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Abstract

Chimeric antigen receptor (CAR) T cell therapy is an effective treatment for B cell malignan-

cies, with emerging potential for the treatment of other hematologic cancers and solid

tumors. The strength of the promoter within the CAR cassette will alter CAR-polypeptide lev-

els on the cell surface of the T cell–impacting on the kinetics of activation, survival and mem-

ory cell formation in T cells. In addition to the CAR, promoters can be used to drive other

genes of interest to enhance CAR T cell function. Expressing multiple genes from a single

RNA transcript can be effectively achieved by linking the genes via a ribosomal skip site.

However, promoters may differ in their ability to transcribe longer RNAs, or could interfere

with lentiviral production, or transduction frequencies. In this study we compared the ability

of the strong well-characterized promoters CMV, EF-1, hPGK and RPBSA to drive func-

tional expression of a single RNA encoding three products: GFP, CAR, plus an additional

cell-survival gene, Mcl-1. Although the four promoters produced similarly high lentiviral

titres, EF-1 gave the best transduction efficacy of primary T cells. Major differences were

found in the ability of the promoters to drive expression of long RNA encoding GFP, CAR

and Mcl-1, highlighting promoter choice as an important consideration for gene therapy

applications requiring the expression of long and complex mRNA.

Introduction

Promoters are of critical importance for expressing optimal levels of the transgene in CAR T

cells for the production of functional proteins or non-coding RNA [1–5]. It is also clear that

high expression of the CAR can result in antigen-independent CAR signaling, resulting in T

cell exhaustion and sub-optimal anti-tumor responses, or lead to the inappropriate recognition

of tumor antigen on self-tissue [1, 2]. In addition, controlling CAR T cell signaling is critical

for proper memory cell formation [6]. Because surface expression of the CAR may be limited

by mRNA levels, the choice of promoter is critical [1, 2].

There have been limited studies that directly compare the efficiency of different promoters

for driving long mRNA comprising multiple genes within CAR T cells [1, 2, 7]. Recent studies

investigating promoter performance in mouse or human T cells were usually limited to either

the CAR, a single gene of interest alone, or single fluorescent reporter genes of limited size [1,
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2, 7–9]. For the generation of lentiviral particles for transduction, using multiple internal pro-

moters or internal ribosome entry sites (IRES) for multiple genes may interfere with transcrip-

tion or reverse transcription of viral genomic RNA (vgRNA), impacting upon lentiviral

particle titre, and/or on the efficiency of integration into the target cell [8, 10]. Therefore, strat-

egies that employ single promoters to drive multiple genes may be preferred for CAR T cell

engineering [9].

Although all current, clinically-approved second and third generation CAR T cells rely on

the expression of a single gene encoding a single polypeptide, it may be advantageous to

express longer RNA containing the CAR, together with one or more genes of interest. For

example, endogenous growth factors or membrane bound or secreted cytokines could improve

T cell expansion and survival [6, 11]. Alternatively, markers of transduction efficiency or death

switches could be incorporated into the CAR element [4, 12–14]. Promoter choice for such

applications is crucial to obtain optimised gene expression of multiple, linked genes.

Because requirements for driving short versus long RNA might be distinct in CAR T cell

genetic elements, we investigated the ability of several promoters to drive an extended down-

stream genetic sequence comprised of GFP, anti-Her2-CAR and an additional cell survival

gene Myeloid leukemia cell differentiation protein (Mcl-1), an anti-apoptotic Bcl2 family

member. Mcl-1 aids in T cell development, mitochondrial function and lifespan and appears

to a suitable candidate for enhancing CAR T cell performance [15, 16]. Mcl-1 inhibits the

action of pro-apoptotic BIM / BAK / BAX at the mitochondrial membrane and is expressed

throughout T cell differentiation and is essential for memory T cell formation [16–20].

The individual elements were tested at protein level and for functional activity. The results

demonstrated clear differences in the ability of these internal promoters to drive expression of

multiple CAR-cassette associated transgenes.

