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Abstract

Purpose: Metastasis to the brain from breast cancer remains a

significant clinical challenge, andmaybe targetedwithCAR-based

immunotherapy. CAR design optimization for solid tumors is

crucial due to the absence of truly restricted antigen expression

and potential safety concerns with "on-target off-tumor" activity.

Here, we have optimized HER2-CAR T cells for the treatment of

breast to brain metastases, and determined optimal second-gen-

eration CAR design and route of administration for xenograft

mouse models of breast metastatic brain tumors, including mul-

tifocal and leptomeningeal disease.

Experimental Design:HER2-CAR constructs containing either

CD28 or 4-1BB intracellular costimulatory signaling domains

were compared for functional activity in vitro by measuring

cytokine production, T-cell proliferation, and tumor killing capac-

ity.We also evaluatedHER2-CAR T cells delivered by intravenous,

local intratumoral, or regional intraventricular routes of admin-

istration using in vivo human xenograft models of breast cancer

that have metastasized to the brain.

Results: Here, we have shown that HER2-CARs containing the

4-1BB costimulatory domain confer improved tumor targeting

with reduced T-cell exhaustion phenotype and enhanced prolif-

erative capacity compared with HER2-CARs containing the CD28

costimulatory domain. Local intracranial delivery of HER2-CARs

showed potent in vivo antitumor activity in orthotopic xenograft

models. Importantly, we demonstrated robust antitumor efficacy

following regional intraventricular delivery of HER2-CAR T cells

for the treatment of multifocal brain metastases and leptome-

ningeal disease.

Conclusions: Our study shows the importance of CAR design

in defining an optimized CAR T cell, and highlights intraventric-

ular delivery of HER2-CAR T cells for treating multifocal brain

metastases. Clin Cancer Res; 24(1); 95–105. �2017 AACR.

Introduction

Breast cancer is the most commonly diagnosed cancer in wom-

en, with over 40,000 expected to die from advanced metastatic

disease in 2017 (1). Approximately 20% to 25% of breast cancers

overexpressHER2 (2),which is an established therapeutic target of

both mAbs and receptor tyrosine kinase inhibitors. With the

advent of effective mAbs directed against HER2, the median

overall survival of patients with metastatic HER2þ breast cancer

has improved (3). However, management of metastatic disease in

the brain and/or central nervous system (CNS), observed in up to

50% of HER2þ breast cancer patients, continues to be a clinical

challenge in large part due to the inability of mAbs to sufficiently

cross theblood–brainbarrier. Although small-molecule inhibitors

ofHER2exist andhavebeen clinically approved, their single-agent

efficacy in the context of metastatic disease to the brain has been

limited (4, 5). While HER2-targeted therapy in combination with

conventional agents has shown some promise for the treatment of

patients with metastatic breast cancer, control of brain metastases

remains a significant unmet clinical need, asmost patients survive

less than 2 years following CNS involvement. Recent advances in

cellular immunotherapy approaches have underscored the poten-

tial for potent antitumor immune responses and clinical benefit

against solid cancers, and may be effective in the treatment of

HER2þ breast cancer that has metastasized to the brain.

Chimeric antigen receptor (CAR)-based T-cell immunotherapy

is being actively investigated for the treatment of solid tumors

(6, 7), including HER2þ cancers. Unfortunately, the first CAR

T-cell clinical experience with targeting the HER2 antigen resulted

in the death of a patient with HER2þ metastatic colon cancer due

to "on-target, off-tumor" toxicities (8). Recent phase I clinical

trials evaluating intravenous administration of HER2-CAR T cells

have demonstrated safety and antitumor activity in patients with

sarcoma (9) and recurrent glioblastoma (10). These three trials

have highlighted multiple elements of CAR T-cell therapy that

should be addressed, including CAR construct design and T-cell
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manufacturing considerations, preconditioning prior to CAR T-

cell infusion, and CAR T-cell dose; all of which are critical factors

in therapeutic outcome. In particular for treating primary and

metastatic brain tumors, we also hypothesize that route of admin-

istration will be an important consideration for safety and effi-

cacy. For example, introducing CAR T cells directly to the site of

disease may potentially minimize systemic distribution of adop-

tively transferred cells, and resultant toxicities. Indeed, our most

recent clinical experiencewith local and regional delivery ofCART

cells for patients with recurrent glioblastoma has demonstrated

both safety and antitumor benefits (11, 12).

Here, we have developed a second-generation HER2-specific

CAR T-cell for the treatment of breast cancer that hasmetastasized

to the brain. Comparison of two intracellular costimulatory

domains, namely 4-1BB and CD28 within the CAR construct,

has revealed differences in HER2 specificity as well as CAR-

dependent effector activities. Using orthotopic human tumor

xenograft models of breast cancer metastasis to the brain, we also

evaluated therapeutic efficacy of local intratumoral and regional

intraventricular delivery of HER2-CAR T cells. Our findings pro-

vide rationale for clinically evaluating intraventricular delivery of

4-1BB–containing HER2-CAR T cells for the treatment of patients

with breast cancer metastasis to the brain.

