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Abstract

Lentiviral transduction remains the gold standard in adoptive modified cellular therapy,
such as CAR-T; however, genome integration is not always desirable, such as when treating
non-fatal autoimmune disease or for additional editing steps using CRISPR to produce
allogeneic CAR-modified cells. Delivering in vitro-transcribed (IVT) mRNA represents an
alternative solution but the labile nature of mRNA has led to efforts to improve half-life
and translation efficiencies using a range of approaches including chemical and structural
modifications. In this study, we explore the role of N6–methyladenosine (m6A) in a
CD19-CAR sequence when delivered to T cells as an IVT mRNA. In silico analysis predicted
the presence of four m6A consensus (DRACH) motifs in the CAR coding sequence and
treating T cells with an inhibitor of the m6A methyltransferase (METTL3) resulted in a
significant reduction in CAR protein expression. RNA analysis confirmed m6A bases
at three of the predicted sites, indicating that the modification occurs independently of
nuclear transcription. Synonymous mutation of the DRACH sites reduced the levels of
CAR protein from 15 to >50% depending on the T cell donor. We also tested a panel
of CAR transcripts with different UTRs, some containing m6A consensus motifs, and
identified those which further improved protein expression. Furthermore, we found that
the methylation of consensus m6A sites seems to be somewhat sequence-context-dependent.
These findings demonstrate the importance of the m6A modification in stabilising and
enhancing expression from IVT-derived mRNA and that this occurs within the cell, meaning
targeted in vitro chemical modification during mRNA manufacturing may not be necessary.

Keywords: transient CAR-T; RNA therapy; cell therapy; m6A; in vitro transcription; T cell
engineering; UTR engineering

1. Introduction
The success of the novel vaccines during the Covid pandemic has accelerated interest in

utilising mRNA in applications other than just vaccines, for example, in protein replacement
therapies [1] or modified cell therapies [2]. Modified cell therapy involves reprogramming
immune cells (mainly T cells) to target specific tumour antigens and has revolutionised
cancer treatment since Emily Whitehead, the first child to successfully receive CAR-T
treatment, was cured of acute leukaemia in 2012 [3]. At present, the six CAR-T products
that have been approved by the FDA for the treatment of several forms of blood cancer [4]
use either Lentivirus or retrovirus to deliver the CAR. Although the parts of the viral
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genome responsible for replication are removed or inactivated, the risk of insertional
mutagenesis remains as the CAR sequence is incorporated into the host genome, which
could lead to secondary cancers, a concern recently voiced by the FDA [5].

While this risk is low and therefore acceptable in terminally ill patients with limited or
no remaining treatment options, it may be less palatable in indications where the patient’s
life is not threatened such as autoimmune diseases like systemic lupus erythematosus (SLE)
or multiple sclerosis (MS) [6–8]. Here, the goal is to deplete the autoreactive B cells that
cause the disease and thus reset the immune system without necessarily requiring ongoing
surveillance by modified T or other immune cells. The disease burden—percentage of dys-
functional B cells—tends to be much lower compared to in cancer; therefore, theoretically,
less-active CAR-T cells are required [9]. And, finally, off-target effects of CAR-T activity
such as Immune effector Cell-Associated Neurotoxicity Syndrome (ICANS) may be less
likely if the T cells are CAR+ for a short duration in vivo [10,11].

Another advancement in the modified cell therapy field is the application of genome
editing approaches such as CRISPR to generate allogeneic material from healthy donors to
treat more patients per batch of cells manufactured, which entails knocking out endogenous
human leukocyte antigen (HLA) genes (e.g., β2M)—crucial for distinguishing ‘self’ and
‘non-self’—in the T cells by delivering the CRISPR components to the cells during the ex
vivo manufacturing process [12]. In both these examples, more transient transgene (CAR,
Cas9) expression, such as by using exogenously provided mRNA, is desirable. In light of
this, alternative non-viral approaches to CAR-T cell generation have been developed and
have proven promising [13,14]. mRNA-based CAR-T represents a potentially safer and
cheaper option due to ease of design, production, and scalability [15,16].

