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Mucin-1-Targeted Chimeric Antigen Receptor T Cells
Are Effective and Safe in Controlling Solid Tumors
in Immunocompetent Host
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Summary: The chimeric antigen receptor (CAR) T-cell therapy in
solid epithelial tumors has been explored, however, with limited
success. As much of the preclinical work has relied on xenograft
models in immunocompromised animals, the immune-related
efficacies and toxicities may have been missed. In this study, we
engineered syngeneic murine CAR T cells targeting the tumor form of
human mucin-1 (tMUC1) and tested the MUC1 CAR T cells’ efficacy
and toxicity in the immunocompetent human MUC]I-expressing
mouse models. The MUCI CAR T cells significantly eliminated
murine pancreatic and breast cancer cell lines in vitro. In vivo, MUCI
CAR T cells significantly slowed the mammary gland tumor pro-
gression in the spontaneous PyVMTXMUCI.Tg (MMT) mice, pre-
vented lung metastasis, and prolonged survival. Most importantly,
there was minimal short or long-term toxicity with acceptable levels of
transient liver toxicity but no kidney toxicity. In addition, the mice did
not show any signs of weight loss or other behavioral changes with the
treatment. We also report that a single dose of MUC1 CAR T-cell
treatment modestly reduced the pancreatic tumor burden in a syn-
geneic orthotopic model of pancreatic ductal adenocarcinoma given
at late stage of an established tumor. Taken together, these findings
suggested the further development of tMUCI-targeted CAR T cells
as an effective and relatively safe treatment modality for various
tMUCT-expressing solid tumors.
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he success of chimeric antigen receptor (CAR) T-cell
therapy achieved in hematological malignancies still has
not been replicated in solid tumors.!* Whereas, epithelial
malignancies account for 80% of all death from cancer.
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Breast cancer alone is expected to account for 31% of female
cancers in the United States in 2023.5 Even though the 5-
year relative survival rate for all stages combined with
female breast cancer is as high as 90%, finding the cure
for metastatic triple-negative breast cancer (TNBC) still
remains challenging.® Pancreatic cance is currently the third
leading cause of cancer death in the United States and is
projected to rise to second by 2040.7 The 5-year relative
survival rate for patients with pancreatic ductal adeno-
carcinoma (PDA), which comprises over 95% of all pan-
creatic cancers, is only 11%.8 Thus, CAR T-cell therapy as a
new treatment paradigm for solid tumors remains exciting
but also highly challenging.

To improve the efficacy and safety of CAR T-cell
therapy, it is essential to identify the appropriate and specific
tumor antigens. Mucin 1 (MUCI) is a heavily glycosylated
transmembrane mucin protein that is normally expressed on
the luminal surface of all glandular epithelial cells that form
our major organs. Under oncogenesis, MUCI is overex-
pressed and aberrantly glycosylated over the entire cell
surface of most adenocarcinomas.’ This tumor-associated
MUCI [tumor form of human mucin 1 (tMUCI1)] has been
predicted to be the second most targetable antigen for the
development of targeted immunotherapy.'® Our group has
reported on a novel monoclonal antibody TAB004 which
only detects tMUC1 with high specificity and spares rec-
ognition of normal tissue MUC1.11:12 We used single-chain
variable fragment (scFv) from TABO004 and engineered
human MUC1 CAR T cells that were highly effective
against human TNBC and PDA in an immune-compro-
mised NOD scid gamma (NSG) mouse model.®!3

In the current study, an anti-human MUCI murine
CAR fusion molecule was engineered, structurally similar to
the human MUC1 CAR. We generated murine MUCI1
CAR T cells and evaluated their tumor lysis efficacy, as well
as their potential on-target, off-tumor toxicities in immu-
nocompetent human MUC1.Tg mouse models. The xeno-
graft NSG mouse models have been the most widely used
preclinical platform to develop and evaluate human CAR T
cells against human cancers.'* However, it is critical to
comprehensively evaluate the antitumor activities and
adverse effects of CAR T cells, their interaction with host
immunity, and their activity within the tumor micro-
environment when recipient mice have replete immune sys-
tems. There were very few reports of murine CAR T cells
using immunocompetent animals, even then, most of those
murine CAR T cells targeted mouse tumor antigens.!>1?
Here, we utilized 2 immunocompetent human MUCI-
expressing tumor mouse models: a syngeneic orthotopic
PDA model (KCM cells derived from spontaneous KC mice
crossed with human MUC1.Tg mice) and a spontaneous
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transgenic MMT breast cancer model Polyoma Virus mid-
dle T antigen (PyVMT) mice crossed with human MUCI1.Tg
mice). The PyVMT single transgenic mice had been used as
a model to study TNBC.2%2! The molecular and histologic
progression in MMT mice was similar to PyVMT mice and
highly resembled those in human breast tumors.?>2 In
addition, preclinical relevant animal models that express
human targets in normal tissues are required by FDA for
cellular therapies to reasonably predict human response and
off-tumor toxicity.?*>> Both of our mouse models express
the full-length human MUCI in a pattern and level con-
sistent with that observed in humans.2® Thus, our tMUC]1-
targeting CAR T cells would be investigated in the presence
of endogenous human MUCI both on tumors and on
healthy tissues.

Taken together, as an advancement to human MUCI1
CAR T-cell study in NSG models as we previously
reported,®!? the murine MUCI CAR T cells demonstrated
significant tumor-killing efficacy in TNBC in vitro and
in vivo, with great toxicity tolerance in the presence of intact
host immunity. We observed high cytotoxicity against
PDA cells in vitro and modest response against late-stage
orthotopic PDA in vivo.

MATERIALS AND METHODS
Ethical Approval

All procedures performed in studies involving animals
were in accordance with the ethical standards of the institu-
tion and approved by the Institutional Animal Care and Use
Committee of the University of North Carolina at Charlotte.