Material and methods

Plasmid construction

The third-generation lentiviral vector pCCLsin.cPPT.hPGK.GFP.WPRE (pCCLsin) and

VSV-G-based packaging plasmids were a kind gift from Prof. Dr. Naldini and have been

described elsewhere [21]. The anti-Her-2 CAR FRP5, anti-CD19 CAR FMC63 (with–EQKLI-

SEEDL–c-myc tag between scFv and CD8 hinge) and codon-optimized human Mcl-1 (cop-

Mcl-1) were synthesized as gene blocks (IDT Technologies). Both CAR constructs are second

generation CAR with CD28 costimulatory domains (Fig 1A). Sap I Type IIs restriction enzyme

cloning was utilized for scarless assembly of the eGFP-P2A-CAR-P2A-Mcl-1. This cassette was

then cloned into the BamHI and SalI sites of the pCCLsin (Fig 1A). Promoters were amplified

with 5’ EcoRV and 3’ BamHI sites from respective plasmids: CMV from pcDNA3.1(-), EF-1

from Sleeping Beauty (pSBbiRP) and RPBSA from Sleeping Beauty (pSBtet-GP) and ligated

upstream of the GFP-CAR-mcl1 cassette. Codon optimized Leucine Zipper CD95

(LZ-CD95L) gene was synthesized by IDT with EcoRI and BamHI sites and cloned into

pcDNA3.1(-) (Addgene #104349).

Cell culture

Cell lines were cultured in a humidified atmosphere at 37˚C, 5% CO2 (or with 8% CO2 for

LV-Max and Expi293F). Human embryonic kidney 293T (ATCC CRL-1573) and MCF-7

(ATCC HTB-22) cell lines were cultured in high glucose Dulbecco’s Modified Essential

medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Pan-Biotech GmbH),

penicillin (100 U/mL) and streptomycin (100 μg/mL) (Gibco). MCF-7 and HEK293T cells

were transfected using Lipofectamine 3000 according to manufacturer’s protocol. Human
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peripheral blood mononuclear cells (PBMC) were isolated from healthy donors. The Univer-

sity of Otago Human Ethics Committee (Health; Ethics Approval# H18/089) approved this

study and written consent was obtained from blood donors. Frozen PBMCs were thawed and

then rested overnight in T cell expansion media (Thermofisher #A1048501) supplemented

with 50 U/mL of hIL-2 (Peprotech, #200–02), L-glutamine and 10 U/mL penicillin and strep-

tomycin (Gibco), prior to CD4 and CD8 T cells isolation using EasySep Human T cell isolation

kit (STEMCELL Technology, #17951). Isolated T cells were activated with Dynabeads Human

T-Activator CD3/CD28 (Thermo Fisher, #111.32D).

Lentiviral production, titration and T cell transduction

Lentiviral production and titration were carried out using LV-Max Viral production system

(ThermoFisher #A35684) according to manufacturer’s protocol. HEK293T cells were trans-

duced at MOI 2:1 with 8 μg/mL of polybrene (Sigma-Aldrich). One day before T cell transduc-

tion, plates were coated with 40 μg/mL retronectin (TAKARA, #T100A/B) overnight at 4˚C,

blocked with 2% FBS/PBS for 15 min, before adding LV at 40:1 MOI to the plate; followed by

centrifugation at 800 ×g for 2.5 h at room temperature. After 48 h of activation with a 1:1 ratio

of CD3/CD28 Dynabeads, T cells were added to virus-coated wells and spinoculation carried

out at 500 ×g for 5 min. The next day, T cells were debeaded and cultured in media plus 50 U/

mL of hIL-2. Media was changed with fresh medium supplemented with 50 U/mL hIL-2 every

three days.

RNA extraction, long cDNA synthesis and RT-PCR

Total cellular RNA (containing viral genomic RNA) was extracted 48 h after transfection using

NucleoSpin RNA Plus kit (Macherey-Nagel, Germany) according to the manufacturer’s proto-

col. Then RNA was reverse transcribed using PrimeScript™ RT Reagent Kit (Takara Bio, USA)

according to manufacturer’s protocol RT-PCR was performed using internal primers PPT-

Fwd: GGGTACAGTGCAGGGGAAAG and Woodchuck-Rev: AAGCAGCGTATCCACATAGCG for

comparison with β-actin Fwd: CTTCCTTCCTGGGCATG and β-actin-Rev: GTCTTTGCGGA
TGTCCAC.

