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Abstract

To generate chimeric Ag receptors (CARs) for the adoptive immunotherapy of cancer patients
with ErbB2-expressing tumors, a single-chain Ab derived from the humanized mAb 4D5
Herceptin (trastuzumab) was initially linked to T cell sighaling domains derived from CD28 and
the CD3( to generate a CAR against ErbB2. Human PBLs expressing the 4D5 CAR demonstrated
Ag-specific activities against ErbB2* tumors. However, a gradual loss of transgene expression was
noted for PBLs transduced with this 4D5 CAR. When the CD3( signaling domain of the CAR was
truncated or mutated, loss of CAR expression was not observed, suggesting that the CD3¢
signaling caused the transgene decrease, which was supported by the finding that T cells
expressing 4D5 CARs with CD3¢ ITAM mutations were less prone to apoptosis. By adding 4—
1BB cytoplasmic domains to the CD28-CD3( signaling moieties, we found increased transgene
persistence in 4D5 CAR-transduced PBLs. Furthermore, constructs with 4-1BB sequences
demonstrated increased cytokine secretion and lytic activity in 4D5 CAR-transduced T cells. More
importantly, PBLs expressing this new version of the 4D5 CAR could not only efficiently lyse the
autologous fresh tumor digests, but they could strongly suppress tumor growth in a xenogenic
mouse model.

Adoptive cell therapy (ACT)3 has emerged as the most effective treatment for patients with

metastatic melanoma. An immunodepleting preparative regimen followed by ACT of tumor-
reactive autologous tumor-infiltrating lymphocytes (TILs) resulted in the clonal repopulation
of patients with antitumor T cells (1). Of patients with metastatic melanoma refractory to all
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other treatments, 50% experienced objective clinical regression, some with complete
responses (2). Intensifying the lymphodepletion by adding total-body irradiation to the
chemo-therapy conditioning regimen improved the therapeutic results of ACT, resulting in a
72% objective response rate (3). However, TILs with high avidity for tumor Ags can only be
generated from patients with melanoma and, therefore, a need exists for the generation of T
cells with broad reactivity against shared cancer-associated Ags present on common
epithelial tumors.

The ability to introduce genes into circulating human lymphocytes provides the flexibility to
introduce Ag receptors as well as molecules that can provide the cell with enhanced
properties required for effective ACT (4-8). The first clinical trial to successfully mediate
the regression of human cancer by ACT using genetically engineered autologous
lymphocytes was recently published (9). Seventeen patients were treated with a TCR that
was reactive with the MART-1 melanoma Ag isolated from highly reactive TILs. Two
patients with metastatic melanoma who received ACT of their autologous normal
lymphocytes transduced with genes encoding this MART-1 TCR experienced long-term
objective regression of metastatic tumor, and 2 of an additional 14 patients also experienced
objective tumor regressions for a response rate of 13% (10). The decreased response rate
using TCR-modified lymphocytes for the treatment of cancer patients, compared with the
use of TILs, implies that further optimization of TCR gene therapy is required. Additionally,
current TCR-based gene therapies target HLA-A2-restricted epitopes, which greatly lessens
the number of patients that can be treated by adoptive immunotherapy.

A chimeric Ag receptor (CAR) is an artificially constructed hybrid protein containing the Ag
binding domains of a single-chain Ab (scFv) linked to T cell signal domains. The main
characteristics of CARs are their ability to redirect T cell specificity and killing/effector
activity toward a selected target in a non-MHC-restricted manner, exploiting the Ag-binding
properties of mAbs (11, 12). This non-MHC-restricted Ag recognition gives T cells
expressing CARs the potential ability to recognize tumor cells in patients independent of
HLA status, and thus these cells may be able to effectively treat tumors that have lost or
down-regulated HLA (a major mechanisms of tumor immune escape). While CAR-
engineered T cells would not be impacted by HLA down-regulation, Ag loss has been
observed in murine models of ACT, and such events would abrogate the function of any
CAR-based gene therapy (13, 14).

ErbB2 (HER-2/Ned) represents one of the most studied targets for cancer-specific therapy.
Herceptin (trastuzumab), a mAb directed against the extracellular domain of ErbB2, is
therapeutically active in ErbB2 overexpressing breast carcinomas. However, a consistent
number of ErbB2-positive tumors are not responsive to Herceptin-driven therapy, indicating
the need for a better understanding of the mechanism of action of this Ab in vivo and
suggesting the need to develop additional therapies targeting ErbB2. CARs against ErbB2
have been well characterized and tested in vitro and in animal models (15-19). Nevertheless,
several limitations need to be overcome before ErbB2 CAR-modified T cells can be applied
clinically. ErbB2-based CARs reported thus far are composed of scFv from murine mAbs,
which have been shown to induce anti-CAR immune responses in human clinical trials
(20,21). scFv-based CARs engineered to contain a signaling domain from CD3¢ or FcRy
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have been shown to deliver a potent signal for T cell activation and function, but they were
not sufficient to elicit substantial 1L-2 secretion in the absence of a concomitant
costimulatory signal (12, 22). It has been demonstrated that CARs containing the signal
transduction domain of CD28 and/or 4-1BB, or other costimulatory molecules, enhanced
the function of the gene-modified T cells (12, 23, 24). Therefore, a new generation of CARs
containing both humanized scFv and optimized costimulatory signaling domains may be
optimal for clinical trials using CAR-based genetically engineered T cells for the treatment
of cancer patients.

We have assessed the function of human T cells expressing a CAR that is composed of scFv
derived from a humanized mAb 4D5 (Herceptin) (25) followed by signaling domains of
CD28 and CD3(¢. We found a consistent transgene decrease over time that was associated
with activation-induced cell death (AICD) of transduced T cells expressing low levels of
ErbB2. Here we describe that optimization of this CAR by the addition of costimulatory
signaling domains from both CD28 and 4-1BB lead to maintained transgene expression by
increasing the expression of an antiapoptosis gene Bcl-x| , as well as increased cytokine
secretion, lytic activity, and in vivo antitumor activity of the transduced T cells.

Materials and Methods

PBLs and cell lines

All of the PBMCs used in this study were from metastatic melanoma patients treated under
approved protocols at the Surgery Branch, National Cancer Institute, National Institutes of
Health, Bethesda, MD. Melanoma cell line 624.38mel (HLA-A2*, NY-ESO-17, ErbB2%),
and fresh tumor digests were generated at the Surgery Branch. ErbB2-positive tumor lines
SK-0V3, SK-BR3, BT-474, MDA361, MDA231, MCF-7, CLL-222, and CRL-1740 and
ErbB2-negative tumor lines MDA468 and CCRF-CEM (CEM) were provided by American
Type Culture Collection. All cell lines were cultured in medium consisting of RPMI 1640
(or DMEM) supplemented with 10% heat-inactivated FBS (Biofluids), 200 U/ml penicillin,
and 100 pg/ml streptomycin (Invitrogen). Lymphocytes were cultured in AIM-V medium
(Invitrogen) supplemented with 5% human AB serum (Valley Biomedical) and 300 U/ml
IL-2 (Chiron) at 37°C and 5% CO».