Reagents

The Dulbecco’s Modified Eagle Medium (DMEM) was
supplemented with 10% fetal bovine serum (R&D Systems), 1%
glutamax, 1% nonessential amino acids, and 1% penicillin/
streptomycin as a complete medium. G418 was used for main-
taining Neo and MUCI transfected cell lines. The RPMI1640
was supplemented with 10% heat-inactivated fetal bovine serum,
1% glutamax, 100 mM sodium pyruvate, 50 mM 2-mercap-
toethanol, and 1% penicillin/streptomycin. All the medium and
supplements were obtained from Thermo Fisher Scientific if not
separately mentioned. The human MUCI core peptide (24mer,
TAPPAHGVTSAPDTRPAPGSTAPP)® was synthesized and
biotin was added to the N-term, whereas C-term was left with
free acid (AnaSpec, Inc.).

Cell Lines and Mice

The mouse pancreas cell lines were: Panc02.Neo and
Panc02.MUCI (a generous gift from Dr Sandra J Gendler,
Mayo Clinic in Arizona), KCKO (MUCI1-null), and KCM
(expressing full-length human MUCI).2”2 The mouse
breast and mammary gland cell lines were: Mtag and Mtag.
MUCI, C57mg and C57mg.MUCI1.28 Mtag cell line was
originally derived from primary tumors spontaneously
arising in PyVMT female mice. All MUCI-expressing cell
lines had full-length human MUCI. All tumor cell lines
were maintained in complete DMEM. Transfected cell lines
were maintained in complete DMEM and supplemented
with G418 at 150 ug/mL.

The retroviral vector packaging cell Phoenix-Eco was
purchased from the American Type Culture Collection
(ATCC) and cultured in complete DMEM media.

C57BL/6 mice (8-12 wk old) were purchased from
Jackson Laboratory. MUC1.Tg mice?® were in-house bred.
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Female MUCI.Tg mice were bred with male PyVMT
(mouse mammary tumor virus-Polyoma Middle T, Jackson
Laboratory)?? to generate human MUCIxPyVMT double
transgenic mice, designated as MMT.?? The female MMT
mice spontaneously developed multifocal mammary gland
tumors with lung and bone metastasis in the presence of
human MUC]I which resembles the human disease.>> Most
female MMT mice developed palpable tumors by 10-12
weeks of age. All mice were on C57BL/6 background and
fully immunocompetent.

Construction of Murine Chimeric Antigen
Receptor and Retroviral Vector Production

The second-generation of human tMUCI-specific
murine CAR construct was synthesized by subcloning the
scFv from TAB004 into the SFG-based retroviral backbone
plasmid encoding the transmembrane and intracellular
domains of CD28 and the intracellular domain of CD3(
(kindly provided by Dr John Maher group®). The mono-
clonal antibody TAB004 was developed against the tumor
form of human MUCI.!! Therefore, this TAB004-derived
murine CAR was specific for mouse tumor cells that
expressed human MUCI.

To produce murine CAR-encoding retroviral super-
natants, Phoenix-Eco cells were transfected with the SFG-
retroviral plasmid using the calcium phosphate transfection
kit following the manufacturer’s instruction (Clontech).
Virus supernatants were collected 72 hours after initial
transfection, filtered, and stored at —80°C.

Primary Mouse T-Cell Enrichment, CD8* T-Cell
Isolation, and Chimeric Antigen Receptor T-Cell
Transduction

Mouse T cells from naive C57BL/6 mice or MUC1.Tg
mice were enriched from pooled spleens using a T-cell enrich-
ment column (R&D systems, Minneapolis, MN). CD8* T cells
were further isolated using beads-based negative selection
(Miltenyi Biotec). Enriched T cells or isolated CD8* T cells
(1x10° cells/mL) were activated with anti-mouse CD3/CD28
beads (Thermo Fisher Scientific). On day 2, non-tissue culture—
treated 6-well plates were coated with Retronectin (Takara) at
4°C overnight. On day 3, retronectin-coated plates were
blocked with 2% bovine serum albumin. Then retroviral
supernatants or medium control were added into blocked
plates. The T-cell transduction process was referred to by Ma
et al.? The transduction efficiency was determined by its
binding to biotinylated human MUCI peptide. Cells were
passaged and expanded as needed and used 3-5 days after
initial viral transduction (with ~35%-40% CAR positivity).
Activated but nonretroviral transduced cells were included as
mock T-cell controls. For in vitro functional assays, MUCI
CAR T cells were generated from enriched T cells. For in vivo
mouse tumor treatment, MUC1 CAR T cells were generated
from isolated CD8" T cells in the main text.

Chimeric Antigen Receptor T-Cell Functional
Assays

The antigen-specific tumor cell lysis by MUC1 CAR T
cells was determined by MTT assay. Briefly, mouse PDA and
breast tumor cell lines were plated in 96-well plates overnight.
The next day, culture media from the plate was aspirated and
MUCI CAR T cells were added at the indicated effector to
target (E:T) ratio for another 24 hours and 48 hours. In the
end, T cells were removed and replaced with fresh media
containing MTT (500 pg/mL, Sigma) for 3 hours. After the
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uptake of MTT, supernatants from wells were aspirated, and
150 pL of dimethyl sulfoxide was added to wells to dissolve
the formazan crystals. The optical density (OD) value was
read at 540 nm. We used the mock T-cell lysis data for cal-
culating percentage lysis. The calculation formula was: (OD
of coculture with mock-T—OD of coculture with CAR-T)/
OD of coculture with mock-Tx100. The antigen-specific
cytokine release was performed by coculturing MUC1 CAR
T cells with mouse PDA and breast tumor cells at indicated
E:T ratios for 24 hours. Supernatants were then collected. The
mouse IFN-y, IL-2, and granzyme B concentrations were
determined using Duoset Mouse Cytokine Detection Kits
(R&D Systems).