Quantification of gDNA/ integrated viral DNA ratio

At 48 h post transduction, integrated lentiviral DNA was quantified by extracting genomic

DNA using Qiamp DNA Mini kit (Qiagen, Germany) and the ratio of viral genome: human

gDNA were estimated using qPCR via Luna Universal qPCR Master Mix (New England Bio-

labs) using designed primers Gag-Fwd: GGA GCT AGA ACG ATT CGC AGT TA, Gag-Rev:

Fig 1. The effect of internal promoters in producing functional lentiviral particles. (a) Schematic illustration of the pCCLsin backbone bearing four different internal

promoters (CMV, EF-1, hPGK and RPBSA) for driving a long RNA consist of GFP-P2A-Her2CAR-P2A-Mcl-1, (b) HEK293T cells were transfected with lentiviral

constructs containing different promoters along with packaging plasmids. At 24 h post transfection, total RNA was extracted and 1 μg of RNA was converted to cDNA.

PCR was carried out using specific primers binding to PPT and woodchuck region. Agarose gel electrophoresis displays the PCR product band of each construct. Lower

band displays the PCR product of β-actin serving as a loading control. The ratio between viral genomic RNA (vgRNA) to β-actin was quantified and presented in the bar

graph (right) using Image Studio Lite. There was no statistically significant difference between promoters (P>0.05). (c) Shows the ratio between integrated viral cassettes

to gDNA 48 h post-transduction. Genomic DNA was extracted from cell lysates and qPCR was performed using Gag for integrated lentivirus and β2 microglobulin and β-

actin as a housekeeping genes for host gDNA quantification. There was no statistically significant difference between promoters (P>0.05). (d) Comparison of the viral

particle titration of four different constructs through analysis of the percent GFP expression in HEK293T cells using flow cytometry. Bar graph values represent the titre

unit/mL (TU/mL) from three independent repeats. There was no statistically significant difference between promoters (P>0.05). (e) Transduction efficiency of primary T

cells for the four lentivectors. CD3 / CD28 stimulated human primary T cells were transduced at MOI 40 and cells were analyzed for GFP expression at 72 h post-

transduction by flow cytometry. A representative experiment, and all GFP MFI values relating to graph, are presented in Fig 3A. Dead cells were excluded with Zombie

NIR viability dye gating at analysis. Bar graph values represent the mean values ± SD from three independent repeats. scFv; single-chain variable fragment, VH; variable

heavy chain, VL; variable light chain, TM; transmembrane domain.

https://doi.org/10.1371/journal.pone.0232915.g001

PLOS ONE Functional analysis of promoters in CAR T cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0232915 July 24, 2020 4 / 18

https://doi.org/10.1371/journal.pone.0232915.g001
https://doi.org/10.1371/journal.pone.0232915


GGT TGT AGC TGT CCC AGT ATT TG TC, PBS-Fwd: TCT CGA CGC AGG ACT CG;

PBS-Rev: TAC TGA CGC TCT CGC ACC, and β-actin forward and reverse primers

described above. All reactions were run in triplicate and were presented as mean ± SD.

Western blot

Cell lysates were prepared using RIPA lysis buffer and blotting carried out using mouse mono-

clonal anti-EGFP antibody (Abcam, #ab184601), rabbit anti-human Mcl-1 (Abcam,

#ab28147), biotin anti-c-myc (Biolegend #908805). Mouse monoclonal β-actin primary anti-

body (Sigma-Aldrich #A2228) was used as loading control. goat anti-mouse IgG DyLight 680

(Thermo Fisher #A3274), goat anti-rabbit IgG 800, streptavidin-800 in 1:10000 dilution as sec-

ondary antibody (#A32730 and # A32735). The membrane was scanned using an Odyssey Fc

imaging system (Licor, Germany) and analyzed using Image Studio Lite software.

Mitochondrial membrane potential assay (TMRE)

Transduced T cells were incubated overnight with 1 μg/mL LZ-CD95L, then 4 μM TMRE

(Invitrogen) was added at 37˚C for 30 min. DAPI (50 ng /mL) was added immediately prior to

flow cytometric analysis and GFP positive cells electronically gated for quantification of

TMRE and DAPI signals using the YG586/16 and BV421 channels.

Cytotoxicity and cytokine release assay

Luciferase-based cytotoxicity assay was carried out for Her2 and CD19 CAR T cells as previ-

ously described [22] at a 10:1 ratio of effector to target cells of using Firefly Luc One-Step Glow

assay (Thermo Fisher #16197). For analysis of cytokine release, CAR T cells were added to tar-

get cells in a 2:1 ratio. IL-2 and IFN-γ concentration secreted in cell supernatant were mea-

sured using sandwich ELISA according to manufacturer’s protocol (BD Biosciences, USA).

