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Abstract

Integrin B4 (ITGB4) has been shown to play an important role in the regulation of cancer stem
cells (CSCs). Immune targeting of ITGB4 represents a novel approach to target this cell
population with potential clinical benefit. We developed two immunologic strategies to target
ITGB4: ITGB4 protein-pulsed dendritic cells (ITGB4-DC) for vaccination, and adoptive transfer
of anti-CD3/anti-ITGB4 bispecific antibody (ITGB4 BiAb) armed tumor-draining lymph node T
cells. Two immunocompetent mouse models were utilized to assess the efficacy of these
immunotherapies in targeting both CSCs and bulk tumor populations: 4T1 mammary tumors and
SCC7 head and neck squamous carcinoma cell line. Immunologic targeting of ITGB4 utilizing
either ITGB4-DC or ITGB4 BiAb-T cells significantly inhibited local tumor growth and
metastases in both the 4T1 and SCC7 tumor models. Furthermore, the efficacy of both of these
ITGB4-targeted immunotherapies was significantly enhanced by the addition of anti-PD-L1. Both
ITGB4-targeted immunotherapies induced endogenous T cell cytotoxicity directed at CSCs as
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well as non-CSCs which expressed ITGB4, and immune plasma-mediated killing of CSCs. As a
result, ITGB4-targeted immunotherapy not only reduced the number of ITGB4M9" CSCs in
residual 4T1 and SCC7 tumors but also their tumor-initiating capacity in secondary mouse
implants. Additionally, treated mice demonstrated no apparent toxicity. The specificity of these
treatments was demonstrated by the lack of effects observed using ITGB4 knockout 4T1 or
ITGB4-negative CT26 colon carcinoma cells. Since ITGB4 is expressed by CSCs across a variety
of tumor types, these results support immunologic targeting of ITGB4 as a promising therapeutic

strategy.

Introduction

The development of cancer immunotherapy represents one of the most significant advances
in oncology. Despite these successes, the benefits of immunotherapy are limited to a subset
of patients and tumor types. Furthermore, the durability of these responses is often limited.
There is increasing evidence that therapeutic resistance and tumor relapse may be mediated
by a subset of tumor cells that display stem cell properties (1-3). These cancer stem cells
(CSCs) lack expression of differentiation antigens and may display inherent resistant to a
variety of immunotherapeutic approaches (2, 4). The ability of CSCs to escape recognition
and elimination by the immune system may contribute to the limited clinical efficacy of
current cancer immunotherapies. The targeting of shared CSC antigens represents an
approach to overcome these limitations.

Integrins are heterodimeric transmembrane receptors that mediate interaction of cells with
extracellular matrix components (5). Integrin 4 (ITGB4), which heterodimerizes
exclusively with the a6 chain, functions as a receptor for the basement membrane protein
laminin. ITGB4 expression is increased in a variety of malignancies including breast cancer
cells (6, 7). ITGB4 is involved in and can enhance multiple signaling pathways, including
ErbB2 (8, 9), PI3K (10, 11), FAK/AKT (12, 13), and c-Met (14, 15), to promote tumor
progression (16). Exosome proteomics revealed the exosomal ITGB4 was associated with
lung metastasis (17, 18). Furthermore, upregulation of ITGB4 is an adverse prognostic
marker in pancreatic ductal adenocarcinoma (19) and breast cancer (20). Importantly,
Integrin-p4 induces expansion of prostate tumor progenitors (21), and identifies cancer stem
cell-enriched populations from breast cancer cells (22). It plays an important role in the
metastasis and treatment resistance of these cells (23-25). We therefore hypothesized that
immunologically targeting ITGB4 might improve the efficacy of immune checkpoint
blockade by targeting the CSC population as well as bulk tumor cells.

In multiple tumor types, CSCs may be enriched by virtue of their increased expression of
aldehyde dehydrogenase (ALDH) activity as accessed by the Aldefluor assay (26, 27). In
mouse models of melanoma and head and neck (HN) cancer, we previously demonstrated
the efficacy of a dendritic cell (DC) vaccine generated by pulsing these cells with a lysate of
ALDHNig" CSCs (28, 29). This effect was mediated by cytotoxic CD8 T cells as well as
antibodies that specifically targeted the CSC population. Furthermore, the therapeutic
efficacy of ALDHYN HN CSC-DC vaccine was significantly augmented by anti-PD-L1
administration (30). This immunotherapeutic augmentation was apparent in tumor models of
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advanced disease as well as those simulating the adjuvant setting (30). Although these
studies demonstrated the feasibility of generating immune responses against the CSCs, the
clinical application of this approach is limited by the need to obtain tumor tissue to isolate
CSCs from patient. An alternate approach of targeting CSC shared antigens has the potential
for providing an “off the shelf” reagent that can be utilized in patients whose tumors express
the antigen. Since ITGB4 is express in CSCs across multiple tumor types (17, 18, 21, 22), it
is well suited for such immunologic targeting.

T cell engaging bispecific antibodies (BiAb), which bring T effector cells in contact with
tumor cells, represents another approach for immunologic targeting (31-33). We previously
generated an anti-CD3/anti-CD133 bispecific antibody and bound it to cytokine-induced
killer (CIK) cells as effector cells (BiAb-CIK) to target CD133M9" CSCs. CIK cells bound
with anti-CD3/anti-CD133 bispecific antibodies effectively targeted CD133M9" CSCs both
in vitroand in vivo (34).

In this study, we explored two approaches for immunologic targeting of ITGB4 utilizing
breast and head & neck cancer models: ITGB4-DC vaccination and anti-CD3/anti-ITGB4
bispecific antibody armed T cells adoptive transfer. We also demonstrated that immunologic
targeting of ITGB4 enhanced the efficacy of anti-PD-L1 checkpoint blockade in these
models.

Materials and Methods

Mice

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Michigan (Protocol number PRO00006536 & 8556). Six- to
8-week-old female Balb/c mice and C3H mice were purchased from The Jackson
Laboratory and Charles River Laboratories.