Materials and Methods

Cell lines

Human breast cancer cell lines MDA-MB-361 (ATCC HTB-27),

MDA-MB-231 (ATCC CRM-HTB-26), SKBR3 (ATCC HTB-30),

and BT474 (ATCC HTB-20) were cultured in DMEM/Ham F-12

(F12; 1:1) containing 10% FBS (Hyclone), and 1� antibiotic–

antimycotic (AA, Gibco; complete DMEM/F12). MDA-MB-468

breast cancer cells (ATCC HTB-132) were cultured in DMEM

containing 10% FBS and 1� AA (complete DMEM). The low-

passage patient-derived tumor line (BBM1) generated at City of

Hopewas cultured as described previously (13). Briefly, cells were

maintained in complete DMEM/F12 on 300 mg/mL collagen-

coated plates, and kept at low-passage in culture prior to use

in vitro and in animal studies. The brain-seeking MDA-MB-231

(231BR) cells (a kind gift fromDr. Patricia S. Steeg,NIH, Bethesda,

MD; ref. 14) were cultured in complete DMEM/F12. The human

fibrosarcoma cell line HT1080 (ATCC CCL-121) and the human

embryonic kidney cell line 293T (ATCCCRL-3216), were cultured

in complete DMEM supplemented with 25 mmol/L HEPES

(Irvine Scientific), and 2 mmol/L L-glutamine (Thermo Fisher

Scientific). An EBV-transformed lymphoblastoid cell line (LCL)

and LCL cells containing a membrane-tethered CD3 epsilon

specific scFv agonist OKT3 (LCL-OKT3; ref. 15) were cultured in

RPMI1640 containing 10%FBS and 1�AA. All cells were cultured

at 37�C with 5% CO2.

DNA constructs and lentivirus production

TheHER2-targeted scFv sequencewas derived from the human-

ized mAb trastuzumab (4D5) and cloned into the antigen-bind-

ing domain of the HER2-CAR. The extracellular spacer domain

included the 229-amino acid IgG4 Fc spacer with a double

mutation (L235E;N297Q, abbreviated EQ; ref. 16). The intracel-

lular costimulatory signaling domain contained either CD28with

a CD28 transmembrane domain, or 4-1BB with a CD8 trans-

membrane domain. The CD3z cytolytic domain was described

previously (17). The CAR construct sequence was separated from

a truncated CD19 gene (CD19t) using a T2A ribosomal skip

sequence, and cloned in an epHIV7 lentiviral backbone under

the control of the EF1a promoter.

Lentivirus was generated by plating 293T cells in T-225 tissue

culture flasks 1-day prior to transfection with packaging plasmids

and desired CAR lentiviral backbone plasmid. Supernatants were

collected after 3 to 4 days, filtered, and centrifuged to remove cell

debris, and incubated with 2 mmol/L magnesium and 25 U/mL

Benzonase endonuclease (EMD Millipore) to remove contami-

nating nucleic acids. Supernatants were combined and concen-

trated via high-speed centrifugation (6,080� g) overnight at 4�C.

Lentiviral pellets were then resuspended in PBS-lactose solution

(4 g lactose per 100 mL PBS), aliquoted and stored at �80�C for

later use. Lentiviral titers, as determined by CD19t expression,

were quantified using HT1080 cells.

T-cell isolation, lentiviral transduction, and ex vivo expansion

Leukapheresis productswere obtained fromconsented research

participants (healthy donors) under protocols approved by the

City of Hope Internal Review Board (IRB). On the day of leuka-

pheresis, peripheral blood mononuclear cells (PBMC) were iso-

lated by density gradient centrifugation over Ficoll-Paque (GE

Healthcare) followed by multiple washes in PBS/EDTA (Miltenyi

Biotec). Cells were rested overnight at room temperature on a

rotator, and subsequently washed and resuspended in complete

X-VIVO. Up to 5 � 109 PBMC were incubated with anti-CD14,

anti-CD25, and anti-CD45RA microbeads (Miltenyi Biotec) for

30minutes at room temperature andmagnetically depleted using

the CliniMACS system (Miltenyi Biotec) according to the man-

ufacturer's protocol. Depleted PBMCs were then enriched for

central memory T cells (TCM) by incubating with biotinylated

anti-CD62L antibody (produced by the Center for Biomedicine

and Genetics at City of Hope) for 30 minutes at room temper-

ature, and then with anti-Biotin microbeads (Miltenyi Biotec) for

an additional 30 minutes at room temperature. TCM cells were

thenmagnetically enriched using the autoMACS system (Miltenyi

Biotec) according to the manufacturer's protocol. For studies

utilizing TCM cells, cells were immediately frozen in CryoStor

(CS5) (BioLife Solutions). Purity andphenotype of TCM cellswere

verified by flow cytometry.

Freshly thawed TCM cells were washed once and cultured in

complete X-VIVO containing 50 U/mL recombinant human IL2

(rhIL2, Novartis Oncology) and 0.5 ng/mL recombinant human

IL15 (rhIL15,CellGenix). ForHER2-CAR lentiviral transduction, T

Translational Relevance

Metastatic disease in the brain and/or central nervous sys-

tem continues to be a major clinical challenge for HER2þ

breast cancer patients. CAR-based T-cell immunotherapy is

being actively investigated for the treatment of solid tumors,

including HER2þ cancers. Here, we evaluate CAR design as

well as the route of CART-cell administration for the treatment

of HER2þ breast cancer that hasmetastasized to the brain. Our

preclinical data demonstrate effective targeting of breast cancer

brain metastases with intraventricular delivery of HER2-BBz

CAR T cells, and are directing our translation of HER2-CAR

T-cell therapy to the clinic. Thewidespread applicationof these

findings may also affect the development of CAR T cells for

other HER2þ solid tumors and their brain metastases.

Priceman et al.

Clin Cancer Res; 24(1) January 1, 2018 Clinical Cancer Research96

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

4
/1

/9
5
/1

9
2
9
9
2
5
/9

5
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2

2



cells were cultured with CD3/CD28 Dynabeads (Life Technolo-

gies), protamine sulfate (APP Pharmaceuticals), cytokine mixture

(as stated above), and desired lentivirus at varyingMOI either the

day of, or the day following, bead stimulation. Spinoculation was

performed by centrifugation at 2,000 rpm for 30 minutes at 32�C

with no brake. Cells were then cultured in and replenished with

fresh complete X-VIVO containing cytokines every 2–3 days. After

7–9days, beadsweremagnetically removed, and cellswere further

expanded in complete X-VIVO containing cytokines to achieve

desired cell yield. HER2-CAR–expressing T cells were then posi-

tively selected for CD19t using the EasySep CD19 Positive Enrich-

ment Kit I or II (StemCell Technologies) according to the manu-

facturer's protocol. Following further expansion, cells were frozen

prior to in vitro functional assays and in vivo tumor models. Purity

and phenotype of CAR T cells were verified by flow cytometry.