Generation of retroviral constructs

The ErbB2-specific scFv 4D5 (25) sequence derives from the humanized mAb that was used
to produce Herceptin. The sequence for the anti-VEGFR2-specific scFv 2C6 (26) was
derived from a human Ab. Both CARs were designed and synthesized by PCR using a web-
based DNA codon optimization algorithm (27). Supplemental Fig. 1 shows the sequences of
the 4D5 and 2C6 scFvs (including the linker sequence) and the primers used to synthesis
these genes.4 The synthesized DNA fragments were sequence confirmed and subcloned in
frame into MSGV-1-based vector (28) containing CD28 and CD3( signaling moieties (12)
to generate MSGV-4D5-28Z or MSGV-2C6-28Z. Variant signaling domains were
constructed by mega-primer overlap PCR of specific signaling domains and assembled in

4The online version of this article contains supplemental material.
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the order described in figure legends (details available upon request). An MSGV-1-based
vector encoding TCRa and TCRg specific for NY-ESO-1 (MSGV-1G4-AIB) was described
previously (29). FMC63-28Z is a CAR vector in which scFv against human CD19 derived
from mAb FMC63 as described (30) was constructed and subcloned into MSGV-1-based
retroviral vector containing CD28-CD3( cassette. A trinitrophenyl-specific CAR, SP6-28Z
CAR (22), and a CAR containing the extracellular domain of LNGFR were used as controls.

Retrovirus vector production and transduction of T cells

Retroviral vector supernatant was produced from stable packaging cell lines as described
(29) or by transient transfection. To generate transient viral supernatant, 293GP cells
(Clontech Laboratories) were cotransfected with retroviral vector plasmid and envelope
encoding plasmid RD114 using Lipofectamine 2000 reagent (Invitrogen). Supernatants
containing the retrovirus were collected 48 and 72 h later. OKT3-activated T cells were
transduced with retroviral vectors as described (29). Briefly, PBMCs were activated with
OKT3 at a final concentration of 50 ng/ml with recombinant human IL-2 at a final
concentration of 300 1U/ml. Cells were harvested for retroviral transduction on day 2 and
applied to RetroNectin (CH-296; Takara Shuzo)-coated non-tissue culture-treated 24-well
plates. After transduction, the cells were cultured in the presence of 300 IU/ml IL-2 until
use.

Real-time PCR

Genomic DNA was isolated using a QlAamp DNA blood kit (Qiagen) according to the
manufacturer’s instruction. One hundred nanograms of each DNA was used for the real-time
quantitative PCR assay (TagMan; Applied Biosystems). Total RNA was isolated using
RNeasy Mini Kit (Qiagen). One microgram of total RNA was used in the first strand of
cDNA synthesis reaction using ThermoScript RT-PCR system (Invitrogen) and diluted 10-
fold with RNA-free water after the reaction. One tenth of the diluted reaction mix was used
later for the real-time quantitative PCR. All PCR reactions were performed using an ABI
7500 Fast real-time PCR system instrument (Applied Biosystems). The TagMan gene
specific assay was designed by ABI Assays-by-Designs software (Applied Biosytems).
Primers and probe used for detection of ErbB2 are: ErbB2 forward, 5’-
GCCTCCACTTCAACCACAGT-3’; ErbB2 reverse, 5’-TCAAACGTG
TCTGTGTTGTAGGT-3’; ErbB2 probe, FAM-CAGTGCAGCTCACA GATG. Primers and
probe used for detection of MSGV 3’LTR that is transcribed together with the transgenes
are: LTR forward, 5’-TGCAAG GCATGGAAAATACATAACTGA-3’; LTR reverse, 5’-
CACAGAT ATCCTGTTTGGCCCATAT-3’; and LTR probe, FAM-TCTCTCTGTTC
CTAACCTTG. The reference standard curve was established using the plasmid DNA
encoding target sequence. A TagMan g-actin control re-agents kit (Applied Biosytems) was
used to normalize reactions to input RNA/DNA amounts.

FACS analysis

Abs were obtained from the following suppliers: anti-human CD3, CD4, CD8, and NKG2D
(BD Biosciences), Ab to Bcl-x; (Santa Cruz Biotechnology), and anti-human V13.1
reactive with the NY-ESO-1 TCR 1G4 (Immunotech). Matched isotype control Abs were
used in all analyses. Cell surface expression of ErbB2 was detected by anti-ErbB2 affibody
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(Abcam). ErbB2 and VEGFR2 specific CAR expression was detected by ErbB2-Fc or
VEGFR2-Fc fusion protein (R&D Systems), respectively, followed by PE-conjugated anti-
human 1gG Fc Ab (eBioscience). For analysis, the relative log fluorescence of live cells was
determined using a FACScan flow cytometer with CellQuest software (BD Biosciences).

Cytokine release assays

PBL cultures were tested for reactivity in cytokine release assays using commercially
available ELISA kits (IFN-y, IL-2, and TNF-a; Endogen). Stimulator cells and responder
cells were cocultured for 24 h as described(8). Cytokine secretion was measured in culture
supernatants diluted to be in the linear range of the assay.

51Cr release assay

The ability of the T cells to lyse tumor target cells was measured using a °1Cr release assay
as described previously (31). Briefly, 1 x 108 target cells were labeled for 1 h at 37°C with
200 LCi of ®1Cr sodium chromate (GE Healthcare). Labeled target cells (5 x 103) were
incubated with effector cells at the ratios indicated in the text for 4 h at 37°C in 0.2 ml of
culture medium. Harvested supernatants were counted using a Wallac 1470 Wizard gamma
counter (PerkinElmer). Total and spontaneous ®1Cr release was determined by incubating 5
x 103 labeled targets in either 2% SDS or culture medium for 4 h at 37°C. Each datum point
was determined as an average of quadruplicate wells. The percentage specific lysis was
calculated as: % specific lysis = [(specific °1Cr release — spontaneous °1Cr release)/(total
S1cr release — spontaneous °1Cr release)] x 100.

Ab blocking assay

Tumor cell lines (5 x 10% cells/100 /) were incubated with each mAb at a concentration of
10 wg/ml for 30 min at 37°C in a flat-bottom 96-well plate.

T cells (5 x 10% cells/well) were then added and incubated with target cells overnight at
37°C. The supernatants were harvested and assayed for IFN-y production by ELISA. The
anti-ErbB2 Abs used were mAb N29(15) and an anti-ErbB2 1gG fraction (Austral
Biologicals). An anti-MAGE1 mAb (Austral Biologicals) was used as control.

