1,000; Abcam, Cambridge, UK) in PBS for 1 h at room
temperature after washing with PBS. Then, diaminobenzidine
was used for colorimetric development, and sections were
counterstained with hematoxylin, followed by mounting with
distyrene plasticizer xylene.

Results
Anti-CEA-ILI5 stimulates immune cell

proliferation in vitro

To target IL-15 in the tumor microenvironment and generate
immune activation, anti-CEA-IL15 was constructed to con-
tain three functional modules (Figure 1A): the IL15-IL15Ra
complex to activate and expand immune cells, the human
IgG1 Fc domain to prolong protein half-life and facilitate
purification, and an anti-CEA single domain to specifically
target tumor cells with CEA overexpression (Figure 1A).
The fusion gene (anti-CEA-IL15) was cloned into the

A s

Anti-CEA VHH Fc (IgG1)

SP Fc (IgG1)

pcDNA3.1(+) vector and then transiently transfected into
293F cells. The protein was purified from the cell culture
medium using Protein-A affinity chromatography. A single
band of ~70 kDa was observed under reducing conditions
(Figure 1B), which was in accordance with the predicted
molecular weight of anti-CEA-IL15, ~68.3 kDa.

Cytokine activity of anti-CEA-IL15 was then analyzed
using a cytokine-dependent cell proliferation assay in
Mo7e and CTLL-2 cell lines, which have previously been
used to assess IL-15 activity.’” The results showed that
anti-CEA-IL15 significantly stimulated the proliferation of
Mo7e and CTLL-2 cell lines at a similar level to Fc-IL15,%
demonstrating that the IL15-IL15Ra complex of anti-CEA-
IL15 maintains IL-15 cytokine activity (Figure 1C and D).

Anti-CEA-IL15 binds to CEA-positive

tumor cells

To evaluate whether anti-CEA-IL15 can bind to CEA
tumor cells, flow cytometry analysis was performed using
CEA-positive LS174T and HT29 cells and CEA-negative
SKOV3 and CHO cells. Based on flow cytometry analysis,

IL15Ro IL15

Anti-CEA-IL15

IL15Ra IL15

SP  Anti-CEA VHH

Fc (IgG1)

Figure | The anti-CEA-ILI5, Fc-IL15, and anti-CEA-Fc fusion proteins.
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Notes: (A) Schematic representation of anti-CEA-ILI5, Fc-IL15, and anti-CEA-Fc. SP, IL-2 signal peptide; Fc, CH2 and CH3 of human IgG|; ILI5Ra, the sushi domain of
ILI5Ra including the subsequent 12 amino acids from exon 3. (B) Coomassie blue staining of anti-CEA-ILIS5, Fc-IL15, and anti-CEA-Fc. Purified protein was run on 10%
SDS-PAGE followed by staining with Coomassie blue solution. (C) Mo7e proliferation stimulated by anti-CEA-ILI5 and Fc-ILI5. (D) CTLL-2 proliferation stimulated by
anti-CEA-IL15 and Fc-IL15. Results were the averages of duplicate from the representative of three independent experiments, error bars represent the SD.

Abbreviations: CEA, carcinoembryonic antigen; Fc (IgGl), fragment crystallizable (immunoglobulin G1); IL, interleukin; MW, molecular weight; OD, optical density; SP,

signal peptide; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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anti-CEA-IL15 binds to CEA-positive cells, LS174T and
HT29, but not CEA-negative cells, SKOV3 and CHO
(Figure 2A), suggesting specific recognition of CEA tumor
cells by anti-CEA-IL15.

Confocal microscopy analysis was also performed to
further confirm that anti-CEA-IL 15 binds specifically on the
surface of CEA-positive cells, but not CEA-negative cells
(Figure 2B). These data support that anti-CEA-IL15 can
specifically recognize CEA-positive cells.

Anti-CEA-IL15 mediates potent
cytotoxicity against tumor cells in vitro
One feature of many antitumor antibodies is antibody-
dependent cell cytotoxicity. As anti-CEA-IL15 can bind
tumor cells with full-length human IgG1, we tested whether

A LS174T
150
100
50
0 —Frrmpy il mmani i
10° 10 102 108 104
HT29

Counts

Intensity

Figure 2 (Continued)

anti-CEA-IL15 can directly mediate cell killing by immune
cells. Cytotoxic assays were performed using freshly iso-
lated non-stimulated human PBMCs (Figure 3A) or NK
cells (Figure 3B) as effector cells. The control, FC-IL15,
which has no anti-CEA fragment, had no cytotoxic activ-
ity against LAS174T or SKOV3 cells. In the presence of
effector cells, potent cytotoxicity against CEA-positive
cells, LS174T, was observed, but not against CEA-negative
SKOV3 cells (Figure 3A and B), while anti-CEA-IL15 alone
had no cytotoxicity against either LS174T or SKOV3 cells
(Figure 3A and B).