Intracellular/extracellular staining and flow cytometry

For flow cytometric analysis, cells were resuspended in FACS

buffer (Hank balanced salt solution without Ca2þ, Mg2þ, or

phenol red (HBSS�/�, Life Technologies) containing 2% FBS and

1�AA). For detectingCAR scFv, biotinylated Protein-L (GenScript

USA) was used as described previously (18). Cells were incubated

with primary antibodies for 30 minutes at 4�C in the dark before

proceeding to secondary staining. For extracellular and secondary

staining, cells were washed twice prior to 30-minute incubation at

4�C in the dark with fluorescein isothiocyanate (FITC), phycoer-

ythrin (PE), peridinin chlorophyll protein complex (PerCP),

PerCP-Cy5.5, PE-Cy7, allophycocyanin (APC), and APC-Cy7 (or

APC-eFluor780)-conjugated antibodies (CD3, CD4, CD8, CD19,

CD45, CD45RA, CD45RO, CD62L, CD95, CD107a, HER2, LAG3

(CD223), PD-1 (CD279), TIM3 (CD366), CCR7, IFNg) pur-

chased from BioLegend, eBioscience, BD Biosciences or Thermo

Fisher Scientific. Recombinant HER2-Fc chimera protein (R&D

Systems) was labeled with an Alexa Fluor 647 antibody labeling

kit (Thermo Fisher Scientific) according to the manufacturer's

protocol. Cell viability was determined using 40, 6-diamidino-2-

phenylindole (DAPI, Sigma). For intracellular staining, cells were

fixed, permeabilized, and processed according to manufacturer's

protocol (BD Biosciences). Cells were then incubated with fluor-

ophore-conjugated antibodies for 30 minutes at 4�C in the dark,

and washed twice prior to resuspension in FACS buffer and

acquisition on aMACSQuant Analyzer 10 (Miltenyi Biotec). Data

were analyzed with FlowJo software (v10, TreeStar).

In vitro T-cell functional assays

For degranulation and intracellular cytokine assays, CAR T cells

and tumor targets were cocultured at varying effector:target (E:T)

ratios in complete X-VIVO in the absence of exogenous cytokines

in round-bottom 96-well tissue culture-treated plates (Corning).

FITC-CD107a was added to cultures and after incubating for 4–

6 hours at 37�C, the cells were fixed and permeabilized before

analysis by flow cytometry as described above. For tumor killing

assays, CAR T cells and tumor targets were cocultured at varying E:

T ratios in complete X-VIVO in the absence of exogenous cyto-

kines in 96-well plates for 1–5 days and analyzed by flow

cytometry as described above. Tumor killing by CAR T cells was

calculated by comparing CD45-negative cell counts relative to

those observedwhen targets were cocultured withMock (untrans-

duced) T cells, to account for any potential non-CAR–dependent

killing activity. For T-cell activation assays, CAR T cells and tumor

targetswere cocultured at anE:T ratioof 1:1 in complete X-VIVO in

the absence of exogenous cytokines in 96-well plates for the

indicated time points and analyzed by flow cytometry for specific

markers of T-cell activation. For T-cell proliferation studies,

mock and HER2-CAR T cells were incubated with CFDA-SE

(1–10 mmol/L, Thermo Fisher Scientific) prior to coculture with

tumor targets at an E:T ratio of 1:1 in complete X-VIVO in the

absence of exogenous cytokines in 96-well plates for 3–5 days and

analyzed by flow cytometry.

ELISA cytokine assays

Varying concentrations of recombinant human ErbB2/HER2 Fc

chimera protein (R&D Systems) were coated overnight in 1� PBS

at 4�Conhigh-affinity 96-wellflat bottomplates (Corning).Wells

werewashed twicewith 1�PBS, blockedwith 10%FBS for 1 hour,

and washed again. CAR T cells (5 � 103) were added to protein-

coated wells. Where specified, tumor targets (5 � 103) were

incubated with T cells in noncoated wells (final volume of 200

mL). Following an overnight incubation at 37�C, supernatants

were harvested and processed according to the Human

IFNg ELISA Ready-SET-GO! (eBioscience) manufacturer's

protocol. Plates were read at 450 nm using the Wallac Victor3

1420 Multilabel Counter (Perkin-Elmer) and Wallac 1420 Work-

station software.

In vivo tumor studies

All animal experiments were performed under protocols

approved by the City of Hope Institutional Animal Care and Use

Committee. Tumor cells (BBM1, BT474, MDA-MB-468) were

transduced with lentivirus carrying enhanced GFP (eGFP)/firefly

luciferase (ffluc) under the control of the EF1a promoter to allow

for noninvasive optical imaging (Xenogen, LagoX) once

implanted into mice. BBM1 cells were ZsGreen positive, and thus

were transduced with lentivirus carrying ffluc only.

For tumormodels,micewere anesthetizedby intraperitoneal (i.

p.) injection of ketamine/xylazine and gaseous isoflurane prior to

tumor injection. BBM1 (2 � 105), BT474 (1.5 � 105), or MDA-

MB-468 (2 � 105) were prepared in HBSS�/� (2 mL per mouse)

and injected orthotopically in the brain parenchyma of female

NSG mice via stereotactic injection as described previously (19).