Mice and tumor model

SCID mice were transplanted with pellets of 15-estradiol at day—2 and then injected
orthotopically (into the mammary fat pad) with 3 x 108 BT-474 human breast cancer cells
(with Matrigel) on day 0. At day 7 mice received 200 mg/kg cyclophosphamide (i.p.). At
day 10, 12 mice were i.v. injected with 1.5-2 x 10% human PBLSs transduced with the
indicated CARs when the tumor was palpable. All mice received 2000 U of IL-2(i.p.) twice
a day for 7 days following cell administration. HBSS (no PBL) and SP6 CAR (anti-
trinitrophenyl) served as controls. All protocols were approved by the Weizmann Institute of
Science animal use committee.
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PBLs redirected with CARs derived from Herceptin were specifically reactive to ErbB2*

tumor lines

ErbB2 expression of a panel of tumor cell lines was examined via flow cytometry by
staining the cells with an anti-ErbB2 Affibody molecule. The results show that ErbB2
expression was easily detected not only for breast tumor lines BT-474, MDA361, SK-BR3,
MCF7, and MDAZ231, but also for the tumors from other origins, such as ovarian (SK-OV3),
prostate (CRL-1740), colon (CCL-222), and melanoma (624.38mel) (Fig. 1A). A Herceptin-
based CAR, consisting of scFv of mAb 4D5 linked to CD28 and CD3( signaling moieties
(supplemental Fig. 1.A), was constructed and cloned into a retroviral vector MSGV-1 and
named MSGV-4D5-287 (4D5-2827) (Fig. 1B). To test if T cells expressing 4D5-28Z were
capable of specifically recognizing tumor lines expressing ErbB2, the transduced PBLs were
coincubated with a panel of tumor cell lines and the amount of secreted effector cytokine
IFN-y was determined. 4D5-28Z-transduced PBLs recognized all of the ErbB2* tumor lines
and secreted IFN-y at high levels (Fig. 1C). A low level of IFN-y was observed in
cocultures with the MDA468 cell line, which was negative for ErbB2 expression by FACS
analysis, while a second negative control line CEM did not induce cytokine release by
engineered PBLs.

In addition to cytokine secretion, naturally occurring tumor-reactive T cells can both lyse
tumor targets and are capable of Ag-driven proliferation. We next assayed for these abilities
in 4D5-CAR-engineered T cells. As demonstrated by 51Cr release assay, 4D5-28Z-
transduced PBLs were capable of specifically killing ErbB2* tumors of different histology,
including breast (SK-Br3), ovarian (SK-OV3), and melanoma (624.38mel) (Fig. 1D).
Moreover, 4D5-28Z-engineered PBLs proliferated upon stimulation with ErbB2* tumors
(MDAZ231 and 624.38mel), similar to TCR-engineered cells when they were cocultured with
Ag-positive tumor cells (Fig. 15, control anti-NY-ESO-1 TCR 1G4-AlB and NY-ESO-1*
tumor line 624.38mel).

The specificity of the tumor recognition was confirmed by Ab blocking experiments. As
shown in Fig. 2A, anti-ErbB2 Abs blocked the recognition of 4D5-28Z-transduced PBLS
against ErbB2* tumors MDA231 and 624.38mel, while no blocking was observed with an
anti-MAGEL1 control Ab. The lack of a blocking effect on NY-ESO-1 TCR-transduced PBLs
(Fig. 2B) indicated that ErbB2 Ab blocking was Ag specific. To determine the correlation
between ErbB2 expression and cytokine production, NIH3T3 cells were transfected with a
plasmid DNA encoding human ErbB2 cDNA, and clones expressing ErbB2 at different
levels were selected (Fig. 2C). IFN-y secretion of 4D5-28Z-transduced PBLs upon
coculture with these ErbB2-expressing NIH3T3 cell clones showed that cytokine production
was highly correlated with ErbB2 expression on the surface of NIH3T3 cell lines (Fig. 2, D
and £) and further confirmed that the 4D5 CAR recognition was Ag dependent.
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Loss of transgene expression in 4D5-28Z CAR-transduced PBLs is mediated by CD3(¢

signaling

In our current T cell gene therapy clinical trials, transduced PBLs undergo strong T cell
activation followed by transduction with y-retroviral vectors and expansion ex vivo for 2-3
wk before being infused into patients. When 4D5-28Z-transduced PBLs were monitored for
transgene expression over time, we consistently found that PBLs expressing 4D5-28Z
showed decreased transgene expression over time (data not shown). To explore the
mechanism for this observation, multiple 4D5-CAR constructs were assembled with
alternative signaling domains and using variants of 4D5 with different affinities (Fig. 3A4).
Deleting all intracellular domains in construct 4D5-28D resulted in sustained transgene
expression, similar to TCR- or control CAR-engineered cells (Fig. 3B). In construct 4D5-
CD8HTZ, in which the signaling domain contained only the CD3¢ moiety and hinge and
transmembrane regions from human CD8, transgene expression was also reduced,
suggesting that the involvement of signals within CD3¢ were mediating the loss of
expression. Similar to parent 4D5-28Z construct (with a native Ab affinity of 0.3 nM), all
CARs using lower affinity scFvs showed transgene decrease as well, which indicated that
the transgene decrease could not be prevented by decreasing the affinity of the ErbB2 scFv
to 25 nM. These results strongly suggested that signaling from CD3¢ was responsible for the
transgene decrease observed in transduced PBLs. To determine whether the 4D5-CAR target
Ag ErbB2 was expressed in PBLs, ErbB2 expression in PBLs was assayed for by
quantitative RT-PCR in five different donors (Table I). ErbB2 expression was observed in
both the starting PBMC population and continued following T cell stimulation required to
expand PBLs (a decrease in the total ErbB2 level was observed in all five donors during
culture, and some variation in expression levels was noted).

To further analyze the loss of transgene expression, gene activity and transduced cell
persistence of the parent and mutant ErbB2-CARs were retested along with several control
constructs. The control constructs included the NY-ESO-1 TCR (1G4-AlIB), a construct
made by linking the extracellular portion of LNGFR to CD28-CD3¢ (LNGFR-28Z2), and
two unrelated scFv CARs specific for a hapten molecule (SP6-282) or the B cell Ag CD19
(FMC63-282). All constructs were used to transduce PBLs and were examined for
transgene expression by flow cytometry (Fig. 3C, /eft panel), vector-mediated expression at
the RNA level by RT-quantitative PCR (Fig. 3C, middle panel), and vector copy number by
quantitative PCR (Fig. 3C, right panel). Results demonstrated that the surface protein
expression levels were highly correlated with RNA and DNA copy numbers. Decrease in
trans-gene expression was found for ErbB2-directed CARs with an intact CD3¢ signaling
moiety, such as 4D5-28HTZ (intact CD3¢ with hinge and transmembrane from CD28),
4D5-CD8HTZ (intact CD3¢ with hinge and transmembrane from CD8), and the parent
4D5-28Z. No transgene decrease was observed for the TCR (1G4-AlIB) or any of the
alternate CARs (LNGFR-28Z, SP6-28Z, and FMC63-28Z). The 4D5 CAR without CD3(
(4D5-28D) or the 4D5 CAR in which all immunoreceptor tyrosine-based activation motifs
(ITAM) were inactivated by mutations (4D5-28ZM) did not display transgene decrease.
These results suggested that the trans-gene decrease was caused by the gradual loss of
transduced PBLs from the culture and that the loss of transduced cells may be the result of
AICD due to signaling transduced through CD3(.
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To determine which ITAMs in CD3¢ were responsible for the transgene decrease, a panel of
4D5-28Z-based CARs was generated where the three ITAMs were mutated individually or
in combinations and then used to transduce PBLs (Fig. 4A4). We observed that when ITAMs
at both position A and C were mutated (28ZB), transgene expression was maintained (Fig.