Murine tumor cells

4T1 is a murine mammary carcinoma cell line, which is syngeneic to Balb/c mice (35).
SCC7, a murine head and neck squamous carcinoma cell line syngeneic to C3H mice was
described in our previous publications (28). The murine colon carcinoma CT26 cell line is
also syngeneic to Balb/c mice (36). 4T1, SCC7 and CT26 cells were kindly provided by Dr.
Michael S. Sabel, Dr. Jeffrey S Moyer and Dr. James Moon respectively. Luciferase-labelled
4T1 (4T1-Luc) cells were kindly provided by Dr. Max S. Wicha at the University of
Michigan two years ago. 4T1, 4T1-Luc and SCC7 cells were utilized in this manuscript over
approx. 2 years. Aliquots of these cells were frozen at the beginning of the experiments. The
passage number of 4T1, 4T1-Luc and SCC7 cells is approximately 35. CT26 cells were used
over the last 3 months, with a passage number of approximately 10. All cell lines were
routinely tested for Mycoplasma contamination using MycoProbe™ Mycoplasma Detection
Kit (R&D Systems, Inc., Minneapolis, MN) and any contaminated cell line was treated with
Plasmocin™ treatment (InvivoGen, San Diego, CA), confirmed by negative detection of
Mycoplasma before being used again. The most recent testing was 8 months ago. All cell
lines were grown in complete medium (CM) consisting of RPMI11640 and supplements (30).
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Knockout of ITGB4 gene in 4T1 cell line via CRISPR/Cas9

We generated ITGB4 knockout 4T1 (4T1-1TGB4KO) cells by using Integrin p4 CRISPR/
Cas9 KO Plasmid (Santa Cruz Biotechnology, Dallas, TX). According to the manufacturer’s
instructions, ~2.0 x 10° 4T1 cells were seeded in a 6-well tissue culture plate in 3 ml of
antibiotic-free standard growth medium per well 24 hours prior to transfection. At the 40—
80% confluence, 4T1 cells were co-transfected with Integrin p4 CRISPR/Cas9 KO Plasmid
and HDR Plasmid for 72 hours and then selected with media containing puromycin (6 pg/
ml). Knockout of ITGB4 in 4T1 cells was confirmed by western blot and flow cytometry as
described below.

Western Blotting

Total protein of CT26, 4T1 cells or 4T1-ITGB4KO cells were exacted by RIPA (Pierce
Biotechnology, Waltham, MA) and concentrations determined by Bio-Rad Protein Assay kit
(Bio-Rad Laboratories, Hercules, CA). Equal amounts of protein lysates (30 ug) were
resolved by 6% SDS—polyacrylamide gel electrophoresis (80 V: ~0.5 hours and 110 V: ~1.5
hours) and electrotransferred (320 mA, 2 hours) at 4°C onto Polyvinylidene difluoride
membranes. Blots were blocked with 5% non-fat dry milk in Tris-buffered saline with 0.2%
Tween-20 (TBST) for 1 h at room temperature and incubated overnight with primary murine
ITGB4 antibody (Santa Cruz Biotechnology, Dallas, TX) (dilution: 1: 250) or B-actin
antibody (Invitrogen, Waltham, MA) (dilution: 1:1000) at 4°C. After washing three times
with TBST, the blots were incubated with peroxidase-conjugated secondary antibody
(Invitrogen, Waltham, MA) (dilution: 1: 250) for 1 h at room temperature. Blots were
washed three times and reactivity accessed by chemiluminescence (Thermo Fisher
Scientific, Waltham, MA) using ChemiDoc™ Imaging System (Bio-Rad Laboratories,
Hercules, CA).

Flow Cytometry

Expression of surface proteins was evaluated by flow cytometry. Anti-ITGB4 antibody
(Invitrogen, Waltham, MA) was used to define the ITGB4 expression. Other antibodies
include anti-PD-L1 (BD Biosciences, La Jolla, CA), anti-IgG and isotype controls (both
from BD Biosciences, San Jose, CA). Stained cells were fixed with 4% paraformaldehyde
(Alfa Aesar, Wood Hill, MA), and detected using the BD LSRFortessa™ Flow Cytometer
(BD Biosciences, Franklin Lakes, NJ) and analyzed using the FlowJo software (Treestar,
San Carlos, CA).

ALDEFLUOR assay

The ALDEFLUOR Kit (StemCell Technologies, Durham, NC) was used to isolate
ALDHNgh CSCs/ALDH!®W non-CSCs from the 4T1 and SCC7 cells as described previously
(28). We stained cells with 7-actinoaminomycin-D (7-AAD) to exclude dead and late
apoptotic cells to sort CSCs with high viability. We used the top 10% of ALDHM 9" cells and
the lowest 10% ALDH!W cells for the subsequent experiments.
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Murine integrin beta 4 (mITGB4) protein pulsed DC vaccine

mITGB4 proteins were synthesized by LifeTein company (Somerset County, NJ). Murine
bone marrow derived DCs (BMDCs) were expanded with granulocyte macrophage colony-
stimulating factor (GM-CSF) (GenScript, Piscataway, NJ) and 2-mercaptoethanol (Gibco™,
Grand Island, NY) as previously described in our laboratory (30, 37). 1 x 108 BMDCs were
loaded with 20 ug mITGB4 protein and co-cultured at 37 °C overnight to generate the
mITGB4-pulsed DC vaccine (mITGB4-DC).

