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Abstract Chimeric antigen receptor-modulated T lympho-
cytes (CAR-T) have emerged as a powerful tool for arousing
anticancer immunity. Endogenous ligands for tumor antigen
may outperform single-chain variable fragments to serve as
a component of CARs with high cancer recognition efficacy
and minimized immunogenicity. As heterodimerization and
signaling partners for human epidermal growth factor recep-
tor 2 (HER2), HER3/HER4 has been implicated in tumori-
genic signaling and therapeutic resistance of breast cancer.
In this study, we engineered T cells with a CAR consisting
of the extracellular domain of heregulin-1p (HRG1p) that is
a natural ligand for HER3/HER4, and evaluated the specific
cytotoxicity of these CAR-T cells in cultured HER3 positive
breast cancer cells and xenograft tumors. Our results showed
that HRG1B-CAR was successfully constructed, and T cells
were transduced at a rate of 50%. The CAR-T cells spe-
cifically recognized and killed HER3-overexpressing breast
cancer cells SK-BR-3 and BT-474 in vitro, and displayed
potent tumoricidal effect on SK-BR-3 xenograft tumor
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models. Our results suggest that HRG1p-based CAR-T
cells effectively suppress breast cancer driven by HER fam-
ily receptors, and may provide a novel strategy to overcome
cancer resistance to HER2-targeted therapy.
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Abbreviations

ALL Acute lymphoblastic leukemia

ARIA Acetylcholine receptor-inducing activity

CFSE Carboxyfluorescein succinimidyl ester

CLL Chronic lymphocytic leukemia

EGF Epidermal growth factor

HRG Heregulin

HUVEC  Human umbilical vein endothelial cell

NDF Neu differentiation factor

NRG Neuregulin

PI Propidium iodide

PVDF Polyvinylidene fluoride

gRT-PCR Quantitative real-time polymerase chain
reaction

RT Room temperature

SEM Standard error of mean

SiRNA Small interfering RNA

SMDF Sensory and motor neurons induced factor

Introduction

Adoptive immunotherapy has showed broad potential in
cancer treatment in the past 30 years. In particular, T lym-
phocytes genetically engineered to express chimeric antigen
receptors (CARs) specific for a tumor associated antigen
(TAA) have demonstrated spectacular antitumor activity
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in clinical studies, especially for hematological malignan-
cies, such as chronic lymphocytic leukemia (CLL) and acute
lymphoblastic leukemia (ALL) [1-4]. Although the findings
for CAR-T therapy in solid tumors are less persuasive, new
targets for solid tumors are being tested for CAR-T therapy
in pre-clinical and clinical trials [5-7]. The basic design of
CARs is composed of an extracellular antigen recognition
domain, typically a single-chain variable fragment (scFv),
linked to an intracellular signaling module that includes
CD3C chain to induce T-cell activation upon antigen bind-
ing. To enhance efficacy and longevity of CAR-T cells,
the construct can be further modified. Second-generation
and third-generation CARs are engineered to additionally
express one or two costimulatory signaling domains, such
as CD28, 4-1BB or OX40. Fourth-generation CARs have
incorporated cytokines or costimulatory ligands to further
improve their antitumor capability [8—10]. As the basic com-
ponent of CARs, scFv is constructed by cloning the variable
heavy and variable light chains of an antigen-specific mono-
clonal antibody to enable antigen recognition [11]. However,
scFvs do not represent the sole option for antigen binding
of CARs.

Heregulin (HRG) is a soluble secreted growth factor, also
known as neuregulin (NRG), sensory and motor neurons
induced factor (SMDF), Neu differentiation factor (NDF),
glial growth factor (GGF), and acetylcholine receptor-induc-
ing activity (ARIA) [12]. The HRG gene family consists of
four members, HRG-1, HRG-2, HRG-3 and HRG-4. At least
15 different HRG isoforms are encoded due to alternative
splicing. HRGs contain an epidermal growth factor (EGF)-
like sub-domain, which binds to the HER3/4 receptors and
induces heterodimerization between members of the HER
tyrosine kinase receptor family. The follow-up signaling
leads to cell proliferation, invasion, survival and differen-
tiation of normal and malignant tissues. Due to its higher
receptor affinity, the f isoform of HRG1 is considered to be
a potential therapeutic target in HER3/4 positive tumors.
In this study, we construct a second-generation CAR con-
taining the extracellular domain of HRG1p and the fused
4-1BB/CD3{ endodomains to achieve full T-cell activation.
The antitumor activity of HRG1p-CAR-T cells was further
validated in HER3-overexpressing breast cancer cell lines
and xenograft models.

