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The Journal of Immunology

The Optimal Antigen Response of Chimeric Antigen

Receptors Harboring the CD3z Transmembrane Domain Is

Dependent upon Incorporation of the Receptor into the

Endogenous TCR/CD3 Complex

John S. Bridgeman,* Robert E. Hawkins,* Steve Bagley,† Morgan Blaylock,‡

Mark Holland,x and David E. Gilham*

Chimeric Ag receptors (CARs) expressed in T cells permit the redirected lysis of tumor cells in anMHC-unrestricted manner. In the

Jurkat T cell model system, expression of a carcinoembryonic Ag-specific CD3z CAR (MFEz) resulted in an increased sensitivity of

the transduced Jurkat cell to generate cytokines when stimulated through the endogenous TCR complex. This effect was driven

through two key characteristics of the MFEz CAR: 1) receptor dimerization and 2) the interaction of the CAR with the endogenous

TCR complex. Mutations of the CAR transmembrane domain that abrogated these interactions resulted in a reduced functional

capacity of the MFEz CAR to respond to carcinoembryonic Ag protein Ag. Taken together, these results indicate that CARs

containing the CD3z transmembrane domain can form a complex with the endogenous TCR that may be beneficial for optimal

T cell activation. This observation has potential implications for the future design of CARs for cancer therapy. The Journal of

Immunology, 2010, 184: 6938–6949.

R
edirecting T cell specificity through the expression of

artificial Ag receptors is currently the source of wide-

spread research and testing in a number of early phase

clinical trials worldwide (1, 2). Two basic approaches have been

explored to date: first, the expression of a and b TCR chains in the

T cell, thereby driving the formation of new TCR complexes with

the desired Ag specificity in the gene-modified T cell (3, 4); and

second, the expression of receptors bearing T cell signaling recep-

tors fused to extracellular domains that bind to defined target Ags

(5). The most commonly explored route for this second group of

receptors (chimeric Ag receptors [CARs]) involves the fusion of

a single-chain Ab fragment (scFv) to the signaling domain(s). This

approach is attractive because the use of scFv to direct the func-

tional response of the T cell against intact cell surface targets

means that the CAR+ T cell avoids the requirement of the target

cell to process and present peptide Ag—a process frequently dys-

functional in tumor cells and thought to aid the tumors’ avoidance

of immune surveillance (6–8).

The list of targetAgs that havebeen shown tobe suitable forCARs

is steadily expanding, indicating the flexible nature of this approach

(5). In terms of the signaling domain, there has also been a gradual

development of receptor technology moving from “first”-

generation receptors, which use a single signaling domain to drive

the functional activity of the T cell, through “second”- and “third”-

generation receptors, which incorporate additional costimulatory

signaling domains that have been shown to result in more potent

signaling by the CAR (9, 10). Although the basic elements of the

CAR are becoming more clearly understood and engineered for

optimal function, however, the structural implications of CAR ex-

pression upon the gene-modified T cell remain unknown.

At an early stage, comparisons of first-generation CARs sug-

gested that the CD3z-chain was more effective in the CAR format

than other signaling domains (11), and this work has largely

driven the fact that the CD3z-chain is routinely used in the ma-

jority of recent CAR designs and is being used in phase I clinical

trials of T cells targeting carcinoembryonic Ag (CEA) in colorec-

tal cancer and CD19 in B cell lymphoma. In addition, given the

depth of knowledge now available concerning the basic biology of

the CD3z-chain and its biochemical and molecular interactions

with the TCR/CD3 complex, it appeared wise to revisit issues

regarding the observed efficiency of the CD3z CAR to explore

whether lessons from this first-generation receptor may be appli-

cable to the future optimization of CAR design.

Materials and Methods
Abs and cell lines

PE-conjugated anti-human CD3ε (UCHT1), CD28 (CD28.2), CD45RA
(HI100), CD69 (FN50), CD95 (DX2), CD107a (H4A3), TCRVb8 (JR2),
anti-mouse CD3ε (145-2C11), PE mouse IgG1, IgG2b, PE hamster IgG1,
PE-Cy5 conjugated anti-human CD8 (HIT8A), and anti-human CD3z were
all purchased from BD Biosciences (Oxford, U.K.). HRP-sheep anti-mouse
IgG, FITC- and PE-conjugated goat anti-human IgG, and biotinylated anti-
FLAG M2 Abs were purchased from Sigma-Aldrich (Gillingham, Dorset,
U.K.). Anti-human IFN-g (25718.111) and biotinylated anti-human IFN-g
(25723.11) were from R&D Systems (Abingdon, U.K.). The Jurkat cell
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line E6-1 was obtained from the European Cell Culture Collection (Porton
Down, U.K.). 293T cells were obtained from the American Type Culture
Collection. The CEA+ human gastric carcinoma cell line MKN45k has
been previously described (12). The mouse MA5.8 cell line was a kind
gift from Dr. David L. Wiest (Fox Chase Cancer Center, Philadelphia, PA).
Jurkat and MA5.8 cell lines were maintained in T cell media (RPMI 1640
+ 10% heat-inactivated FCS, 1% 1M HEPES, 1% L-glutamine and 0.1% 2-
ME). MKN45k and 293T cells were maintained in DMEM + 10% FCS.

Generation of CAR constructs

All CAR constructs contain the MFE23 anti-CEA single-chain Ab that has
been previously described (12). The MFE.hFc.mtm CAR consists of the
murine MHC class I transmembrane domain (aa 210–249) fused to an
extracellular human IgG Fc spacer region that has been previously de-
scribed (13). MFE.hFc.htmz consists of the same human IgG spacer fused
to the human MHC class I truncated extracellular and transmembrane
domains (aa 274–313) and human CD3z cytoplasmic domain (aa 32–
142). MFE.htmz is identical to MFE.hFc.htmz but lacks the spacer region.
MFE.CD28z consists of the entire CD28 molecule (aa 3–202) fused to the
CD3z cytoplasmic domain (aa 31–142). The CD28 extracellular domain is
linked to MFE23 via a pair of GSG flexible linker motifs. All other CARs
are based on the MFEz construct previously described (12) and mutated
accordingly (see below).