Flow Cytometry

The transduction efficiency of MUC1 CAR in mouse T
cells was determined by biotinylated MUCI core peptide
binding, followed by streptavidin-PE staining (BD Bio-
sciences). T-cell phenotypes were determined by staining for
CD4-PE/Cy7, CD8-Pacific Blue, CD45-FITC, CD107a-Alexa
Fluor 647, and programmed cell death protein 1 (PD-1)-APC
(BioLegend). The tMUCI expression on mouse tumor cells
was assessed by TABO004 staining (provided by OncoTab Inc.)
conjugated with HiLyte Fluor 647 (Dojindo Molecular
Technologies, Inc.), named as TAB004-Fluor 647. To detect
tMUCI on primary tumor cells, spontanecous MMT tumors
were resected and digested with Collagenase IV (Life Tech-
nologies) plus DNase I (STEMCELL Technologies) to create
single-cell suspensions. Cell mixtures were cultured for 2 days
and the floating cells were removed. Adherent cells were har-
vested for staining with TAB004-Fluor 647 (BioLegend). Dead
cells were excluded by 7-AAD staining (BD Biosciences). Data
were acquired on BD LSRFortessa flow cytometer (BD Bio-
sciences) and analyzed with FlowJo software (v10).

Syngeneic Orthotopic Pancreatic Cancer Mouse
Model and Analysis

The pancreas surgical injection with 2x10* KCM-
Luciferase (KCM-Luc) tumor cells was performed using
immunocompetent male or female MUCI1.Tg mice as
detailed in.!° Seven days after the surgery, tumor estab-
lishment was confirmed using In Vivo Imaging System
(PerkinElmer). On day 8, mice were randomly assigned to
experimental groups based on their baseline luminescence
intensity. On the same day, mice were intravenously injected
with 1x107 transduced MUC1 CAR CD8* T cells (in 200
pL of phosphate-buffered saline). Control mice received
mock CD8* T cells. Tumor growth was monitored by
weekly IVIS imaging. Tumor and spleen wet weights were
measured at the endpoint.

Spontaneous Mammary Tumor Mouse Model
and Analysis

In this efficacy/survival study, immunocompetent
spontaneous female MMT mice at the age of ~10-14 weeks
old were randomly assigned into 2 groups based on their age
and tumor appearance. One day before T-cell adoptive
transfer, all MMT mice received cyclophosphamide (CTX,
Selleck Chemicals) at 1.5 mg per mouse through intra-
peritoneal injection. The next day, one group of mice
intravenously received 1x107 MUC1 CAR CDS8" T cells,
and the other group received mock CD8* T cells. Three
additional intravenous (i.v.) injections of CAR T cells or
mock T cells were administered at 2-week intervals. Tumor
burden was determined by Caliper measurement and
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calculated by the formula: tumor volume (mm?) = [length in
mmX(width in mm)?}/2. As MMT mammary tumors arose
at multiple sites, the final presented tumor volume was the
sum of multiple tumors of each individual. Mice were sac-
rificed at a humane endpoint when at least one of its tumors
reached 20 mm in diameter for individual MMT mice. No
mouse death was noticed due to T-cell transfer or heavy
tumor burdens. The survival curve was plotted according to
the humane endpoint.

Immunohistochemistry (IHC) Staining

Tissues were fixed in 10% neutral-buffered formalin.
Paraffin-embedded blocks were prepared and 5 pm-thick
sections were cut by Pathology Services Core at the University
of North Carolina-Chapel Hill (Chapel Hill, NC). Tumor
and lung tissues were stained with hematoxylin and eosin
(H&E). THC was performed as described previously.'230 The
antibodies used were as follows: TAB004 (OncoTAB), rabbit
anti-mouse CD8a antibody (#98941, Cell Signaling Techno-
logy), and HRP-conjugated secondary antibodies (Abcam).

Liver and Renal Toxicity Evaluation

The female MMT mice were grouped and treated as
described in the previous spontanecous MMT model. Sera
were collected 6 days after the first dose of T-cell i.v.
injection (early/acute toxicity) or at the humane endpoint
after 4 doses of T-cell injection (late toxicity from above),
and stored at —80°C. Sera were also collected from healthy
MUCI1.Tg mice (~20 wk of age) as normal controls. The
serum liver panel (test code: 60405) and renal panel (test
code: 60406) were analyzed by IDEXX BioAnalytics.

Clariom S Array

The female MMT mice were treated as described for an
early toxicity test. Briefly, 6 days after the first dose of T-cell i.v.
injection, tumors were resected from individual mice, and a
small fraction was immersed in RNAlater (Thermo Fisher
Scientific) and stored at —80°C. To perform gene-level expres-
sion profiling, total RNA was extracted and quality-checked.
Clariom S Assay Kit (Mouse) was purchased from Thermo
Fisher Scientific and the array was performed by Functional
Genomics Core at University of North Carolina-Chapel Hill.

Statistical Analysis

Data were analyzed using Prism (version 10; GraphPad
Software) and results were presented as mean * SD or
mean * SEM where indicated. Data were representative of
2 or more independent experiments.