Materials and methods

Cell culture

The human breast cancer cell lines MDA-MB-468, SK-BR-3
and BT-474, an immortalized mammary epithelial cell line,

MCF-10A, a normal liver cell line, LO2 (hepatocyte), and
human embryonic kidney (HEK) 293T cells were obtained
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from the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). Human umbilical vein endothe-
lial cells (HUVECs) were isolated from the umbilical cord
and cultured in EBM-2 media (Lonza, Basel, Switzerland).
MCF-10A cells were grown in MEGM media (Lonza)
with 100 ng/mL cholera toxin (Sigma-Aldrich, St. Louis,
MO, USA). MDA-MB-468 cells were cultured in complete
medium composed of Leibovitz’s L-15 (Life Technologies,
Carlsbad, CA, USA) and 10% FBS (Life Technologies).
L-02, SK-BR-3 and BT-474 cells were cultured in RPMI
1640 medium (Life Technologies) supplemented with 10%
FBS. SK-BR-3-luciferase cells were generated by infection
of cells with luciferase-expressing recombinant lentiviruses
(GeneChem, Shanghai, China). HEK-293T and SK-BR-3-Iu-
ciferase cells were maintained in DMEM (Life Technolo-
gies) supplemented with 10% FBS.

PBMC isolation and T-cell magnetic bead separation

Blood samples were obtained from healthy volunteers under
an institutional review board-approved protocol. PBMCs
were isolated by low-density centrifugation on Lymphoprep
(Dakewei, Beijing, China), and cultured with LEAF™ Puri-
fied anti-human CD3/CD28 (BioLegend, San Diego, CA,
USA) in SuperCulture™ L500 (Dakewei), 100 IU/mL IL-2
(PeproTech, Rocky Hill, NJ, USA) for 3 days. T cells were
negatively purified by MojoSort™ Human CD3 T-Cell Iso-
lation Kit (BioLegend). Purified T cells were maintained
in the above medium, with the addition of 100 IU/mL IL-2
every other day.

Construction of a plasmid carrying the HRG18-CAR

The sequence of HRG1B-CAR was synthesized by Sangon
Biotech (Shanghai, China). It consisted of a kozak sequence,
human CD8a signal peptide, human HRG1f extracellular
domain, human CD8« hinge and transmembrane domains,
and 4-1BB and CD3{ cytoplasmic domains. Primers used
for the PCR amplification were as follows: Forward-BamHI:
5-TTTGGATCCCGCCACCATGGCCTTACCAGTGAC
-3', reverse-EcoR1: 5'-TTTGAATTCTTAGCGAGGGGG
CAGGGCCTGCAT-3". The full-length DNA was ligated
into the pPENTR3C plasmid (Invitrogen, Carlsbad, CA,
USA) and recombined into the lentiviral vector pLenti6.3/
V5-DEST (Invitrogen) by Gateway® LR Clonase® Enzyme
Mix (Invitrogen).

Lentivirus production and cell infection

Lentiviral particles were produced by transfecting HEK-
293T cells with the lentiviral expression plasmid and the
packaging plasmids. Briefly, HEK-293T cells were seeded
into a 100 mm dish, and Lipofectamine 2000 (Invitrogen)
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was used according to the manufacturer’s instructions. The
following amounts of DNA per 100 mm dish were used:
12 pg of HRG1p-CAR transgene plasmid, 3 pg of pMD2.G
plasmid (Invitrogen), and 9 pg of packaging psPAX2 plas-
mid (Invitrogen). Two collections of viral supernatant were
made 48 and 72 h after transfection. After filtering the col-
lections through a 0.45-pm filter, virus-containing superna-
tant was concentrated by PEG-8000 (Sigma-Aldrich) and
frozen at — 80 °C for later use.