Plates were read on a Varioskan Lux multimode microplate reader (Thermo Fisher, USA).

Flow cytometry

CAR T cells were stained with biotin anti-c-myc antibody (Biolegend #908805) detected with

Streptavidin-Brilliant Violet 421 (Biolegend #405225). Antigen stimulated CAR T cells were

stained for CD69 expression using APC-conjugated anti-human CD69 antibody (Biolegend

#310910). Flow cytometric data was acquired using a BD LSRFortessa with BD FACSDiva soft-

ware. Data was analysed with FlowJo v10.6.2 software. Cells were subject to FSc and SSc dou-

blet discrimination and dead cells were excluded from analysis using Zombie NIR viability dye

(Biolegend #423106).

Statistical analysis

All experiments were carried out at least three times, presented as mean ± standard deviation (SD)

and analyzed by one-way ANOVA test with Bonferroni post-test correction. The P values of� 0.05

were considered statistically significant. (� P<0.05, �� P<0.01, ��� P<0.001, ���� P<0.0001)

Results

Compatibility of the promoter systems with a third-generation lentiviral

system

The four promoters were chosen based on their widespread use in the literature and docu-

mented ability to drive high level expression of transgenes in either lentiviral vectors, or in
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Sleeping Beauty transposon vectors [1, 8, 9, 21, 23]. Each of the four promoters were cloned

upstream of the series of P2A-linked genes comprised of GFP, the FRP5 anti-Her2 CAR fol-

lowed by human Mcl-1 (Fig 1A), a Bcl2 family member–the latter gene as a strategy to protect

CAR T cells against activation-induced cell death (AICD). A first consideration for the choice

of internal promoter driving transgenes within lentiviral systems is the effect on viral titration

and transduction efficiency. Generally, there is a difference in the degree of transcriptional

interference between the internal promoters and the promoter driving expression of genomic

RNA, resulting in a lower number of full-length viral genomic RNAs (vgRNA) particularly

when the CMV or EF-1 promoter is being used [10, 24]. In order to test the promoter interfer-

ence, HEK293 cells were transfected with four constructs along with helper plasmids and the

levels of vgRNA for four promoters were measured (P>0.05, Fig 1B). Similar levels of full-

length transcripts were obtained using all constructs, as assessed by RT-PCR carried out with

primers binding to cPPT and woodchuck regions (Fig 1B). Next, the effect of internal pro-

moter interference with provirus production was estimated. QPCR was performed on gDNA

extracted from HEK293 cells transduced with all constructs. The ratio between integrated cas-

sette to gDNA did not show significant differences among constructs (P>0.05, Fig 1C), sug-

gesting that the selected promoters do not adversely affect reverse transcription or integration

steps.

Next, we determined if the choice of internal promoter affects titre and transduction of pri-

mary T cells. As shown in Fig 1D, constructs containing any of the four promoters were able

to produce similar viral titres, as determined by transduction of the GFP marker into

HEK293T cells. To determine if the sequences of internal promoters altered primary T cells

transduction, we transduced primary T cells obtained from different donors and analyzed for

GFP expression by flow cytometry three days later. EF-1 gave superior transduction efficacy

compared to the other three promoters (P� 0.0001, Fig 1E).

Promoter comparison for long and complex gene expression

To determine if the promoters differed in their ability to transcribe individual gene products

within a long gene, the expression of individual genes were assessed in HEK293T and primary

T cells. From the data obtained with HEK293T, CMV and EF-1 were superior to hPGK and

RPBSA in producing all three products (Fig 2). We next examined the strength of the four pro-

moters in primary T cells by analyzing GFP and CAR expression. Live primary T cells were

gated for GFP, for determining the intensity of CAR and GFP expression. As shown in Fig 3,

EF-1 gave stronger expression of GFP and Her2 CAR compared to the other promoters. CMV

was weaker in primary T cells, as compared to its activity in HEK293T cells. This could be due

to the differences in the transcriptome of both cell types and / or the different techniques that

have been used to measure the protein level.