RESULTS

Generation of Murine Mucin 1 Chimeric Antigen
Receptor T Cells

We constructed the murine CAR that specifically rec-
ognized human tMUCI. A schematic representation of
CAR is shown in Figure 1A. MUC1 CAR incorporated the
scFv motif derived from TAB004 with the murine CD28/
CD3( signaling domains, which was closely identical to the
human MUCI CAR except lacking Myc-tag.® The CAR
expression on mouse T cells was determined by its binding
to the synthesized peptide from the human MUCI core. The
peptide was tagged with biotin to its N-term (MUCI-bio-
tin); therefore, its capture by CAR was evidenced through
secondary binding with PE-conjugated streptavidin. We
labeled CAR expression as CAR-PE. The enriched T cells
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FIGURE 1. MUCT CAR expression in transduced murine T cells. A, Schematic of murine MUC1 CAR construct. TABO04 antibody derived
ScFv was incorporated in CAR construct for targeting tumor form of human MUCT (human tMUCT). B and C, MUCT CAR expression on
T cells. Mouse T cells were activated with anti-mouse CD3/CD28 beads for 3 days, followed by overnight CAR transduction with retrovirus
supernatant. CAR expression was detected 4 days after transduction. B, Mouse T cells were enriched from naive mouse spleens. C, Mouse
CD8* T cells were isolated from naive mouse spleens. The CAR expression was determined by flow cytometry analysis of biotinylated-
MUCT core peptide binding with transduced T cells. Cells were gated on the CD8* population. Dead cells were excluded by 7-AAD
staining. CAR indicates chimeric antigen receptor; MUC1, mucin 1; tMUCI, tumor form of mucin 1.

or isolated CD8" T cells from naive mice were activated for
3 days and then transduced with MUC1 CAR retrovirus
supernatant. Four days after virus transduction, there was
47.8% CAR expression on gated CD8" T cells (Fig. 1B) and
28.2% CAR expression on gated CD4" T cells (Supple-
mental Fig.1, Supplemental Digital Content 1, http://links.
lww.com/JIT/A813) when generated from enriched T cells.
Within the transduced T-cell population, CD4* T cells
accounted for ~8%-20% (data not shown). There was 38.1%
CAR expression on gated CD8% T cells when generated
from isolated CD8* T cells (Fig. 1C).

Mucin 1 Chimeric Antigen Receptor T Cells
Recognize Tumor Form of Human Mucin-1 and
Lyse Tumor Cells In Vitro

We first determined the percentages of human tMUCI-
positive cells in murine pancreatic and breast cancer cells.
Flow cytometry data depicted in Figure 2A, shows high
specific expression (> 90% of the cells) of tMUCI in KCM,
Panc02.MUCI1, Mtag.MUCI, and C57mg.MUCI cell lines
while their counterpart control cells were negative for
tMUC1. MUC1 CAR T cells generated from enriched T
cells were used for the following in vitro studies. The 8 cell
lines were cocultured with CAR T cells or mock T cells at
the indicated E:T ratios for 24 hours and 48 hours. A CAR
T-cell dose-dependent cytotoxicity was observed in all
tMUC-expressing tumor cell lines (Fig. 2B). Significant
lysis was observed at E:T ratio of 2:1 in 24-hour coculture
and even at E:T ratio as low as 1:1 in the 48-hour coculture
(Fig. 2B). Importantly, minimal tumor cell death was
observed in tMUCI-negative cell lines when coculture with
the same CAR T cells, suggesting the high tumor antigen
specificity of MUC1 CAR T cells. All lysis data presented
here was normalized to its own mock T-cell lysis. A nearly
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identical tumor cytotoxicity was found in MUC1 CAR T
cells generated using isolated CD8* T cells (Supplemental
Fig. 2, Supplemental Digital Content 1, http:/links.Ilww.
com/JIT/A813). Besides tumor cell lysis, the engagement of
CAR T cells with tMUC1-expressing tumor cells led to the
IFN-y (Fig. 3A) and IL-2 (Fig. 3B) production in an E:T
ratio-dependent manner.

The recognition of tMUCI1 on tumor cell surface fur-
ther activated MUC1 CAR T cells, as demonstrated by the
significant upregulation of PD-1 on CAR T cells at an E:T
ratio of 5:1 after 24-hour coculture with KCM or Mtag.
MUCI cells (Fig. 4A). This engagement of CAR T cells
with the tMUCI1 activated their cytotoxic activity and
caused upregulation of degranulation marker CD107a on
CAR T-cell surface (Fig. 4A), as well as increased granzyme
B release (Fig. 4B, right). Activated mouse T cells, irre-
spective of mock T cells or MUC1 CAR T cells, sponta-
neously produced some granzyme B without further antigen
stimulation (Fig. 4B). However, these low granzyme B—
producing cells were unable to induce tumor cell death
(Fig. 2B). The increases in PD-1 and CD107a expression on
CAR T cells were noticed as early as 4-hour coculture
(Supplemental Fig. 3, Supplemental Digital Content 1,
http://links.lww.com/JIT/A813). Compared with CAR T
cells, there was no increase in the expression of activation
markers (Supplemental Fig. 4, Supplemental Digital Con-
tent 1, http:/links.Iww.com/JIT/A813) and granzyme B
release (Fig. 4B, left) in mock T cells when cocultured with
tumor cells with or without tMUCI. In addition, there was a
significant loss of CAR™ population (likely CAR*PD-1%)
within MUC1 CAR T cells after repetitive tumor antigen
challenging through coculture with KCM cells. However,
those CAR T cells still maintained strong tumor lysis effi-
cacy (Supplemental Fig. 5, Supplemental Digital Content 1,
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FIGURE 2. Murine MUCT CAR T cells target tMUC1-expressing tumor cells for lysis in vitro. A, Percentage of cells expressing human
tMUCT, determined by TABOO4-Fluor 647 staining and flow cytometry analysis. KCKO and KCM, Panc02.Neo and Panc02.MUCT:
pancreatic cancer; Mtag and Mtag.MUCT1, C57mg and C57mg.MUCT1: breast cancer. The tMUCT1 null control cell lines were shown in
light gray histograms. B, Percentage of mouse tumor cell lysis by MUCT CAR T cells. CAR T cells and mouse tumor cell lines were
cocultured at the indicated E:T ratio for 24 hours and 48 hours. The lysis of tumor cells was determined by MTT assay. The calculation
formula for the percentage of lysis was: (OD of coculture with mock T-OD of coculture with CAR T)/OD of coculture with mock Tx100.
Data are presented as the mean + SD from quadruplicate. The statistical comparison was conducted between the MUCT1-expressing
tumor cell line versus its MUCT-null/low counterpart at the same E:T ratio. ***P <0.001, ****P <0.0001 (multiple unpaired t tests). CAR
indicates chimeric antigen receptor; MUCT, mucin 1; tMUCI, tumor form of mucin 1.

http://links.lww.com/JIT/A813). Taken together, we gen-
erated MUC1 CAR T cells that were highly specific against
tMUCT1-expressing pancreatic and breast cancer cells.