Tumor growth was monitored at least once a week via optical

imaging (Xenogen, LagoX) and flux signals were analyzed with

Living Image software (Xenogen). For imaging,micewere injected

intraperitoneally with 150 mL D-luciferin potassium salt (Perkin

Elmer) suspended in PBS at 4.29 mg/mouse. Once flux signals

reached desired levels, CAR T cells were prepared in PBS andmice

were treated either by intratumoral/intracranial (i.c.) or intraven-

tricular (intracerebroventricular, i.c.v.) injection in 3 mL final

volume. At desired time points or at moribund status, mice were

euthanized and tissueswereprocessed for IHCasdescribedbelow.

IHC

Brain tissue was fixed for up to 3 days in 4% paraformaldehyde

(Boston BioProducts) and stored in 70% ethanol until further

processing. Histology was performed by the Pathology Core at

City of Hope. Briefly, paraffin-embedded sections (10-mm) were

stained with mouse anti-human CD3 (DAKO), mouse anti-

human CD4 (DAKO), mouse anti-human CD8 (DAKO), rat

anti-human HER2 (DAKO), rat anti-human Granzyme-B

(eBioscience), and anti-human nuclei (Millipore) antibodies.

Images were obtained using the Nanozoomer 2.0HT digital slide

scanner and the associated NDP.view2 software (Hamamatzu).

Intraventricular HER2-CAR T Cells for Breast Cancer Brain Metastases
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Statistical analysis

Data are presented as mean � SEM, unless otherwise stated.

Statistical comparisons between groups were performed using the

unpaired two-tailed Student t test to calculate P values. �, P < 0.05;
��, P < 0.01; ���, P < 0.001; ns, not significant.

Results

HER2-CAR T cells containing a 4-1BB intracellular

costimulatory domain show reduced cytokine production with

similar cytolytic activity compared with CD28

We first investigated the impact of different intracellular costi-

mulatory domains in HER2-specific CAR T cells by constructing

CD28-containing (HER2-28z) and 4-1BB–containing (HER2-

BBz) CARs. BothHER2-CAR constructs contained the humanized

HER2-targeted scFv derived from trastuzumab (humanized 4D5

clone), the IgG4 Fc extracellular spacer with a double mutation

(EQ) to reduce Fc receptor recognition (16), and the CD3z

cytolytic domain followed by a truncated CD19 (CD19t) for cell

tracking (Fig. 1A). HER2-28z and HER2-BBz CARs were stably

expressed (Fig. 1B) and exhibited comparable ex vivo T-cell expan-

sion kinetics (Fig. 1C). Cell-surface T-cell phenotypes were also

comparable with respect to the expression of CD8, CD4,

CD45RO, CD45RA, CD62L, CD95, and CCR7 (Fig. 1D). For the

following in vitro and in vivo studies, we utilized HER2-CARs

engineered in TCM cells, as described previously (20, 21).

Next, we assessed the tumor targeting abilities of HER2-28z

and HER2-BBz CAR T cells by evaluating antigen-specific T-cell

activation. For these studies, we used several human cancer cell

lines with varying HER2 cell surface expression (Fig. 2A). The

human lymphoblastoid cell line, LCL, and the human breast

cancer cell line, MDA-MB-468, are negative for HER2 expres-

sion as determined by flow cytometry. The human breast cancer

cell lines MDA-MB-361 and MDA-MB-231BR ("brain-seeking"

version; ref. 14) express low levels of HER2. SKBR3, BT474, and

BBM1 (a patient-derived tumor line derived from the surgical

resection of a brain metastatic lesion from a patient with breast

cancer; ref. 13) express high levels of HER2. HER2-CAR T-cell

function was first evaluated by measuring intracellular IFNg

levels and cell surface CD107a as an early measure of effector

activity following a 5-hour incubation with MDA-MB-468

(HER2-negative) and BBM1 (HER2-expressing). As shown

in Fig. 2B, while Mock (untransduced) T cells lacked activity

against either tumor target, both HER2-28z and HER2-BBz CAR

T cells showed robust activity when cocultured with BBM1 cells

and minimal activity when cocultured with MDA-MB-468 cells.

Interestingly, HER2-28z CAR T cells showed higher intracellular

IFNg expression compared with HER2-BBz CAR T cells against

BBM1 cells. Both versions of HER2-CAR T cells were activated

when cocultured with a panel of HER2-expressing tumor cells

or with plate-bound recombinant HER2 protein, but HER2-BBz

CAR T cells produced significantly less IFNg than HER2-28z

CAR T cells (Fig. 2C–E).

4-1BB–containing HER2-CARs demonstrate improved tumor

killing, with reduced T-cell exhaustion and greater proliferative

capacity compared with CD28-containing HER2-CARs

Current findings suggest that costimulation with 4-1BB yields a

more durable therapy compared to CD28 in some CAR settings

Figure 1.

CAR design and T-cell engineering of

HER2-CARs containing CD28 or 4-1BB

intracellular costimulatory domains.

A, Diagram of the lentiviral expression

cassette with HER2-CARs containing

the scFv from trastuzumab targeting

HER2, with a 229–amino acid human

IgG4 Fc linker containing a double

mutation in the CH2 domain (EQ), a

transmembrane domain (either CD28 or

CD8), a cytoplasmic CD28 or 4-1BB

costimulatory domain, and a cytolytic

CD3z domain. A truncated nonsignaling

CD19 (CD19t) is separated from the CAR

with a T2A ribosomal skip sequence for

tracking CAR-expressing cells. B, Mock

(untransduced), HER2-28z, or HER2-

BBz CAR T cells expressing CD19 to

detect lentiviral transduction of CARs

(left histogram), Protein L to detect the

scFv (middle histogram), or binding to

Alexa Fluor-647–labeled soluble HER2

(right histogram) as determined by flow

cytometry.C, Ex vivo expansion kinetics

for Mock and HER2-CAR T cells over

3 weeks in culture. D, Cell-surface

expression of indicated markers on

HER2-CAR T cells as determined by flow

cytometry. All data are representative

of at least two independent

experiments.