Mutagenesis of the CAR constructs was carried out using a Site-Directed
Mutagenesis kit (Invitrogen, Paisley, U.K.) according to the manufacturer’s
instructions, using the following primer pairs:

C2G G-10C
For-59-gccgctacagactgcgcgagctttggcctgctggatcc-39
Rev-59-ggatccagcaggccaaagctcgcgcagtctgtagcggc-39
L9C
For-59-cccaaactcggctacctgctggatggaatctgcttcatctatggtg-39
Rev-59-caccatagatgaagcagattccatccagcaggtagccgagtttggg-39
C2G G7C
For-59-gctggatcccaaactcggctacctgctggattgcatcctcttcat-39
Rev-59-atgaagaggatgcaatccagcaggtagccgagtttgggatccagc-39
C2G G13C
For-59-cggctacctgctggatggaatcctcttcatctattgtgtcattctcactgc-39
Rev-59-gcagtgagaatgacacaatagatgaagaggattccatccagcaggtagccg-39
D6K
For-59-ggatcccaaactctgctacctgctgaagggaatcctcttcatctatggtgtc-39
Rev-59-gacaccatagatgaagaggattcccttcagcaggtagcagagtttgggatcc-39
F10A
For-59-atggaatcctcgccatctatggtgtcattctcactgccttgttcc-39
Rev-59-ggaacaaggcagtgagaatgacaccatagatggcgaggattccat-39.

Alternatively, for the D6N, D6E, and D6Q amino acid substitutions,
mutations were introduced using PCR to take advantage of a BamHI site 59
to the D6 codon. To this end, forward primers were generated containing
the relevant mutation plus a BamHI site, which was used along with a CD3
reverse primer. Following amplification, the mutant sequence was ligated
into rKat.om1.MFE23.CD3z via a BamHI/blunt ligation. MFE.C2Gz was
amplified using a forward primer containing the relevant mutation at the 39
end and a 59 NotI site, which was used alongside the CD3 reverse primer.
Following amplification, the product was inserted into rKat.om1.MFE23.
CD3z via a NotI/blunt ligation.

CD3: Rev-59-tctagattattagcgagggggcagggcctgcatgt-39
NotI C2G: For-59-gcggccgctacagacggagcgagctttggcctgctggatcccaaactc-
ggctacc-39
BamHI D6E: For-59-ggatcccaaactctgctacctgctggagggaatcctcttcatct-39
BamHI D6N: For-59-ggatcccaaactctgctacctgctgaatggaatcctcttcatc-39
BamHI D6Q: For-59-ggatcccaaactctgctacctgctgcagggaatcctcttc-39

For generation of FLAG-tagged receptors, MFEz was PCR amplified to
remove the 39 stop codons and a SalI site was introduced directly after the
CD3z sequence, using the CD3 SalI Rev primer. This product was first
subcloned into the multiple cloning site of pFLAG-CMV-5a vector
(Sigma-Aldrich) via a NotI/SalI ligation and then used as a template for
a subsequent PCR, using the FLAG XhoI Rev primer, which introduced
a 39 XhoI site. This product was then cloned into the rKat vector via
a NotI/XhoI–SalI ligation, which removed the original SalI site, thus permit-
ting additional CAR sequences to be introduced into the expression cassette
downstream of the FLAG sequence via NotI/SalI ligations.

CD3 SalI: Rev-59-gtcgacgcgagggggcagggcctgcat-39
FLAG XhoI: Rev-59-ctcgagttattacttgtcatcgtcgtccttg-39

Retrovirus generation and lymphocyte transduction

The rKat retroviral vector system was used as previously described (14).
Retroviral supernatant was produced from transiently transfected
293T cells, using a modified calcium chloride transfection protocol, which
has been previously described (12). Media from 293T cells were filtered
through a 0.45 mM filter and used to directly infect Jurkat T cells. Briefly,
5 3 105 Jurkat T cells were mixed with retroviral supernatant plus
6 mg/ml polybrene and centrifuged for 3 h at 1200 3 g. Transductions
were repeated on 2 consecutive days. For primary human T cell analysis,
buffy coats were activated for 24 h with 30 ng/ml OKT3 and anti-CD28
plus 100 IU/ml IL-2. Following activation, cells were transduced directly
in a coculture with transfected 293T cells or spinfected as for Jurkat T cells.
Cells were expanded for 2 wk. CAR-expressing T cells were isolated using
CEAhFc/anti-hIgG PE plus anti-PE microbeads (Miltenyi Biotec, Surrey,
U.K.). Enriched cells were mixed with 2 3 107 4 Gy irradiated allo buffy
coat feeders plus anti-CD3/CD28 + Il-2 and expanded for an additional 2
wk prior to functional assays.

Flow cytometric analysis and FACs sorting

Transduction levels of all cells were assessed using CEAhFc protein gen-
erated from transiently transfected 293T cells, as previously described (13).
Cells were incubated with CEAhFc for 30 min on ice, followed by in-
cubation with anti-human IgG-PE Abs. FACS analysis was conducted using
either a FACScan or a FACSCalibur flow cytometer (BD Biosciences) and
WinMDI 2.8 software. FACS sorting was performed using a FACSVantage
or FACSAria cytometer. Populations were sorted to obtain cells with equiv-
alent CAR surface expression (generally the top 5% of expressers).

Flow cytometric immunoprecipitation

Streptavidin-coated polystyrene beads of 6.0–8.0 mm (Spherotech, Lake
Forest, IL) were coupled to biotinylated anti-FLAG M2 Abs (Sigma-
Aldrich) according to the manufacturer’s instructions. Next, 100 ml beads
was incubated with 500 mg cell lysate from Jurkat T cells treated with
0.5% Brij lysis buffer (0.5% Brij-98 [Sigma-Aldrich]; 20 mM TrisHCl,
pH 8; 137 mM NaCl; 2 mM EDTA; 10% glycerol; 500 mM sodium
orthovanadate; 1 mM sodium fluoride; and protease inhibitor tablets
according to the manufacturer’s instructions [Roche, Burgess Hill, West
Sussex, U.K.]). Following 30 min incubation at 4˚C, the beads were
washed twice with 1% BSA/PBS and incubated for 30 min with CEAhFc
or anti-TCRVb8-PE Abs, or an appropriate isotype control. Samples in-
cubated with CEAhFc were washed as previously and incubated with anti-
human IgG-PE secondary Abs for an additional 30 min. Following stain-
ing, the beads were washed twice as previously and finally resuspended in
200 ml 1% paraformaldehyde/PBS. Beads were analyzed using an LSRII
flow cytometer (BD Biociences) and FACSDiva software. Data were ana-
lyzed using FlowJo software (Tree Star, Ashland, OR), and geometric
mean values were obtained for each sample and compared against equiv-
alent isotype-matched control samples.

