Cancer
Immunology
Research

Research Article

Safety and Efﬁcacy of Intratumoral Injections of
Chimeric Antigen Receptor (CAR) T Cells in
Metastatic Breast Cancer
Julia Tchou1,2, Yangbing Zhao3,4, Bruce L. Levine3,4, Paul J Zhang3, Megan M. Davis4,
Jan Joseph Melenhorst3,4, Irina Kulikovskaya4, Andrea L Brennan4, Xiaojun Liu4,
Simon F. Lacey4, Avery D. Posey Jr.1,3,4, Austin D. Williams1,2, Alycia So1,2, Jose R. ConejoGarcia5, Gabriela Plesa4, Regina M. Young4, Shannon McGettigan4, Jean Campbell6,
Robert H. Pierce6, Jennifer M. Matro1,7, Angela M. DeMichele1,7, Amy S. Clark1,7,
Laurence J. Cooper8, Lynn M. Schuchter1,7, Robert H. Vonderheide1,7, and Carl H. June1,3,4

Chimeric antigen receptors (CAR) are synthetic molecules
that provide new speciﬁcities to T cells. Although successful in
treatment of hematologic malignancies, CAR T cells are ineffective for solid tumors to date. We found that the cell-surface
molecule c-Met was expressed in 50% of breast tumors,
prompting the construction of a CAR T cell speciﬁc for c-Met,
which halted tumor growth in immune-incompetent mice with
tumor xenografts. We then evaluated the safety and feasibility
of treating metastatic breast cancer with intratumoral administration of mRNA-transfected c-Met-CAR T cells in a phase 0
clinical trial (NCT01837602). Introducing the CAR construct
via mRNA ensured safety by limiting the nontumor cell effects
(on-target/off-tumor) of targeting c-Met. Patients with metastatic breast cancer with accessible cutaneous or lymph node

metastases received a single intratumoral injection of 3  107 or
3  108 cells. CAR T mRNA was detectable in peripheral blood
and in the injected tumor tissues after intratumoral injection in
2 and 4 patients, respectively. mRNA c-Met-CAR T cell injections were well tolerated, as none of the patients had study
drug–related adverse effects greater than grade 1. Tumors treated with intratumoral injected mRNA c-Met-CAR T cells were
excised and analyzed by immunohistochemistry, revealing
extensive tumor necrosis at the injection site, cellular debris,
loss of c-Met immunoreactivity, all surrounded by macrophages at the leading edges and within necrotic zones. We
conclude that intratumoral injections of mRNA c-Met-CAR T
cells are well tolerated and evoke an inﬂammatory response
within tumors. Cancer Immunol Res; 5(12); 1152–61. 2017 AACR.
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Chimeric antigen receptor-modiﬁed T cells (CAR T cells) are
redirected effector immune cells genetically modiﬁed to deliver
tumoricidal functions upon recognition of antigen. CAR T cells
are effective in the treatment of several hematologic malignancies
(1–3). However, the effectiveness of CAR T cells in the treatment
of solid tumors remains modest. Barriers include the fact that
most tumor antigens are expressed, albeit, at lower levels in
normal tissues, which when targeted by CAR T cells, may lead
to on-target/off-tumor effects. In addition, the microenvironment
of solid tumors is immunosuppressive, which may limit the
potency of CAR T cells (4).
Hepatocyte growth factor receptor, or c-Met, is a cell-surface
protein tyrosine kinase expressed in a variety of solid tumors
including breast cancer (5, 6). A monovalent anti-c-Met antibody, onartuzumab, has been tested in a variety of patients
with advanced stage solid cancers in clinical trials (7–10). To
determine whether c-Met might serve as a target for CAR T
cells, we replaced the single chain variable fragment (scFv)
portion of the CD19 binding domain of our previously established CD19-CAR construct (1) with that of onartuzumab so
that we could evaluate the activity of CAR T cells directed
against c-Met (c-Met-CAR T cells) in patients with metastatic
breast cancer.
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Materials and Methods
Immunohistochemistry (IHC) staining protocol
Expression of c-Met was evaluated on formalin-ﬁxed parafﬁnembedded (FFPE) tissue sections by IHC staining with a rabbit
monoclonal antibody speciﬁc for c-Met (SP44, Ventana), CD3,
CD4, CD8, CD68, CD56, and S100 using a fully automated Leica
Bond Ultra with Polymer Reﬁne Detection System. Slides were
pretreated with Bond ER2 solution for 20 minutes at 100 C.
To evaluate if c-Met expression might be associated with
various breast cancer subtypes, we performed c-Met IHC as
described (14) using unstained tissue sections obtained from
archival FFPE tumor blocks of 59 patients with primary operable
breast cancer treated consecutively between 2009 and 2011 at our
institution after obtaining approval from our institutional review
board (IRB). Because c-Met staining is heterogeneous within and
across tumor sections, we used H-score  30 determined as the
product of % positively stained tumor cells and IHC stain intensity (1, 2, or 3 with 3 being the most intense) in three separate high
power ﬁelds (14, 15), to deﬁne (þ) c-Met expression.
Cell lines
The human cancer cell lines, BT20 (ATCC HTB-19), MDA-MB231 (ATCC HTB-26), and SK-OV-3 (ATCC HTB-77), were purchased from ATCC and maintained in media as recommended by
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ATCC. c-Met expression in SK-OV-3 was conﬁrmed by ﬂow
cytometry. SK-OV-3 was transduced to express Click beetle green
luciferase (SK-OV-3/luc) as described (16). TB129, a primary
human breast cancer cell line, was derived from a recurrent breast
tumor and was maintained and stored in medium as described
(14). All experiments were conducted using cells kept in the
lowest possible passage number after recovery from their respective frozen stocks and were conﬁrmed mycoplasma negative. Flow
cytometry studies using antibodies against mesothelin and c-Met
were performed as described (14).
In vitro cell-killing assay
Frozen human T cells collected from a single health donor were
activated with CD3/28 beads (Thermo Fisher), expanded in vitro,
thawed and electroporated with mRNA transcripts encoding
c-Met BBZ CAR, mesothelin BBZ CAR, and CD19 BBZ CAR as
described (11). We have previously demonstrated that the cytotoxic activity of mRNA c-Met-CAR T cells was speciﬁc against c-Met
expressing cell lines such as M30, a human tumor cell line derived
from mesothelioma (17) and cytotoxic activity was not observed
against NCI-H522, a lung cancer cell line which lacks c-Met
expression (16). To conﬁrm the cytolytic activity on c-Metexpressing breast cancer cell lines, BT20 (ATCC HTB-19) and
TB129 (14), tumor cells were loaded with 51Cr and incubated
with mRNA electroporated CAR T cells (effector cells or E) at
various E:T ratios in V-bottom plates for 4 hours. 51Cr released as a
result of cell lysis was quantiﬁed as described (18). All in vitro cellkilling assays were performed in duplicates and repeated in at least
three independent experiments.
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We have previously published our experience of a phase I
clinical trial (NCT01355965) to evaluate the safety and feasibility
of the use of systemic and intratumoral injection of mRNA
mesothelin-directed CAR T (mRNA meso-CAR T) cells to treat
2 patients with metastatic mesothelioma and one with pancreatic
cancer, respectively (11). We noted that the mRNA meso-CAR T
transgene was detectable in the ascites ﬂuid of the patient with
metastatic mesothelioma 3 days after systemic infusion of the
study drug suggesting that systemically infused mRNA meso-CAR
T cells had trafﬁcked into the tumor microenvironment. In the
treated patient with metastatic pancreatic cancer, we were able to
detect mRNA meso-CAR T transgene within the pancreas in
subsequent tumor biopsy following intratumoral injection of
mRNA meso-CAR T cells. No serious adverse effects were noted
in any of the 3 patients. These results support evaluating the
mRNA CAR T cell platform, "in a controlled manner, the potential
off-tumor on-target toxicities" (12), against other tumor antigens,
e.g., c-Met, in the clinical setting.
We hypothesize that intratumoral injection of mRNA c-MetCAR T cells into breast tumors is safe and feasible. After conﬁrming the in vitro and in vivo effectiveness of c-Met-CAR T cells against
breast cancer cells and c-Met expressing tumor xenografts in mice,
we initiated a phase 0 clinical trial (NCT01837602) to assess
safety and feasibility of c-Met-CAR T cells in the treatment of
metastatic breast cancer (13). The trial contained several safety
features, including: (i) the use of electroporation of mRNAencoded CAR transcripts directed against c-Met in T cells to ensure
transient CAR expression; (ii) intratumoral injection instead of
systemic delivery of CAR T cells to limit systemic exposure to CAR
T cells; and (iii) excision of intratumorally injected tumor tissues
2 days after intratumoral injection, which further limits the
potential extravasation of residual CAR T cells from the injected
tumor. Finally, resection of the injected tumor provided the
opportunity to evaluate the direct effects of mRNA c-Met-CAR
T cells in breast tumor parenchyma.