The optimal basic structures and sequence of an effective mRNA for therapy that
impact RNA integrity, purity and stability, protein yield, and translation efficiency include
the promoter, 5′ cap, 5′ untranslated region (UTR), open reading frame, 3′ UTR, stop codon,
and poly(A) tail [17,18]. Well-established 5′ and 3′ UTRs of highly expressed and efficiently
translated genes continue to be used to enhance expression of exogenous genes of interest.
For example, the 5′ UTR of human α-globin or the combination of both a 3′ UTR com-
prising two sequence elements derived from the Amino-terminal Enhancer of Split (AES)
mRNA and the mitochondrial-encoded 12S ribosomal RNA have been used in the vector
for COVID-19 mRNA vaccine production by Pfizer and Moderna [19]. Efforts continue
to identify new UTR sequences that positively impact mRNA stability and translation
efficiency. Using direct analysis of ribosome targeting (DART), more than 30,000 human 5′

UTRs were screened, identifying sequences that mediated more than 200-fold-increased
translation [20]. De novo-designed short 5′ UTRs based on secondary structure, length, and
GC content have been combined with repeats of different 3′ UTRs to improve translation
in vitro and in vivo [21,22]. Recently, functional screens of large numbers of viral sequences
have identified positive elements which are bound by ZCCHC-TENT4 enzymes to extend
the polyA tail by incorporating adenosine residues and occasionally non-adenosine bases
(so called mixed-tailing), thus impeding deadenylation [23,24].

Unmodified RNA can be quite labile and therefore too short-lived, even for the appli-
cations described above. Thus, strategies for enhancing the persistence and/or translation
of therapeutic mRNA, such as engineering T7 polymerase or chemically modified bases or
sugar-phosphate backbone, are being sought [25–27].

Since the “rediscovery” of the presence of the N6–methyladenosine (m6A) base in
mRNA in eukaryotic cells [28,29], there has been a surge of interest in understanding the
role of this modification on mRNA function and fate. In mammalian cells, on average,
three m6A residues are estimated to occur per RNA transcript. STC-15, an inhibitor of
METTL3, the methyltransferase that installs the m6A modification, is currently being used
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in clinical trials for the treatment of solid tumours [30]. The fates of m6A-containing
transcripts are determined by the reader proteins recruited to the modified transcript
and tend to be sequence-context-dependent. A commonly accepted mechanism is that
m6A acts as a destabilising mark through the CCR4–NOT complex degradation pathway
mediated by the YTHDF2 m6A reader [31]. A recently discovered m6A-mediated RNA
degradation pathway, termed “CDS m6A decay”, occurs due to ribosome pausing at
m6A sites on the coding sequence (CDS). This induces ribosome collision resulting in
a unique structural conformation, which, in turn, recruits YTHDF proteins, triggering
decay. Thus, the combination of ribosome stalling, codon context, and tRNA modification
status determines the susceptibility of a particular m6A-containing transcript to CDS m6A
decay [32–36].

We previously showed the positive impact of including m6A consensus DRACH
(D = A/G/U, R = A/G, H = A/C/U) sequences in a synthetic 5′ UTR on the yield of human
Erythropoietin in CHO cells [37,38]. In addition, we also demonstrated that manipulating
the level of m6A reader proteins, YTH-domain family proteins YTHDF1-3, had a significant
impact on transgene expression and Lentivirus production in HEK293 cells [39].

In this study, we were interested in understanding the impact, if any, of naturally
occurring m6A sites on exogenously delivered in vitro-transcribed mRNA, using chimeric
antigen receptor (CAR) expression in T cells as a model system, and whether UTR engineer-
ing to include further m6A sites could be a strategy to enhance mRNA stability/translation.
The results demonstrate the importance of m6A sites on the expression of CD19-CAR in
T cells.

2. Results and Discussion
2.1. METTL3 Inhibition Reduces Expression of CD19-CAR Protein in IVT mRNA-Transfected
T Cells

A third-generation CAR sequence was used in this work consisting of an extracellular
antigen (CD19) recognition domain, transmembrane domain, and CD28 and 4-1BB co-
stimulating domains, followed by the CD3ζ signalling domain (Figure 1A) [40,41]. The
presence of m6A sites in the coding region of CD19-CAR was predicted using the software
program SRAMP (https://www.cuilab.cn/sramp, accessed on 16 January 2022) [42]. This
analysis identified four predicted m6A sites with high confidence, two of which had very
high confidence scores (Figure 1A). Both very high confidence sites (nt1527 and 1539) were
situated in the CD3ζ coding region, while the high-confidence sites were located in the
heavy-chain variable (nt468) and CD28 co-stimulatory domain (nt1118), respectively.