Murine anti-CD3/anti-ITGB4 BiAb armed tumor-draining lymph node (TDLN) T cells

Murine anti-ITGB4 monoclonal antibody (Invitrogen) and anti-CD3 antibody (BD
Biosciences, San Jose, CA) were coupled by Dr. Lawrence G. Lum Lab (University of
Virginia) to produce murine anti-CD3/anti-ITGB4 BiAbs (mITGB4 BiAb). In order to
induce 4T1 TDLN, 1 x 106 4T1 or 4T1-Luc tumor cells in 0.1 ml PBS were injected
subcutaneously (s.c.) into the lower flanks of immunocompetent Balb/c mice. To induce
SCC7 TDLN, 1 x 108 SCC7 tumor cells in 0.1 ml PBS were injected (s.c.) into the lower
flanks of immunocompetent C3H mice. We used the same method to induce CT26 TDLN in
Balb/c mice. Nine days after cells inoculation of the tumor cells, the TDLNSs were harvested,
and single-cell suspensions were prepared mechanically (38). TDLN cells were activated
with anti-CD3 mAb and anti-CD28 mAb immobilized 6-well tissue culture plates for 2 days
and expanded in CM containing 200 ng/ml of human rIL-2 (Pepro Tech Inc., Rocky Hill,
NJ) for 3 days to generate activated/expended TDLN T cells. 1 x 108 activated TDLN T
cells were incubated with 50 ng of mITGB4 BiAb for 1 h at 4 °C to generate murine ITGB4
BiAb-armed TDLN T cells (TDLN T-mITGB4 BiAb) (39).

Tumor models and treatment protocols

Minimal tumor model treated with mITGB4-DC vaccine—4T1 cells were injected
into the mammary fat pad of Balb/c mice. SCC7 cells were injected into the C3H mice
subcutaneously. The tumor-bearing animals were then divided into different groups (n=5).
Twenty-four hours (1 day) after tumor injection, PBS, mITGB4-DC vaccine, anti-PD-L1
(MedImmune LLC., Gaithersburg, MD) and the combination treatment of mITGB4-DC
vaccine plus with anti-PD-L1 antibody were administered respectively. The vaccination was
repeated on day 8. Anti-PD-L1 was administrated three times after each DC vaccine. Each
vaccine contained 2 x 108 DCs per mouse administrated s.c., and anti-PD-L1 was
administrated 7. in minimal tumor models. For tumor monitoring, the long and short
diameters of tumor masses were measured three times per week. The volumes were
calculated as: tumor volume = (width? x length)/2.

Established tumor model treated with mITGB4 BiAb-armed TDLN T cells—
Fourteen day 4T1 or 4T1-Luc, or SCC7 tumor-bearing animals were divided into different
groups (n=5): PBS, TDLN T cells, ITGB4 BiAb-armed TDLN T cells, anti-PD-L1, ITGB4
BiAb-armed TDLN T cells plus with anti-PD-L1 isotype control, and ITGB4 BiAb armed
TDLN T cells plus anti-PD-L1, respectively. The mITGB4 BiAb-armed 4T1 TDLN T cells
or SCC7 TDLN T cells were transferred on day 14 and day 21 into 4T1 and SCC7 tumor-
bearing hosts, respectively. Each mouse was injected with 1 x 106 mITGB4 BiAb-armed
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TDLN T cells viatail vain. Anti-PD-L1 was administrated twice after each T cell transfer.
Tumor growth was monitored in a same way as the tumor treated by the DC vaccine. In
addition, luciferase imaging was performed using the PerkinElmer’s IVIS™ Spectrum
imaging system (Shelton, CT).

Experimental lung metastasis model treated with mITGB4-DC vaccine or
mITGB4 BiAb-armed TDLN T cells—An experimental lung metastasis model was
utilized to investigate tumor metastasis (40-42). Balb/c mice were injected 7. vwith 4T1-Luc
cells viatail vain, while C3H mice were injected /.v. with SCC7 cells, to produce
experimental lung metastases. Mice were then divided into treatment and control groups.
mITGB4-DC vaccine was administrated on day 1 and 8 respectively, with each vaccine
being followed by anti-PD-L1 injection. mITGB4 BiAb-armed TDLN T cells were
transferred on day 3 and 10 with each T cell transfer being followed by anti-PD-L1
injection. At the end of the experiments, lungs were harvested to enumerate metastases.

Purification and culture of host T cells

Spleens were harvested from animals subjected to various treatments at the end of the
experiments. Splenic CD3* T cells were selected by CD3 MicroBeads (Miltenyi Biotec,
Auburn, CA), activated by anti-CD3 and anti-CD28 (both from BD Biosciences, San Jose,
CA), and then expanded with IL-2 to generate cytotoxic T cells (CTLs) (28).

CTL or TDLN T cell cytotoxicity

CTL or TDLN T cell-mediated cytotoxicity was tested using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit (Promega, Madison, WI) according to the
manufacturer’s protocol. CTLs or TDLN T cells were co-cultured with target cells (e.g.
unsorted/ALDHNINALDH!OW 4T1, SCC7 cells, 4T1-ITGB4KO or CT26 cells) for 6 hours,
and then the supernatants were harvested to measure lactate dehydrogenase. The following
formula was used to calculate cytotoxicity: % Cytotoxicity= (Experimental - Effector
spontaneous - Target spontaneous)/ (Target maximum - Target spontaneous) x 100.

Binding of immune plasma to tumor cells

Plasma was collected from treated hosts at the end of the experiments. 1gG levels were
quantified using ELISA. Unsorted/ALDHNIVALDH!®W 4T1 or SCC7 cells were incubated
with the plasma containing equal quantities of IgG for 60 minutes on ice. Cells were washed
twice and incubated with anti-mouse 1gG (eBioscience, San Diego, CA) for 30 minutes on
ice. Cells were then washed twice and their binding to plasma 1gG was detected by flow
cytometry.

Complement-dependent cytotoxicity (CDC)

Cell lysis mediated by antibodies in immune plasma was assessed by incubation of 10°
viable ALDHMI/ALDH!W 4T1 or SCC7 cells with equal quantities of IgG on ice for 1
hour, followed by culturing in the presence of rabbit complement (Calbiochem, La Jolla,
CA) in a 37 °C water bath for another 1 hour. Viable cells were then counted after trypan
blue (Gibco, Carlsbad, CA) staining to calculate cell lysis: % of viable cells = viable cells
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after plasma/complement incubation/10°. Lower percentage of viable cells indicates more
cell lysis.