Mouse xenograft studies
Mouse experiments were performed as previously described
(12) following approval from the Institutional Animal Care and
Use Committee at the University of Pennsylvania. Brieﬂy, c-Met–
expressing Click beetle green luciferase-labeled ovarian cancer
cells (SK-OV-3/luc; ref. 16) were implanted into the ﬂanks of
NOD/scid/gc/ (NSG) mice provided by the University of
Pennsylvania Stem Cell and Xenograft Core as described (16)
and observed for about 6 weeks until palpable tumors were
present. NSG mice with preestablished tumors were then randomized into three treatment groups and received four intratumoral injections with (i) 1.5  107 mRNA c-Met-CAR T cells (n ¼
8; 3 female and 5 male mice); (ii) mRNA CD19-CAR T (n ¼ 7; 3
female and 4 male mice; ref. 12; allogeneic negative control)
prepared from one single healthy donor; or (iii) phosphate
buffered saline (PBS; negative control; n ¼ 8; 2 female and 6
male mice) beginning at weeks 6, 7, 9, and 11. Mouse xenograft
studies were repeated in one independent experiment without the
use of intraperitoneal (IP) administration of cyclophosphamide.
In an earlier study when NSG mice with advanced disseminated IP
M108-luc tumors were treated on day 56 with a single IP injection
of 2  107 mRNA meso-CAR T cells (12), we observed the onset of
graft versus host disease (GVHD) due to nonspeciﬁc T-cell alloreactivity that necessitated termination of the experiments on day
84 (19). To avoid GVHD, we pretreated our tumor bearing mice
with low-dose cyclophosphamide prior to the second mRNA
c-Met-CAR T cell injection as described (19). Therefore, the second
and subsequent intratumoral injections were preceded by an IP
injection of low-dose cyclophosphamide at 60 mg/kg at 24 hours
prior to intratumoral injection to prevent GVHD. Tumor growth
was quantiﬁed using bioluminescence imaging weekly until week
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14. Differences of tumor growth between treatment groups were
compared using the two-sided Student t test.