Förster resonance energy transfer

Forward (59-gaattcaccatggagtctccctcggcccctccccacagatggtgc-39) and reverse
primers (59-gtcgacgcaatagaggacattcaggatgactgaatcactgcgcctggcactc-39)
were designed to amplify the CEA sequence from the N terminus,
without the leader sequence, to the C terminus of the first loop containing
the epitope for the MFE23 ScFv (designated tCEA). The amplified product
terminated at the codon for W235. The primer was designed to clone a 39
cysteine that was hypothesized to increase fluorochrome conjugation. The
forward primer contained an NheI site, and the reverse primer contained an
XbaI site, which allowed cloning of the product into the pFLAG-CMV-5a
plasmid (Sigma-Aldrich). The product was first subcloned into the TOPO
vector for sequence confirmation before subsequent cloning into pFLAG-
CMV-5a. 293T cells were transiently transfected with the plasmid, and the
media were pooled and filtered through 0.2-mm filters 48 and 72 h later.
Column chromatography was carried out using the Mammalian Carboxy-
Terminal FLAG Transient Expression kit (Sigma-Aldrich) according to the
manufacturer’s instructions. The tCEA proteins were eluted under acidic
conditions, using 0.1 M glycine, pH 3.5. Fractions were collected and an-
alyzed using a NanoDrop (Wilmington, DE) spectrophotometer at A280.
Fractions containing protein were pooled and dialyzed overnight against
PBS. Successful protein purification was assessed by staining of CAR-
expressing Jurkat T cells with purified protein.

Dialyzed tCEA protein was filter sterilized and then concentrated using
aCentriconCentrifugal FilterUnitwith anUltracelYM-10membrane (Milli-
pore, Billerica, MA) according to the manufacturer’s instructions. Fluoro-
chrome conjugation of tCEA+C and anti-TCRVb8 Abs using Alexa Fluor

The Journal of Immunology 6939
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555 and Alexa Fluor 647Microscale Protein Labeling kit (Molecular Probes/
Invitrogen, Eugene, OR) were carried out according to the manufacturer’s
instructions. Conjugation of mouse anti-human TCRVb8 mAb was per-
formed using Alexa Fluor 555 and Alexa Fluor 647 mAb Labeling kits
(Molecular Probes/Invitrogen) according to the manufacturer’s instructions.

A total of 1 3 105 transduced Jurkat T cells were stained with Alexa
Fluor conjugated tCEA and anti-human TCRVb8 Abs on ice and adhered
to slides coated with polylysine (Sigma-Aldrich). Cells were fixed and
coverslipped using ProLong Gold anti-fade reagent (Molecular Probes/
Invitrogen) and visualized using an Axiovert 200M microscope (Carl
Zeiss, Welwyn Garden City, Hertfordshire, U.K.). FRET was analyzed
with Metamorph software (Molecular Devices, Sunnyvale, CA) and
images merged using Photoshop software. Cells were considered FRET
positive when clearly identifiable regions of the processed images consti-
tuted the required blue/white shade associated with FRET signals.

PAGE and Western blotting

A total of 1 3 107 cells were lysed in 300 ml 1% CHAPS buffer (PBS, 1%
CHAPS, 0.5% sodium deoxycholate, 2% NaDodSO4, plus protease in-
hibitor tablet [Roche]) for 30 min and then centrifuged through polymer
wool to clear the supernatant. Samples containing equal numbers of cells
were mixed 1:1 with reducing or nonreducing loading buffer and boiled for
5 min or left untreated, respectively. All lysates were separated on 10%
SDS-PAGE gels, transferred to Hybond nitrocellulose membrane (Amer-
sham Biosciences, Little Chalfont, Buckinghamshire, U.K.), and probed
with 1:1000 dilution of mouse anti-human CD3z mAb and 1:1000 dilution
of sheep anti-mouse HRP-conjugated IgG diluted in PBS-Tween/5%
skimmed milk powder. Bands were resolved using the ECLWestern Blot-
ting Detection kit (Amersham Biosciences) according to the manufac-
turer’s instructions, and the membranes were analyzed by exposure
to X-ray film (Kodak, Rochester, NY).

For native gel analysis, Jurkat T cells were lysed in 1% digitonin buffer
(1.0% digitonin [Sigma-Aldrich]; 20 mM TrisHCl, pH 8; 137 mM NaCl;
2 mM EDTA; 10% glycerol; 500 mM sodium orthovanadate; 1 mM sodium
fluoride; and protease inhibitor tablets according to the manufacturer’s
instructions [Roche]). Then 60 mg total protein was separated on 4–15%
Tris-Glycine gels (Bio-Rad, Hercules, CA). Protein was transferred to
membranes and probed with Abs, as indicated.

ELISA

Matched-pair anti-human IFN-g mAbs were used according to the
manufacturer’s instructions (R&D Systems). Standards were obtained
from R&D Systems and were added in triplicate at doubling dilutions to
produce a standard curve (2000 pg/ml–15.6 pg/ml). Control samples were
added in triplicate.

CD107a cytotoxicity assay

MKN45k cells were mixed at an effector/target ratio of 1:1 in the presence
of GolgiStop (BD Biosciences) for 4 h. Following coculture, cells were
stained with PE anti-CD107a, PE-Cy5 anti-CD8, and CEAhFc/anti-hIgG-
FITC Abs and were analyzed using a FACSCalibur cytometer.

CD69 expression assay

Ninety-six-well flat-bottom non–tissue-culture-treated plates were coated
overnight with doubling dilutions (1.0 mg/ml–0.004 mg/ml) of CEA pro-
tein diluted in borate buffer. Next day, the plates were blocked for 1–2 h at
37˚C with 2% BSA/PBS before the addition of 1 3 105 Jurkat T cells in
a total volume of 100 ml T cell media per well. Plates were incubated for
24 h at 37˚C before cells were collected, stained with anti-CD69 Abs, and
analyzed using a FACScan or FACSCalibur cytometer.

Statistical analysis

Upregulation of CD3ε in Jurkat T cells was analyzed using a non-
parametric Kruskal–Wallis test with significance indicated to either pp ,

0.05 or ppp , 0.01. For analysis of differences in EC50 values, two-way
ANOVA was applied with a post hoc Dunnet test compared against the
indicated control with the same significance levels as indicated above.

Results
CARs containing the CD3z transmembrane domain induce

upregulated expression of CD3« in Jurkat T cells

Given the recent developments of CAR technology, a series of CEA-

specific receptors [using the MFE23 scFv (12, 13)] were generated

that bore differing transmembrane and signaling domains to explore

the differences in activity between these receptor formats (Fig. 1A).

To facilitate the rapid testing of these constructs, Jurkat E6-1 T cells

were transduced and cell sorted to achieve cell populations with

approximately equivalent levels of CEA binding potential (Fig.