Tumorigenicity of residual ALDHMS" CSCs or whole residual tumor cells

Treated primary tumors were harvested at the end of experiments and processed into single-
cell suspensions, using 1 x collagenase/hyaluronidase solution (Stemcell Technologies,
Vancouver, BC, Canada). Residual ALDHM9" CSCs were isolated from the cell suspension.
We ensured that viable ALDHM3" CSCs or whole residual tumor cells were injected by
staining these cells with Trypan Blue before cell counts and injection. Tumor growth was
then monitored (28). Similarly, whole residual tumor cells were injected into the syngeneic
mice to compare the tumorigenicity of the residual cells after different treatments.

Statistical analysis

Results

All data are presented as mean + standard error of mean (SEM). Differences between groups
were analyzed by one-way ANOVA or two-way ANOVA. The software GraphPad Prism 7 &
8 (GraphPad Software Inc., La Jolla, CA) was used to perform the statistical data analysis.
Significant differences among data groups were assigned when p < 0.05.

Expression of ITGB4 and PD-L1 on 4T1 and SCC7 cells

We analyzed ITGB4 expression in 4T1 murine breast cancer and SCC7 murine squamous
cancer cell lines by flow cytometry. We compared the expression of ITGB4 on bulk cells as
well as CSCs, which have been previously defined at ALDHNIM cells (30, 37). We found
that 4T1 cells highly expressed ITGB4 in bulk unsorted cells (92.1%), in isolated ALDHMg"
cells (84.2%) as well as in ALDH! cells (83.7%) (Fig. 1A, B). In contrast in SCC7 cells,
the expression of ITGB4 on ALDHM9N cells (37.1%) was significantly (p<0.05) greater than
that on ALDH!W cells (26.5%) (Fig. 1C, D). These results allow us to determine the effects
of ITGB4 targeting on both bulk and CSC populations.

We also accessed the expression of the immune checkpoint molecule PD-L1 on these cell
populations. The percentage of PD-L1-expressing unsorted, ALDHMS" and ALDH!W 4T1
cells was 21.8 (16.8 + 5.0) %, 23.6 (21.5 +2.1) % and 25 (16.4 +8.6) % respectively (Fig.
1E). For SCCT7 cells, 44.6 (42.3 +2.3) % of unsorted cells, 22.4 (22.0 + 0.4) % of ALDHNigh
cells, and 18.4 (17.6 + 0.8) % of ALDH!®W cells expressed PD-L1 (Fig. 1F). These data
provide the rationale to determine whether the addition of anti-PD-L1 checkpoint blockade
can augment the effects of ITGB4 targeting.

mITGB4-DC vaccination inhibited both local tumor growth and lung metastases in both
4T1 and SCC7 models

We have previously shown that ALDHM3" CSC lysate-pulsed DC vaccine conferred
significant antitumor immunity in both tumor protection (28) and therapeutic models (29).
To determine whether ITGB4 presented by DC can effectively target ITGB4-expressing
tumors, we prepared a mITGB4-DC vaccine and treated mice with minimal disease burden
in 4T1 or SCC7 tumor-bearing mice. In these therapeutic experiments, some groups were
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also treated with anti-PD-L1 mAb (Fig. 2A). In the 4T1 model, mITGB4-DC vaccination
significantly inhibited local tumor growth (Fig. 2B, C) as well as the development of
spontaneous lung metastases (Fig. 2D, E). In addition, the therapeutic effectiveness was
significantly (p<0.05) enhanced by anti-PD-L1 co-administration (Fig. 2B-E). In the SCC7
model, mITGB4-DC vaccination alone or in combination with anti-PD-L1 inhibited local
tumor growth (Fig. 2F, G).

Unlike 4T1, SCC7 does not spontaneously metastasize when implanted subcutaneously. In
order to determine the effect of mITGB4-DC vaccine on tumor metastases in this model, we
experimentally induced lung metastases by /.v. injection (41-43). SCC7 cells were injected
vigtail vein into syngeneic C3H mice, followed by mITGB4-DC vaccination with or
without anti-PD-L1 administration (Fig. 2H). As shown in Fig. 21, J, the mITGB4-DC
vaccine significantly inhibited lung metastases, and this inhibition was significantly
enhanced by anti-PD-L1 administration.

mITGB4 BiAb-armed TDLN T cell transfer inhibited local tumor growth and lung

metastases

To confirm that ITGB4 can serve as an effective target for cancer immunotherapy, we
evaluated a different immunological strategy to target ITGB4. To this end, we generated
murine anti-CD3/anti-ITGB4 bispecific antibodies (mITGB4 BiAb) and tested the direct
cytotoxicity of activated mITGB4 BiAb-armed TDLN T cells on ALDH8N and ALDH'oW
4T1 or SCCT cells in vitro. mITGB4 BiAb-armed TDLN T cells killed ALDH"9" and
ALDH!'oW 4T1 cells similarly, higher than non-armed TDLN T cells, and the killing could be
enhanced by the addition of anti-PD-L1 in culture (Fig. 3A). However, mITGB4 BiAb-
armed TDLN T cells killed more ALDHNY" SCC7 cells than ALDH!W SCC7 cells, and the
killing was significantly enhanced by anti-PD-L1 as well (Fig. 3B).

Based on these /n vitro data, we proceeded to test mITGB4 BiAb-armed TDLN T cell
transfer in mouse models bearing established (14 day) tumors (Fig. 3C). Local tumor growth
was significantly reduced after mITGB4 BiAb-armed TDLN T cell transfer in the 4T1 (Fig.
3D, E) and the SCC7 (Fig. 3F, G) models. Combining anti-PD-L1 therapy resulted in
significant reduction in local tumor burden compared to mITGB4 BiAb-T cells transfer
alone (Fig. 3D-G).

We then tested experimental lung metastases of 4T1 and SCC7 tumors treated with mITGB4
BiAb-armed TDLN T cells. 4T1-Luc cells and SCC7 cells were injected viatail vein into
syngeneic Balb/c mice and C3H mice respectively, followed by treatments with mITGB4
BiAb-TDLN T cells and/or anti-PD-L1 (Fig. 3H). Lung metastases were significantly
reduced by mITGB4 BiAb-TDLN T cell transfer and this therapeutic effectiveness was
significantly augmented by combining with anti-PD-L1 mAb in both 4T1 (Fig. 3I, J) and
SCC7 (Fig. 3K, L) models.