Patient eligibility and enrollment
As part of the informed consent, patients with metastatic breast
cancer were asked for permission to test their tumor for c-Met
expression as one of the eligibility criteria. If archived tumor tissue
from any metastatic tumor site was unavailable, patients were
offered a 2 or 4 mm punch or percutaneous core needle biopsy of
the most accessible metastatic deposit. Staining of archival tissue
of the primary breast cancer for initial screening was permitted to
determine eligibility. Patients with conﬁrmed c-Met expression in
tumor were further screened for eligibility. Inclusion criteria
included all patients with stable metastatic breast cancer with an
accessible tumor (cutaneous, subcutaneous, or superﬁcial) and/or
a palpable adenopathy/mass, with c-Met H-score  30 (deﬁned as
product of % tumor cells staining positive for c-Met on IHC and
IHC intensity classiﬁed as 1, 2, or 3). Other inclusion criteria
included age 18, Eastern Cooperative Oncology Group clinical
performance status 0 or 1, adequate hematologic function (white
blood count  3.0  109/L; platelet count  75  109/L;
Hemoglobin  10 g/dL); adequate renal function deﬁned as
serum creatinine < 1.5 times upper limit of normal; adequate
hepatic function deﬁned as total bilirubin < 1.5 times upper limit
of normal; and transaminases < 2.5 times upper limit of normal,
and a negative pregnancy test. Patients tested positive for HIV-1/
HIV-2, and patients with active hepatitis B or C infection, history
of alcohol, or illicit drug abuse within 12 months of intratumoral
injection, signiﬁcant comorbid disease such as myocardial infarction and psychiatric disorder were excluded. Once enrolled,
cytotoxic therapy was not allowed from 2 weeks prior to day of
apheresis up to day 14 after resection of the injected tumor site
(day 0). Targeted therapy such as endocrine therapy or trastuzumab was allowed. Cytotoxic therapy could resume after this 6 to 8
week window if treatment was deemed necessary by the clinical
care team.
Protocol treatment and assessments
Surgical excision of the intratumoral injected tumor
occurred on day 0 (Supplementary Fig. S1) and was preceded
by intratumoral injection of the RNA CAR T c-Met on day 2.
Ten research visits were required for each enrolled patient
starting at week 4 (enrollment visit) to day þ25
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Study oversight
The Data Safety and Monitoring Committee (SMC) of our
cancer center oversaw the data quality and adherence to safety
rules of this clinical trial. A protocol-speciﬁc SMC comprising of
two physicians and one statistician not involved with the study
was created to ensure the safety of participants. The SMC
reviewed all AE quarterly or more frequently as needed and
made recommendations to the research team on whether to
continue with the study, amend the study, and/or stop/pause
the study as needed.
Sample collection and processing
Peripheral blood was collected in lavender and red top Vacutainer tubes (Becton Dickinson) as described (11). All 6 patients
underwent excision of the injected tumor in the operating room 2
days after intratumoral injection. The excised tumor was processed by standard surgical pathology procedures. A portion of the
injected tumor and adjacent noninjected tumor tissues were
collected, placed in ice-cold RPMI medium and transported to
our core laboratory for correlative analyses within 2 hours after the
tumor was excised. The remaining tumor was ﬁxed in formalin
and embedded in parafﬁn for standard pathological exam.
Unstained sections from these archival FFPE tumor blocks were
used for IHC examination of the tumor microenvironment
described above.
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Study design
After receiving University of Pennsylvania IRB approval, we
initiated an open label phase 0 clinical trial (NCT01837602) to
evaluate the safety and feasibility of treating metastatic c-Met–
expressing breast cancer with a single intratumoral injection of
mRNA c-Met-CAR T cells for women with metastatic breast cancer.
The clinical trial schema is shown in Supplementary Fig. S1.
Patients (n ¼ 6) with metastatic breast cancer presenting with
accessible cutaneous or lymph node metastases received a single
intratumoral injection of mRNA c-Met-CAR T cells at 3  107 in
0.5 mL or 3  108 in 1.0 mL (n ¼ 3 per cohort). The primary
endpoint was to determine feasibility and safety of treating c-Metþ
breast cancer patients with mRNA c-Met-CAR T cells by intratumoral injection. Toxicity was determined using the current Common Toxicity Criteria for Adverse Events. Secondary endpoints
included assessment of c-Met–directed responses in resected or
biopsied tumor tissue.

(week þ4; safety assessment visit). Apheresis occurred in week
3 (day 21). A preinjection safety assessment visit occurred
in day 5. Additional safety assessment research visits on day
2 (intratumoral injection), day 1, day 0 (surgical excision),
day 5, week þ2 (day þ11), and week þ4 (day þ25) were
mandatory. Physical exam and complete blood count and
blood chemistry were evaluated in each of the 10 research
visits. On day 2, patients were monitored at least 2 hours
after intratumoral injection with vital signs monitoring immediately before and following intratumoral injection, and every
15 minutes for the ﬁrst hour after intratumoral injection.
Research blood samples to assess pharmacokinetics of mRNA
c-Met CAR T cells were collected on day 5, day 2 at several
time points pre- and postintratumoral injection, and in all
subsequent research visits.
Patients were evaluated for dose-limiting toxicity (DLT) from
the time of intratumoral injection (day 2) to day þ25. DLT
reporting period was up to the initiation of the standard of care
therapy or protocol day þ25 whichever came ﬁrst. DLT was
deﬁned as any new hematologic or nonhematologic toxicity [NCI
Common Terminology Criteria for Adverse Events (CTCAE)
v4.0], which developed following dosing and is at least possibly
related to mRNA c-Met CAR T cells. A DLT was deﬁned as any of
the following: (i) Grade 3 or higher nonhematologic toxicity
(except asymptomatic Grade 3 electrolytes or grade 3 nausea,
vomiting, diarrhea, fatigue, or other events that were preexisting
regardless of grading); (ii) Grade 3 or higher hematologic toxicity
(except asymptomatic lymphopenia or other blood counts that
were preexisting regardless of grading); (iii) Grade 2 or higher
autoimmune reaction; (iv) Grade 2 or higher allergic reaction or
reaction that involves bronchospasm or generalized urticaria
(anaphylaxis); and (v) Grade 2 or higher cytokine release syndrome. The maximum tolerated dose (MTD) by intratumoral
route of administration will be deﬁned as the dose level at which
one patient among six enrolled experienced DLT.