1A) As expected, only the Jurkat T cells harboring an anti-CEA

CAR responded to CEA protein Ag (Fig. 1B). Although MFE.

hFc.htmz did not demonstrate detectable levels of CEA-specific

IFN-g release, this particular receptor could drive low levels of

CD69 upregulation (Supplemental Fig. 1A) following Ag

challenge, suggesting that the hFc spacer may be reducing the

overall capacity for the receptor to function; indeed, this reflects

previous observations suggesting that extracellular spacer regions

adversely impact upon the function of theMFE23 scFv in a chimeric

receptor format (13). Somewhat surprisingly, the Jurkat T cell

populations engrafted with the CD3z chimeric receptor (hereafter

termed MFEz) produced significantly greater quantities of IFN-g

upon polyclonal stimulation with mitogenic Abs specific for CD3ε

(either alone or in combination with anti-CD28) than all of the other

cell populations (Fig. 1B). This effectwas consistent across a number

of independent transduction and sorting experiments, indicating that

the effect was not likely to be due to an effect of retroviral trans-

duction or cell sorting. A potential reason for this effect was an

apparent increase in the level of CD3ε expression on the surface

of the MFEz CAR cells (Fig. 1C). However, CD28 expression in the

various cell populations was equivalent, suggesting that the MFEz

CAR was not driving a global increase in cell surface protein ex-

pression (Fig. 1C).

Dimerization of the MFEz CAR is important for sensitivity to

CEA protein Ag

This observation suggests that the CAR may be interacting with

elements of the TCR/CD3 complex. Previous work using CD3z

CARs demonstrated that the receptor could form heterodimers

with endogenous CD3z by immunoblotting (12, 15, 16). Di-

merization of CD3z is thought to be predominantly driven by

disulfide bonding through a single cysteine residue (Cys) on the

external edge of the CD3z transmembrane domain (17). Conse-

quently, a MFEz receptor was generated whereby this cysteine

was mutated to glycine to generate the MFE.C2Gz receptor. As

a nondimerizing receptor control, a CAR receptor containing the

human HLA-A2 transmembrane domain (MFE.htmz) was gener-

ated, and Jurkat cells were transduced and sorted to generate cell

populations with similar CEA binding ability (Fig. 2A) and similar

levels of chimeric receptor protein expressed (Fig. 2B). Nonre-

duced immunoblots of the sorted Jurkat T cells confirmed that

the MFEz receptor existed as heterodimers with endogenous

CD3z and homodimers with the MFEz CAR, whereas the MFE.

C2Gz and MFE.htmz were both unable to dimerize as expected

(Fig. 2C). Furthermore, neither of the nondimerizing receptors

could upregulate expression of CD3ε, compared with the MFEz

receptor (Fig. 2D). To test the functional response of the cell lines,

the T cells were tested for the ability to upregulate CD69 in re-

sponse to Ag stimulus provided in the form of various concen-

trations of plate-bound CEA protein. The MFEz receptor proved

to be the most efficient receptor of the three tested in that it re-

quired the lowest coating concentration of CEA to achieve 50%

maximal CD69 expression (0.03 6 0.01 mg/ml, Fig. 2E). The

MFE23.htmz receptor required a 103 higher coating concentra-

tion of CEA to achieve this level of CD69 expression, whereas the

MFE.C2Gz appeared intermediate to both (Fig. 2E).

To further explore the role of dimerization in optimal CAR

function, mutations were introduced into theMFE.C2Gz receptor to

introduce cysteine residues at sites within the transmembrane

6940 CAR AND THE TCR COMPLEX
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region thought to potentially be suitable for receptor dimerization

(refer to Fig. 3A). Of the receptors produced, thosewith the cysteine

introduced within the CD3z transmembrane domain (G13C, L9C,

and G7C) failed to generate dimers at all (Fig. 3B). Only when the

cysteine was located on the extracellular aspect of the receptor (G-

10C) was receptor dimerization observed (Fig. 3B). In the CD69

upregulation assay, the monomeric receptors displayed Ag respon-

siveness that was similar to that of the MFE.C2Gz receptor, except

for the L9C receptor, which responded extremely poorly to Ag (Fig.

3C and Supplemental Fig. 1B). However, the G-10C receptor

showed an enhanced sensitivity to Ag when compared with the

MFE.C2Gz receptor, although this level of sensitivity was still

significantly less efficient than the parental wild-type MFEz (Fig.

3C, 3D). These observations were confirmed by IFN-g secretion in

primary human T cells (Supplemental Fig. 3A). IFN-g secretion by

themonomeric receptors (MFE.C2Gz andMFE.htmz) was severely

abrogated in response to CEA compared with MFEz. Furthermore,

redimerization did not recapitulate optimal activity.

These results demonstrated that dimerization of theMFEzCAR is

an important determinant for optimal Ag sensitivity. However, the

loss of the disulfide bridge alone in the MFE.C2Gz failed to reduce

the responsiveness of this receptor to the level of the receptor lacking

a CD3z transmembrane domain, suggesting that other factors that

influence the Ag sensitivity of the CD3z CAR may be at play.

Mutations to the CD3z transmembrane D6 residue severely

impact on CAR function

Aside from the dimerizing disulfide bridge motif, molecular

analysis of the CD3z-chain has indicated that charged residues

within the transmembrane domain mediate ionic interactions with

other members of the TCR/CD3 complex (18, 19). In particular,

an aspartic acid residue (D6; refer to Fig. 3A) is thought to play an

important role in CD3z dimerization and in stabilizing the TCR/

CD3 complex through interaction with basic lysine residues on the

TCRa-chain (20, 21). We questioned whether mutating this

aspartic acid in the MFEz CAR in a manner similar to that used

in experiments with wild-type CD3z-chain (18) impacted upon

CAR function. Mutant receptors bearing conservative acidic–

acidic mutations (D6E), acidic–neutral mutations (D6N or

D6Q), or acidic–basic mutations (D6K) were generated, and

Jurkat T cell populations were generated for functional analysis.