HEK-293T cells were seeded in a 6-well plate and
incubated with lentiviral supernatant at the confluence of
50%. Cells were collected after 48, 72 h for flow cytometry
analysis and western blotting to examine the efficiency of
infection. Purified and activated CD3-positive T cells were
incubated with lentiviral supernatant in a 12-well plate, and
centrifuged at 2000 rpm for 2 h. Cells were collected and
subjected to further expansion and functional assays.

Western blot analysis

Cells were washed in phosphate buffered saline (PBS) twice
before proteins were extracted. Proteins were separated on a
SDS/PAGE gel, transferred onto a polyvinylidene fluoride
(PVDF) membrane and subjected to immunoblot analysis.
Blotting was performed using antibodies targeting CD3{
(Sigma-Aldrich), HER3 (Cell Signaling Technology, Dan-
vers, MA, USA), B-actin (Sigma-Aldrich). Goat anti-rabbit
and goat anti-mouse immunoglobulin horseradish peroxi-
dase-linked F(ab), fragments (JingCai, Xi’an, China) were
used as secondary antibodies.

Flow cytometry

HRG1p-CAR-T cells were detected by staining with rabbit
anti-human HRG1 antibody (Abnova, Taibei, China) and
PE-conjugated donkey anti-rabbit IgG (BioLegend) as a sec-
ondary antibody. Cell lines were labeled with anti-CD3-PE,
anti-CD69-PE, anti-CD4-FITC, anti-CD8-FITC, anti-HER2-
PE, anti-HER3-PE (BioLegend), and anti-HER4-PE (R&D
Systems, Minneapolis, MN, USA) mAbs and examined
using a FACS scan flow cytometer (Beckman Coulter, Brea,
CA, USA). Matched isotype control antibodies were used
in all analyses. For assays of T-cell cytotoxicity, target cells
were subjected to carboxyfluorescein succinimidyl ester
(CFSE) and propidium iodide (PI, BioLegend) double stain-
ing and flow cytometry analysis. Briefly, tumor cells were
collected and incubated with 5 uM/L CFSE at 37 °C, keep-
ing protected from light for 20 min. RPMI 1640 medium was
then added to the cells and incubated at 37 °C for 10 min
followed by centrifugation at 1000 rpm for 5 min. Labeled
target cells were mixed with effector cells at indicated E:T
ratios. After 4-h incubation, cells were stained with PI and
analyzed by flow cytometry. The mean percentage of specific

lysis of triplicate replicates was calculated via the follow-
ing formula: Cytotoxicity (%) = 100 x [Dead target cells
in the sample (%) — Spontaneous dead target cells (%)]/
[100 — Spontaneous dead target cells (%)].

Enzyme-linked immunosorbent assay (ELISA)

1 x 10° HRG1B-CAR-T cells were co-incubated with MDA-
MB-468, SK-BR-3, BT-474 cells in 96-well flat-bottom for
24 h. IFN-y and IL-2 in culture supernatants were measured
using an ELISA kit (Dakewei). The optical absorbance of
the samples was measured at 450 nm using a microplate
reader (Bio-Rad, Hercules, CA, USA).

Small interfering RNA (siRNA) transfection
and quantitative RT-PCR

HER3-targeting and negative control siRNAs were obtained
from GenePharma (Shanghai, China): negative control sense
5'-UUCUCCGAACGUGUCACGUTT-3' and antisense
5-ACGUGACACGUUCGGAGAATT-3’, si-508 sense
5'-GUGGAUUCGAGAAGUGACATT-3' and antisense
5'-UGUCACUUCUCGAAUCCACTT-3, si-1311 sense
5'-GCAACAUUGAUGGAUUUGUTT-3' and antisense
5'-ACAAAUCCAUCAAUGUUGCTT-3', si-1825 sense
5'-CUUGUCCUGUCGAAAUUAUTT-3' and antisense
5'-AUAAUUUCGACAGGACAAGTT-3". Each siRNA was
used for transfection of cells at a concentration of 50 nM.
Total RNA was extracted from cells using TRIzol reagent
(Sigma-Aldrich) according to the manufacturer’s protocol.
Reverse transcription was performed using PrimeScript™
RT Master Mix (Takara, Shiga, Japan), and cDNAs were
amplified and detected using FastStart Universal SYBR
Green Master (Roche, Basel, Switzerland). B-actin was used
to normalize the quantitative real-time polymerase chain
reaction (QRT-PCR) data. The following primers were used
for qRT-PCR amplification: 5'-TGCAGTGGATTCGAG
AAGTG-3" and 5-GGCAAACTTCCCATCGTAGA-3' for
HER3, 5'"-TGGCATCCACGAAACTACC-3' and 5'-GTG
TTGGCGTACAGGTCTT-3' for pB-actin.