Functional effect of CAR T cells in tumour and T cell engagement

We next examined the function of the CAR T cells transduced with each of the promoter con-

structs, measuring cytokine release (IL-2 and IFN-γ), cytotoxicity and activation following

incubation of CAR T cells with the Her2+ MCF-7 breast cancer cell line. Although the expres-

sion of CD69 as an activation marker was similarly expressed among the CAR T cells with dif-

ferent promoters (Fig 4A), EF-1 and CMV CAR T cells showed optimal cytokine release after

engaging MCF-7 cells (Fig 4B & 4C). CAR T cells transduced with hPGK were less active and

those with the RPBSA construct failed to release detectable IL-2 and IFN-γ. Cytotoxicity assay

with the four constructs showed similar results with strong killing with CAR T cells expressing

under the EF-1 promoter at 24 h time points (Fig 4D).
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To functionally test the relationship between the expression level of the most distal gene

Mcl-1, and resistance to AICD, CAR T cells carrying four different promoters were challenged

with 1 μg/mL LZ-CD95L and mitochondrial depolarisation monitored by TMRE staining and

flow cytometry. In the absence of CD95L-triggering, there was little difference in cell viability

or CAR T cell yields using the four different promoters (Fig 5A and data not shown). Again,

EF-1 provided the most potent protection against CD95L-induced cell death (Fig 5). Note, the

protection against AICD observed here could reflect a contribution of both Mcl-1, as well as

Fig 2. Protein expression from four different constitutive promoters driving long mRNA. Transfected HEK293T cells were

lysed with RIPA buffer and processed for immunoblotting using antibodies to detect (a) GFP (b) c-Myc tag for Her2 CAR and (c)

Mcl-1 expression with β-actin used as a loading control for the Western blots. All representative blots above are repeated three

times and quantified and presented in the bar graph (right) using Image Studio Lite. Bar graph values represent the mean

values ± SD from three independent repeats.

https://doi.org/10.1371/journal.pone.0232915.g002

PLOS ONE Functional analysis of promoters in CAR T cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0232915 July 24, 2020 7 / 18

https://doi.org/10.1371/journal.pone.0232915.g002
https://doi.org/10.1371/journal.pone.0232915


the pro-survival effect of the CD28 domain in the CAR. For example, CD28 has been shown to

enhance the T cell survival by upregulating Bcl2-xL [25]. However, in this setting (without

CAR triggering), the presence of the CD28 domain-CAR makes only a minor contribution to

the observed protection against CD95L-induced cell death, as compared to the major anti-apo-

ptotic action of Mcl-1 (manuscript in preparation).

Promoter comparison for driving short transcripts

We compared the ability of the four promoters in transcribing GFP linked to an FMC63 CD19

CAR, the most studied CAR construct and the first CAR T cell design approved by the FDA.

The FMC63 CAR transcript is 1.2 kb shorter than the GFP-Her2CAR-Mcl1. Viral titres and

transduction efficacies were similar among all promoters driving the shorter FMC63 CAR

mRNA (Fig 6A & 6B). Protein expression of the shorter GFP-CAR constructs was enhanced in

HEK293T transduced with EF-1 and CMV constructs (Fig 6C). In primary T cells, EF-1 gave

the highest expression for GFP and CD19 CAR, while CMV gave a more heterogenous expres-

sion, but this was not statistically significantly lower than EF-1 (Fig 6D & 6E).

Although CD69 expression on antigen stimulated CAR T cells was similar for all promoter

constructs (Fig 7A), EF-1 constructs drove higher levels of CAR triggering in terms of cytokine

release and cytotoxicity. RPBSA was more effective in driving short transcripts, as compared

to performance observed earlier for long and complex RNA (Fig 7B–7D), further emphasizing

that promoter activity is dependent on the nature of the downstream transcript.