Mucin 1 Chimeric Antigen Receptor T Cells
Significantly Reduced KCM-Luc Tumor Growth
Within the Pancreas in an Immunocompetent
Mucin 1.Tg Syngeneic Orthotopic Model

PDA is a highly immunologic cold tumor and is resistant
to most treatments.’! To assess the in vivo efficacy of MUCI

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

CAR T cells on pancreatic tumor growth, we surgically injected
KCM cells that had been stably transfected with luciferase gene
for live in vivo tracking of tumor progression. The host MUCI.
Tg mice were immune-replete and expressed full-length human
MUCI to allow the growth of human MUCI1-expressing KCM
cells.2® Figure 5A shows the tumor growth for individual mice
through IVIS imaging. The bioluminescence intensity was
depicted as radiance (Fig. 5A, left panels). The total flux of
bioluminescence was quantified to represent the xenograft
tumor size. Overall, the tumor progression in CAR T-cell-
treated mice appeared slower (Fig. 5A, right panels), which was
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FIGURE 3. CART cells release cytokines while killing tMUCT1 -positive
tumor cells in vitro. A, IFN-y and (B) IL-2 release in supernatants after
coculture for 24 hours as described in Figure 2B. Cytokine levels were
determined by ELISA. Data are presented as the mean + SD. In any
cocultures with mock T cells, IFN-y level was undetectable and IL-2
was in the range of 10 to 20 pg/mL. The statistical comparison was
conducted between the MUCT-expressing tumor cell line versus its
MUCT-null/low counterpart at the same E:T ratio. ***P <0.001, ****P
<0.0001 (multiple unpaired t tests). CAR indicates chimeric antigen
receptor; ELISA, enzyme-linked immunosorbent assay; MUCT, mucin
1; tMUCI, tumor form of mucin 1.

also confirmed by their tumor wet weight reduction at the
endpoint (Fig. 5B). PDA tumors remained high levels of
tMUCT expression post-CAR T-cell treatment (Fig. 5C). The
treatment started when the tumor was already at a late stage
(day 8 after tumor challenge). By 21 days, these mice had to be
euthanized due to large tumors in the pancreas. Given it was
promising that a single dose of MUC1 CAR T cells was able to
reduce the tumor burden modestly but significantly, new com-
binations of immunotherapy with chemo/radiation are being
explored for future studies. To determine whether MUC1 CAR
T cells affected the host secondary lymphoid organs, spleens
were resected but their weights had no statistical difference
between the two groups (Fig. 5D). In addition, there was a trend
of body weight loss in mice receiving mock T cells, but not in
CAR T-cell-treated animals at the endpoint (Fig. 5E). This
weight loss was likely due to the illness of control mice that
developed large pancreas tumor burdens. All the animals sur-
vived till the experimental endpoint.

Given the aggressive nature of the orthotopic PDA
model, we focused on the rest of the in vivo studies using the
MMT mice.

Mucin 1 Chimeric Antigen Receptor T Cells Delay
Spontaneous MMT Breast Tumor Progression In
Vivo

To the best of our knowledge, this would be the first
MUCI1 CAR T-cell efficacy and toxicity evaluation using a
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spontaneous immune intact mouse model with appropriate
genetic and phenotypic heterogeneities and expressing a
human antigen, MUCI, in its entire normal epithelia. First,
we confirmed the presence of tMUCI in 2 fresh ex vivo
MMT tumors without treatment (Fig. 6A). The immuno-
competent MMT mice spontaneously develop multifocal
palpable mammary gland tumors at 10-12 weeks of age.Z
Therefore, starting at ~10-14 weeks of age, MMT mice
received MUC1 CAR T-cell treatment after lymphodeple-
tion with cyclophosphamide. Despite the variation in tumor
growth kinetics within each group (Fig. 6B), the tumor
progression in CAR T-cell-treated mice was dramatically
slower than those of age-matched control mice (Fig. 6B). All
MMT mice remained alive till their humane endpoint for
survival tracking and tissue collection. Their survival profile
is shown in Figure 6C. MUC1 CAR T-cell treatment sig-
nificantly prolonged the lifespan of tumor-bearing MMT
mice. The H&E staining of fixed lungs showed the presence
of multiple tumor metastasis in 3 out of 3 mice receiving
mock T cells, compared with only 1 out of 3 mice in those
receiving MUC1 CAR T cells with fewer lung metastasis
(Fig. 6D). The histology of resected tumors was compared
in Figure 6E. The H&E staining showed a distinct tumor
tissue morphology between mock T-cell-treated tumors and
CAR T-cell-treated tumors. While the MUC1 CAR T-
cell-treated tumors maintained a clear tissue and adeno-
carcinoma structure, the mock T-cell-treated tumor had a
massive undifferentiated-like structure. By IHC staining,
tMUCI1 was positive in both treatment groups detected by
TABO004 (Fig. 6E, middle panels). To assess the mechanism
of action, histologic analysis of T-cell infiltration into the
tumor was performed. There were sparse CD8* cells located
at the tumor margin area in the MUC1 CAR T-cell group,
but they were totally absent in the mock T-cell group
(Fig. 6E, bottom panels). Those areas with CD8™ staining
were quantitated (Fig. 6E, right). The presence of CD8"
cells within the MMT tumor led us to further evaluate the
persistence of MUCI CAR T cells using Mtag. MUCI cell-
injected TNBC model (Supplemental Fig. 6, Supplemental
Digital Content 1, http://links.lww.com/JIT/A813). From
the 6 time points of choice, the donor CAR T cells reached
the peak frequency at 24 hours in peripheral blood, at
24-48 hours in the spleen, and at 48 hours in the tumor. The
presence of the donor CAR T cells significantly dropped in a
week. Instead of completely disappearing, donor CAR T
cells resided in these selected tissues at very low frequencies.