Xenograft tumor models and treatment

The protocol for animal study was approved by the Eth-
ics Committee of the Fourth Military Medical University
(Xi’an, China). Athymic Balb/c nude mice (5-6-weeks-old,
female) were randomly assigned into two groups; ten million
SK-BR-3 tumor cells with matrix were injected subcutane-
ously into the right back near the thigh of nude mice, fol-
lowed by tail intravenous treatment with 1 x 107 control or
HRG1B-CAR-T cells on days 7, 14, 21. Tumor diameter was
measured with a Vernier caliper 7 days after injection and
recorded every other week. Tumor volume was calculated as
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the 1/2 x (Iength X Widthz), where the length and width are
the longest and shortest axes in millimeters. Animal survival
was recorded and plotted, or alternatively, mice were killed
and tumors were excised for further analysis. For biolumi-
nescent imaging of in vivo tumors, athymic Balb/c nude
mice (5-6-weeks-old, female) received injection of 6 X 10°
luciferase-expressing SK-BR-3 cells with matrix as afore-
mentioned, followed by tail intravenous treatment with PBS,
1 x 107 control T cells or HRG1B-CAR-T cells on day 14.
Mice were injected intraperitoneally (i.p.) with 150 mg/kg
p-luciferin (Gold Biotechnology, St. Louis, MO, USA) and
images were acquired 10 min later using Xenogen IVIS®
Lumina II and Living Image 4.3.1 software (Caliper Life
Sciences, Hopkinton, MA, USA). At the 35th day, all mice
were killed, and tumors were excised for further analysis.

Immunohistochemistry (IHC)

The streptavidin-peroxidase (SP) method was used to detect
the infiltration of T cells in breast cancer samples by immu-
nohistochemistry. Briefly, tissues were sectioned, treated
with 3% H,0,, and then incubated in 5% rabbit serum.
Primary rabbit anti-human CD3 (Maixin Biotech, Fuzhou,
China) was added to serial tissue sections and incubated at
room temperature (RT) for 60 min, followed by incubation
with a biotin-labeled secondary antibody at RT for 30 min.

BamH1  Antigen binding domain

SP complex was added and then DAB-H,0, was used for
color development before microscopy.

Statistical analysis

All data are expressed as mean =+ standard error of mean
(SEM) (n > 3). Data were analyzed using GraphPad Prism
version 5.00 for Windows. Student’s ¢ test was used to evalu-
ate differences between paired groups, Differences at P val-
ues < 0.05 were considered statistically significant.

Results

Construction and transient expression of HRG1p-CAR
in HEK-293T cells

The HRG1p-CAR consists of a signal peptide leader
sequence of CD8a (SP), the extracellular binding domain
of HRG1p, the hinge spacer and the transmembrane region
of CD8a, the costimulatory molecule 4-1BB intracellu-
lar domain and the CD3( signaling moieties (Fig. 1a).
The full-length DNA was ligated into pENTR3C, and
recombined with pLenti6.3/V5-DEST. The resultant DNA
constructs were verified by restriction digest and aga-
rose gel electrophoresis (Fig. 1b). HEK-293T cells were
infected with the lentiviral supernatant and the expression