Under reducing immunoblot conditions, all receptors appeared as

single immune reactive bands of similar m.w. (Fig. 4A). Under

nonreducing conditions, CARs carrying the D6E or D6N mutations

exhibited comparable levels of hetero- and homodimerization, as

seen in the MFEz receptor (Fig. 4B). However, the D6Q mutation

partially inhibited dimer formation, whereas the D6K mutation

abrogated dimer formation to a much greater level (Fig. 4B). Each

FIGURE 1. CD3z transmembrane domain-containing CARs induce a functional upregulation of CD3ε in Jurkat T cells. Jurkat T cells were transduced

with retroviruses encoding CAR constructs with varying modular structures and were FACS sorted to obtain populations with relatively equal surface

expression (A). Transduced Jurkat T cells were stimulated with 1.0 mg/ml immobilized CEA, 1.0 mg/ml immobilized OKT3, or 1.0 mg/ml immobilized

OKT3 + 1.0 mg/ml immobilized anti-CD28 Abs for 24 h. Media from incubations were analyzed for IFN-g secretion by ELISA (B). CD3ε and CD28 were

analyzed by flow cytometry and geometric mean values compared (C). pp , 0.05 by Kruskal–Wallis test. Data represent mean 6 SD of triplicates in an

experiment representative of three independent experiments (B) or mean 6 SD from three independent analyses (C).
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of the mutants showed an abrogated CD69 response to immobilized

CEA protein when compared with MFEz, although differences

existed depending on the mutation present, with the rank order of

potency being D6N . D6E = D6Q . D6K (Fig. 4C and Supple-

mental Fig. 1C). The results from Jurkat T cells were confirmed in

primary human T cells. We found that the MFEz+ cells exhibited

a higher CD3ε mean fluorescence intensity (MFI) than did the

untransduced population (Supplemental Fig. 3D). In comparison,

cells expressing any other receptor did not show an increased ten-

dency to upregulate CD3ε in the CAR+ population. Indeed, cells

expressing the D6Q variant demonstrated a marked downregulation

in CD3ε (MFI: 12.4 compared with 78.2 in the MFEz CAR+ pop-

ulation). IFN-g secretion in response to immobilized CEAwas also

analyzed with a D6N mutation abrogating IFN-g secretion in

response to CEA compared with MFEz. As observed in Jurkat

T cells, D6E and D6Q mutations induced a more severe effect on

activity than did the D6N mutation (Supplemental Fig. 3B).

Cytotoxic cell function, as measured by CD107a upregulation

(increase in MFI values) in response to CEA-expressing tumor

cells, demonstrated a similar pattern: Mutations to the D6 residue

impacted on MFEz in the relative order D6N . D6E . D6Q .

D6K, with mutations affecting the dimerization status also abro-

gating degranulation (Supplemental Fig. 3C).

These data suggest that the D6 residue is important for optimal

CD3z CAR function and further suggest that the overall charge of

this residue is important. To confirm that any mutation to the

transmembrane domain did not abrogate MFEz function, a receptor

bearing a F10A mutation that was predicted to have no effect upon

function was generated and shown to form stable hetero- and homo-

dimers like MFEz (Supplemental Fig. 2A) and to have no effect on

CAR activity (Supplemental Fig. 2B).

The combination of C2G and D6K mutations dramatically

reduces the Ag sensitivity of the MFEz CAR

Given the observations that two individual amino acid changes alone

had a detrimental effect upon the MFEz CAR, we questioned

FIGURE 2. Inhibition of CAR dimerization abrogates upregulation of surface CD3ε and has a negative impact on CAR Ag sensitivity. Jurkat T cells were

retrovirally transduced with vectors encoding the wild-type MFEz CAR or mutant receptors containing either a C2G mutation in the transmembrane

domain (MFE.C2Gz) or a heterologous nondimerizing transmembrane domain MFE.htmz and were sorted to obtain populations with relatively equal

surface expression (A). Reducing (B) and nonreducing (C) immunoblot analysis of CAR-engrafted Jurkat T cell lysates. CD3ε and CD28 expression was

analyzed by FACS (D). Transduced cells were incubated on immobilized CEA for 24 h before staining with CD69 Abs and analysis by flow cytometry. The

concentration of CEA required to achieve 50% maximal CD69 expression in OKT3-activated Jurkat T cells was calculated (E). pp , 0.05; ppp , 0.01

compared with MFEz by Kruskal–Wallis test (D) or Student t test (E). Data represent mean 6 SD from three (E) or six (D) independent analyses.
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whether the combination of both mutations was sufficient to reduce

theAg sensitivity of this CAR to that of theMFE.htmz receptor (Fig.

2E). The C2G.D6K receptor failed to form dimers as predicted (Fig.

5A, 5B), and the upregulation of CD69 in response to CEA protein

was severely reduced over and above that seen for either mutant

receptor alone (Fig. 5C and Supplemental Fig. 1D). Taken together,

this mutational analysis strongly indicates that two amino acid

residues thought to be important for the biological function of wild-

type CD3z are also critical determinants for the optimal function of

a CD3z-containing CAR.

The MFEz CAR can rescue the cell surface expression of TCR/

CD3 complexes in CD3z-deficient MA5.8 cells

Initial experiments demonstrated that the expression of the MFEz

CAR in Jurkat T cells resulted in increased cell surface expression

of CD3ε (Fig. 1C). It is known that CD3z is a key limiting factor

that controls the progression of intact TCR/CD3 complexes to the

cell surface (22, 23). Consequently, it is possible that the MFEz

CAR may be providing an additional source of CD3z, which in

turn permits an increased level of cell surface TCR/CD3 complex.

As such, it was important to determine whether the CAR interacts

strongly within the TCR/CD3 complex in a manner similar to that

FIGURE 3. Redimerization of the MFE.C2Gz CAR partially restores

optimal Ag sensitivity. Cysteine residues were introduced into novel posi-

tions in the transmembrane (position 7, 9, or 13) or extracellular domains

(position210 relative to transmembrane domain) of MFE.C2Gz, to attempt

redimerization. The amino acid sequence of human CD3z used in MFEz is

shown with the transmembrane domain highlighted (A). Numbers above

refer to the amino acids relative to the transmembrane domain and are those

used in this paper. Numbers below refer to the amino acid sequence relative

to full-length human CD3z. B, Nonreducing immunoblot analysis of Jurkat

T cell lysates. Ag sensitivity of CARs was assessed by incubating trans-

duced cells on immobilized CEA for 24 h before staining with anti-CD69

Abs and analysis by flow cytometry (C). CEA EC50 values were calculated

for each CAR (D). pp, 0.05; ppp, 0.01 by two-way ANOVAwith a post

hoc Dunnet test compared with MFEz unless shown. Ag sensitivity assays

show mean 6 SD from three independent experiments.