Mucin 1 Chimeric Antigen Receptor T Cells Are
Well Tolerated in MMT Mice In Vivo

The liver and renal toxicity of MUCI CAR T-cell
treatment was evaluated in spontaneous MMT mice 6 days
after a single dose of CAR T-cell injection (early/acute
toxicity) or at the survival endpoint after 4 rounds of CAR
T-cell injections (late toxicity). First of all, there was no
mouse death before endpoint studies. Within the liver panel,
the only significance noticed was in creatine kinase
(Fig. 7A). The level of creatine kinase was lower in the mock
T-cell group from the survival study (mock-T, late) when
compared with normal MUC1.Tg group and to its respec-
tive CAR T-cell group. Within the renal panel, the changes
with significance were marked (Fig. 7B). Additional data
were provided in Supplemental Figure 7 (Supplemental
Digital Content 1, http:/links.lww.com/JIT/A813). As those
significant changes happened only between T-cell treatment
groups versus normal healthy control, this was very likely
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FIGURE 4. Engagement of CAR T cells with tMUC1 increases CD107a expression and granzyme B release in vitro. A, Significant increase
of PD-1 and CD107a on MUC1 CAR T-cell surface after recognizing tMUC1. CAR T cells were cocultured at an E:T ratio of 5:1 with the
indicated tumor cell lines for 24 hours. Cells were then stained for MUC1 CAR expression, as well as for PD-1 and CD107a expressions.
Data were analyzed by flow cytometry and gated on live CD8* T cells. B, Increase of granzyme B release from MUCT CAR T cells after
recognizing tMUCT. Culture supernatants from (A) were assayed for granzyme B level by ELISA. Data are presented as the mean + SD.
Left panel, mock T-cell coculture with tumor cell lines; right panel, MUC1 CAR T-cell coculture with tumor cell lines. Statistical analysis was
performed to compare granzyme B level difference between KCM and KCKO, and between Mtag.MUC1 and Mtag. *P <0.05, **P <0.01,
***P <0.001 (multiple unpaired t tests). CAR indicates chimeric antigen receptor; ELISA, enzyme-linked immunosorbent assay; MUCT,

mucin 1; tMUCI, tumor form of mucin 1.

due to disease progression in MMT mice, not due to inter-
ference by T cells. Most importantly, there was no sig-
nificant difference between the MUC1 CAR T-cell group
and their respective mock T-cell control, despite T-cell
treatment being acute or prolonged. The histologic evalua-
tion on liver and kidney tissues further demonstrated that
MUCI1 CAR T cells appeared safe to use in the immuno-
competent MMT mice (Supplemental Fig. 8, Supplemental
Digital Content 1, http:/links.lww.com/JIT/A813). The
body weights were monitored and no statistical significance
was noted for each individual MMT mouse over the T-cell

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

treatment period (Fig. 7C). Thus, overall, the MUC1 CAR
T cells were well tolerated in the immunocompetent human
MUCT-expressing spontaneous breast cancer model.

Mucin 1 Chimeric Antigen Receptor T Cells Alter
the Gene Landscape in Spontaneous MMT Mice
In Vivo

To reveal the underlying mechanism for MMT tumor
reduction by MUC1 CAR T cells in vivo, gene expression
profiling was conducted using a mouse Clariom S array
which was based on all known well-annotated genes. The
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mice from each group were used for sectioning and staining. D, The spleen wet weight of individual mouse at the endpoint. E, The body
weight change before and after T-cell treatment. No significance is observed between the mock-T group and the MUCT T-cell group. n =
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mucin 1; tMUCI, tumor form of mucin 1.

differential expression analysis identified 725 genes with
significance in MUC1 CAR T-cell-treated tumors when
compared with mock T-cell-treated tumors (Fig. 8). Those
differentially expressed genes in the CAR T-cell group
were input into ingenuity pathway analysis and then those
gene-associated top pathways were profiled as shown in
Figure 8A. It is interesting to note that multiple biosynthesis
pathways were on the list, as detailed in Figure 8A, which
probably changed the metabolism within the tumor micro-
environment. Another noticeable change was in the path-
ways involved in cell/tissue structure, including actin
cytoskeleton signaling pathway and remodeling of epithelial
adherens junctions, suggesting their role in tumor tissue
morphology change or tumor metastasis. Out of the 725
genes, selected genes were plotted as heatmap (Fig. 8B).
Those genes were involved in tumor cell signaling (Areg,
Cadml, Bmp8b), tumor metabolisms (Glul), tissue structure
(Dsg3), matrix protein regulation (Mmp8, Slpi), tumor
metastasis (/[20ra, Cd302), and cell infiltration and function
(810048, Cxcll5, H2-Bl). Furthermore, 610 out of 725 genes
were able to be compared with immunity pathway genes to
determine the immune responses altered by CAR T cells. In
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MUCI1 CAR T-cell-treated tumors, 53 out of 610 of the
differentially expressed genes were involved in immunity
pathways as outlined in Figure 8C.