Signaling domain Ech1

HRG1B CD8a || CD8a
CD8a SP ECD Hinge ™ 4-1BB | CD3¢ ICP
Kozak
b c

9387bp

2723bp
1312bp

Fig. 1 Construction and transient expression of HRGI1B-CAR in
HEK-293T cells. a Lentiviral vector construct of HRGIB-CAR.
SP signal peptide, ECD extracellular domain, 7M transmembrane
portion, ICP intracellular portion. b Agarose gel electrophoresis
of PCR and restricted DNA products. Left M, 1 kb DNA marker,
right M, DL5000 DNA marker, lane 1, two restricted DNA prod-
ucts: pLenti6.3/V5-DEST plasmid (9387 bp) and HRGIB-CAR
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of HRG1B-CAR was examined. Approximately 90% of
HEK-293T cells expressed HRG13-CAR after infection
(Fig. 1c). Western blotting using an anti-CD3{ antibody
detected an approximately 47 kDa protein (Fig. 1d), sug-
gesting the successful expression of the chimeric pro-
tein in HEK-293T cells transduced with HRG1p-CAR
constructs.

Expression of HRG1B-CAR in activated T lymphocytes

PBMCs were isolated from healthy volunteers’ blood, and
analyzed via flow cytometry. The percentage of CD3-
positive cells was 56.4%, while CD4 and CD8-positive
T cells were 29.1 and 27.5%, respectively. After 1-week
culture, the percent of CD3-positive cells was increased
to about 74% (Fig. 2a). T cells were obtained from PBMC
by magnetic bead separation. One week after culture in
the presence of anti-CD3/CD28 antibodies, 90% of the
sorted cells are CD3-positive, while 35% cells expressed
the antigen of activated T cells, CD69 (Fig. 2b). T cells
were infected with the lentiviral vector containing the
HRGI1B-CAR construct. As a result, approximately 50%
of T cells expressed HRG1p-CAR as determined by fluo-
rescence-activated cell sorting (FACS) analysis (Fig. 2¢),
suggesting the successful generation of HRG1p-CAR-
modulated T cells.

Specific lysis of HER3-positive breast cancer cells
by HRG1p-CAR-T cells in vitro

HRGI1 is an endogenous ligand for HER3 and HER4 recep-
tors. The expression of different HER family of receptors in
breast cancer cell lines was examined by flow cytometry. The
results show that SK-BR-3 and BT-474 cell lines expressed
high level of HER2 and HER3, but low level of HER4, while
none of these HER family members was detected on the
surface of MDA-MB-468 cells or 3 non-malignant cell lines
(Fig. 3a and Supplementary Fig. 1). Thus, these cells can be
used for the examination of specific targeting and cytoly-
sis by HRG1B-CAR-T cells. To determine whether T cells
expressing HRG1B-CAR were activated by and cytotoxic
to breast cancer cells expressing HER3, we co-incubated
CAR-T cells with cells overnight and measured the secretion
of cytokines IFN-y and IL-2. CAR-T cells co-incubated with
SK-BR-3 and BT-474 cells, but not HER3-negative MDA-
MB-468 or MCF-10A cells produced high levels of IFN-y
and IL-2 when compared with control T cells (Fig. 3b).
Next, we evaluated the cytotoxicity of HRG1p-CAR-T cells
against HER3-positive tumor cells using CFSE/PI double
staining. As a result, these CAR-T cells specifically lysed
HERS3-positive SK-BR-3 and BT-474 cells, but not HER3-
negative cells (Fig. 3¢ and Supplementary Fig. 1).

To further verify the specific HER3 targeting by HRG1p-
CAR-T cells, we knocked down HER3 in SK-BR-3 and
BT-474 cell lines. Both mRNA and protein expression levels
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Fig. 2 Expression of HRG1B-CAR in activated T lymphocytes. a
PBMCs were isolated from healthy volunteers’ blood. After isola-
tion, cells were labeled with anti-CD3-PE, anti-CD4-FITC, anti-CD8-
FITC, and detected by flow cytometry. b CD3-positive T cells were
obtained from PBMC by magnetic bead separation, 1 week after anti-
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CD3/CD28 activated culture, and were subjected to flow cytometry
analysis. ¢ Expression of HRG1p was detected by flow cytometry in
activated T-lymphocytes transduced with HRG13-CAR. Data are rep-
resentative of PBMCs from five donors
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10A, were stained, respectively, with monoclonal antibodies specific
for the HER2/HER3/HER4 antigen and analyzed by flow cytometry.
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of HER3 were significantly downregulated by synthesized
siRNAs (Fig. 4a—c). The cytotoxicity of CAR-T cells to
HER3-positive target cells was improved with the increas-
ing E:T ratios (Fig. 4d). HER3 silencing reduced the kill-
ing of these target cells by HRG1B-CAR-T cells to a level
comparable to the non-specific cytolysis by control T cells
(Fig. 4d). These data suggest that HRG1p-CAR-T cells are
a potent killer for HER3-overexpressing breast cancer cells.