Core promoter elements, CpG island and TF binding sites are varying

between promoters

Although all four selected promoters are assumed to be constitutive and active in most cell

types, bioinformatic analysis showed that the four promoters vary in terms of core promoter

Fig 3. GFP and Her2 CAR expression of the four constructs in primary human T cells. Flow cytometry carried out to measure the expression of (a) GFP and (b) Her2

CAR (c-myc tag). Dead cells were excluded by Zombie NIR viability dye at analysis. GFP positive cells were gated and MFI assessment of CAR and GFP is shown for

three individual donors are shown in graphs. (c) Live T cells positive for GFP (Y-axis) and / or Her2 CAR (anti-c-myc; X-axis).

https://doi.org/10.1371/journal.pone.0232915.g003
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elements and potential TF binding sites. While there is no universal core promoter elements

for RNA polymerase II, the TATA box, initiator (Inr) element, TFIIB recognition element

(BRE), downstream core promoter element (DPE) and motif ten element (MTE) are well-

established core promoter elements (Fig 8A). Overall, EF-1 had more core promoter elements,

such as GC box, DPE and MTE (Fig 8B, Table 1). Except for hPGK, all promoters contain a

TATA box.

Fig 4. Comparison of anti-tumor activity using different promoters in CAR T cells. (a) Flow cytometric analysis of Her2 CAR T cells 18 h after co-culture

with Her2+ / MCF-7 cells. Data shows the MFI of CD69 expression from three different donors. Bar graphs show the secretion of (b) IL-2 and (c) IFN-γ by

different CAR T cells measured by ELISA. CAR T cells were incubated with Her-2+ MCF-7 cell line for 24 h before supernatants were collected. Cytokines

were measured in ng/mL. (d) Luciferase based cytotoxicity assay assessed 24, 48 and after 72 h after incubation of CAR T cells with MCF-7 cells stably

expressing the firefly luciferase gene. The graph shows the percent of cell viability, calculated by dividing the luciferase of the sample well over the luciferase

reading of untreated MCF-7.

https://doi.org/10.1371/journal.pone.0232915.g004
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Another feature of eukaryotic promoters is the presence of CpG islands. CpG islands could

result in hypermethylation and gene silencing. However, promoters with CpG islands contain-

ing multiple Sp1 binding sites exhibit a hypomethylated state and are typically stronger pro-

moters [26]. We therefore searched for CpG islands within our promoters using two different

programs (Table 2). Except for CMV, all promoters were expected to have at least one CpG

island. When we searched the Sp1 binding sites within the CpG islands, EF-1 and hPGK

showed the highest number of Sp1 binding sites in their CpG islands (Table 3). EMBOSS

Cpgplot program predicted two CpG island for EF-1 with 37 Sp1 binding sites. Fig 8C repre-

sents the total number of TFBS within the four promoters. Of these identified TFBS, sixteen

TFs were selected based on their function and expression in T cells [27–29] and the relative

Fig 5. TMRE assay for monitoring mitochondrial membrane potential. (a) CAR T cells expressing Mcl-1 as an anti-apoptotic gene as the most distal gene in the

cassette were challenged with 1 μg/mL (top) or 0 μg/mL (below) LZ-CD95L to mimic AICD. TMRE+ events represent intact cells with healthy mitochondria, while

TMRE- are cells with depolarised mitochondria. pCCLsin (lentivector expressing only GFP) was used as control. Graphs represent the percent of (b) TMRE and c) DAPI

positive CAR T cells.

https://doi.org/10.1371/journal.pone.0232915.g005
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enrichment of their corresponding TFBS in each promoter plotted (Fig 8D) [27–29]. Fig 8D

highlights promoters that demonstrate a specific enrichment of binding sites for T cell-associ-

ated TF, relative to the other promoters. Essentially, the graph illustrates the number of TFBS

present in each promoter, expressed as percentage of those present in all promoters. EF-1 pos-

sessed binding sites for all these TFs (Fig 8D). CMV is the next promoter enriched for T cell-

specific TFs, excluding GATA3, LEF-1, STAT5 and IF-2 (Fig 8D). It should be noted that EF-1

is almost twice the length of other promoters (>600 bp), and this length allows a greater possi-

ble enrichment of TFBS and core promoter elements.

Who should drive the CAR?

In order to have a broader view in comparing the strength of each promoter, scores from 0–10

were assigned to all functional assays carried out in primary T cells (Fig 9). Scores were calcu-

lated using the following formula:

Score ¼
Mean of each value

Mean of maximum value
� 10

Based on data from Fig 9A, the promoter strengths for short transcript were in the follow-

ing order: EF-1 > RPBSA > hPGK > CMV. For long transcripts carrying another accessory

gene (Mcl-1) in addition to GFP-CAR, the promoter strengths were as follow: EF-1 > CMV >

hPGK> RPBSA (Fig 9B). Taken together, EF-1 displayed the best function in driving both

short and long RNA transcripts. However, if the insert size between two LTR increases beyond

10 kb, other promoters could be considered to mitigate drops in the viral titre and transduc-

tion efficiency [30]. In our study, the largest insert utilised was 6.8 kb.