FIGURE 4. Mutations to the charged transmembrane aspartic acid res-

idue affect CAR dimerization and Ag sensitivity. Mutations were in-

troduced at the transmembrane D6 residue (D6N, D6E, D6Q, D6K), and

Jurkat T cells were retrovirally transduced with vectors encoding these

mutant receptors. Nonreducing (A) and reducing (B) immunoblot analysis

of D6 mutant CAR-engrafted Jurkat T cell lysates. CAR-engrafted Jurkat

T cells were incubated on immobilized CEA for 24 h before staining with

anti-CD69 Abs and analysis by flow cytometry (C). EC50 values were

calculated for each CAR (D). ppp , 0.01 compared with MFEz by two-

way ANOVA with a post hoc Dunnet test. Ag sensitivity assays show

mean 6 SD from four independent experiments.
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of wild-type CD3z. The mouse cell line MA5.8, which lacks en-

dogenous CD3z (23), was initially used to test whether the MFEz

CAR could rescue TCR/CD3 expression in this cell line. Indeed,

when MA5.8 cells were transduced with the MFEz receptor, high

levels of endogenous TCR/CD3 complex could be detected on the

cell surface, strongly suggesting that this CAR could substitute for

wild-type CD3z in the formation of complete TCR/CD3 complexes

(Fig. 6A, 6B). In approximate agreement with previous biochemical

analysis, the MFE.htmz receptor showed little ability to support the

expression of TCR/CD3 complexes in transduced MA5.8 cells. Of

the mutated receptors, all showed a reduced ability to restore TCR/

CD3 expression in MA5.8 cells, compared with the MFEz CAR

(Fig. 6A, 6B). Interestingly, the MFE.C2G G-10C receptor with

the displaced disulfide bridge, which had demonstrated an enhanced

response to Ag, compared with the MFE.C2G.z receptor, failed to

restore TCR/CD3 expression in this model above that of the C2G.z

receptor (Fig. 6A, 6B).

To account for any gross differences in MFI values observed with

the different receptors, MFEz CARs expressing MA5.8 cells were

sorted to obtain populations with different surface expression values.

The differences in CD3ε MFI were observed despite cell sorting,

suggesting that the transmembrane mutations affect surface ex-

pression in this cell line. Fig. 6C demonstrates that there is a linear

correlation betweenMFEz expression and TCR reconstitution. Even

at low MFI values, MFEz-mediated TCR reconstitution was signif-

icantly higher than that for any of the other mutants tested

(p = 0.0055 versus MFE C2Gz and p , 0.001 for all others).

Analysis of the F10A mutant, which expressed to the same level

as the other receptors tested (Supplemental Fig. 2C), indicated that

this mutation did not have as significant an abrogation on TCR

reconstitution as any of the other mutants receptors tested (Sup-

plemental Fig. 2D).

The MFEz CAR closely interacts with the endogenous TCRb in

Jurkat T cells

The combined cellular-based evidence indicated that the MFEz

was interacting with elements of the TCR/CD3 complex. The

various mutations tested suggested that dimerization with endog-

enous CD3z was important; however, the charged amino acid

residues within the CD3z transmembrane domain also mediate

ionic interactions with other components of the TCR/CD3 com-

plex, including the TCRa-chain. To determine whether the MFEz

CAR was also interacting with the TCR, FRET and immunopre-

cipitation analysis were performed.

Confocalmicroscopy-basedFRETwasperformedonJurkatTcell

populations expressing either MFEz or MFE.htmz, as these recep-

tors appeared to demonstrate the two extremes of CAR–TCR/CD3

interactions (e.g., Fig. 6B). FRETwas conducted between the CAR

and TCRb-chain. Abs to the TCRb-chain were chosen, as the bV8

isoform in Jurkat cells has been characterized and TCRa Abs

against the TCR C region gave poor signals by flow cytometry. A

positive FRET signal between a truncated CEA protein Ag and

anti-TCRb was found in 51% of MFEz-expressing Jurkat cells,

compared with only 14% of MFE.htmz cells (Fig. 7A–C). A posi-

tive FRET signal was detected only when the truncated CEA Ag

was labeled with Alexa Fluor 647 and the anti-TCR mAb with

Alexa Fluor 555. When the Ag/Ab combination was labeled with

the reverse fluorophores, no FRET signal was detected in either cell

population (Fig. 7C). This phenomenon is most likely related to

differences in donor/acceptor ratios required for optimal FRET

signals in clustered molecules (24). The positive FRET signal

strongly suggested that the MFEz CAR and TCRb-chain were in

close proximity on the surface of transduced Jurkat T cells.

The gold standard biochemical measure of protein–protein

interactions is immunoprecipitation. Standard techniques to an-

alyze the CAR–TCR interaction proved unsuccessful, so this led

to the development of a novel bead-based flow technique (FCIP)

that we have recently reported on (25). A C-terminal FLAG tag

was cloned onto the CAR, and Jurkat T cells were transduced and

sorted. C-terminal FLAG-tagged receptors responded to CEA in

a dose-dependent manner in a highly similar manner to their

non–FLAG-tagged counterparts, with similar EC50 values ob-

served (Fig. 8A).

The FCIPmethod involved incubating Brij lysates prepared from

Jurkat T cells with polystyrene beads coupled to anti-FLAG Abs.

These beads were probed with fluorochrome-conjugated Abs to the

TCR complex, washed extensively, and then analyzed by flow

cytometry (see Fig. 8B for example plots for all constructs). To

control for CAR binding to the beads, lysate-incubated beads were

incubated with CEA protein Ag fused to human IgG1 Fc (hFc) and

a fluorochrome-conjugated anti-hFc mAb.

FIGURE 5. Combined C2 and D6 mutations further abrogate CAR Ag

sensitivity. A mutant receptor containing a combination of C2G and D6K

transmembrane mutations was cloned. Cells were transduced with this

double mutant receptor or previously described wild-type MFEz, MFE.

C2Gz or D6K CAR. Nonreducing (A) and reducing (B) Western blot

analysis of CAR-engrafted Jurkat T cell lysates. CAR-engrafted Jurkat

T cells were incubated on immobilized CEA for 24 h before staining with

anti-CD69 Abs and analysis by flow cytometry (C). EC50 values were

calculated for each CAR. pp , 0.05; ppp , 0.01 compared with MFEz

by two-way ANOVA with a post hoc Dunnet test. Ag sensitivity assays

show mean 6 SD from three independent experiments.
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When tested using lysates from MFEz Jurkat T cells, a clear

signal for TCR binding was found, whereas only background sig-

nals were detected on beads incubated with either control Jurkat

lysate or no lysate (Fig. 8C). In lysates from MFE.htmz CAR-

engrafted Jurkat cells, only a very low level of TCR binding was

detected. Mutation of either the disulfide bridge (C2G) or the D6

residue (D6N) of the CAR significantly abrogated coprecipitation

of the TCR (Fig. 8C). Interestingly, receptor redimerization

(C2G G-10C) partially restored TCR interactions, compared with

the MFE.C2Gz receptor. In addition, the MFE.F10AzCAR showed

TCRb precipitation capacity equivalent to that of the MFEz recep-

tor, again suggesting that the effects seen were specific to the par-

ticular residues, not simply due to the effect of any mutation in the

transmembrane domain (Supplemental Fig. 2E). In all cases, there

were no significant differences in the amount of CAR bound to the

beads (Fig. 8D and Supplemental Fig. 2F), indicating nearly equiv-

alent levels of CAR loading onto the anti-FLAG beads.