HRG18-CAR-T cells exert antitumor activity in vivo

To evaluate the antitumor ability of HRG1p-CAR-T cells
in vivo, we generated a xenograft tumor model via inocu-
lation of nude mice with SK-BR-3 cells. The intravenous
infusion of CAR-T but not control T lymphocytes signifi-
cantly suppressed tumor growth (Fig. 5a—c), and prolonged
the survival of tumor-bearing animals (Fig. 5d). In paral-
lel, bioluminescent imaging of xenograft breast carcinoma
derived from luciferase-expressing SK-BR-3 cells showed
shrinkage of tumors upon intravenous administration of
HRG1B-CAR-T cells but not control T cells or PBS (Fig. Se,
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specific killing of target cells by control T or HRG1B-CAR-T cells
was determined using CFSE/PI double staining at the indicated E:T
ratio. Data are represented as the mean + SEM of n = 3 replicates
or representative of three independent experiments from three donors.
**P < 0.01, ***P < 0.001 (Student’s 7 test)

f). Immunohistochemical analysis revealed apparent infiltra-
tion of CD3-positive T cells in the tumor tissues in mice
receiving treatment with CAR-T cells (Fig. 5g). These
results indicated that HRG1p-CAR-T cells specifically tar-
get and significantly repress HER3-positive tumors in vivo.

Discussion

CAR-T cells recognize the target antigen through the antigen
binding domain and are activated independently of major
histocompatibility complex (MHC) presentation, thereby
overcoming the immune escape of tumor cells caused by
declined expression of HLA [13, 14]. Despite the accumulat-
ing reports on CAR-T-cell therapy targeting various antigens,
e.g., CD19 and CD20, the inadequate tumor specificity of
targeted antigens has frequently led to the immune toxicity
and off-target effects of CAR-T cells [15, 16]. Here, we gen-
erated HER3/HER4-targeting CAR-T cells using HRG1,
an endogenous ligand for these tumorigenic receptors. As
expected, the resulting CAR-T cells effectively recognized
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Fig. 4 HER3 knockdown confers resistance of breast cancer cells
to cytolysis by HRG1B-CAR-T cells. a—¢ SK-BR-3 cells were trans-
fected with indicated siRNAs, and subject to qRT-PCR (a), western
blotting (b) and flow cytometry (c) analysis. d Lysis of target cells by

and lysed HER3-positive breast cancer cells in vitro and in
a xenograft tumor model. Unlike a majority of CARs based
on antibody recognition of tumor cells, we utilized a natural
ligand for tumor antigens, which warrants a high affinity to
malignant cells in the tumor environment, as well as mini-
mized immunogenicity of the chimeric proteins compared
with humanized scFvs [17, 18].

HER2 represents the most important biomarker for
approximately 25% of breast cancers. HER2 forms heterodi-
mers with HER3 or HER4 to activate downstream signaling
that drives carcinogenesis and maintains the malignant phe-
notypes of cells [19, 20]. The past decades has witnessed the
development and successful application of HER2-targeted
therapeutics, e.g., the humanized monoclonal antibody, tras-
tuzumab, and tyrosine kinase inhibitors exemplified by lapa-
tinib. Unfortunately, cancer resistance to these drugs almost
inevitably arises due to mutation of this oncogenic protein
or activation of alternative growth factor receptor pathways,
thereby becoming the major limitations for HER2-based
treatment. To this end, targeting the mandatory partners for
HER?2 signaling may provide effective approaches to circum-
venting cancer resistance to the aforementioned therapeutics.
HER3 expression was found in 20% breast cancers and is
highly relevant to HER2, qualifying HER3 as alternative

control T or HRG1B-CAR-T cells after 4-h incubation at increasing
E:T ratios. Data are represented as the mean + SEM of n = 3 repli-
cates or representative of three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001 (Student’s 7 test)

therapeutic targets for HER2-positive neoplasm [21]. Thus,
we generated CAR-T cells to target HER3 and demonstrated
the efficacy of these cells to fight HER2-positive breast
malignancies. Nevertheless, further studies are required to
determine whether these CAR-T cells are cytotoxic to breast
cancers refractory to HER2-targeted therapy and whether
they display synergistic anticancer capabilities.