4 B), suggesting that PBLs expressing the 4D5 CAR with one ITAM at position B was less
prone to apoptosis. This result is consistent with previous reports that the CD3¢-chain could
promote apoptosis by both a quantitative effect of the presence of multiple ITAMs as well as
qualitative contributions made by individual ITAMs, and that the ITAMs in CD3¢ were
functionally different in terms of their ability to induced apoptosis and T cell activation (32).

To determine the role of apoptosis in the loss of transgene expression, transduced PBLs were
stimulated with the ErbB2-positive tumor lines SK-OV3 and SK-BR3 and stained for
annexin V and propidium iodide (PI) (Fig. 4C). We observed that the level of apoptotic
(annexin V*) cells in 4D5-28Z CAR-transduced PBLs was more than twice that of
nontransduced control (NV) cells (78% vs 30% in coculture with SK-BR3) and that when all
of the ITAMs were mutated (4D5-28ZM) that the level was similar (26%) to that of control
cells. PBLs transduced with the 4D5 CAR with only ITAM B intact in CD3(¢ (4D5-28ZB)
showed a notably lower level of annexinV* cells than did PBLs transduced with the CD3¢
ITAM mutants A or C (Fig. 4C). These results suggested that ITAM A and C in the CD3¢
signaling moiety could transmit a stronger apoptosis signal than could ITAM B. Together
with the finding that ErbB2 could be detected by real-time RT-PCR at low levels in PBMCs
(Table I), these data support the hypothesis that the observed transgene decrease was caused
by the recognition of some ErbB2-expressing cells in the PBMCs and that CD3¢ signaling
promoted these transduced PBLs to undergo AICD.

Adding 4-1BB signaling domains maintains transgene expression and enhances effector
function of 4D5 CAR-transduced PBLs

4-1BB is a TNF receptor family member and a costimulatory molecule in the activation of T
cells, with signaling being independent of CD28. Signaling via 4-1BB has been shown to
cause T cell expansion, cytokine induction, up-regulation of anti-apoptotic genes, and
prevention of AICD (33-36), suggesting that the addition of the 4-1BB intracellular
signaling domain may enhance CAR function. Placing the cytoplasmic domain of human 4—
1BB between the CD28 and CD3¢ (construct 28BBZ) or after CD3(¢ (construct 28ZBB)
resulted in reduced transgene expression at day 10 posttransduction compared with the PBLs
transduced with the original CAR (282) (based on percentage of CAR expression, Fig. 55,
or mean fluorescence intensity, data not shown). Reduced transgene expression was also
observed in similar constructs when scFv was replaced with an scFv from another Ab
(mouse mAb N29 against ErbB2) or when the CD3(¢ signaling domain was replaced with
FcR y chain (our unpublished data). Codon optimization of the signaling moieties showed no
improvement in transgene expression (our unpublished data).

To investigate if CD28/4-1BB protein-protein interaction was responsible for the low
transgene expression, the hinge and trans-membrane regions of CD28 were replaced with
the sequence from human CD8a-chain, and the signaling domains of CD28, 4-1BB, and
CD3( were placed in different orders (Fig. 5A4). PBLs were transduced with these constructs
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and their functions were compared with PBLs transduced with parent 4D5-28Z CAR. When
the transduced PBLs were examined for the expression of transduced CAR at 10 and 30
days posttransduction (Fig. 58), transgene expression of PBLs transduced with the original
4D5-28Z (28Z) decreased from 44.2% to 12.3%, while the transgene expression of PBLs
engineered with CARs containing 4-1BB signaling domains maintained higher levels of
transgene expression at day 30 (35.1-86.8%), suggesting that the anti-apoptosis function of
4-1BB signaling protected the transduced cells from AICD. This observation was further
supported by determining the percentage of dead cells in PBL cultures following
transduction with 4D5-CAR constructs containing the CD8 hinge and transmembrane
regions either with CD28 ((4D5-CD8-28Z) or without CD28 (4D5-CD8HTZ) compared
with the vector with 4-1BB (4D5-CD8-28BBZ). Flow cytometry demonstrated a greater
percentage of dead cells (cells that take up PI) when PBLs were transduced with 4D5-
CD8HTZ(38.8% PI*) and 4D5-CD8-28Z (47.3% PI*) compared with PBLs transduced with
the 4-1BB containing construct 4D5-CD8-28BBZ(14.6% P1*) (Fig. 50).

To compare the biological activity of the 4-1BB containing CARs, transduced PBLs were
cocultured with the SK-BR3 (ErbB2*) tumor cell line (Fig. 50). PBLs transduced with 4D5-
based CAR containing the 4-1BB and CD28 signaling domains secreted up to twice the
amount of IFN-y (Fig. 5D) and equivalent amounts of TNF-a (supplemental Fig. 2). We
further observed that PBLs expressing the 4D5 CAR with signaling domains on the order of
CD8 hinge and transmembrane/CD28 cytoplasmic domain/4-1BB cytoplasmic domain/
CD3( cytoplasmic domain (4D5-CD8-28BBZ) demonstrated sustained transgene
expression (Fig. 5B), lower background recognition of the MDAA468 cell line (Fig. 50), and
increased 1L-2 production compared with other 4D5-based CARs (supplemental Fig. 2). To
determine the lytic ability of 4-1BB-containing constructs, transduced PBLSs were sorted
based on the expression of the 4D5 CAR binding to an ErbB2-Fc-soluble fusion protein and
used in a standard 51Cr release assay. As shown in Fig. 55, 4-1BB bearing CAR-transduced
PBLs showed significantly enhanced lytic activity compared with 4D5 CAR with only
CD28 and CD3(¢ signaling domains. These results indicated that CD28 and 4-1BB signaling
could synergistically enhance T cell function and that the order of the signaling moieties can
affect their function as previously reported (12, 24).