Priceman et al.
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(22, 23), although this has not yet been demonstratedwithHER2-

CAR T cells. To date, onlyHER2-28z andHER2-28BBzCAR T cells

have been evaluated preclinically and clinically as second-gener-

ation and third-generation CARs. To further explore functional

differences between CD28- and 4-1BB–containing HER2-CARs,

we performed in vitro tumor killing assays. HER2-28z or HER2-

BBz CAR T cells were cocultured with various tumor targets for

72 hours and flow cytometry was used to quantify tumor cell

killing.WhileHER2-28z andHER2-BBzCART cells killed lowand

high HER2-expressing tumor cells with similar efficiency, HER2-

28z showed reproducible targeting of HER2-negative MDA-MB-

468 cells to a greater extent thandidHER2-BBz (Fig. 3A). Similarly

potent killing ability was observed with both CARs when the E:T

ratio was titrated down to one CAR T-cell per eight tumor cells

(Fig. 3B). In addition to higher selectivity, HER2-BBz CAR T cells

exhibited reduced expression of exhaustion markers compared to

HER2-28z CAR T cells, including programmed death-1 (PD-1)

lymphocyte-activation gene-3 (LAG3) and T-cell immunoglobu-

lin andmucin-domain-3 (TIM3; Fig. 3C andD), Following 3 days

of coculture, HER2-28z CAR T cells showed comparable prolif-

eration compared with HER2-BBz CAR T cells against BBM1 cells

(Fig. 3E). By day 5 of coculture, however, HER2-BBz CAR T cells

proliferated to a greater extent, with approximately 50% of cells

reaching more than 4 divisions compared with less than 20% for

HER2-28z CAR T cells. Taken together, these data suggest that, in

contrast to CD28 costimulation, 4-1BB costimulation selectively

kills HER2-expressing tumor cells, with lower levels of T-cell

exhaustion and superior in vitro antigen-dependent proliferation.

Regression of breast cancer brain metastasis following local

delivery of HER2-CAR T cells

To evaluate our HER2-CAR T cells in an orthotopic tumor

xenograft model of breast cancer brain metastasis, we

engrafted female NSG mice with BBM1 cells by stereotactic

injection in the brain parenchyma. BBM1 tumors developed

locally and progressively in the brain, maintaining high levels

of HER2 expression as determined by IHC (Supplementary

Fig. S1). At day 8 after tumor engraftment, we locally delivered

0.5 � 106 HER2-CAR T cells intracranially (i.c.) into the tumor

bed (Fig. 4A) and observed complete tumor regression, with

antitumor responses within the first week in the majority of

mice (Fig. 4B and C). Similar responses were observed with

HER2-28z and HER2-BBz CAR T cells, resulting in extended

survival of CAR T-cell–treated mice compared with untreated

(tumor only) or Mock T-cell–treated mice (Fig. 4D). These data

support local intracranially delivery of HER2-CAR T cells as

an effective method of targeting breast cancer brain metastasis

in mice.

Regional intraventricular delivery of HER2-BBz CAR T cells

eradicates breast cancer brain metastasis

Brainmetastases are oftenmultifocal andmay therefore benefit

from regional, in contrast to strictly local, delivery ofCART cells. A

recent case report by our group using IL13Ra2-specific CAR T cells

in a patient with recurrent glioblastoma was the first to demon-

strate the utility of intraventricular (i.c.v.) CAR T-cell delivery in

treatingmultifocal disease (11). Thus, we compared regional i.c.v.

Figure 2.

HER2-BBz CAR T cells show reduced

but antigen-specific cytokine

production compared with HER2-28z

CAR T cells. A, Histograms of HER2

expression in human cancer cell lines.

LCL is an EBV-transformed human

lymphoblastoid cell line. MDA-MB-468,

MDA-MB-361, MDA-MB-231BR (231BR),

SKBR3, and BT474 are breast cancer

cell lines with varying HER2 expression.

BBM1 is a patient-derived tumor line

generated from the brain metastasis of

a breast cancer patient. B,

Representative zebra plots showing cell

surface CD107a and intracellular IFNg

expression by Mock, HER2-28z, or

HER2-BBz CAR T cells following a

5-hour coculture with indicated tumor

targets at an E:T ratio of 1:1. C,

Quantification of CD107a degranulation

and IFNg production by HER2-CAR T

cells using data generated from

histograms as depicted in B. D, IFNg

production quantified by ELISA in

supernatants from HER2-CAR T cells

cultured overnight with BBM1 tumor

cells at a 1:1 E:T ratio. E, IFNg production

quantified by ELISA in supernatants

from Mock and HER2-CAR T cells

cultured on plate-bound recombinant

human HER2 at the indicated protein

concentrations. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001.
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to local i.c. HER2-CAR T-cell delivery in BBM1 tumor-bearing

mice (Fig. 5A). We observed equivalent antitumor responses (Fig.

5B and C) and extended survival of mice (Fig. 5D) after i.c. and

i.c.v. delivery using stereotactic infusion of 0.5 � 106 HER2-BBz

CAR T cells. Notably, i.c.v. delivery of HER2-CAR T cells exhibited

delayed responses in some mice compared with local intratu-

moral delivery, likely owing to the required trafficking of these

cells from the ventricle to the tumor site. Intraventricularly deliv-

ered HER2-BBz CAR T-cell–mediated antitumor activity was also

observed with larger tumor burdens, in BBM1-bearing mice

treated at day 14 after tumor engraftment (Supplementary Fig.