HRGs are well-characterized endogenous ligands for
HER3 and HER4 in various tissues. There are four structur-
ally related genes encoding HRGs such as HRG1, HRG2,
HRG3, and HRG4, of which HRGI1 has been intensively
studied [22]. Of the HRG-1 isoforms which are subdivided
into three groups (types I, II, and III), the a and  isoforms
both bind to the ErbB3 and ErbB4 receptors, while the y var-
iant does not bind or activate the receptors. HRG1f shows
higher receptor affinity than HRGla [23]. In the present
study, the extracellular domain of HRG1f was used as the
binding domain of CAR targeting HER3. Compared with
previous reports of HRG-based first generation CARs [24,
25], we created here CARs containing 4-1BB in the cyto-
plasmic domain, which is capable of delivering a costimula-
tory signal and hopefully improving the in vivo expansion
and persistence of the transfected T cells. In addition, we
transduced T cells with both cytokine-secreting CD4 and
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Fig. 5 T-lymphocytes expressing HRGI1p-CAR exert antitumor
activity in vivo. a—¢ Nude mice (n = 10) were injected subcutane-
ously with SK-BR-3 cells in the right back to form xenograft tumors,
followed by random grouping and weekly tail vein administration of
control or HRG1B-CAR-T cells. Tumor volume was monitored and
plotted (a). Mice were killed on day 42, and tumors were excised and
weighed (b, ¢). d Xenograft tumors were established and mice were
treated as described in (a—c, n = 6 for each group). The survival of
mice was monitored and plotted. e-g Nude mice were inoculated with

the cytotoxic CD8 populations, which will synergistically
achieve full T-cell activation and exhibit persistent suppres-
sion on HER3-positive breast carcinoma.

The appropriate balance of efficacy and safety profiles is
the main concern of CAR-T immunotherapy [9]. While the
expression of HER3 in a variety of malignancies may war-
rant a wide applicability of heregulin-based CAR-T cells,
further investigations are needed to define whether these
CAR-T cells exhibit a common cytolytic activity on can-
cers overexpressing different homodimers or heterodimers
formed by HER3 or HER4 [12, 26]. To this end, Davies
et al. achieved flexible targeting of ErbB dimers that drive
tumorigenesis using a promiscuous ErbB ligand, T1E [27].
The expression of HER3 in some normal tissues also raised
the safety issue of CAR-T cells using heregulin as a recogni-
tion ligand [26]. Although our study using xenograft breast
cancer models detected no obvious cytotoxicity on normal
tissues probably due to a relatively low expression of HER3/
HERA4 or the lack of cross-binding of murine receptors by
human heregulin, it is still possible that these CAR-T cells
are also detrimental to normal tissues. Strategies including

@ Springer

PBS Control T HRG1-CAR-T

SK-BR-3 cells expressing luciferase (n = 3 for each group), followed
by tail intravenous treatment with PBS, control T and HRG1p-CAR-T
cells on day 14. Bioluminescent imaging was performed on indicated
days (e), and region-of-interest (ROI) bioluminescence emission
measurement was calculated for each group (f). Mice were killed on
day 35, and tumors were excised, sectioned and subject to immuno-
histochemical staining for CD3 (g). The numbers of CD3-positive
cells in 9 independent microscope fields were plotted. Magnification,
x400. Scale bar = 100 pm. *P < 0.05, **P < 0.01 (Student’s ¢ test)

the generation of switchable dual-receptor CAR-T cells or
induced homing of CAR-T cells to the tumor loci are ben-
eficial to improving the specificity of these engineered T
cells [28, 29]. Nevertheless, the present study provides novel
strategies to suppress breast cancers driven by HER family
receptors.
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