4-1BB signaling in CAR-transduced T cells promoted the up-regulation of Bcl-x, and

NKG2D

The enhanced expression of two genes that are involved in T cell function and survival, Bcl-
x. and NKG2D, were reported to be correlated with 4-1BB signaling (37-40). To
investigate Bcl-x_ expression in CAR-transduced cells, transduced PBLs were stimulated
with plate-coated ErbB2-Fc fusion protein, or VEGFR2-Fc fusion protein as a control, and
expression of Bcl-x was detected by flow cytometry intracellular staining. As shown in
supplemental Fig. 3, PBLs stimulated with ErbB2-Fc showed increased Bcl-x_ expression in
4D5-CD8-28BBZ (59.8%)-transduced PBLs compare with 4D5-28Z-engineered PBLS
(38.7%). Significant Bcl-x_ up-regulation was also evidenced by Western blot analysis.
PBLs were transduced with the parent 4D5-28Z7 (28Z) or 4D5-CD8-28BBZ (CD8-28BBZ)
and then cocultured with ErbB2-positive (SK-OV3) or -negative (MDA468) tumor lines
(Fig. 6A). While both the parent 28Z and 4-1BB CAR-engineered PBLs demonstrated Bcl-
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XL up-regulation, there was greater Bcl-x,_ protein detected in cells engineered with the 4—
1BB-containing vector. Taking together, Bcl-x; up-regulation of CAR-transduced PBLSs was
observed in an Ag-specific manner, and CD28 plus 4-1BB signaling mediated greater Bcl-
XL expression over CD28 alone.

NKG2D is an activation receptor on NK cells and CTLs that binds MHC class I-like ligands
expressed primarily on virally infected and neoplastic cells. To determine whether signaling
via 4-1BB in the form of a CAR could up-regulate NKG2D expression, 4D5 CAR-
transduced T cells were stimulated with plate-coated ErbB2, and NKG2D expression of the
stimulated T cells were subjected to flow cytometry detection. As shown in Fig. 658, the T
cells transduced with 4D5-CD8-28BBZ showed increased expression of NKG2D (64.1%),
compared with T cells transduced with CARs lacking 4-1BB (22.6-32.7%).

Reactivity against fresh tumor and in vivo tumor treatment efficiency of Herceptin-based
CAR-transduced T cells

The Herceptin-based CAR constructed in this study holds promise for application in a
clinical trial for the treatment of cancer patients with tumors overexpressing ErbB2. To test
the lytic activity of T cells transduced with 4D5-CD8-28BBZ against autologous fresh
tumor digests, PBLs from three melanoma patients were transduced with the 4D5-CD8-
28BBZ and tested in a °1Cr lysis assay. As shown in Fig. 74, all three fresh tumor digests
expressed detectable levels of ErbB2. PBLs from these patients were transduced with 4D5-
CD8-28BBZ and demonstrated significant lytic activity against the autologous fresh tumor
digests (Fig. 7B). To evaluate the in vivo potential of 4D5 CAR-redirected T cells, we
established a mammary gland cancer model with a human breast carcinoma line BT-474
implanted into the mammary fat pad of SCID mice. Mice were injected i.v. with transduced
PBLs 10 days after tumor challenge and the tumor growth was monitored. As shown in Fig.
7C, there was no treatment effect of the PBLs transduced with control CAR, SP6-28Z,
compared with mice treated with HBSS, while dramatic tumor growth inhibition was
observed for mice treated with both 4D5-28Z- and 4D5-CD8-28BBZ-transduced PBLs.
Moreover, PBLs transduced with 4D5-CD8-28BBZ showed stronger treatment efficacy
compared with PBLs transduced with 4D5-28Z7, which was evidenced by significantly
smaller tumor volume at day 72 posttreatment (o < 0.05).

Discussion

Most tumor-associated Ags currently used in cancer immunotherapy are differentiation Ags
that are expressed in a restricted tissue pattern or are expressed at low levels in normal
tissues, but are preferentially up-regulated in malignancy (41, 42). ErbB2 is a tumor-
associated Ag that is expressed on some normal tissues at low levels (43, 44) and is
overexpressed on a substantial percentage of multiple malignancies, including breast cancer.
Clinical use of the humanized anti-ErbB2 4D5 Ab Herceptin was demonstrated to lead to
improved outcomes (45), but it is associated with an increased incidence of cardiac
dysfunction (46). In trials using ErbB2-targeted immunotherapy for cancer patients, either
with tumor vaccines (47, 48) or the adoptive cell transfer of ErbB2-reactive CTLs (49), no
toxicities resulting from these immunotherapies was reported. Caution should be taken in
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extrapolating the safety of these initial reports, as the vaccine studies did not effectively treat
tumors, and naturally occurring CTLs may be of low avidity due to immunological
tolerance. While PBLs transduced with the ErbB2 CARs do not produce cytokine without
tumor stimulation, they do manifest AICD (Figs. 3-5), suggesting recognition of low levels
of ErbB2 in hematopoietic cells (Table 1). Additionally, when highly active ErbB2 CAR-
transduced PBLs were cocultured with the ErbB2-negative (based on FACS analysis, Fig.
1)-expressing cell line MDA468, considerable cytokine production was noted in some
experiments, suggesting that background recogni tion of normal cells may be a significant
risk in the clinical application of ErbB2-directed CARS.

The property of CARs to recognize normal tissues might be a common concern for all of the
CARs that are composed of high-affinity scFvs targeting self-tumor-associated Ags. It has
been reported that patients with metastatic renal carcinoma treated with adoptive transfer of
autologous T cells that had been gene-transduced to express a CAR (scFv(G250)) against
carboxyanhydrase IX (CAIX) manifested liver toxicity resulting from the specific immune
reaction of the retargeted T cells directed against CAIX expressed by epithelial cells lining
the bile ducts (20, 21). In clinical trials using TCR-engineered autologous PBLs for the
treatment of melanoma, we recently found that infusion of autologous PBLs redirected with
high-affinity TCRs (MART-1 and gp100(154)) resulted in on-target toxicity against normal
cells expressing the target Ags (50). While melanocyte differentiation Ags, such as MART-1
and gp100, are expressed at similar levels in normal tissues and malignancies, ErbB2 has
been reported to be overex-pressed in a substantial percentage of tumor cells from cancer
patients. Thus, careful selection of patients with ErBb2 overexpression will likely be
important to minimize any potential toxicity related to anti-ErbB2 CAR administration.