To assess whether cytotoxicity against tumor cells in vitro
was due to the presence of IL15-IL15Ra, anti-CEA-Fc
without IL15-IL15Ra was constructed and tested for cyto-
toxicity (Figure 3A and B). Anti-CEA-Fc exhibited potent
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Figure 2 Anti-CEA-IL15 binds to CEA antigen.

Notes: Flow cytometry analysis of anti-CEA-ILI5 binding (A) to CEA-positive cell lines LS174T and HT29, as well as CEA-negative cell lines SKOV3 and CHO. Dashed line,
control; solid line, anti-CEA-IL15. (B) Anti-CEA-ILI5 co-localization with CEA in CEA-positive LSI74T cell line and CEA-negative SKOV3 cell line using confocal microcopy.
DAPI, DAPI staining of nucleus; anti-CEA-ILI5, cells stained with anti-CEA-ILI5, then incubated with Alex488-conjugated anti-human IgG|; Merge, the combination of DAPI
staining, anti-CEA-IL15 staining, and phase contrast images.

Abbreviations: CEA, carcinoembryonic antigen; DAPI, 4’,6-diamidino-2-phenylindole; IL-15, interleukin-15.

SKOV3

and specific cytotoxicity against LS174T cells, suggesting  observed under current conditions (Figure 3A and B), even
that the in vitro tumor cell cytotoxicity of anti-CEA-IL15  though anti-CEA-IL15 can expand immune cells, suggesting
was conferred by anti-CEA-Fc. No difference in tumor that the number of immune cells was not a limiting factor
cell killing between anti-CEA-IL15 and anti-CEA-Fc was  under current culture conditions. These data demonstrate
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Figure 3 Anti-CEA-IL15 mediates potent cytotoxic activity against CEA-positive tumor cells.

Notes: Freshly isolated human PBMC or NK cells were used as effector cells. CEA-positive LSI74T (A) or CEA-negative SKOV3 (B) cell lines were used as target cells
(effector cells/target cells ratio=10:1) in the presence of | or 10 pg/mL of anti-CEA-ILI5, control Fc-IL15, or anti-CEA-Fc. Viable cells were measured after culturing for
3 days. Survival rates were calculated as described in the “Materials and methods” section. Figures were plotted using Prism5. All data are the mean of triplicates, with error
bars representing the SD (*p<<0.05, **p<<0.01, ***p<<0.001, independent t-test, PBMC/NK only vs PBMC/NK plus treatment groups).

Abbreviations: CEA, carcinoembryonic antigen; IL-15, interleukin-15; NK, natural killer; PBMC, peripheral blood mononuclear cell.
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that in addition to activating immune cells, anti-CEA-IL15
also mediates potent direct PBMC or NK cell-dependent
cytotoxicity against CEA-positive tumor cells.

Anti-CEA-IL15 targets tumor tissues and

has potent antitumor activities in vivo
To evaluate the in vivo antitumor activity of anti-CEA-IL15,
LS174T human cancer cells were transplanted with freshly
prepared human PBMCs into NOD/SCID mice. When mice
were treated only with PBS, rapid tumor growth was observed
(Figure 4A); however, tumor growth was significantly inhib-
ited by treatment with anti-CEA-IL15 in a dose-dependent
manner (Figure 4A). No weight loss or apparent toxicity
was observed in any mouse (data not shown). These results
demonstrate that anti-CEA-IL15 inhibits tumor growth in
the human tumor transplantation model.

To further evaluate anti-CEA-IL15 antitumor activity,
a synergic model using the mouse colon cancer cell line
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Figure 4 Anti-CEA-IL|5 inhibits tumor growth in vivo.

MC38 was also evaluated. After transplanting MC38 cells
in C57bl/6 mice, rapid tumor growth was observed. In con-
trast, when mice were treated with anti-CEA-IL15 at 1, 3.3,
or 10 ug per animal, potent tumor inhibition was observed
for all treatment groups, with 1 pg anti-CEA-IL1S5 treat-
ments inhibiting tumor growth by over 80% (Figure 4B),
indicating strong antitumor effects of anti-CEA-IL15 in vivo.
No weight loss or apparent toxicity was observed in any
mouse (Figure 4C). Moreover, white blood cell numbers
increased ~4-fold in mice treated with anti-CEA-IL15
(Figure 4D), confirming the biological activity of IL-15.
These results demonstrate that anti-CEA-IL15 activates
immune cells and has potent antitumor activities in vivo,
similar to previous tumor-targeting IL-15 molecule.*

In the next step, whether anti-CEA-IL15 has better anti-
tumor efficacy than non-targeting Fc-IL15 was evaluated
using MC38-CEA, in which the mouse colon cancer cell
line MC38 was stably transfected with human CEA gene.