Fig 6. Comparison of four constructs for transcribing short RNA. The eGFP gene linked to FMC63 CD19 CAR was cloned under the control of the four promoters.

(a) Titration and (b) transduction efficacy among four constructs (c) Western blot analysis for GFP and CD19 CAR level of HEK293T cells transduced at MOI 2:1 plus

1 μg/mL polybrene (d) Quantification representation of western blot using Image Studio Lite. Bar graph values represent the mean values ± SD from three different

repeats. (e) GFP and f) CD19 CAR expression in CAR T cells by flow cytometry.

https://doi.org/10.1371/journal.pone.0232915.g006
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Fig 7. Functional analysis of CAR T cells expressing short RNA. (a) CD69 activation assay was carried out 18 hours after incubation of the four types of promoter-

driven CD19 CAR T cells with CD19+ HEK293T cells. (b, c) Cytokine release assay for secretion of (b) IL-2 and (c) IFN-γ. CAR T cells were co-cultured with CD19+

HEK239T and supernatant were collected after 24 h. (d) Luciferase based cytotoxicity assay assessed 24, 48 and 72 h after incubation of CD19 CAR T cells with CD19+

HEK293 cells stably expressing the firefly luciferase gene. The graph shows the percent of cell viability, calculated by dividing the luciferase of test wells divided by the

luciferase signal of untreated HEK293T.

https://doi.org/10.1371/journal.pone.0232915.g007
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Discussion

In this study, we compared four promoters for optimal expression of long RNA encoding mul-

tiple gene products in CAR T cells. Our results suggest that promoter requirements are strin-

gent for driving long RNA, and that EF-1 is the best choice for driving short or long RNA in

CAR T cells, similar to an early study [31]. In contrast to the poor results obtained here for

Fig 8. Structure and bioinformatic analysis of the four different promoters. (a) Structure of a typical eukaryotic core promoter and the position of core elements within

a promoter were investigated in the four different promoters (b) Total number of core promoter elements predicted by YAPP, GPMiner and ElemeNT algorithms (details

provided in Table 1) (c) The number of TF binding sites in promoters sequenced analyzed by AliBaba2.1, PROMO and GPMiner programs d) Enrichment of sixteen TFs

highly-expressed in T cells in the four promoters. The data shows the percentage of total number predicted binding sites for the four promoters.

https://doi.org/10.1371/journal.pone.0232915.g008
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hPGK and RPBSA in driving long and complex RNA, these same promoters demonstrated lit-

tle difference to the so-called strong promoters CMV and EF-1 in lentiviral based systems driv-

ing shorter RNA sequences, such as CAR and fluorescent reporter genes (see Fig 6E)–

consistent with other studies [1, 8, 9, 21, 23].

To determine the functional role of additional accessory genes expressed in long constructs,

we utilised Mcl-1, a bcl2 family member with an essential role in T cell development, mito-

chondrial function and lifespan. To our knowledge, this is the first study to demonstrate that

Mcl-1 is a suitable candidate for enhancing CAR T cell performance [15, 16]. Expression of

mcl1 in a position distal to the CAR allowed protection from CD95-induced cell death. Inter-

estingly, although protection was noted with all promoters, EF-1 driven-cassettes consistently

gave the best protection. The fact that protection was observed with Mcl-1 driven by the

weaker promoters RPBSA and hPGK contrasts with the stringent requirement for a strong

promoter to drive CAR expression for optimal cytotoxicity and cytokine release.

Our analysis of promoter motifs demonstrates clear differences in transcription factor bind-

ing sites and core promoter elements between the strong (EF-1 and CMV) and weaker (hPGK

and RPBSA) promoters. Although not all the predicted core promoter elements might be func-

tional in primary T cells, the high number of the core elements can correlate with the strength

of the promoter [26]. In addition EF-1 and CMV predominantly enriched for TFs specific or

highly expressed in T cells [27–29, 32, 33] such as GATA3, NFATc3, NF-kB, AP1 and c-Jun,

The number of transcription factor and core promoter element sites predicted within the pro-

moters may provide some explanation for the ability of the CMV and EF-1 promoters to direct

long mRNA expression (Fig 1, S1 Data). However, it should be noted that EF-1 is almost twice

the length of the other promoters, therefore has the potential to house more TFBS and core

promoter elements.