c-Met-CAR T Cells for Breast Cancer

mRNA c-Met-CAR T cell manufacturing
Clinical-grade mRNA was transcribed in vitro from the c-Met
BBZ CAR construct as described (11). Electroporation of mRNA
transcribed from the c-Met BBZ CAR construct into expanded T
cells was performed as described (11). Autologous mRNA c-MetCAR T cells were prepared as speciﬁed in FDA IND 15014 in the
Cell and Vaccine Production Facility (CVPF) at the University of
Pennsylvania according to standard operating procedures established for this purpose. The cells were not released from the CVPF
until FDA-speciﬁed release criteria (e.g., cell purity, sterility,
potency, pyrogenicity, etc.) were veriﬁed.

Statistical considerations
We compared the clinical and tumor characteristics of our
patient cohort as stratiﬁed by c-Met expression using a two-sided
Student t test for continuous variables (i.e., age, tumor size, and
number of involved axilla nodes). We used the two-tailed Fisher
exact test to determine if the distribution of breast cancer subtype,
a categorical variable, was signiﬁcantly different between c-Metþ
and c-Met tumors.

Results
c-Met is frequently expressed in breast cancer
Breast cancer is known to express c-Met (21, 22). To conﬁrm
that c-Met is indeed a versatile tumor antigen in breast cancer
irrespective of the various breast cancer subtypes, we ﬁrst assessed
the expression of c-Met in archived primary breast cancer specimens. We examined contemporary breast cancer tissue samples
from patients treated at our institution in a pilot patient cohort
with primary operable breast cancer. To evaluate whether c-Met
expression may be associated with common prognostic variables
such as tumor size, nodal status, and breast tumor subtype
classiﬁcations, we evaluated c-Met expression by IHC staining.
Expression of c-Met was heterogeneous within and across tumor
samples in terms of the proportion of tumor cells staining positive
for c-Met and the intensity of IHC staining (Supplementary Fig.
S2). We stratiﬁed tumors into two subgroups by c-Metþ or c-Met
status. Results were summarized in Supplementary Table S1.
Overall, c-Met was expressed in 46% of our tumor samples.
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mRNA c-Met-CAR T cells kill c-Metþ breast cancer cells in vitro
As our data conﬁrm a previous report that c-Met is commonly
expressed in breast cancer (23), we hypothesized that c-Met-CAR T
cells may be an effective targeted therapy for breast cancer. Because
normal epithelial tissues such as hepatocytes also express c-Met at
low levels, permanently transduced CAR T cells may lead to
undesirable effects in which the correct molecule is recognized
(on-target) but the wrong tissue would be affected (off-tumor).
Therefore, our initial approach was to use mRNA-based CAR T
cells as a safer alternative, because the resultant CAR expression
would be transient and become negligible by day 7 after mRNA
electroporation (12).
To demonstrate the effectiveness of mRNA c-Met-CAR T cells in
mediating CAR T-directed cell lysis, we evaluated the cytolytic
activity of CAR T cells on two breast cancer cell lines: BT20, a
commercially available breast cancer cell line derived from triple
negative breast cancer (TNBC), and TB129, a primary breast
cancer cell line derived from a patient with Her2 ampliﬁed breast
cancer as previously described (14). Both breast cancer cell lines
expressed c-Met at similar levels and mesothelin, another tumor
antigen, at varying levels (Fig. 1A and B, lower panels). CAR
constructs targeting c-Met (cMet.BBz) and mesothelin (SS1.BBz;
ref. 18) have been developed. Cytolytic activity of cMet.BBz, SS1.
BBz, and CD19.BBz (a negative control CAR T directed against
CD19, a B cell–speciﬁc tumor marker) was measured as described
(18). As shown in Fig. 1A (top), c-Met-directed lysis of BT20
increased from 40% to 100% when the effector cell (CAR T) to
tumor cell (E:T) ratio increased from 1:1 to 5:1. A less robust
cytolytic activity was noted when BT20 was treated with mRNA
meso-CAR T cells. This was likely due to a lower mesothelin
expression in BT20 as demonstrated on ﬂow cytometry analysis
(Fig. 1A lower panel). As expected, CD19-CAR T cells did not have
cytolytic activity against BT20 because BT20 lacked CD19 expression, also demonstrating that the T cells did not exhibit non-self
(allogeneic) MHC reactivity against the tumor. The cytolytic
activities of mRNA c-Met-CAR T cells and meso-CAR T cells against
BT20 were signiﬁcantly higher than mRNA CD19-CAR T cells with
P values ¼ 0.0001 and 0.0015, respectively. Similar results were
obtained when TB129 was treated with mRNA c-Met-CAR T cells
(cMet.BBz). As the E:T ratio increased from 1:1 to 5:1, c-Met
directed lysis increased from 40% to 80% (Fig. 1B, top). mRNA
meso-CAR T cells were also effective in mediating mesothelindirected lysis of TB129 whereas mRNA CD19-CAR T cells did not
have lytic activity on TB129 as expected. The cytolytic activities of
mRNA c-Met-CAR T cells and meso-CAR T cells against TB129
were signiﬁcantly higher than mRNA CD19-CAR T cells with P
values ¼ 0.0001 for both.
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Polymerase chain reaction (PCR) analyses of mRNA transcripts
and multiplex cytokine analyses
Blood samples were collected for all 6 patients at the following
time points: 20 minutes, 2 hours, 1 day, 2 days, 7 days, and 14
days after intratumoral injection. mRNA was isolated directly
from whole blood from each time point and fresh tumor tissues
using Ribopure blood kits (Ambion). cDNA was synthesized and
used in quantitative PCR (qPCR) assays to detect and quantify the
abundance of transgene (CAR T construct) and CD3e (total T cell)
transcripts. The proportion of CAR T cells to total T cells was
determined using the transgene value/normalized CD3e value as
described (11).
Serum cytokines were examined as previously described (20).
Brieﬂy, human cytokine magnetic 30-plex panel (catalog number
LHC6003M) was purchased from Life Technologies. Serum samples cryopreserved at 80 C from day 5 or baseline to day þ25
were thawed and batch analyzed in duplicate according to the
manufacturers' protocols. Assay plates were measured using a
FlexMAP 3D instrument (Luminex), and data acquisition and
analysis were done using xPONENT software (Luminex).