Both mITGB4-DC vaccination and mITGB4 BiAb-armed TDLN T cell transfer specifically
targeted ITGB4

To determine the specificity of ITGB4 targeting we generated ITGB4 knockout 4T1 (4T1-
ITGB4KO) cells and in addition assessed treatment effects in CT26 murine colon carcinoma
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cells, which do not express ITGB4. Lack of ITGB4 expression in these cells was confirmed
by western blot (Fig. 4A) and flow cytometry (Fig. 4B). We treated 4T1, 4T1-1ITGB4KO or
CT26 tumor-bearing mice with mITGB4-DC vaccine in minimal tumor model (similar to
Fig. 2A) or with TDLN T-mITGB4 BiAb in established tumor model (similar to Fig. 3C).
Compared to PBS group, mITGB4-DC vaccine (Fig. 4C) or TDLN T-mITGB4 BiAb (Fig.
4D) significantly (p<0.05) inhibited the tumor growth of 4T1 cells. However, mITGB4-DC
vaccine (Fig. 4C) or TDLN T-mITGB4 BiAb (Fig. 4D) did not affect growth of 4T1-
ITGB4KO cells or CT26 cells. Interestingly, knockout of ITGB4 significantly (p<0.05)
reduced the tumor growth of 4T1 cells even without treatment (Fig. 4C, D). This suggests
that ITGB4 plays an important biological role in these cells.

To confirm the specific targeting of ITGB4 by mITGB4-DC vaccine or TDLN T-mITGB4
BiAb, we performed /7 vitro killing experiments using splenic CD3* T cells from animals
subjected to vaccination or the mITGB4 BiAb-armed TDLN T cells. CD3* T cells were
isolated from the spleens of Balb/c mice treated with PBS or mITGB4-DC vaccine
respectively. After activation and expansion as described in Materials and Methods, these T
cells were co-cultured with 4T1, 4T1-ITGB4KO or CT26 cells for 6 hours respectively.
Splenic CD3* T cell-mediated cytotoxicity was measured using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit (Promega, Madison, WI). We found (Fig. 4E) that while
splenic CD3* T cell from PBS-treated mice killed 4T1, 4T1-1ITGB4KX0 and CT26 cells
equally, splenic CD3* T cell from mITGB4-DC vaccine-treated mice killed 4T1 cells
significantly (p<0.05) more than splenic CD3* T cell from PBS-treated mice, and splenic
CD3* T cell from mITGB4-DC vaccine-treated mice killed 4T1 cells significantly (p<0.05)
more than 4T1-ITGB4KO and CT26 cells. These data thus confirm that mITGB4-DC
vaccine induced T cell targeting of ITGB4, and this targeting is ITGB4 specific (Fig. 4E).

In separate experiments, non-armed TDLN T cells and mITGB4 BiAb-armed TDLN T cells
were co-cultured with 4T1, 4T1-ITGB4KO or CT26 cells and killing assays were performed
by harvesting the co-cultured supernatants to measure lactate dehydrogenase. We found (Fig.
4F) that while non-armed TDLN T cells killed 4T1, 4T1-ITGB4KO and CT26 cells equally,
armed TDLN T-mITGB4 BiAb killed 4T1 significantly (p<0.05) more than non-armed
TDLN T cells, and TDLN T-mITGB4 BiAb cells killed 4T1 cells significantly (p<0.05)
more than their killing of 4T1-ITGB4KO and CT26 cells. These data thus further confirm
that TDLN T-mITGB4 BiAb cells target ITGB4-expressing tumor cells, and this targeting is
ITGB4 specific (Fig. 4F).

Together, our data demonstrated that both mITGB4-DC vaccine and mITGB4 BiAb-armed T
cell adoptive transfer specifically target ITGB4-expressing tumor cells /n vitroand in vive.

ITGB4-targeted immunotherapies conferred host immunity against ALDHNS" CSCs and
ALDH!°W non-CSCs

To understand the mechanism(s) underlying therapeutic efficacy, we harvested host spleens
and immune plasma at the end of the therapeutic experiments from 4T1 and SCC7 models
respectively, and evaluated host T and B cell responses.
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Splenic CD3* T cells isolated from the 4T 1-bearing mice (from Fig. 2B) treated with
mITGB4-DC vaccine + anti-PD-L1 mAb killed unsorted, ALDHM9", and ALDH'OW 4T1
cells in vitro, significantly (p<0.05) higher than CD3* T cells isolated from mice subjected
to each mono-therapy or PBS control (Fig. 5A). Of note, similar killing was observed in
ALDHN9N 471 cells and ALDH!®W 4T1 cells. In addition, splenic CD3* T cells isolated
from the 4T1-bearing mice (from Fig. 3D) treated with mITGB4 BiAb-armed TDLN T cells
+ anti-PD-L1 mAb killed unsorted, ALDH9" and ALDH!W 4T1 cells in vitro,
significantly (p<0.05) higher than CD3* T cells isolated from the mice subjected to each
mono-therapy and PBS control (Fig. 5B). Again, such killing was comparable against
ALDHN9M 4T1 cells vs. ALDH!OW 4T1 cells.

We also accessed the induction of humoral anti-CSC immunity by ITGB4-DC based
immunotherapy. To this end, we collected immune plasma from the peripheral blood of 4T1
(from Fig. 2B) or SCC7 (from Fig. 2F)-bearing mice subjected to treatments. We first
accessed the specificity of ITGB4-DC vaccine-primed antibody by binding assays of the
plasma to tumor cells. Immune plasma from Balb/c mice that received the mono-treatment
of ITGB4-DC vaccine or anti-PD-L1 bound to 4T1 cells (35.1% and 34.1% respectively)
more effectively than the immune plasma collected from PBS-treated (26.7%) (Fig. 5C). The
binding activity was enhanced by the ITGB4-DC vaccine + anti-PD-L1 mAb treatment
(38.5%) (Fig. 5C). In the SCC7 model, immune plasma harvested from ITGB4-DC
vaccinated mice bound to unsorted, ALDHM3" and ALDH!W SCC7 cells more than the
immune plasma harvested from anti-PD-L1 treated mice or from PBS-treated controls,
respectively, and the combination treatment did not show additive binding effect (Fig. 5D).
Notably, equal amounts of 1gG in the immune plasma collected from the ITGB4-DC vaccine
+ anti-PD-L1-treated C3H mice bound to unsorted SCC7 (48.9%) more than its binding to
ALDHNYN and ALDH!OW SCC7. However, the binding to ALDHNY" SCC7 CSCs (28.5%)
was higher than that to ALDH!®% SCC7 non-CSCs (18.8%) (Fig. 5D).