S2).We further validated i.c.v. delivery ofHER2-BBzCART cells in

a second HER2-amplified xenograft model, BT474 (Supplemen-

tary Fig. S3A and S3B). Against the triple-negative xenograft

model, MDA-MB-468, no antitumor responses were observed

(Supplementary Fig. S3C and S3D). Taken together, these pre-

clinical studies demonstrate the efficacy of intraventricular HER2-

CAR T-cell therapy in treating HER2-positive breast cancer brain

metastasis.

To evaluate T-cell persistence and functional activity, we com-

pared BBM1 tumors by histology at one or two weeks post T-cell

infusion. Mock T cells were found in tumors one week following

local i.c. therapy, but were undetectable following i.c.v. delivery

(Fig. 5E). However, HER2-BBz CAR T cells were detected in at the

tumor site at one-week post i.c. or i.c.v. delivery, with evidence of

functional activity via Granzyme B staining (Fig. 5F). Tumor-

infiltrating CAR T cells were comprised of both CD4 and CD8 T

cells (Supplementary Fig. S4). These findings suggest antigen-

dependent trafficking of HER2-CAR T cells following i.c.v. deliv-

ery. Importantly, T cells were also observed near the ventricle one

week following i.c.v. but not i.c. delivery. At two weeks after T-cell

infusion, rare T cells were observed in BBM1 tumors, although we

detected a few T cells near the ventricles following i.c.v. therapy

(Fig. 5G).

Two recent phase I clinical trials have demonstrated transient

antitumor responses following systemic delivery of HER2-CAR T

cells (with a CD28 intracellular costimulatory domain) in

patients with HER2-positive sarcoma (9) and progressive

Figure 3.

HER2-BBz CAR T cells show similar

killing ability with reduced exhaustion

phenotype compared with HER2-28z

CAR T cells. A, Tumor killing assay

comparing HER2-28z and HER2-BBz

CARTcells followinga 3-daycoculture

with the indicated tumor targets,

assessed by flow cytometry. B, Tumor

killing assay against BBM1with varying

E:T ratios: 1:1, 1:2, 1:4, 1:8 (bars left to

right). Data are pooled from two

independent studies. C,

Representative histograms of PD-1,

TIM-3, and LAG-3 expression in Mock

and HER2-CAR T cells following a

3-day coculture with HER2-negative

MDA-MB-468 or HER2þ BBM1 tumor

targets. D, Quantification of PD-1

expression in CD8þ CARþ T cells

following a 3-day coculture with

indicated tumor targets at a 1:1 E:T

ratio. Data are representative

of at least two independent studies. E,

CFSE-based T-cell proliferation assay

following a 3- to 5-day coculture with

MDA-MB-468 or BBM1 tumor targets

at a 1:1 E:T ratio. Representative

histograms of CFSE intensity in CD8þ

HER2-CAR T cells (left) and

quantification of proliferation at 5 days

(right). �, P < 0.05 (0 to >4 CFSE

dilutions) in T cells (right) at 5 days.
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glioblastoma (10), the latter suggesting trafficking of CAR T cells

across the blood–brain barrier to target brain tumors. We com-

pared regional (i.c.v.) and systemic (intravenous, i.v.) delivery of

HER2-BBzCAR T cells in our preclinical BBM1model. HER2-CAR

T cells delivered i.c.v. (0.5 � 106) showed complete regression

of tumors, whereas i.v. delivery of a 10-fold greater dose (5� 106)

showed only partial tumor regression (Fig. 5H and I). Interest-

ingly, we did not observe HER2-CAR T cells by flow cytometry in

the peripheral blood of i.c.v. HER2-CAR T-cell–treated mice,

suggesting limited systemic trafficking of i.c.v.-delivered T cells

in this tumor model (data not shown). Overall, these studies

demonstrate potent antitumor efficacy with HER2-CAR T cells

following intraventricular delivery in preclinical models of HER2-

positive breast cancer brain metastasis.

Regression of multifocal CNS disease following

intraventricular HER2-BBz CAR T-cell delivery

Our recent experience with i.c.v. delivery of CAR T cells for

glioblastoma suggests the potential for broad central nervous

system (CNS) distribution of T cells for simultaneous targeting

of multiple brain tumors (11). We evaluated whether i.c.v. deliv-

ery of HER2-CAR T cells would target multifocal CNS disease.

Interestingly, BBM1 tumors injected locally in the brain paren-

chyma trafficked down the spine with leptomeningeal disease

developing in approximately 40% of mice. This disseminated

disease was potently inhibited by i.c.v. delivery of HER2-BBzCAR

T cells (Fig. 6A and B), and showed similar extension of survival in

mice as in Fig. 5D.Histology of the spinal tissue confirmedhuman

HER2-positive diseases in the Mock-treated mice, but not in the

HER2-BBz CAR T-cell–treated mice (Fig. 6C). To model multifo-

cal brain metastasis, we next established BBM1 tumors in both

brain hemispheres in mice, and treated with i.c.v.-delivered

HER2-CAR T cells. Interestingly, HER2-BBz CAR T cells preferen-

tially targeted BBM1 tumors at the side of i.c.v delivery at one-

week post T-cell infusion, but eradicated both tumors by two

weeks (Fig. 6D and E). Finally, as our data suggested that region-

ally delivered CAR T cells persisted for at least two weeks at the

tumor site and in the ventricular space, we performed a tumor

rechallenge experiment at two weeks following CAR T-cell deliv-

ery, and found effective control of rechallenge disease (Fig. 6F)

and 100% survival of rechallenged mice (data not shown) with-

out additional infusionofCART cells. Collectively, our preclinical

models suggest that HER2-BBz CAR T cells are potent in eradi-

cating brain metastatic breast cancer, including multifocal and

leptomeningeal HER2þ CNS disease.