Tumor size and nodal status were similar between the two subgroups. When we further stratiﬁed our tumor samples into tumor
subtypes by estrogen (ER), progesterone (PR), and Her-2/neu
(Her2) receptor expression status, we found that c-Met was
expressed in all three breast cancer subtypes.

Antitumor effects of mRNA c-Met-CAR T cells in a xenograft
model
We have previously demonstrated the effectiveness of stably
transduced c-Met-CAR T cells in shrinking preestablished c-Metexpressing tumors in NSG mouse tumor models (16). We have
also performed a side-by-side comparison of the effectiveness of
stably transduced versus mRNA electroporated CAR T cell directed
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against another tumor antigen, mesothelin, in reducing tumor
growth (12). In disseminated IP tumors established in NSG mice
with 8  106 M108-Luc, a human mesothelioma cell line, tumor
shrinkage was observed in mice treated with four consecutive IP
injections of mRNA meso-CAR T cells. mRNA meso-CAR T cells
were effective but less so than stably transduced meso-CAR
T cells in shrinking preestablished tumors (12). We also noted
that expression of CAR in these transiently modiﬁed mRNA mesoCAR T cells persisted for 4 days but disappeared by day 7 after
electroporation. We extrapolated from these results and hypothesized that mRNA c-Met-CAR T cells may have activity in shrinking
preestablished tumors in our xenograft tumor model and that the
activity of these mRNA c-Met-CAR T cells would be transient and
limit potential on-target off-tumor effects in our pilot study. To
evaluate the effectiveness of intratumoral injections of mRNA
c-Met-CAR T cells in controlling tumor growth in preestablished
c-Met-expressing tumors in vivo, SK-OV-3/luc, a Click beetle green
luciferase-labeled c-Met-expressing human ovarian cancer cell
line (16), was implanted into the ﬂanks of NSG mice as described
(12). Tumor-bearing mice were treated with four intratumoral
injections of mRNA c-Met-CAR T cells at weeks 6, 7, 9, and 11
(Fig. 2). Our results demonstrated that multiple injections with
mRNA c-Met-CAR T cells were effective in controlling tumor
growth when compared with intratumoral injections with mRNA
CAR T CD19, given as a control for allogeneic effects. Tumor
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control continued until week 14, 3 weeks following the ﬁnal
mRNA c-Met-CAR T cell intratumoral injection (Fig. 2). Whether
extravasation of these intratumorally injected mRNA c-Met-CAR T
cells has occurred in the treated mice is unknown. However in a
previous study, we were able to detect 1  103–1  104 human T
cells in peripheral blood of treated mice 40 days after IP injection
of mRNA CAR T cells, indicating that extravasation of some of
these IP-injected CAR T cells had occurred (19).
Phase 0 trial to test mRNA c-Met-CAR T cells
We conducted a phase 0 study to test the safety and feasibility of
intratumoral injections of CAR T cells. We are leveraging our
experience with mesothelin-targeted CAR T cells to establish
whether c-Met might serve as a target in patients with advanced
breast cancer. Patients with metastatic breast cancer presenting
with accessible cutaneous or lymph node metastases received a
single intratumoral injection at one of two mRNA c-Met-CAR T
cell dose levels: 3  107 and 3  108 (n ¼ 3 per cohort). Clinical
grade mRNA c-Met-CAR T cells were successfully manufactured
for all patients (Table 1).
The clinical characteristics and outcome of the six subjects with
median follow up of 10 months (range, 3–28 months) were
summarized in Table 2. Four of 6 patients had metastatic triple
negative breast cancer (TNBC), whereas the remaining two had
ERþHer2 metastatic breast cancer. Intratumoral injection of
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Figure 1.
Cytotoxicity of c-Met-CAR T cells. Chromium release cytolytic activity assays of mRNA CAR T cells in two breast cancer cell lines, BT20 and TB129. Each
assay was performed in duplicates and repeated in at least three independent experiments. A, Top, BT20 tumor cell lysis induced by CAR T directed
against c-Met (cMet.BBz, solid triangles), mesothelin (SS1.BBz, solid squares), or CD19 (CD19.BBz, solid circles) at various effector T cell:tumor cell (E:T) ratios.
mRNA c-Met-CAR T cells were more effective than mRNA meso-CAR T cells in inducing CAR T cell-directed tumor cell lysis. Bottom, histograms of ﬂow
cytometry analyses of c-Met, and mesothelin expression on BT20 cells as stained by antibodies against c-Met and mesothelin. B, Top, TB129 tumor cell lysis
induced by CAR T directed against c-Met (cMet.BBz, solid triangles), mesothelin (SS1.BBz, solid squares), or CD19 (CD19.BBz, solid circles) at various E:T ratios.
mRNA c-Met-CAR T cells cytolytic activity was similar to that of mRNA meso-CAR T cells in inducing CAR T-directed tumor cell lysis. Bottom, histograms
of ﬂow cytometry analyses of TB129 cells as stained by antibodies against c-Met and mesothelin.