Data in this study demonstrated transgene decrease for PBLs transduced with the 4D5 CARs
that target ErbB2, but there was no transgene decrease observed for an anti-NY-ESO-1 TCR
or control CAR-transduced PBLs grown under similar conditions. Inactivation of CD3¢
prevented the transgene decrease, suggesting that the transgene decrease was associated with
AICD resulting from CD3(¢ signaling caused by the recognition of low levels of endogenous
ErbB2 (Table 1). Consistent with the finding from other investigators working with ErbB2-
specific CAR (51), we found that decreased transgene expression of PBLs transduced with
Herceptin-based CARs in the configuration of scFv-CD3(¢ (with or without CD28 signaling
moiety) was accompanied by significantly increased apoptotic/dead cells. This phenomenon
was not found for PBLs transduced with CAR against CD19, the control CARs LNGFR-28Z
and SP6-28Z, or CARs without CD3¢. Further investigation suggested that CAR-associated
transgene decrease and cell death was due to apoptotic signaling transmitted from ITAMs
within CD3(¢ stimulated by a low level of ErbB2 expression in PBMCs (Table | and Fig. 4).
Our analysis confirmed previous findings that the signaling by individual ITAMs in CD3¢
was not equivalent (32). Our data also support the assumption that CARs designed to signal
from the single ITAM-containing Fc receptor FCR » might be less prone to apoptosis (33).
Interestingly, we found that PBLs expressing CARs where at least one ITAM was intact
functioned equally as well as PBLs transduced with the wild-type CAR in terms of Ag-
specific IFN-y secretion and lytic activity (our unpublished data).
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It has been reported that the ErbB2 recognition sensitivity of CAR-expressing T cells could
be adjusted by changing the binding affinity of the ErbB2-specific scFv (Kp from 1.5 x
10711 t0 3.2 x 107 M) (18). We monitored the transgene expression of T cells transduced
with CARs derived from 4D5 scFv mutants with different affinity (Kp from 3 x 10719t0 2.5
x 1078 M, Fig. 4) and found that the CAR transgene decreased for all CARs, independent of
affinity. At the same time, the low-affinity CAR (4D5-1) had dramatically reduced ability to
recognize tumor cell lines (our unpublished data). As T cell avidity correlated with the
efficient in vivo elimination of tumors and virally infected cells (52, 53), the enhanced
specificity of Ab/Ag recognition using high-affinity scFv for CAR design may be necessary
to maximize antitumor efficacy in vivo.

Based on these observations we sought strategies to protect transduced cells from
undergoing AICD by utilizing the known anti-apoptosis properties of the 4-1BB molecule.
4-1BB transmits a potent costimulatory signal to T cells, promoting differentiation and
enhancing long-term survival of CD8 T lymphocytes (37, 54-56), as well as up-regulating
effector molecules, such as perforin, granzyme A, and cytokines (57, 58). Apart from its
costimulatory function, a major effect of 4—1BB appears to be on T cell survival (37, 54, 59).
Furthermore, it has been reported that signaling from both CD28 and 4-1BB has synergic
effects on T lymphocytes in the induction of IL-2 and its functional activity (55, 60).
Incorporating both CD28 and 4-1BB signaling in a single CAR construct may yield
engineered T cells that respond to antigenic stimulus with increased abilities of cytokine
production, proliferation, and T cell survival after Ag stimulation. Wang et al. reported that
polyclonal T cells expressing a CD20-specific CAR construct containing CD28 and 4-1BB
costimulatory domains in ¢is- with the CD3( intracellular signaling domain showed
improved CTL activation, proliferation, and cytotoxicity (24). In our present study, we found
that the addition of 4-1BB signaling to 4D5 CARs greatly reduced the AICD of the
transduced T cells, and thus the transduced cells could be efficiently expanded in culture, an
essential feature for clinical applications. Moreover, the 4-1BB signaling not only increased
expression of Bcl-x_ and NKG2D but also was associated with higher effector cytokine
production and Ag-specific tumor cell lysis.

The induction of NKG2D expression by 4-1BB signaling may have CAR-independent
antitumor properties. Human NKG2D interacts with MHC class | chain-related proteins A
and B (MICA and MICB). MIC molecules are not detected on most healthy tissues, but are
induced by stress such as heat shock, viral infection, or malignant transformation (61, 62).
Persistent expression of MIC results in impaired NK and CD8 T cell immune responses, and
this negative effect of MIC is mainly due to pronounced down-modulation of NKG2D (63).
A recent study found that 4-1BB costimulation could restore down-regulated NKG2D and
induce cytotoxic activity of CD8 T cells and that the 4-1BB-induced NKG2D was refractory
to TGF-g down-regulation (40). Thus, enhancing 4-1BB costimulation through appropriate
CAR design could promote the generation of protective antitumor immune responses by a
variety of mechanisms (64-68).

The finding that forced expression of 4-1BB permitted survival and expansion of CD8 T
cells both in vitro and in vivo suggests that 4-1BB stimulation will be useful in adoptive
immunotherapy of cancer (55, 69). However, 4-1BB signaling has also been shown to
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promote expansion of regulatory T cells (70-72), which might explain in part the findings
that treatment of autoimmune-prone strains of mice with 4-1BB mAb did not accelerate the
syndromes but in many cases actually appeared to ameliorate them (73-76). While the
induction of regulatory T cells may offset the therapeutic effect of using 4-1BB
costimulation, providing 4-1BB signaling through CAR could specifically benefit only the T
cells that express the CAR, thus preventing the enhancement of Tregs.

Persistence of adoptively transferred T cells was shown to be highly correlated with
objective response for patients treated with either tumor-reactive TILs (77) or highly active
TCR-engineered PBLs (9, 50). While the use of viral-specific PBLs as CAR targets has
recently resulted in positive clinical findings (78), all of the prior clinical trials using CAR-
engineered bulk PBLs for adoptive cell therapy of cancer patients showed no objective
response and very short-term persistence of adoptively transferred lymphocytes (20, 78-80).
T lymphocytes redirected with CARs composed of scFv of mouse origin or the use of T cell
signaling domains that only contain CD3¢, with or without CD28 intracellular regions, may
not function or persist in vivo in cancer patients due to mechanisms previously discussed.
Adoptive transfer of T lymphocytes engineered with CARs that are composed of human or
humanized Abs with optimized T cell signaling moieties, such as 4-1BB, together with
proper conditional regimens, or the transduction of virus-specific CTLs (78) holds great
promise to enhance current adoptive immunotherapy for both cancer and infectious diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Recognition of ErbB2-expressing tumor cell lines by Herceptin 4D5 CAR-transduced PBLs.
A, ErbB2 expression of tumor cell lines. An Affibody reagent specific for ErbB2 was used
to determine expression on tumor cell lines (solid line), and an isotype Ab was used as
negative control (dotted line). B, A schematic representation of the retroviral vector
MSGV-4D5-28Z (4D5-28Z) encoding the Herceptin (4D5)-based CAR against ErbB2. SP,
signal peptide; VL, variable L chain, VH, variable H chain. Supplemental Fig. 1 shows the
complete sequence of the CAR and primers used for synthesizing the scFv. C, Cytokine
production of 4D5 CAR-transduced T cells. IFN- secretion of 4D5-28Z-transduced T cells
following coculture with the indicated tumor lines. Nontransduced T cells (NV) were used
as a negative control. D, Specific tumor cell lysis by 4D5 CAR-transduced T cells. 4D5
CAR-transduced PBLs (4D5-28Z) were tested in a °1Cr release assay, where nontransduced
PBLs (NV) served as a control. PBLs were cocultured with ®1Cr-labeled control tumor line
MDA468 (ErbB2-), and ErbB2* tumor lines SK-OV3, SK-BR3, and 624.38mel at the
indicated E:T ratio for 4 h, after which the percentage lysis of target cells was calculated. £,
Proliferation of 4D5 CAR-transduced PBLs. 4D5-28Z or NY-ESO-1 TCR (1G4-AlIB)-
transduced PBLs were cocultured with tumor lines MDA468 (ErbB2-/NY-ESO-17),
MDA231 (ErbB2*/NY-ESO-1-), and 624.38mel (ErbB2*/NY-ESO-17) for 3 days.
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[3H]thymidine ([3H]TdR) was added for the final 17 h of culture and incorporation was
measured. Data are representative of three experiments.