To address the specificity of the FCIP technique, three surface

markers highly expressed in Jurkat T cells were chosen as controls

(CD28, CD45RA, and CD95). CD28 and CD95 did not demon-

strate any significant binding to the MFEz receptor. Interestingly

CD45RA appeared to coprecipitate with MFEz, an observation

that may be related to the role of CD45 as a phosphatase. Inter-

actions between CD3z and CD45 have been previously reported

(26) and thus support the flexibility of the FCIP approach (Sup-

plemental Fig. 4A). Analysis in primary human T cells supports

data from Jurkat T cells (Supplemental Fig. 4B). Anti-CD3ε Abs

were chosen over anti-TCRb Abs owing to the polyclonality of

the populations being investigated. CD3ε was found in association

with MFEz, but not MFE.htmz.

In an attempt to further elucidate the complex nature of hetero-

and homodimeric CAR containing TCR complexes, native gel

analysis was performed. Digitonin lysates prepared from non-

transduced Jurkat cells or cells expressing the MFEz.FLAG

CAR or homodimeric-forming C2G G-10C.FLAG CAR were

separated on native PAGE gels, transferred to polyvinylidene

difluoride membranes, and probed with anti-CD3z or anti-

FLAG Abs. Supplemental Fig. 5 shows that nontransduced cells

present a single immunoreactive band at ∼720 kDa (see arrow),

indicative of the TCR complex (larger immunoreactive band is

unresolved sample). A complex of the same molecular size was

present in both transduced cell preparations, suggesting that

both hetero- and homodimerizing receptors participated in

forming fairly equivalent complexes. In each transduced cell

lane, there was a clear range of protein complexes with a smaller

size of 480 KDa, but there were no apparent differences be-

tween either MFEz.FLAG or C2G G-10C.FLAG, indicating no

specific bias of protein complexes that could be attributed to

either receptor.

Discussion
CD3z has been widely applied in CAR structure as a powerful driver

of signal 1 potentially owing to the number of ITAMs contained in

the cytoplasmic domain (11, 12). In this study, expression of the

MFEz CAR in Jurkat T cells induced an upregulation of CD3ε that

was mediated by the transmembrane domain and led to an increased

cytokine response following OKT3 stimulation. Dimerization has

been shown to be essential in enabling CD3z to interact optimally

with the TCR, to allow TCR surface expression (27), and to mediate

optimal cellular activation in a model of mast cell degranulation

(28). Given the biological effect of the MFEz CAR upon Jurkat

T cell function, understanding the molecular and biochemical

interactions of the CAR with the endogenous TCR is likely to be

important for the rational design of future CAR receptors.

FIGURE 6. MFEz induces an upregulation of surface TCR complexes in MA5.8 cells. CD3z-deficient MA5.8 cells were transduced with a panel

of mutant CAR receptors and FACS sorted to obtain populations with relatively equal surface expression (A). Transduced MA5.8 cells were stained

for surface expression of the TCR component CD3ε and analyzed by flow cytometry. Geometric mean values were compared against nontransduced

cells (B). MFEz CAR-expressing cells were sorted to obtain populations with different surface expression values, and TCR reconstitution was assessed (C).

pp , 0.05; ppp , 0.01 by two-way ANOVA with a post hoc Dunnet test. Data represent mean 6 SD from three independent experiments.
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The transmembrane domain of the TCR has previously been

identified as an important structural component for transmitting

optimal signals to the interior of the cell (28, 29) and in mediating

cell surface interactions (21), whereas the transmembrane D6

residue of CD3z has been directly implicated in mediating

CD3z–TCR interactions (18). To determine whether the trans-

membrane domain of the CAR was driving the functional in-

teraction of this receptor with the endogenous TCR, mutations of

amino acid residues thought to be important in protein–protein

interactions were generated based upon previous observations.

The choice of a C2G mutation to prevent dimerization was based

on the work of Bolliger and Johansson (17). Other groups have

used C2S (27) mutations to investigate the role of CD3z di-

merization. Our results demonstrate that a C2G mutation is suf-

ficient to abrogate dimerization of MFEz, even in the presence of

mild detergents such as CHAPS with immunoblotting, indicating

that the scFv plays no role in supporting interchain interactions.

Immunoblotting also confirmed that MFEz was capable of form-

ing heterodimers with endogenous CD3z, an observation that has

been documented previously with receptors containing the CD3z

transmembrane domain (12, 15, 16) or FcεRIg transmembrane

domains (30, 31). Analysis of CD3ε expression in cells transduced

with the dimeric or monomeric forms of the receptors provided

supporting evidence that MFE23.CD3z dimers are responsible for

the observed upregulation of CD3ε.

Interestingly, we have demonstrated that dimerization not only

affects CAR–TCR interactions but also has a profound effect on

receptor function. This is not the first time that this has been

reported (28). However, a previous study used a wild-type CD3z

molecule harboring a D6A mutation to prevent dimer formation

due to rapid internalization of C2A mutants. In this current study,

there were no issues concerning expression of the MFEz C2G mu-

tant, suggesting that the rapid internalization of monomers ob-

served in this report may be related to the cells in which the

receptor was expressed. The reason why the C2G mutant was less

effective than the MFEz receptor at inducing T cell activation

remains unclear; however, there are several hypotheses. The first

possibility is that TCR interactions mediated by the dimeric recep-

tor has beneficial qualities, possibly by leading to phosphorylation

of other chains in the TCR complexwith which it is in close contact.

A second possibility is that stoichiometrically, ligation of one dimer

with one CEA molecule leads to phosphorylation of six ITAMs,

whereas in the monomeric receptor, three ITAMs would be phos-

phorylated. A third possibility is that there are intrinsic signaling

differences activated by the dimeric and monomeric receptors.

Whatever the cause of the differences, redimerization of the C2G

mutant by introducing an alternative cysteine residue into the CAR

extracellular domain partially restored optimal function. Although

the MFEz cysteine residue required for interchain dimerization lies

within the plasma membrane, it must lie at a biochemically privi-

leged position, as attempts to move this residue deeper into the

transmembrane domain failed to induce dimerization. In fact, at

transmembrane position 9, not only was dimerization abrogated but

also the resulting receptor (C2G L9C) was markedly affected with

regard to Ag sensitivity, suggesting this residue plays an important

functional role in CD3z signaling. Data supporting this theory come

from two-dimensional infrared spectroscopic analysis of the CD3z

transmembrane domain in which a kink in the dimer at position L9

was identified (32, 33). This kink may play a functional role in

regulating the structural deformation or twisting/piston-like move-

ment that is predicted to precede TCR signaling events (34–36).