B
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Notes: (A) NOD/SCID mice (n=6 per group) were engrafted subcutaneously with a mixture of LSI74T cells (1x10°) and fresh isolated human PBMCs (5x10°). Mice were
then administered with PBS or anti-CEA-ILI5 intraperitoneally (5 or 25 g per animal) every 3 days. Tumor volumes of different treatment groups were measured (data are
shown as the meantSEM; n=6; ¥p<<0.05, two-way ANOVA, vehicle vs treatment groups). (B) C57bl/6 mice (n=6 per group) were engrafted subcutaneously with MC38 cells
(Ix108). Mice were then administered with PBS or different amounts of anti-CEA-IL|5 intraperitoneally every 3 days. Tumor volumes of different treatment groups were
measured (data are shown as the meantSEM; n=6; *p<<0.05, two-way ANOVA, vehicle vs treatment groups). (C) The body weight of animals in different treatment groups
during the administration. The data shown are the mean, with error bars representing the SD. (D) White blood cell counts of different treatment groups. Data represent
the average tumor volume of six mice. Error bars represent the SD (¥p<<0.05, two-way ANOVA, vehicle vs treatment groups).

Abbreviations: ANOVA, analysis of variance; CEA, carcinoembryonic antigen; IL-15, interleukin-15; NOD/SCID, nonobese diabetic-severe combined immunodeficiency

disease; PBMC, peripheral blood mononuclear cell; SEM, standard error of the mean.
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Figure 5 Anti-CEA-ILI5 targets the tumor microenvironment and enhances the antitumor functions of IL-15.

Notes: (A) Flow cytometry analysis of anti-CEA-ILI5 binding to MC38-CEA cells. (B) C57bl/6 mice (n=6 per group) were engrafted subcutaneously with MC38-CEA
cells (Ix10¢), and then, were administered with PBS, Fc-ILI5 (8 ug per animal), or anti-CEA-ILI5 (10 pg per animal) intraperitoneally every 3 days. Tumor volumes of
different treatment groups were measured (data are shown as the meantSEM; n=6; *p<<0.05, two-way ANOVA, vehicle vs treatment groups, anti-CEA-ILI5 vs Fc-IL15).
(C) Immunohistochemical staining of tumor tissue sections from different treatment groups. (D) C57bl/6 mice (n=6 per group) were engrafted subcutaneously with MC38-
CEA cells (1x10°), followed by administration of PBS, anti-CEA-Fc (6 Lg per animal), or anti-CEA-IL15 (10 g per animal) intraperitoneally every 3 days. Tumor volume of
different treatment groups were measured (data are shown as the meantSEM; n=6; *p<<0.05, two-way ANOVA, vehicle vs treatment groups). (E) Flow cytometry analysis
of lymphocytes isolated from peripheral blood and tumor of mice treated with vehicle, anti-CEA-Fc, or anti-CEA-IL15. Percentages of CD8* T cells in blood (left) and tumor

(right) are displayed (data are shown as the meantSEM; n=3; *p<<0.05, **p<<0.01, independent t-test, vehicle vs anti-CEA-Fc or anti-CEA-ILI5).
Abbreviations: ANOVA, analysis of variance; CEA, carcinoembryonic antigen; IL-15, interleukin-15; SEM, standard error of the mean.

Flow cytometry analysis was performed to confirm that
anti-CEA-IL15 binds to MC38-CEA cells, but not non-
targeting Fc-1L15 (Figure SA). After MC38-CEA cells were
transplanted into C57bl/6 mice, the mice were treated with
either vehicle, anti-CEA-IL15, or non-targeting Fc-IL15.
Both anti-CEA-IL15 and non-targeting Fc-IL15 exhibited
significant antitumor activity. However, tumor-targeting
anti-CEA-IL15 displayed more significant tumor inhibition
than did non-targeting Fc-IL15, indicating the anti-CEA
module of anti-CEA-IL15 leads to superior antitumor effi-
cacy compared to Fc-IL15 in vivo (Figure 5B). No weight
loss or apparent toxicity was observed in any mouse (data
not shown). To analyze whether anti-CEA-IL15 was located
in the tumor microenvironment, tumor tissues were fixed and
processed. IHC analysis using a specific anti-human IL-15
antibody was performed. The IHC analysis confirmed that
anti-CEA-IL15, not Fc-IL15, was localized to the tumor
tissue (Figure 5C). These results demonstrated that anti-
CEA-IL15 was targeted to the tumor microenvironment and
enhanced the antitumor functions of IL-15.