J Immunol. Author manuscript; available in PMC 2018 December 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al.

A

IFN-y, pg/ml

14000 -

12000 -

10000 -

8000 -

6000 -

4000 -

2000 -

Page 21

20000 -
Antibody 16000 -
CIN29
BErbB2 12000 - H
MAGE1 E
No AB 2
e N S 8000 -
\ 2
§ £
% 4000 -
. \ .
MDA468 MDA231 624.38mel
MDA231 624.38mel
E 180 -
8000 -
160 -
7000
140 -
6000 - 3 m3T3
T W3T3-C2 120 ~ y =0.018x - 3.6105
5000 E:gg;z 100 | R?=0.6818
o - =
= 4000 N3T3-C13 80 - &
Z 3000 - . [1373-C6 .l
[ ©3T3-C20
2000 1 i 40
1000 - B 20 -
0 : 0 : : i
P GARIE 0 2000 4000 6000

IFN-y, pg/ml

FIGURE 2.
Recognition of anti-ErbB2 CAR-transduced T cells is Ag specific and correlates with Ag

expression levels. Ab-blocking experiments of 4D5 CAR (A) and control NY-ESO-1 TCR
(B) are shown. The transduced PBLs were cocultured with tumor cell lines in the presence
of two anti-ErbB2 Abs: mouse mAb N29(15), or a commercially available anti-ErbB2 IgG
fraction (ErbB2) as described in Materials and Methods. Controls included an anti-MAGE1
mAb (MAGEL1) and a culture without Ab (No AB). Twenty hours after coculture, IFN-y»
secretion was measured by ELISA. C, ErbB2 expression of the clones selected from ErbB2
cDNA plasmid-transfected NIH3T3 cells. D, IFN-y production of 4D5 CAR (4D5-282)-
transduced PBLs or control NY-ESO-1 TCR (1G4-AlIB) transduced PBLs were cocultured
with clones from ErbB2 cDNA-transfected NIH3T3 cells as shown in Cfor 20 h, and IFN-y»
production was measured by ELISA. £, Correlation of ErbB2 expression (mean
fluorescence intensity (MFI)) on ErbB2-transfected NIH3T3 clones was plotted vs the
production of IFN-y by 4D5 CAR-transduced PBLs cocultured with these NIH3T3 clones.
Data are representative of two experiments.
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FIGURE 3.
Transgene decrease was correlated with loss of transduced cells from the culture and was

associated with CD3(¢ signaling in the CAR. A, A schematic representation of the 4D5-
based CAR constructs, including scFv, hinge region (Hinge), transmembrane region (TM),
CD28 intracellular domain (CD28 IC), CD3¢ intracellular domain (CD3 ¢ IC), and the
hinge and transmembrane region of CD8a (CD8). All of the 4D5 mutant scFvs and CD3¢
mutations were generated by PCR-based site-directed mutagenesis using the parent 4D5—
287 as template according to the published sequences (25). The published affinity of the
different 4D5 Ab variants is: parent 4D5-28Z (3 x 10710 M), 4D5-1 (2.5 x 108 M), 4D5-3
(4.4 x 1079 M), 4D5-5 (1.1 x 10~9 M), and 4D5-7 (6.2 x 10710 M). The vertical line
indicates the approximate location of the mutation. B, Transgene expression over time after
transduction. PBLs were transduced with 4D5-28Z-based CARs with scFv at different
affinities (4D5-28Z, 4D5-1, 4D5-3, 4D5-5, 4D5-7), a 4D5 CAR with hinge and
transmembrane regions from human CD8a without CD28 signaling domain (4D5-
CD8HTZ), and a 4D5 CAR with both CD28 and CD3( signaling domains being truncated
(4D5-28D). Construct organization was as depicted in A. Controls included a CAR against
CD19 (FMC63-282) and an anti-NY-ESO-1 TCR (1G4-AlIB). Transgene expression was
monitored at days 8, 21, and 35 after transduction by flow cytometry staining of the
transduced PBLs using gene-specific reagents. Data shown are percentages of day 8
transgene expression of each transduced PBL population. C, PBLs were transduced with
4D5-based CARs with various signaling domain alterations: 4D5 CAR with CD28 and
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CD3( signaling domains being truncated (4D5-28D), 4D5 CAR with all three ITAMs
within CD3¢ being mutated (4D5-28ZM), CD28 signaling domain being truncated from
4D5-287 (4D5-28HTZ), 4D5 CAR without CD28 signaling domain and hinge/
transmembrane region from CD8a (4D5-CD8HTZ), and the parent 4D5-28Z (4D5-282).
As controls, PBLs were transduced with anti-NY-ESO-1 TCR (1G4-AlB), LNGFR CAR
(LNGFR-28Z), SP6 CAR (SP6-287), and a CD19 CAR (FMC63-28Z). All mutant
constructs were as depicted in A. Transgene expression was detected at indicated time by
flow cytometry for protein using gene-specific reagents (/eft panel), for RNA using real-time
quantitative RT-PCR (middle panel), and for DNA copy number determined by real-time
quantitative PCR (right panel). Data shown are percentages of day 8 transgene expression of
each transduced PBL population. Data are representative of three experiments.
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FIGURE 4.
Effect of specific ITAM mutations on expression, function, and AICD. A, Schematic

representation of 4D5-28Z-based CARs with different ITAMs in CD3¢ signaling moiety
being mutated (tyrosine to phenylalanine). B, Transgene expression of PBLs transduced with
CD3(¢ ITAM-mutated 4D5 CAR constructs at days 7 and 55 after transduction. C, Annexin
V and PI staining of PBLs transduced with 4D5 CARs with CD3¢ ITAM mutants following
coculture with ErbB2* tumor lines SK-OV3 or SK-BR3, with an ErbB2~ tumor line
MDAA468, and without a tumor line (Medium). Percentages of positive cells were as shown
in each quadrate.
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FIGURE 5.
Adding 4-1BB signaling moiety enhanced function and maintained transgene expression of