c-Met-CAR T Cells for Breast Cancer
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Figure 2.
Antitumor efﬁcacy of mRNA c-Met-CAR T cells in NSG mice. Each experiment was performed using groups of 7–8 female and male NOD/scid/gc/ (NSG)
mice and repeated in one independent experiment without the use of cyclophosphamide. Tumor growth curve as measured by bioluminescence
imaging demonstrated effectiveness of multiple intratumoral injections of mRNA c-Met-CAR T cells into preestablished c-Metþ Click beetle green
luciferase labeled tumor xenografts (SK-OV-3/luc) in controlling tumor growth in NSG mice. Red squares depicted bioluminescence fold change in
tumor size of mRNA c-Met-CAR T cells treated mice; blue square depicted those of mRNA CD19-CAR T cell (allogeneic control) treated mice; and green
squares depicted those of PBS (negative control)-treated mice. Intratumoral injection time points were depicted by red arrows. IP injections of
Cytoxan (cyclophosphamide) were given 24 hours prior to the intratumoral injections as depicted by green arrows to eliminate the previous T cells,
preventing the development of graft-versus-host disease (21).

mRNA c-Met-CAR T cells was well tolerated in all 6 patients. All AE
and serious AE (SAE) were summarized in Supplementary Table
S2. Grade I erythema occurred at the intratumoral injection sites in
3 of 6 patients. All 6 patients reported mild subjective myalgia,
which resolved within 24 hours. One patient reported prolonged
myalgia/arthralgia, which resolved within 2 weeks after intratumoral injection. This patient's subjective symptoms were not
attributable to IL-6 release (Supplementary Table S3). There were

six grade 3 AE: (i) pain at skin graft donor site on right thigh of one
patient, which was attributed to skin graft procedure performed at
the time of surgical resection of the injected tumor to provide skin
coverage of the resected chest wall tumor; (ii) four grade 3 AE for
nausea and vomiting were reported from another patient who
presented to the emergency department four times for severe
nausea and vomiting between week þ2 and week þ4 and required
hospital admission. This patient had prior radiation treatment to

Table 1. Apheresis products and cMet CAR T cell product characterization
Assay
Apheresis product
Flow Cytometry CD3þ, CD45þ
CD4/CD8 ratio
cMet CART release criteria
Total cell number infused
Cell viability
% CD3þ of CD45þ cells (post-expansion)a
Residual bead #
Endotoxin
Mycoplasma
Sterility (Bactec)
Fungal culture
Transfection efﬁciency (scFv expression)

Speciﬁcation

Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

Patient 6

N/A
N/A

63.20%
1.57

31.40%
1.45

42.40%
1.57

65.90%
2.87

56.90%
1.34

44.50%
1.11

3  107—1st 3 subjects
3  108—2nd 3 subjects
70%
80%
100 beads/3  106 Cells
3.5 EU/mL
Negative
No growth
No growth
20%

3  107

3  107

3  107

3  108

3  108

3  108

73.60%
97.60%
4
<1 EU/mL
Negative
No growth
No growth
85.80%

91.20%
96.80%
2
<1 EU/mL
Negative
No growth
No growth
69.40%

90.00%
93.50%
1
<0.5 EU/mL
Negative
No growth
No growth
79.30%

85.00%
93.60%
1
<0.5 EU/mL
Negative
No growth
No growth
39.60%

95.50%
97.20%
0
<0.5 EU/mL
Negative
No growth
No growth
44.80%

96.30%
75.0%b
0
<0.5 EU/mL
Negative
No growth
No growth
36.50%

a

Release assay performed post expansion and prior to overnight incubation, electroporation, and formulation.
Following electroporation, the ﬁnal product was assayed. CD3þ of CD45þ cells were 85.9%.

b
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Table 2. Clinical characteristics of trial participants
Breast cancer
C-met IHC
ID
Age
Race
subtype
status
1
58
White
TNBC
2þ, 100%
2þ, 100%
2
47
Black
ERþ Her2
3
44
White
TNBC
2þ, 90%
1þ, 60%
4
64
White
ERþ Her2
5
55
Black
TNBC
1þ, 90%
6
64
Asian
TNBC
2þ, 70%

Sites of metastasis
Chest wall
Left breast, Bone, liver, and mediastinal nodes
Left supraclavicular, bilateral cervical nodes, and right axilla nodes
Right breast and Bone
Right breast, skin, liver, and left axilla
Right mastectomy and left mastectomy skin ﬂaps

IT site
Chest wall
Left breast
Right axilla node
Right breast
Chest wall
Right chest wall

Disease
status
DOD
DOD
DOD
SD
PD
PD

Abbreviations: TNBC, triple-negative breast cancer; ER, estrogen receptor; Her2, Her-2/ne; DOD, dead of disease; SD, stable disease; PD, progressed disease.