To examine the consequence of the binding of immune plasma to tumor cells, we utilized
antibody and CDC assays in both 4T1 and SCC7 models. ITGB4-DC vaccine-primed
immune plasma killed both ALDH9" and ALDH'®W 4T1 cells significantly, and the
ITGB4-DC vaccine plus anti-PD-L1-primed immune plasma killed both ALDHN9" and
ALDH!%Y 4T1 cells significantly higher than the immune plasma collected from all the other
groups (Fig. 5E). In the SCC7 model, ITGB4-DC vaccine-primed immune plasma killed
ALDHNgN SCC7 cells more than ALDH!®W SCC7 cells, and the ITGB4-DC vaccine plus
anti-PD-L1-primed immune plasma killed ALDHM9" significantly more than the immune
plasma collected from all the other groups against ALDHM9" cells (Fig. 5F). Together, these
experiments demonstrated that ITGB4-targeted immunotherapies induced host immunity
against ALDHMIN CSCs as well as non-CSCs.

ITGB4-targeted immunotherapy reduced the proportion of ALDHNN and ITGB4M9h cells in
residual tumors and reduced the tumor initiating capacity of these cells

The experiments described above suggested that ITGB4 immunotherapy could target
ALDHN9" CSCs that express this protein. To confirm this, we determined the proportion of
ALDHNYN cells and ITGB4MIN cells in residual tumors post treatment. After treatment with
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ITGB4-DC vaccine, the ALDHNI" populations was reduced in both 4T1 (from 6.74% to
1.11%) (Fig. 6A) and SCC7 (from 3.11% to 0.70%) (Fig. 6B). This number was further
decreased by co-treatment with anti-PD-L1 to 0.90% for 4T1 (Fig. 6A) and to 0.54% for
SCC7 (Fig. 6B). In parallel, the frequencies of ITGB4-expressing ALDHN9 and ALDH!'oW
4T1 cells (Fig. 6C) and ALDHNIN and ALDH!®W SCC7 cells (Fig. 6D) in the mITGB4-DC
vaccine plus anti-PD-L1 treated tumors were lower than those in mono-therapy groups and
PBS controls.

We examined the change of ALDHMINITGB4NAN cells in the treated residual tumors by
double staining, and found that the percentage of ALDHNINTGB4MIN cells was markedly
reduced from 7.83% and 10.6% in the control (PBS) group of 4T1 tumor (Fig. 6E) and
SCCT tumor (Fig. 6F) to 1.83% and 1.04% respectively after combination treatment with
mITGB4-DC vaccine plus anti-PD-L1 administration.

To assess if the immunotherapies also reduced the tumor initiating capacity of 4T1 and
SCC7 CSCs, we isolated ALDHN 9" 4T1 (Fig. 6A) and SCC7 (Fig. 6B) cells from the
residual tumors subjected to mITGB4-DC vaccine and/or anti-PD-L1 treatment and injected
them into normal syngeneic Balb/c and C3H mice respectively to test their tumorigenicity.
We found that while 50,000 ALDHM9" 4T1 cells from PBS treated control mice formed
large tumors in 40 days, equal number of ALDHN9 4T1 cells from mITGB4-DC
vaccination alone or combination treatment with mITGB4-DC vaccination + anti-PD-L1
failed to form tumors within the same period of time (Fig. 7A, B). In the SCC7 model,
50,000 ALDHNS" SCC7 cells from mITGB4-DC vaccine +/- anti-PD-L1 treated mice grew
significantly slower than that of other groups (Fig. 7C, D). Similar results were observed at
lower numbers (5,000) of ALDHN 3 cells injected (Fig. 7C, E).

To confirm that integrin B4-targeted cancer immunotherapy has the ability to reduce the
tumorigenicity of the residual tumor cells, we also tested the tumor initiating capacity of the
whole residual 4T1 and SCC7 cells. When 1 x 10° residual 4T1 or SCC7 cells from treated
mice were injected into both sides of syngeneic Balb/c and C3H mice respectively, equal
number of the residual tumor cells from combined mITGB4-DC vaccine + anti-PD-L1
treated mice formed significantly smaller tumors than that from PBS or mono-therapy
treated mice (Fig. 7F, G for 4T1; Fig. 7H, | for SCC7). Together, these data show that
ITGB4-targeted immunotherapy reduced both the number of ALDHNi9 and 1TGB4Migh
cancer stem cells in residual 4T1 and SCC7 tumors and their ability to form tumors, as well
as suppressing the tumorigenicity of the whole residual tumors subjected to ITGB4-targeted
immunotherapy.

Lack of systemic toxicity form ITGB4-targeted therapies

To address the potential toxicity as well as off target effects of engaging ITGB4, we
performed a group of experiments, including: (1) Histopathological analysis of internal
organs and glands from treated mice; (2) Hematologic analysis, and (3) Access of Insulin-
like growth factor-1 (IGF-1) levels following treatment. As shown in Supplemental data Fig.
S1 and Tab. S1, these results as well as lack of weight loss in treated animals vs. controls
demonstrate the safety of this approach.
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Discussion

In this study, we investigated the immunological targeting of ITGB4 utilizing two different
approaches: mouse ITGB4 protein as antigen to pulse DCs or coating TDLN T cells with
mouse anti-CD3/anti-ITGB4 BiAb to prepare mITGB4 BiAb-T cells for targeted adoptive
transfer. Data obtained from applying two distinct immunological methods confirmed that
ITGB4 can serve as an effective target for cancer immunotherapies.