4D5 CAR-transduced PBLs. A, A schematic representation of variant 4D5 CAR constructs
with hinge and transmembrane region from either CD8a or CD28 preceding the intracellular
signaling domains of CD28, 4-1BB, or CD3¢. The signaling domains were combined in the
different orders as shown. B, Transgene expression. PBLs were transduced with 4D5 CAR-
based constructs with different protein domains as diagrammed in A. Transgene expression
was monitored at days 10 and 30 posttransduction by flow cytometry, and the percentage of
transduction was as shown. C, PBLs transduced with a 4-1BB containing CARs were less

prone to AICD. PBLs were transduced with 4D5 CARs with transmembrane region and
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hinge region from CD8a followed by CD3¢ (CD8HTZ), both CD28 and CD3(¢ (CD8-282),
or by a construct with 4-1BB inserted between CD28 and CD3¢ (CD8-28BBZ). Controls
were an unrelated CAR, CD19 CAR (FMC63-28Z), and untransduced cells (NV). Three
days posttransduction, PBLs were subjected to staining with PI to determine the percentage
of dead cells. The flow cytometry results shown were the cells without any gating; the
number shows the percentage of PI* cells. D, Effector cytokine production. PBLs transduced
with retroviral vectors expressing the constructs shown in A were tested by coculture with
ErbB2* (SK-BR3) and ErbB2~ (MDA468 and CEM) cell lines. Effector cytokine production
(IFN-y) was determined by ELISA following overnight coculture. £, Specific lysis by 4D5
CAR-transduced T cells. 4D5-CD8-28BBZ (CD8-28BBZ)- and 4D5-CD8-28Z (CD8—
287)-transduced PBLs, with control nontransduced PBLs (NV), were cocultured with >1Cr-
labeled tumor lines MDA361 (ErbB2*), SK-BR3 (ErbB2*), MDA468 (ErbB2-), and CEM
(ErbB2") at the indicated E:T ratio. Data were the percentage lysis of specific target cells as
calculated (see Materials and Methods). Significant differences (where p< 0.01 by two-way
ANOVA test) between the mean values for 4D5-CD8-28BBZ and 4D5-CD8-28Z are
indicated by asterisks. Data are representative of three experiments.
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FIGURE 6.

Adding 4-1BB signaling moiety in the CAR increased both Bcl-x; and NKG2D expression
upon specific Ag stimulation. A, Increased Bcl-x|_expression in cells transduced with 4—
1BB containing CAR. PBLs were transduced with 4D5-CD8-28BBZ (CD8-28BBZ), 4D5-
28Z (282), or nontransduced (NV) and then cocultured with ErbB2* tumor SK-OV3 or
ErbB2~ tumor MDAA468 for 20 h. PBLs were separated from tumor cells by enriching for T
cells with CD3 magnetic beads and subjected to Western blot for the detection of Bcl-xg .
Data were quantitated and expression relative to g-actin was plotted. B, Increased NKG2D
expression in cells transduced with 4-1BB containing CAR. Transduced PBLSs as indicated
were stimulated with ErbB2-Fc-coated plates for 20 h. The cells were harvested and stained
with NKG2D and ErbB2-Fc (for 4D5 CAR) and subjected to flow cytometry. Dead cells
were excluded by PI gating and CAR-transduced cells were analyzed for NKG2D
expression by gating on ErbB2-Fc* population. Percentages of positive cells were as
indicated. Data are representative of two experiments.

J Immunol. Author manuscript; available in PMC 2018 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al. Page 28
A CEM SK-0V3 SK-BR3 Donor 1 FrTu Donor 2 FrTu Donor 3 FrTu
' i I’j\\‘ I 8.3
w —o2 4 11 TS —
1
20 of /1 20
Vs °
ErbB2
0, hip
B 1% Tekovs Target T SK-BR3 Target  CEM Target + FrTu Digest c
300,
90% Effector Target
’ —4—D14D5 | ——D1405 T ——D14a5 | L
80% - —4—D14D5 D1FrTu = 4D5-287
P —@—D24D5 —@—D24D5 D245 —O—D1 NV D1FrTu 2504 @ 4D5-CD828BBZ
2 709 —e—D24D5 D2FrTu
= i —h—D3405 —h—p3405 - —A—n3405 Bt iy " & spo-282
2 1 £ 2004
9 ok —A—p3w —A-psw - —A—psw | —A-D34D5 D3FTu E & HBSS
= —A—D3 NV D3 FrTu £
o 50% - 1 5
= S 1504
Q 40% 1 5
3 £
0 30% - 1 F 100

20%

10%

0% -

120

§.o Sy

20 3 05 120 20 3 05 120 20 3 05 120 20 3 05 DA 9k a0 2D R R P12

E:T ratio Day post tumor challenge

FIGURE 7.
Reactivity against fresh tumor and in vivo tumor treatment efficiency of Herceptin-based

4D5-CAR-transduced T cells. A, ErbB2 expression on fresh tumor samples. ErbB2
expression was determined using flow cytometry using an anti-ErbB2 Affibody moleculer
(filled histogram) and an isotype control (open histogram) on fresh tumor digests from three
melanoma patients (donors 1-3 FrTu), two ErbB2* tumor lines (SK-OV3 and SK-BR3), and
one ErbB2~ line (CEM) as control. B, Tumor cell lysis. Lytic activity of 4D5 CAR-
transduced PBLs against tumor cell lines and autologous fresh tumor digests (FrTu Digest).
4D5-CD8-28BBZ-transduced PBLs from different donors (D1, D2, and D3) were
cocultured with 51Cr-labeled tumor lines at the indicated E:T ratios using SK-OV3
(ErbB2*), SK-BR3 (ErbB2*), CEM (ErbB2-), and autologous fresh tumor digests (FrTu) as
targets. Data were the percentages of lysis of specific target cells as calculated (see Materials
and Methods). Nontransduced PBLs from the same donors served as negative controls (NV).
C, Treatment of a breast cancer xenograft by ErbB2-CAR-transduced PBLs. SCID mice
bearing human breast tumor line BT-474, implanted in the mammary gland 10 days before
treatment, were established as described in Materials and Methods. Adoptively transferred
(i.v.) 4AD5-28Z or 4D5-CD8-28BBZ- or SP6-28Z-transduced PBLs were administered to
animals with palpable tumors. No treatment control mice received HBSS (7= 7-10/group).
Tumor volume was monitored at time points as indicated. Significant difference (where p<
0.05 by two-way ANOVA test) between the mean values at day 72 for 4D5-28Z and 4D5-
CDB8-28BBZ is indicated by asterisks.

J Immunol. Author manuscript; available in PMC 2018 December 13.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zhao et al.

ErbB2 expression of OKT3-stimulated PBMCs (ErbB2 copies/108 ﬁ-actin)'a

DayO Day2 Day7 Dayl5 Day?22
PBMC1 8,970 608 1,133 3,874 1,265
PBMC2 6,451 1528 1,918 1,870 780
PBMC3 22,210 5,619 1,617 1,208 930
PBMC4 8,344 522 2,095 1,355 2,422
PBMC5 12,756 518 1,404 1,016 5,606

Table I.
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aErbBZ expression was detected by quantitative RT-PCR for PBMCs from five donors at time points as indicated. Cells were stimulated on day 0

with 50 ng/ml OKT3 and 300 1U/ml IL-2 followed by maintenance in IL-2-containing medium.
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