Pharmacokinetics of mRNA c-Met-CAR T cells
We performed qPCR to measure the amount of CAR T transgene
relative to CD3e transcripts in peripheral blood mononuclear cells
(PBMC) and tumor biopsies. Low levels of CAR mRNA were
detected in peripheral blood or in tumor tissues in 5 of 6 patients
(Table 3). Low levels of CAR mRNA were detected in the blood
samples collected at 20 minutes after intratumoral injection of
2 patients and at 2 hours after intratumoral injection in one
patient. This was likely due to extravasation of mRNA c-Met-CAR T
cells in peripheral blood. CAR mRNA was not detected in blood
samples collected at subsequent time points (at 1, 2, 7, and
14 days after intratumoral injection) from all 6 patients (Table 3).
As one patient reported prolonged myalgia and had the highest
level of CAR mRNA detected in the tumor biopsy, we performed
multiplex cytokine analyses using serum collected from this
patient before and after intratumoral injection. Elevated serum
IL6 levels were not observed in this patient (Supplementary
Table S3).
mRNA c-Met-CAR T cells induce necrosis and inﬂammation in
the tumor microenvironment
As resection of the intratumorally injected tumors was part of
the trial schema (Supplementary Fig. S1), we evaluated the effects
of CAR T cells on tumor tissues 2 days after intratumoral injection.
Pretreatment tumor tissues and tumor tissues surrounding the
intratumoral injection site and away from the intratumoral injection site from 2 patients (Fig. 3 and Supplementary Fig. S3) were
evaluated histologically by H&E stain. We noted necrosis, hemorrhage, and inﬂammatory cell inﬁltration at the intratumoral
injection site (Fig. 3). Tumor cells, which were intact in the

pretreatment and noninjection site, no longer displayed a discernable cell membrane or nuclei on H&E. The IHC staining also
demonstrated loss of c-Met immunoreactivity at the injected site,
in contrast to the bright staining for c-Met in the baseline tumor
(Fig. 3). Overall, the intratumoral injection site was associated
with polymorphonuclear (PMN) and mononuclear immune cell
inﬁltration. The PMNs within the tumor microenvironment had
the characteristics of neutrophils on H&E. Similar results were
seen at the intratumoral injection site of the second patient
(Supplementary Fig. S3). In addition, we compared the tissue
effects of intratumoral injection of 1 mL of lidocaine (as negative
control) and 1 mL of mRNA c-Met-CAR T cells in 1 patient
and noted that intratumoral injection of mRNA c-Met-CAR T
cells, not lidocaine, resulted in more immune cell inﬁltration
(Supplementary Fig. S4).
To further characterize the mononuclear cells within the tumor
microenvironment, we stained consecutive tumor sections from 2
patients with markers of T cells, T-helper cells, cytotoxic T cells,
and monocytes/macrophages with anti-CD3, CD4, CD8, and
CD68, respectively. We noted that the T cells within the intratumoral injection site were predominantly CD4þ and that some of
the inﬁltrated immune cells were CD68þ macrophages (Supplementary Fig. S3 and Fig. 3). We further characterized these CD68þ
tumor-inﬁltrated immune cells by multiplex IHC as described in
the methods section. Comparison of the CD68þ cells within the
pretreatment and post intratumoral injection sites demonstrated
heterogeneity in the inﬁltrated myeloid cells, which have phenotypes associated with immune suppression, e.g., an increase in the
ratio of CD163/CD68 at the intratumoral injection site (Supplementary Fig. S5).
The RT-PCR results comparing CAR T with CD3e transcripts
in tumor tissue at the intratumoral site in one patient 2 days
after intratumoral injection demonstrated that CAR T transcripts comprised 1.6% of total CD3e transcripts, indicating
that most of the CD3þ cells in the tumor tissues were native T
cells, not mRNA c-Met-CAR T cells. However, it is not possible
to determine whether the tumor-inﬁltrating T cells were previously expressing the CAR and whether the mRNA and CAR
protein had since been metabolized. Alternatively, it is possible

Table 3. qPCR to detect RNA CART c-Met in PBMC and tissues expressed as normalized ratio CART/CD3  100
Patient ID
1
2
3
4
5
6

Preinjection
PBMC
ND
ND
ND
ND
ND
ND

20 minutes after
IT PBMC
ND
0.00441
ND
ND
0.0059
ND

2 hours after
IT PBMC
ND
ND
ND
ND
0.0005
ND

Day 4 after
IT PBMC
ND
ND
ND
ND
ND
ND

Tumor tissue at
IT injection site
0.02376
ND
0.000491
ND
0.278
1.6

Tumor tissue away
from IT injection site
ND
ND
ND
ND
3.46
ND

Abbreviations: PBMC, peripheral blood mononuclear cells; ND, not detected.
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her known liver metastases and her symptoms were attributed to
radiation enteritis. One episode of grade 2 hypotension was
recorded in one patient and was attributed to dehydration from
her nausea/vomiting; (iii) grade 3 anemia requiring transfusion
was reported on day þ1 in one patient, which was attributed to
blood loss from her surgical resection and skin graft procedure. All
grade 3 SAE were deemed unrelated to the study drug.
No measurable clinical responses were observed (Table 2).
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Figure 3.
Histology and IHC of tumor tissue preand postintratumoral injection of
mRNA c-Met-CAR T cells from one
treated patient. Histologic (H&E) and
IHC evaluation of c-Met expression
and T cell (CD3þ, CD4þ, and CD8þ)
and macrophage (CD68þ) inﬁltration
in tumor tissues of pretreatment, away
from intratumoral injection site and at
intratumoral injection site from a
patient treated with 3  108 mRNA
c-Met-CAR T cells.

that an inﬂux of T cells was triggered after the initial injection of
mRNA c-Met-CAR T cells.
In addition, we also performed IHC with CD56, a marker for
natural killer cells, and S100, a marker of dendritic cells or
Langerhans histiocytes, and the results of the staining indicated
no contribution of natural killer cells or dendritic cells within the
tumor microenvironment at the intratumoral injection site.