To investigate the signaling capacity of dimeric but TCR non-

interacting receptors, mutations at the transmembrane D6 residue,

which have been shown in wild-type CD3z to permit dimerization

FIGURE 7. FRET analysis of CAR–TCR interactions. Jurkat T cells

expressing MFEz or MFE.htmz CARs were stained with Alexa Fluor-

conjugated anti-TCRVb8 and truncated CEA protein as indicated, fixed

and mounted on slides, and analyzed with an Axiovert time lapse

microscope using Metamorph software. Examples of images captured

are shown in A (MFEz) and B (MFE.htmz). FRET-positive cells were

enumerated for Alexa Fluor 555- and Alexa Fluor 647-conjugated anti-

TCRVb8 and tCEA in both conjugate orientations (C). Number of cells

analyzed is indicated.
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but abrogate TCR interactions to varying degrees (18, 37), were

investigated. The results obtained in this report strongly agree with

previous work in wild-type CD3z. In particular, an acidic (aspartic

acid) to basic (lysine) mutation reduced dimer formation, whereas

aspartic acid to asparagine or glutamic acid largely permitted

wild-type levels of dimer formation. Rutledge et al. (27) observed

that D→K mutations reduced dimer formation by ∼50%, an ob-

servation also recorded by Call et al. (18, 21), who showed a re-

duction in dimer formation even when just one of the aspartic

acids in the zz pair was mutated to a lysine. The latter reports

indicated that glutamic acid and asparagine residues were toler-

ated more at this position, an observation we have demonstrated in

this study of CD3z-based CARs. Aspartic acid to glutamine muta-

tions have not previously been tested in wild-type CD3z; however,

previous analysis in synthetic transmembrane domains revealed

that glutamine was capable of mediating oligomerization (38).

Several approaches were used to investigate potential TCR–CAR

interactions. In the first instance, we identified an upregulation of

CD3ε in Jurkat T cells expressing CAR with the wild-type trans-

membrane domain. This is an analogous approach to the MA5.8

cells widely used to demonstrate TCR–CD3z interactions. The

various CARs were expressed in MA5.8 with the finding that

any mutation to the transmembrane C2 or D6 residue impacted

upon TCR reconstitution. Although the MA5.8 line is murine de-

rived, homology between mouse and human CD3z is sufficient to

permit interactions to occur. For example, there is just a single

amino acid difference (L . I at transmembrane position 16) be-

tween the human and mouse CD3z transmembrane domain (39).

Of interest, a recent publication demonstrated that anything larger

than a small epitope tag at the N terminus of CD3z abrogated TCR

interactions. In this report, CARs containing an a-NIP scFv failed

to be incorporated into the TCR complex (40). The conflicting

results may be related to the particular scFv used or the level of

expression achieved, which was not clearly documented.

The second approach to confirming TCR–CAR interactions was

the application of FRET. We chose the best- and worst-performing

receptors from the MA5.8 assay with respect to TCR reconstitu-

tion. We chose a combination of Alexa Fluor 647 and 555, a

combination previously documented to be the optimal FRET pair

(41). Of note, it was found that both tCEA and anti-TCRVb8 had

to be conjugated to either and tested in both orientations, as only

one orientation demonstrated positive FRET signals. This

phenomenon is most likely due to the dependence of positive

FRET signals on the donor/acceptor ratio, but only in the case

of clustered (e.g., dimeric) but not randomly distributed (e.g.,

monomeric) molecules (24). This observation therefore implies

that, in our model, system surface donor (CAR) is outnumbering

the surface acceptor (TCR).

The third approach to defining CAR–TCR interactions was to

use a bead-based flow cytometric assay, which enables complexes

to be captured on polystyrene beads and then probed for other

members of the complex, using flurochrome-conjugated Abs.

We have recently reported the development of this technique

(25). Using this approach, we have confirmed observations seen

in MA5.8 cells. The protein interaction assays raise the question,

to what extent are CARs incorporated into TCR? From our current

data, it cannot be confirmed whether CAR replaces endogenous

CD3z in the TCR complex or whether it is incorporated alongside

existing molecules. The observation that by FRET large numbers

of CARs were often observed in association with TCR suggests

that a significant proportion of CAR is interacting with TCR at any

one time. This idea is supported by native PAGE analysis, in

which we found a considerable amount of the CAR running in

the same m.w. range as the endogenous TCR complex.

FIGURE 8. FCIP analysis of CAR–TCR interactions in Jurkat T cells. A

FLAG tag was cloned onto the C terminus of a panel of existing CARs. The

FLAG tag was shown to not affect Ag sensitivity; furthermore, transmembrane

mutations affectedAg sensitivity in FLAG-taggedCARs in the samemanner as

seen with nontagged CARs (A). Anti-FLAG–coupled polystyrene beads were

incubated with lysates from transduced Jurkat T cells before staining with anti-

TCRVb8 or CEAhFc protein and anti-hIgG. Beads were analyzed using an

LSRII cytometer and FlowJo software. Representative scatter plots are shown

for anti-TCRVb8 binding (B). Fold increase in Ab binding compared with

isotyped control samples was calculated for anti-TCRVb8 (C) or CEAhFc/

anti-hIgG (D) ppp , 0.01compared with MFEz by two-way ANOVA with

a post hoc Dunnet test. NT, nontagged.
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In this report, mutational, cellular, and biochemical analyses

have shown that CD3z-based CARs can interact with the TCR

complex. Interestingly, this observation contradicts earlier work

conducted in scFv.FcεRIg transduced T cell hybridomas (30), in

which CAR expression led to decreased CD3 expression and de-

creased responsiveness to stimulation. The differences in these

results may be attributed to a balance between CAR–TCR inter-

actions and a metabolic load on the transduced cells. In this sce-

nario, non–TCR-interacting CARs would drive down expression

of surface receptors owing to the metabolic pressure exerted on

the transduced cells. This effect would be partially reversed with

TCR-interacting CARs, which would still drive CD3 to the cell

surface. Clearly, the interaction of the expressed CAR with en-

dogenous cell surface proteins can have both advantageous and

deleterious effects. Understanding the biochemical interactions

driven by the CAR receptor will therefore provide important in-

formation to aid the future design of this class of proteins.
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