DISCUSSION

We had discussed in our recent publications®!3 that
MUCI remains an excellent tumor-associated antigen for
developing CAR T-cell immunotherapies against solid
tumors, including TNBC and PDA in immunocompromised
NSG models. Here, we report the efficacy and toxicity of the
novel human MUCI-targeted murine CAR T cells in vitro
and in our unique human MUCI-expressing immuno-
competent PDA model and spontaneous breast cancer
model. This second-generation MUC1 CAR T-cell exhib-
ited potent tumor cytotoxicity in vitro, and their lysis of
tumor cells required the presence of tumor antigen tMUCI
(Fig. 2).

In vivo data show that the MUC1 CAR T-cell mod-
erately albeit significantly reduced PDA tumor growth in an
immunocompetent orthotopic mouse model (Fig. 5). This
moderate response was primarily because the KCM tumors

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 6. MUCT CAR T cells control spontaneous MMT tumor growth. A, The tMUCT1 expression in MMT tumors. Tumors from 2 female
MMT mice (~20 wk of age) were resected to make single-cell suspensions. Cell mixtures were cultured and attached for 2 days, and then
stained with TABOO4-Fluor 647 and analyzed for tMUCT level. B, Significantly delayed MMT tumor progression in MUC1 CAR T-cell-treated
mice. Female MMT mice at ~10-14 weeks of age were pooled and randomized into 2 treatment groups. All MMT mice received one dose of
cyclophosphamide (CTX, 1.5 mg per mouse, intraperitoneal injection) the day before T-cell adoptive transfer. The next day, the mock-T
group received i.v. injection of mock T cells (10x10° per mouse), and MUC1-T group received i.v. injection of murine MUC1 CAR T cells
(10x10¢ per mouse). Three additional T-cell injections at the same dose were administered at a 2-week interval afterward, with CTX
pretreatment the day before. Data show the tumor volume up to 22 weeks of age. The blue curve represents the average tumor volume of
live mice within the mock T-cell treatment group; the red curve represents the average tumor volume of live mice within the CAR T-cell
treatment group. n = 9 mice for mock T-cell group; n = 10 mice for the MUCT CAR T-cell group. Two experiments are conducted with one
representative data shown here. C, Improved survival in CAR T-cell group. The survival was monitored for mice from (B). All MMT mice
survived till their tumors reached the humane endpoint. Lungs (D) and tumors (E) were harvested at the endpoint from (B). n = 3 mice from
each group were used for sectioning and staining. D, Dramatic decrease of tumor-distant metastasis into the lung. Left, H&E staining of lung
sections. The black arrow points to the metastasis tumor. Magnification = x400. Right, the number of tumor metastasis in the lung. The
horizontal bar marks the mean value in each group. E, Top panels, tumor tissue morphology by H&E staining (x100). The boxed areas are
shown in x400 magnification. Middle panels, IHC staining for tumor MUC1 with TAB004 (x100, same area as for H&E). Brown staining
shows tMUCT1 positivity. Bottom panels, IHC staining for mouse CD8 T cells (x250). Brown staining shows CD8 positivity, as pointed out by
the black arrows. The number of distinct areas with CD8* staining is shown on the right scatter plot (P = 0.0782, unpaired t test). *P <0.05
(P = 0.0241, unpaired t test); ***P <0.001 (P = 0.0009, log-rank test); ****P <0.0001 (2-way ANOVA). ANOVA indicates analysis of variance;
CAR, chimeric antigen receptor; H&E, hematoxylin and eosin; i.p., intraperitoneal; i.v., intravenous; MUC1, mucin 1; tMUCI, tumor form of
mucin 1.

were too large by the time the treatment was started because We noticed that out of the 4 pairs of tumor cell lines,
of its aggressive growth kinetics within the pancreas. Thus, a Mtag. MUCI1 was highly sensitive to MUC1 CAR T-cell-
single dose of CAR T cells given as late intervention was induced lysis. Based on the upregulation of PD-1/CD107a
possibly not enough. Nevertheless, the fact that there was and the release of granzyme B/IFN-y/IL-2 in CAR T cells
any effect warrants further study for a disease that currently when cocultured with Mtag. MUCI cells, the high sensitivity
has very few treatment options. Another factor for incom- of Mtag. MUCTI cells to MUC1 CAR T-cell killing might be

plete eradication of the tumor could be the low “persistence” ascribed to its own intrinsic sensitive characteristics, which
of mouse CAR T cells in vivo. (Supplemental Fig. 5, Sup- would not cause strong immunogenic responses.
plemental Digital Content 1, http:/links.lww.com/JIT/ It was rather interesting to observe the distinct tumor

A813). Therefore, repeated infusions of CAR T cells may tissue morphology and CDS8 T-cell infiltration between
be needed, or combining with modality may improve effi- CAR T-cell-treated mice and mock-T-treated MMT mice.

cacy. We have identified a few candidates and, in the future, This might suggest the delayed tumor progression towards
we will continue to explore these target candidates, as well its advanced stages by MUCI1 CAR T cells. The mortality of
as chemo/radiation for combinations with CAR T cells. advanced breast cancer was closely associated with héns%

In the MMT model, we observed a significant and metastasis, which was previously considered incurable.’
sustained delay in mammary gland tumor progression It was highly encouraging that lung metastasis was reduced
(Fig. 6), prevented lung metastasis, and improved survival. in MUCI CAR T-cell-treated MMT mice (Fig. 6D), which
Importantly, there was negligible or no liver and kidney corresponded with better survival (Fig. 6C). Another
toxicity in MMT mice receiving up to 4 injections of MUCI1 promising aspect was the presence of CD8" T cells in CAR
CAR T cells, suggesting their safe use in vivo (Fig. 7). The T-cell-treated tumors even 4-5 weeks after the last T-cell
mice also showed no signs of weight loss or other adverse transfer. These persistent CD8* T cells within the tumor
health effects. We recognize it is possible that the marginal/ microenvironment might correspond with the overall slower
low toxicity might be partially due to the short persistence of growth of the primary MMT tumor and reduced metastasis.