The activity of promoters with predicted ’ubiquitous’ expression, such as the four studied

here, will still depend greatly on the lineage of the host cell [34]. However, EF-1 promoter was

found to be active and resistant to silencing in cells where other viral promoters may become

silenced [35]. Therefore, future work will be required to determine if the superior performance

Table 1. The number of core promoter elements and TF binding sites predicted for four promoters with YAPP, GPMiner and ElemeNT algorithms.

Promoter Size (bp) Core prompter elements

GC box CAAT box BRE TATA box Inr MTE DPE Bridge

CMV 617 3 4 - 2 10 - 6 12

EF-1 1192 11 - 2 2 7 2 24 22

hPGK 516 8 2 3 - 3 2 12 10

RPBSA 612 3 1 1 2 3 - 10 8

https://doi.org/10.1371/journal.pone.0232915.t001

Table 2. Bioinformatic tools used for studying promoter structure and TF binding sites.

Program Promoter element CpG island TF binding sites

YAPP ✓ - -

GPMiner ✓ ✓ ✓

ElemeNT ✓ - -

AliBaba2.1 - - ✓

PROMO - - ✓

EMBOSS Cpgplot - ✓ -

CpGFinder - ✓ -

https://doi.org/10.1371/journal.pone.0232915.t002
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of EF-1 and CMV in expressing long RNA sequences can be extrapolated to other cell primary

cell types.

In our study, the lower expression of CAR within a long mRNA transcript driven by the

RPBSA and hPGK translated into lower lytic function for a Her2-expressing tumor cell line.

Given the profound effects that CAR density has on T cell activation, our results will be useful

for developing strategies to titrate CAR expression at the T cell. Promoter choice would be

expected to be a critical consideration for controlling the levels of surface expressed CAR,

which in turn would dictate the level of T cell activation, lytic function, as well as undesirable

tonic (antigen-independent) signaling [2, 36–39]. Optimal CAR expression will be critical for

minimizing tonic signaling, while optimizing signal transduction during antigen-specific sig-

naling. In addition, lowering the level of CAR expression could contribute desirable avidity

effects to T cell recognition of antigen, thereby minimizing CAR T cell activation by tumor-

associated antigen on self-tissue [14]. Interestingly, despite CMV inducing a noticeably higher

level expression of GFP, CAR and Mcl-1 in HEK293T cells, as compared to EF-1, functional

analysis showed superior activation of primary human CAR T cells driven by EF-1 in terms of

cytokine release and cytotoxicity against MCF-7. EF-1 is enriched in binding sites of TFs

expressed in T cells (Fig 8C), suggesting a mechanism for the increased EF-1 activity in T cells,

as compared to HEK293T cells. In addition functional experiments demonstrated that EF-1

Table 3. The number of CpG islands and Sp1 binding sites within selected promoters.

Promoter Number of CpG islands Position Number of Sp1 binding sites

EF-1 1 604–868 17

CMV 0 - -

hPGK 1 54–392 16

RPBSA 1 194–405 8

https://doi.org/10.1371/journal.pone.0232915.t003

Fig 9. Heat map charts representing the strength of each promoter in functional assays for a) short transcripts and b) long transcripts. Each promoter was assigned a

score from 0–10 based on the data obtained from primary T cell experiments, and values were calculated by dividing mean of each data set by mean of the maximum

value obtained in the experiment and multiplied by ten.

https://doi.org/10.1371/journal.pone.0232915.g009
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driven expression of Mcl-1 provided the best protection of CAR T cells to AICD induced by

CD95L.

A further consideration for promoter choice is possible silencing in vivo. In particular,

CMV can be silenced after a period of weeks post-transduction [34, 40]. However, the effects

of promoter silencing might be overshadowed by the long term CAR T cell downregulation

that occurs in a methylation-independent fashion following CAR triggering both in vitro and

in vivo [14, 41, 42]. In conclusion, the study of long mRNA production will improve our ability

to express multiple genes in CAR T cells to improve cell survival and persistence of infused

CAR T cells.
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