Discussion

This study has demonstrated robust antitumor responses in

human xenograftmodels ofHER2þbreast cancermetastasis to the

brain after local intratumoral or regional intraventricular delivery

of HER2-BBz CAR T cells. In contrast, intravenous delivery of

HER2-CAR T cells achieved only partial antitumor responses in

mice even at 10-fold higher doses comparedwith local or regional

delivery to the brain. Our investigation of the route of adminis-

tration is timely given the recent clinical trial of HER2-CAR virus–

specific T cells for the treatment of recurrent glioblastoma (10). In

that study, clinical benefits of intravenously administrated HER2-

CAR T cells were observed in approximately 50% of patients.

While tumor antigenheterogeneity and lowT-cell persistencemay

Figure 4.

Local intratumoral delivery of HER2-

CAR T cells eradicates xenograft models

of breast cancer brain metastasis. A,

Illustration of a mouse brain

orthotopically engrafted with BBM1-

eGFP/ffluc cells and treated by

intratumoral (intracranial, i.c.) delivery

of CAR T cells. B, BBM1 tumor-bearing

mice (0.2 � 106 cells) were treated 8

days after tumor injection with Mock,

HER2-28z, or HER2-BBz CAR T cells

(0.5 � 106 cells). The "Tumor only"

group was either left untreated or

treated with PBS. Representative flux

images of BBM1-tumor–bearing mice at

indicated time points after T-cell

treatment. Bold "X" indicates removal of

mice from study because of morbidity

(see Materials and Methods). C,

Quantification of flux signal from

individual mice in each group at

indicated time points after tumor

injection. D, Kaplan–Meier survival for

Mock, HER2-28z, or HER2-BBz CAR T

cells, and a "Tumor only" group. N � 4

mice per group. Data are representative

of at least two independent

experiments. � , P < 0.05.
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have contributed to the moderate response rate in that trial, it is

also possible that local or regional delivery of HER2-CAR T cells

may have improved the efficacy. In our models, i.c.v. delivery of

HER2-BBz CAR T cells demonstrated robust antitumor activity

against multifocal disease and leptomeningeal spread, which is

clinically relevant to CNS-metastatic breast cancer where lepto-

meningeal disease is associated with shorter survival (24). Our

findings will ultimately inform the design of our upcoming phase

I trial in which HER2-BBz CAR T cells will be delivered i.c.v. to

patients with HER2þ brain metastases and/or leptomeningeal

carcinomatosis.

Solid tumor-targeted CAR T-cell therapy faces concern of "on-

target off-tumor" toxicity by virtue of the low but appreciable

normal tissue expression of most overexpressed cell-surface

tumor antigens. We propose a HER2-CAR T-cell therapeutic

strategy that may obviate this concern in two ways. First, local

or regional delivery ofCART cells for primary brain andmetastatic

brain tumors may circumvent systemic targeting of less restricted

tumor antigens, like HER2. Our group was the first to clinically

evaluate both local intratumoral and regional intraventricular

delivery of adoptive T cells for the treatment of brain tumors,

demonstrating patient safety and clinical benefit of CAR T cells

targeting IL13Ra2 (11, 12). Indeed, the recent case report

describing a patient with recurrent glioblastoma demonstrated

the potential of regional i.c.v. delivery of CAR T cells targeting

IL13Ra2 to mediate a complete response against multifocal

disease, including lesions in the spine. This clinical response was

associated with local CAR T-cell persistence and increased inflam-

matory cytokines in the cerebrospinal fluid, but not in the periph-

eral blood. While we did not directly test intrathecal delivery of

HER2-CAR T cells in our preclinical models, we believe this route

of administration may also hold promise for more regional

distribution of CAR T cells for the treatment of multifocal

brain metastases. Although i.c. and i.c.v. infusion of HER2-CAR

T cells in our preclinical models showed comparable antitumor

efficacy, the regional distribution of CAR T cells in the brain via

i.c.v. delivery might hold promise for the treatment of multifocal

brain metastases, while potentially limiting systemic T-cell

distribution.

In addition to the regional delivery route, our proposed HER2-

CAR T-cell immunotherapy also addresses potential toxicity

issues by the choice of intracellular costimulatory signaling

domain (8–10, 25–27). Our data show significant dampening

of cytokine production, along with a tendency to require higher

HER2 expression for cytokine production by HER2-BBz com-

pared with HER2-28z CAR T cells. Our work also confirms prior

studies showing the benefits of 4-1BB costimulation compared

with CD28, which include increased T-cell proliferation and

reduced expression of exhaustion markers (23, 28). Thus, we

propose that 4-1BB costimulation, along with our novel route of

HER2-CAR T-cell administration, may provide for a safe and

effective CAR T-cell platform for patients with HER2þ breast

cancer brain metastases.

The death of aHER2þmetastatic colon cancer patient following

HER2-CAR T-cell infusion prompted much debate in the immu-

notherapy field regarding HER2 as a CAR target and the design of

CART-cell clinical trials. The case report described that following a

lymphodepleting preconditioning regimen, third-generation

HER2-CAR T cells (containing both CD28 and 4-1BB costimula-

tory signaling domains) were infused intravenously at a dose of

approximately 8 billion CARþ T cells with concurrent adminis-

tration of high-dose IL2 (8). More recent trials for sarcoma and

glioblastoma used systemic delivery of second-generation HER2-

CAR T cells (containing a CD28 costimulatory signaling domain)

without prior lymphodepleting chemotherapy. These trials dem-

onstrated safety and antitumor activity, suggesting that the tox-

icity in the aforementioned case report might have been associ-

ated with the third-generation CAR construct, preconditioning,

and/or high CAR T-cell dose. In addition to the novel strategy of

regional i.c.v. delivery of HER2-CAR T cells for brain metastasis,

our second-generation HER2-BBz CAR construct may improve

safety. The specific scFv antigen-binding domain has also been

suggested to contribute to differences in safety observed in the

HER2-CAR trials thus far. The recent sarcoma and recurrent

glioblastoma trials with HER2-CAR T cells were designed with

the murine FRP5-based scFv clone, whereas the first case report

(and our CAR described here) was designed with the a trastuzu-

mab-based scFv (humanized derivative of the murine 4D5 anti-

body). The baseline affinities of 4D5 and FRP5 are 0.15 nmol/L

(29) and 6.5 nmol/L (30) respectively. However, the potential

loss of affinity by humanization of 4D5 (31) and the scFv

conversion of both full antibodies (32) may have created more

comparable affinities of these two scFvs. Trastuzumab-based

CARs may also demonstrate improved T-cell persistence com-

pared with the murine FRP5-based CARs by virtue of reduced

human anti-CAR (and in particular anti-mouse) antibodies.