To further study whether the immune cell proliferation
and activation conferred by IL-15 is important for anti-CEA-
IL15 function, the same molar concentration of anti-CEA-Fc
(6 wg per animal) and anti-CEA-IL15 (10 pg per animal) was
used to treat mice transplanted with MC38-CEA (Figure 5D).
Potent antitumor proliferation was observed for anti-CEA-
IL15 (Figure 5SD). Only modest tumor inhibition was observed
with the same dosage of anti-CEA-Fc (Figure 5D), suggesting
that IL-15 is important for the antitumor function of anti-
CEA-IL15. An increase of CD8" T cells in peripheral blood
and tumor was observed in mice treated with anti-CEA-IL15
(Figure SE). All the data suggested anti-CEA-IL15 can stimu-
late immune cells and have potent antitumor activities.

Discussion

In this study, we utilized a tumor-targeting cytokine fusion,
anti-CEA-IL15, as a potential immunotherapeutic agent
for CEA-positive tumors. The potent antitumor activity of
anti-CEA-IL15 supported anti-CEA-IL15 as a promising
anticancer therapeutic.
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Antitumor activities of anti-CEA-IL15

Cytokines play important roles in regulating the immune
system, including mediating antitumor immune responses.!
Among cytokines, IL-15 has been extensively studied as
a promising antitumor candidate;'* however, IL-15 has a
short plasma half-life.!* In addition, high dosages of IL-15
are required to achieve biological antitumor responses in
vivo, which are likely to induce toxic side effects.'”® To
reduce the toxicity of IL-15, localizing IL-15 selectively
within tumors is desired to reduce toxicity. Thus, a tumor
microenvironment targeting IL-15 using RGD peptide was
constructed and previously shown to exhibit strong antitumor
activity.*® In this study, we constructed anti-CEA-IL15, a
targeted cytokine fusion that comprises 1) ILI1SRo—IL15
linked with a GGGGS peptide to mimic the physiological
trans-presentation of IL-15, 2) an Fc domain to enhance
protein half-life, and 3) an anti-CEA single domain antibody
to lead the fusion protein to tumor cells with overexpression
of CEA.

In addition to IL-15, many tumor-targeting cytokine
fusions have been studied to minimize dose-limiting systemic
toxicities and enhance the efficacy of these cytokines.’**
Most of those cytokine fusions employed IL-2, tumor necro-
sis factor, or IL-12 to activate immune cells. Some of them
have shown promising results in vitro and now in clinical
trials.>® Compared to these cytokines, the function of IL-15 is
more restricted to NK and CDS cytotoxic T cells, potentially
reducing toxicity. We also employed the anti-CEA-VHH
single-domain antibody or nanobody,*” which enhances
tumor targeting and reduces toxicity. Furthermore, using
single-domain antibody or nanobody (25 kDa) rather than
conventional IgG, the molecular weight of anti-CEA-IL15
was reduced from ~200 to ~70 kDa, which may improve
tumor tissue penetration.

Anti-CEA-IL1S5 exhibited strong immune cell prolif-
erative activation in vitro (Figure 1). Proliferation activity
was also observed in vivo with the expansion of white
blood cells (Figure 4), suggesting that the IL15-IL150
portion of anti-CEA-IL15 causes activation and expansion
of immune cells. Interestingly, in contrast to the previ-
ous tumor-targeting PFC1, which only binds to integrins
on tumor cells or within the tumor microenvironment,
anti-CEA-IL15 exerted direct cytotoxic activity against
tumor cells (Figure 3), similar to the anti-CEA bispecific
antibodies.’**° These data suggest that anti-CEA-IL15 pos-
sesses multiple functions to inhibit tumor growth, including
expansion and activation of immune cells, localization to
the tumor microenvironment, and direct induction of tumor
cytotoxicity.

Conclusion

In conclusion, we generated and validated a tumor-targeting
fusion protein, anti-CEA-IL15, which has potent cytokine
activity to activate and mobilize the immune system to
fight cancer cells. Such strategies may also be applied to
other cytokines and tumor-targeting molecules to increase
antitumor efficacy.
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