4T1 cells highly expressed ITGB4 in unsorted, ALDHM3" and ALDH!W cells. The 4T1
mammary carcinoma is highly tumorigenic and invasive and can spontaneously metastasize
from the primary tumor in the mammary gland to multiple distant sites including lymph
nodes, blood, liver, lung, brain, and bone (43). In the 4T1 minimal tumor model, mITGB4-
DC vaccine inhibited both local tumor growth and spontaneous pulmonary metastases. In
addition, mITGB4 BiAb armed T cell adoptive transfer suppressed tumor growth of
established macroscopic 4T1 tumor. In an experimental lung metastasis model, BiAb-armed
T cell adoptive transfer also inhibited lung metastases. Together, these data indicate that both
mITGB4-DC vaccine and mITGB4 BiAb-armed T cell adoptive transfer can suppress local
tumor growth and metastasis of a tumor with high expression of ITGB4 on both ALDHNgh
CSCs and bulk tumor cells.

In contrast, SCC7 cells expressed ITGB4 on the ALDHM9N cells significantly more than that
on the ALDH!W cells. mITGB4-DC vaccine and mITGB4 BiAb-armed T cell adoptive
transfer effectively suppressed the local tumor growth as well as the experimental metastasis
of SCC7, suggesting that successful immunological targeting of ITGB4 is able to target
ITGB4-expressing CSCs that mediate tumor metastasis, as well as ITGB4-expressing bulk
tumor cells.

By using 4T1-1TGB4KO cells and CT26 cells lacking ITGB4 expression as negative
controls, our data confirmed the specificity of ITGB4 targeting. Interestingly, knockout of
ITGB4 significantly reduced the tumor growth of 4T1 cells. This suggests that ITGB4 plays
an important biological role and supports a recent report that knockout of ITGB4 reduced
the migration and invasion of HCT116 colorectal cancer cells (44). Together, these data
strongly support the conclusion that ITGB4 represents an attractive target for cancer
immunotherapy.

We also examined the ability of ITGB4 immunotherapy to augment the efficacy of anti-PD-
L1 immune checkpoint blockade since PD-L1 was expressed in our tumor cell models.
Furthermore, Wang et al reported that PD-L1 can promote the growth and metastasis of
tumor by activating the ITGB4/SNAIL/SIRT3 signaling pathway, suggesting another
potential mechanism of synergy between these pathways (45). Our data indicate that anti-
PD-L1 antibody significantly augmented the therapeutic efficacy of ITGB4-DC vaccine and
ITGB4 BiAb-armed T cell adoptive transfer in both 4T1 and SCC7 models.

We found in this study that ITGB4-targeted immunotherapies could elicit ITGB4 specific
cellular immune responses. CTLs generated from the spleens of treated 4T1-bearing mice
specifically killed ITGB4-expressing 4T1 tumor cells. In addition, ITGB4-DC vaccine
conferred significant host anti-ITGB4 humoral immunity. ITGB4-DC vaccine-primed
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immune plasma specifically bound to 4T1 and SCCY cells resulting in significant killing of
ITGB4-expressing 4T1 and SCCY cells. Toxicity remains a major concern for any kind of
immunotherapy. ITGB4 is expressed in the skin and its expression correlated with epidermal
lysis bullosa (46). However, in this study we did not detect systemic toxicity associated with
ITGB4 immunotherapy in our mouse models.

In both approaches of ITGB4-targeted immunotherapy we observed a significantly reduced
number of ITGB4-expressing 4T1 cells and SCC7 cells. In parallel, immunotherapeutic
targeting of ITGB4 significantly reduced the ALDHN SN 4T1 cells and ALDHNg" SCC7
CSCs in the residual tumors subjected to immunotherapy. Importantly, the residual
ALDHNYN 4T1 cells and SCC7 CSCs demonstrated significantly reduced tumorigenicity. In
addition, significantly reduced tumorigenicity of whole residual tumors subjected to ITGB4-
targeted immunotherapy confirmed that ITGB4-targeted immunotherapy could reduce both
the number and the tumorigenicity of the residual 4T1 and SCC7 tumors. Since ITGB4 is
expressed in CSCs across a number of tumor types, immunologic targeting of this protein
has significant therapeutic potential.
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mITGB4-DC vaccine in ITGB4-targeted immunotherapy. A: Protocol of the 4T1 and SCC7
therapeutic minimal tumor models. Treatment groups were as follows: PBS, mITGB4-DC
vaccine, anti-PD-L1, and the combination of mITGB4-DC vaccine and anti-PD-L1(n=5). In
4T1 model, the administration of mITGB4-DC vaccine inhibited both local tumor growth
(B, C) and spontaneous lung metastases (D, E); co-administration of anti-PD-L1 mAb
significantly enhanced the therapeutic effectiveness (B-E). Pictures of local tumors (C) and
spontaneous lung metastases (E) from treated animals bearing 4T1 tumors are shown. F, G:
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mITGB4-DC vaccine and/or anti-PD-L1 inhibited the local tumor growth in SCC7
therapeutic minimal tumor. H: SCC7 experimental lung metastasis model using mITGB4-
DC vaccine. I, J;: mITGB4-DC vaccine and/or anti-PD-L1 significantly inhibited lung
metastases in SCC7 experimental lung metastasis model. The experiment of 4T1 or SCC7
therapeutic minimal models was repeated four times.
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Figure 3.