Together, these observations support that the HER2-CAR design,

infused T-cell dose, and preconditioning regimens are critical

factors in the resulting safety demonstrated in the sarcoma and

glioblastoma phase I HER2-CAR T-cell studies.

We are, to our knowledge, the first to provide preclinical

evidence for effectively targeting breast cancer metastasis to the

Figure 5.

Regional intraventricular HER2-BBz CAR T-cell delivery is an effective administration route for xenograft models of breast cancer brain metastasis

therapy. A, Illustration of a mouse brain orthotopically engrafted with BBM1-eGFP/ffluc cells and treated with T cells by intracranial (i.c.) or intraventricular (i.c.v.)

injection. B, BBM1 tumor–bearing mice were treated 8 days after tumor injection with i.c.- or i.c.v.-delivered Mock or HER2-BBz CAR T cells (0.5 � 106 cells).

Representative flux images of BBM1 tumor–bearing mice at indicated time points after T-cell treatment. Time points with "X" refer to removal of mice from

study due to morbidity (see Materials and Methods). C, Quantification of flux signal from individual mice in each group at indicated time points after tumor

injection. N � 5 mice per group. Data are representative of at least two independent experiments. D, Kaplan–Meier survival curve for i.c.- or i.c.v.-delivered

Mock and HER2-BBz CAR T cells. E, Representative histology of HER2, CD3, and Granzyme B (GzmB) expression in BBM1 tumors, 1 week after i.c.

and i.c.v. Mock T-cell infusion. F, Representative histology of HER2, CD3, and Granzyme B (GzmB) expression in BBM1 tumors, 1 week after i.c. and i.c.v. delivery

of HER2-BBz CAR T cells. Bottom, CD3 expression near or in ventricles. G, Representative histology of HER2, CD3, and Granzyme B (GzmB) expression in

BBM1 tumors, 2 weeks after i.c. and i.c.v. HER2-BBz T-cell infusion. Bottom, CD3 near or in ventricles. H, Quantification of flux signal from mice treated

by i.c.v or intravenous (i.v.) delivery of HER2-BBz CAR T cells at indicated time points after tumor injection. Individual mice are shown for the "HER2-BBz (i.v.)"

group. I, Kaplan–Meier survival for Mock T cells (i.v.), HER2-BBz CAR T cells (i.v.), HER2-BBz CAR T cells (i.c.v.), and a "Tumor only" group. N � 4 mice

per group. Data are representative of at least two independent experiments. �� , P < 0.01.
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brain with regional intraventricular delivery of HER2-CAR T cells.

We further directly compare second-generation HER2-CAR T cells

with eitherCD28or 4-1BB costimulation, demonstrating selective

targeting of HER2þ breast tumors with HER2-BBz CAR T cells.

However, we also acknowledge the limitations of these preclinical

studies. The lack of an intact immune system in NSG mice

precludes a detailed understanding of the complex tumor micro-

environment in influencing overall CAR T-cell efficacy. We addi-

tionally did not assess the safety of targeting HER2 with our CAR

T cells in the current work, but the recent safety of HER2-CAR

T cells in two clinical trials support the clinical evaluation

of HER2-CAR T cells for breast cancer patients with brain metas-

tases. Collectively, our preclinical data demonstrate potent and

selective targeting of HER2þ brain metastases from breast cancer

with regional intraventricular delivery of HER2-BBz CAR T cells,

andhavedirected our strategic platform for translatingHER2-CAR

T-cell therapy to the clinic.
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from i.c.v. delivery of Mock- and HER2-

BBz CAR T cells at 7 weeks after BBM1

tumor injection (left). Quantification of

incidence of leptomeningeal spread (%)

from two independent studies is shown

(right). B, Representative H&E stains of

spines at week 6 after tumor injection,

from Mock- and HER2-BBz CAR

T-cell–treated mice. C, Representative

histology of human nuclei (huNucl) for

detection of human cells and HER2 in

Mock T-cell–treated mice at 6 weeks

after tumor injection. D, Mice were

injected in left and right hemispheres

with BBM1 cells at day 0 to mimic

multifocal disease, and i.c. or

i.c.v. delivery of Mock or HER2-BBz CAR

T cells (0.5 � 106 cells) at day 8 after

tumor injection. Representative H&E

stains of brains from Mock (i.c.), and i.c.

and i.c.v. HER2-CAR T-cell–treated mice

at 1 or 2 weeks after T-cell infusion. E,

Quantification of flux signal from

individual mice in each group at

indicated time points after tumor

injection. N � 5 mice per group. F, Mice

were injected with BBM1 cells at day

0 and treated with Mock- or HER2-BBz

CAR T cells (i.c.v., 0.5� 106 cells) at day

8 after tumor injection. At day 22

(14 days after T-cell infusion), mice were

rechallenged with BBM1 tumor cells in

the opposite hemisphere. The "tumor

rechallenge" group comprised na€�ve

non–tumor-bearing mice that received

BBM1 tumor cells on day 22 of the study.

Quantification of flux signal from

individual mice at indicated time points

after tumor injection. N � 4 mice per

group.
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