Discussion
This study reports the development of a CAR T cell-targeting
c-Met and the results of our phase 0 clinical trial evaluating the

www.aacrjournals.org

safety and feasibility of intratumoral injection of mRNA cMet-CAR T cells for patients with metastatic breast cancerexpressing c-Met. The study met the feasibility endpoint as
clinical grade CAR T-cell products were successfully manufactured for all subjects. In addition, the protocol met the safety
endpoint as the mRNA c-Met-CAR T-cell injections were well
tolerated. Speciﬁcally, no patient experienced cytokine release
syndrome.
Two dose levels of CAR T cells were administered. There was no
obvious dose–response relationship; however, the patient with
prolonged myalgia and extensive tumor necrosis on biopsy was in
the higher dose cohort. The c-Met-CAR T cell mRNA was
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tumors. This proof of concept study will pave the way for the use of
intratumoral injection of mRNA CAR T as a platform to evaluate
CAR T or other immunotherapy strategies in the treatment of
tumors by intratumoral injection. As the expression of CARs in
mRNA CAR T cells is transient, mRNA CAR T cells serve as a
platform to allow us to evaluate the safety of CAR T directed
against tumor antigens in clinical trial settings by avoiding the
potential unrelenting on-target off-tumor effects of stably transduced CAR T. A phase I trial (NCT03060356) to assess the safety of
systemically administered mRNA c-Met-CAR T cells in the treatment of metastatic breast cancer or melanoma is underway with
emphases on vigilant monitoring and supportive management of
potential toxicities through procedures such as the use of tocilizumab in the management of cytokine release syndrome (27, 28).
In the event of other toxicity, a method to attenuate or eliminate cMet-CAR T cells will be introduced.
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detectable at low levels in peripheral blood in 2 of 6 patients
without any adverse effects.
One of our objectives was to evaluate the direct effects of mRNA
c-Met-CAR T cells on breast cancer tumor tissues. Two observations suggested that the mRNA c-Met-CAR T cells had on-target
effects after intratumoral injection. First, there was a loss of c-Met
expression in the post injection biopsy compared with the preinjection tumor sample from 2 evaluable patients. The loss of
c-Met expression was conﬁned to the biopsy obtained from the
injection site, whereas c-Met expression was retained in the biopsy
sample from noninjected tumor. Second, there was necrosis in the
injected tumor tissue and not at the noninjected tumor biopsy
suggesting that some of the observed tumor cell necrosis or lysis
may be a consequence of cytolytic activity mediated by mRNA
c-Met-CAR T cells. However, in the absence of a side-by-side
comparison between intratumoral injection of activated/
unmodiﬁed T cells versus mRNA c-Met-CAR T cells, we could
not ascertain whether mRNA c-Met-CAR T cells were solely
responsible for the observed tissue effects because activated
unmodiﬁed T cells could also contribute to tumor necrosis. As
we had previously demonstrated that stably transduced mesoCAR T cells but not CD19-CAR T cells (a control CAR T cell) were
effective in shrinking mesothelinþ tumors in mice whereas CD19CAR T cells did not have antitumor effect (18), we concluded that
the observed tumor necrosis was at least in part attributable to
speciﬁc effects from mRNA c-Met-CAR T cells.
In addition, c-Met-CAR T mRNA was detected in peripheral
blood after intratumoral injection from 2 of 6 patients suggesting
that extravasation of mRNA c-Met-CAR T cells had occurred
(Table 3). Because no serious adverse effects were noted in these
2 patients, we postulate that systemic infusion of mRNA c-MetCAR T cells may be tolerated. We will evaluate this in a future
clinical trial based on present results that demonstrate that mRNA
c-Met-CAR T cells induce necrosis in tumors of patients with
advanced metastatic breast cancer.
Given the heterogeneous expression of c-Met in breast
tumors, we anticipate that antigen-directed tumor lysis may
spare tumor cells that do not express c-Met. However, antigendirected tumor lysis may result in the release of other tumor
antigens. An immune response against these additional tumorspeciﬁc antigens may be elicited, a process known as epitope
spreading. We have demonstrated this phenomenon of epitope
spreading in a previous publication describing 2 patients treated by systemic infusion and intratumoral injection of mRNA
meso-CAR T cells (11). Furthermore, it is possible to speculate
that tumors that lose the beneﬁt of c-Met signaling may be less
aggressive. The recruitment of macrophages into the intratumoral site coupled with tumor necrosis further raises the
possibility that some of these cells may serve as antigen-presenting cells, which when appropriately stimulated, could
induce epitope-spreading and enhance antitumor immunity
against tumor neoantigens through cross-presentation. In addition to the macrophages, it is also possible that the T cells
themselves could serve as antigen presenting cells (24, 25).
Such vaccine response is, however, unlikely to result from a
single intratumoral injection of mRNA c-Met-CAR T cells. An
attractive strategy may be to combine CAR T-cell injections with
injections of a stimulator of interferon gene (STING) agonist to
provoke or prime T-cell responses to neoantigens (26).
In conclusion, intratumoral injections of mRNA c-Met-CAR T
cells are well tolerated and elicit an inﬂammatory response within
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