mouse CAR T cells in vivo, nevertheless, given the efficacy The in vitro efficacy of MUC1 CAR T cells was highly
of the CAR T cells in the MMT mice, we consider the potent. However, although the in vivo tumor growth
treatment to be effective and safe in these conditions. and progression were decreased by CAR T cells, it was not
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FIGURE 7. MUC1 CAR T cells are well tolerated in spontaneous MMT mice. A and B, The mouse sera were collected to evaluate CAR T-cell
toxicity for liver panel (A) and renal panel (B) as described in “Materials and Methods.” Normal, sera from normal MUC1.Tg mice; n = 5.
Early, sera from spontaneous MMT mice 6 days after receiving one dose of T cells; n = 6 for each group. Late, sera from spontaneous
MMT mice at the survival endpoint as in Figure 6B; n = 5 picked from each group. The statistical comparison was performed between
normal and each T-cell treatment group, and between mock-T and MUC1-T at an early stage or at a late stage. The horizontal bar marks
the median value in each group. The legends for (A) and (B) are shared and shown at the bottom (A). C, No significant body weight
changes after T-cell treatment. Mice were the same as for (A and B) and no statistical difference was achieved. Left: mice were injected
with mock T cells or MUCT CART cells. Body weights were recorded right before T-cell injection (before injection) and on day 6 endpoint
(after injection). Right: mice were from Figure 6B and body weights were recorded during the T-cell treatment course. *P <0.05, **P
<0.01 (unpaired t tests). CAR indicates chimeric antigen receptor; MUC1, mucin 1. ALP, alkaline phosphatase; ALT, alanine amino-

transferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen.

completely eradicated. The short persistence of mouse
MUCI1 CAR T cells might be one of the limitations. Thus,
in MMT mice, multiple injections of MUC1 CAR T cells
were needed to stabilize the disease. This is different from
the human MUCI CAR T cells, in which a single dose was
already able to significantly reduce human TNBC tumor
progression in NSG mice for 81 days till their control group
reached a humane endpoint.® Future studies will focus on
improving the penetration of MUC1 CAR T cells to reverse
the scarcity of CAR T cells within the tumor micro-
environment. In clinic and preclinical models, lymphode-
pletion with cyclophosphamide improved CAR T-cell
expansion in the peripheral blood.*37 In this study, we
used cyclophosphamide to improve the acceptance of CAR
T-cell adoptive transfer. Neoadjuvant therapy or chemo-
therapies could be introduced to make the tumor inflamed
or leaky before MUCI CAR T-cell injection to improve
immune cell tumor infiltration. We are also exploring
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the combination of MUC1 CAR T cells with immune
checkpoint inhibitors to improve their intratumor activities.
Besides adding treatment frequency and boosting with
combination to improve CAR T-cell efficacy, the optimal
dosing schedule will also be taken into consideration. This
has been evidenced in a recent syngeneic mouse CAR-T
study, in which the efficacy of the same CAR T cells differed
significantly depending on their injection schedule post-
tumor cell inoculation.!

Based on gene profiling, MUC1 CAR T cells remod-
eled the tumor microenvironment in the spontaneously
arising MMT tumors (Fig. 8). Further analysis could reveal
other novel targets for combination treatments. MUCI
CAR T cells regulated a few biosynthesis pathways involved
in tumor metabolism, which overall might reduce tumor
growth. The 2 pathways for actin signaling and epithelial
adherens junction remodeling might explain the different
tissue morphology between CAR T-cell-treated tumors and

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 8. MUC1 CART cells regulate differential gene expression in spontaneous MMT mice. The tumors were collected from spontaneous
MMT mice 6 days after receiving only one dose of T cells; n = 5 tumor RNA samples for each group. The RNAs were isolated from whole tumor
tissues for the Clariom S Array. A, Top pathways affected by MUC1 CAR T cells. Differential expression analysis was conducted using limma
between the CAR T-cell group and the mock T-cell group. Genes with adjusted P value <0.05 were input into IPA to identify top-associated
pathways. In each pathway, the green bar shows the downregulated genes, whereas the red bar shows the upregulated genes. The numbers
of affected genes are labeled on the bars. B, Heatmap of selected genes of interest. C, Comparison of MUC1 CAR T-cell altered genes with
known immunity pathway genes. DEGs showed significant differences between the mock-T group and MUCT-T group; IPMs, immunity
pathway molecules. CAR indicates chimeric antigen receptor; DEGs, differential expression genes; IPA, ingenuity pathway analysis; MUC1,
mucin 1. BMP, bone morphogenetic protein; FXR, farnesoid X receptor; LPS, lipopolysaccharide; LXR, liver X receptor; NRF-2, nuclear factor
erythroid 2-related factor 2; RXR, retinoid X receptor; TGF, transforming growth factor.

mock T-cell-treated tumors, as well as the lower tumor
metastasis (Fig. 6). Gene profiling study was conducted 1
week post-MUCI CAR T-cell treatment. Further study is
under consideration to compare the change of gene land-
scape with different durations of CAR T-cell treatment in
the spontaneous MMT model, which might also help iden-
tify novel candidates for combinations with MUC1 CAR T
cells to further improve efficacy.

CONCLUSION

Our data complement other promising studies using
CAR T cells directed aigainst other MUCI epitopes, as
well as MUCI Tn.3% 4l Our studies go beyond those
studies by using the appropriate MMT mouse model and
the orthotopic late-stage PDA model. These compre-
hensive studies in immunocompetent appropriate mouse
models are critical for the transition of tMUCI1-targeted
CAR T-cell therapy into the clinic. The MUC1 CAR T

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

cells effectively and safely target human tMUCI in breast
cancer and PDA. This is highly applicable to the majority
of solid tumors, which are epithelial malignancies and
express tMUCI. The strategies to improve the efficacy of
MUCI1 CAR T-cell and to find its optimal combinations
are under exploration.
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