ITGB4-targeted immunotherapy using mITGB4 BiAb-armed TDLN T cells via adoptive
transfer. A, B: /n vitro CTL activity of TDLN T cells co-cultured with 4T1 (A) and SCC7
(B) ALDHMgh ys. ALDH!*W populations. C: Experimental protocol of the therapeutic 4T1
and SCC7 established (day 14) tumor models by adoptive transfer of mITGB4 BiAb-armed
T cells. Treatment groups included: PBS, TDLN T cells, TDLN T-mITGB4 BiAb, anti-PD-
L1, TDLN T-mITGB4 BiAb + anti-PD-L1 isotype, and TDLN T-mITGB4 BiAb + anti-PD-
L1(n=5). D: TDLN T-mITGB4 BiAb significantly inhibited tumor growth in therapeutic
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4T1 model, which was enhanced by anti-PD-L1. E: Luminescence imaged by IVIS at the
end of experiments to display tumor size in treated mice of the therapeutic 4T1 model. F, G:
In therapeutic SCC7 model, TDLN T-mITGB4 BiAb inhibited tumor growth, and co-
injection and anti-PD-L1 significantly boosted the therapeutic effectiveness. H:
Experimental lung metastasis protocol. I-L: In both 4T1 and SCC7 experimental lung
metastasis models, TDLN T-mITGB4 BiAb significantly suppressed the metastases.
Statistics (1) and representative photos (J) of 4T1 tumors from treated Balb/c mice are
shown. Statistics (K) and representative photos (L) of SCC7 tumors from treated C3H mice
are shown. The therapeutic experiments on 4T1 and SCC7 local tumors were repeated three
times.
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Figure 4.
Both mITGB4-DC vaccination and mITGB4 BiAb-armed TDLN T cell transfer specifically

target ITGBA4. A, B: Confirmation of ITGB4 knockout in 4T1-ITGB4KO cells and lack of
expression of ITGB4 in CT26 cells viawestern blot (A) and flow cytometry (B). C, D:
ITGB4-targeted cancer immunotherapies specifically target ITGB4 in vivo. mITGB4-DC
(C) and TDLN T-mITGB4 BiAb (D) significantly inhibited the tumor growth of 4T1 cells,
but not 4T1-1ITGB4KO or ITGB4-negative CT26 tumors. Experimental groups included 4T1,
4T1-ITGB4KO or CT26 tumor-bearing mice treated with PBS vs. mITGB4-DC vaccine in
minimal tumor model (C) or treated with PBS vs. TDLN T-mITGB4 BiAb in established
tumor model (D). E: CD3* T cells isolated from the spleens of Balb/c mice treated with
mITGB4-DC vaccine killed ITGB4-expressing 4T1 cells specifically /n vitro. F: TDLN T-
mITGB4 BiAb mediated significant greater cytotoxicity to ITGB4-expressing 4T1 cells than
to 4T1-1ITGB4KO cells or ITGB4-negative CT26 cells /n vitro.
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Figure5.

ITGB4-targeted immunotherapies elicited ITGB4-specific host immune responses against
CSCs as well as non-CSCs. A, B: Splenetic T cells harvested from mice treated with
ITGB4-DC vaccine (A) or mITGB4 BiAb-armed TDLN T cells (B) mediated significant
cytotoxicity against 4T1 cells. Data were replicated in a second experiment for both ITGB4-
DC vaccine and mITGB4 BiAb-armed TDLN T cell adoptive transfer experiments. C-F:
ITGB4-targeted immunotherapy conferred significant host anti-ITGB4 humoral immunity in
both 4T1 and SCC7 models. Immune plasma was collected from treated mice and IgG was
quantified using ELISA. C: Plasma harvested from treated mice-bearing 4T1 tumor as
indicated bound to 4T1 cells. D: Plasma IgG induced by ITGB4-DC vaccine bound to
unsorted, ALDHMAM and ALDH!®W SCC7 cells to different extend. E: Cytotoxic effects of
immune plasma via CDC in 4T1 model. Plasma harvested from animals-bearing 4T1 tumor
subjected to treatment was incubated with ALDHN9" 4T1 or ALDH!W 4T1 cells for 1 hour
followed by culturing in the presence of rabbit complement for another 1 hour. Lower
percentage of viable cells at the end of incubation indicates more cell lysis. F: Similar CDC
assay as in E was tested in the SCC7 model. Data were repeated twice.
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ITGB4-targeted immunotherapy reduced the number of ALDHN9"/ITGB4Nigh CSCs. Flow
cytometric proportions of ALDHN9" 4T1 (A) and SCC7 (B) cells in residual tumor

subjected to treatment as indicated. Frequencies of ITGB4-expressing ALDHM9" and
ALDH! 4T1 (C) and SCC7 (D) cells from residual tumors treated as indicated. The co-

expression of ALDH and ITGB4 in residual 4T1 tumors (E) and SCC7 tumors (F). The
number of ALDHNSM/ITGB4NN residual 4T1 (E) and SCC7 (F) cells were significantly

reduced, particularly after combined treatment of DC-vaccine plus anti-PD-L1. Results of
flow cytometry were representative of two separate experiments performed.
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Figure7.
ITGB4-targeted immunotherapy reduced the tumorigenicity of CSCs and residual tumors.

A-E: Tumor growth of residual ALDHN9" CSCs in syngeneic mice was significantly
polarized in the 4T1 model (A, B) and in the SCC7 model (C-E). A: 5 x 10% residual
ALDHNgN 4T1 cells was injected in both sides of Balb/c mice. C: 5 x 104 residual
ALDHPN9" SCC7 cells were injected in right side of C3H mice (Green arrows), while 5 x
103 residual ALDHNS" SCC7 cells were injected to the left side (Yellow arrows). B, D, E:
Tumor growth curves resulted from injected different doses of ALDHNI tumor cells from
treated residual tumors: 5 x 10% residual ALDHN9" 4T1 cells injected to Balb/c mice (B), 5
x 104 residual ALDHN9" SCC7 cells injected to C3H mice (D), and 5 x 103 residual
ALDHNi9" SCC7 cells injected to C3H mice (E). F-I tested the tumorigenicity of the whole
residual tumor cells. F, H: Photos of representative tumors grown from injected whole
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residual tumor cells subjected to treatment as indicated. 1 x 106 residual 4T1 (F) or SCC7
(H) cells were injected in both sides of syngeneic Balb/c and C3H mice respectively. Tumor
growth curves from whole residual 4T1 (G) and SCC7 (I) are shown.
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