To investigate whether m6A methylation had any role to play in CD19-CAR expression,
we transfected activated T cells cultured in the presence of an METTL3 methyltransferase-
specific inhibitor, STM2457 [43]. The wild-type (wt) CAR transcript used was commercially
synthesised (Trilink Biotech, San Diego, CA, USA) and contained a synthetic 5′ UTR,
a mouse α-globin 3′ UTR, and a 120nt polyA tail and was capped using CleanCap™
as described by Henderson et al. [17]. Cell surface expression of the CAR protein was
significantly reduced at all concentrations of the inhibitor (Figure 1B). This indicated
that the CD19-CAR transcript most likely contains sites that are substrates for METTL3.
Interestingly, a dose-dependent increase in expression of METTL3 was observed, suggesting
that the cellular response to the enzyme’s activity being blocked is to increase its expression,
presumably to compensate for METTL3 inhibition (Figure 1C). This response to STM2457
treatment has also been observed in non-small-cell lung cancer A549 and H1975 cells [44].
At the lower concentration of the inhibitor, where METTL3 expression was only slightly
increased compared to the DMSO control, there was a small but significant reduction in
the levels of cellular m6A (Figure 1D). However, at higher concentrations of the inhibitor,
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total m6A was not significantly reduced, presumably due to increased METTL3 enzyme
expression. While some studies have shown that m6A levels in cancer cell lines are
suppressed at higher concentrations of inhibitors despite increased METTL3 expression [44],
it has also been reported that primary cells, such as in this study, are less impacted by
inhibitor treatment [43].

Figure 1. METTL3 inhibition reduces expression of CD19-CAR protein in IVT mRNA-transfected
T cells. (A) Predicted m6A sites within the CAR gene sequence (top panel). CD19-CAR transcript
and encoded regions (bottom panel). Signal peptide (SP). Light-chain variable (Lv). Heavy-chain
variable (Hv). Transmembrane (TM). (B) Relative Median Fluorescence Intensity (MFI) of activated
T cells treated with STM2457 and transiently transfected with CD19-CAR mRNA (n = 3 biological
replicates, n = 3 technical replicates) (±SD), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001) (two-sided
Student’s t-test). (C) Western blot analysis of T cells treated with three concentrations of STM2457
(5 µM, 10 µM, and 20 µM) and a control DMSO (D), probed with an anti-METTL3 and anti-GAPDH
antibodies. The levels of METTL3 protein normalised to GAPDH are shown as numbers above the
bands. (D) Percentage of m6A in total RNA (n = 2 biological replicates, n = 3 technical replicates) by
ELISA (±SD), ns (p > 0.05), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001) (two-sided Student’s t-test).
Graphs created at https://BioRender.com.

It is interesting to note that, while METTL3-catalysed methyltransferase activity is
mainly restricted to the nucleus, where it depends on the presence of accessory proteins
such as METTL14 and WTAP [45], METTL3 is also found in the cytoplasm, where it has
been shown to bind mRNAs and promote their translation as well as modifying the RNA
genomes of viruses such as hepatitis, Zika, yellow fever, and West Nile [46–48]. This
would suggest that either the transfected IVT CAR mRNA reaches the nucleus in order to
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have the m6A modification installed before re-export to the cytoplasm or, more likely, that
methylation occurs in the cytoplasm [49].

2.2. Mutation of Predicted M6A Sites Reduces the Expression Level of CD19-CAR in T Cells

The consensus motif for m6A is DRACH (D = A, G or U; R = A/G; H = A, C or U).
However, DRACH sequences appear frequently in genes and only a small number of them
turn out to be substrates for methylation. Instead, it is the context of the DRACH motif in
terms of secondary structure that dictates the likelihood of m6A occurring [28,50]. In the
CD19-CAR sequence, three of the four in silico predicted sites were GGACT—the canonical
DRACH—and the fourth was AGACT. Synonymous mutations were generated at these
sites to either remove the A or disrupt the DRACH consensus—but maintain the encoded
amino acids—and the mutated version (mut-CAR) was generated (TriLink Biotech, San
Diego, CA, USA) using the same template vector as for the wild type (wt-CAR) (Figure 2A).

Figure 2. Modification of predicted m6A sites negatively impacts CD19-CAR expression.
(A) Modification of predicted m6A sites (modified base in red) and the resulting amino acids.
(B) Western blot analysis of the expression of the wild-type CAR (wt), the mut-CAR (mut), and
a mock-transfected control in T cells 24 h post electroporation. The levels of CD19-CAR protein
normalised to GAPDH are shown as numbers above the bands. (C) Median Fluorescence Intensity
(surface protein) and relative mRNA quantification (RQ) of wt-CAR and mut-CAR at four time
points post electroporation in activated T cells (n = 2 biological replicates; n = 3 technical repli-
cates) ±SD, ns (p > 0.05); * (p < 0.05); ** (p < 0.01), and *** (p < 0.001) (two-sided Student’s t-test).
(D) Summary of normalised MFI and RQ at different time points post electroporation. Figure created
at https://BioRender.com.
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The IVT mRNAs were transfected into activated T cells by electroporation, and subse-
quent CAR protein expression was monitored. Western blot analysis of protein lysates 24 h
post electroporation confirmed that whole CAR protein levels were diminished in T cells
transfected with the mutated mRNA compared to the wt-CAR (Figure 2B).

Surface CAR expression was monitored at various timepoints after electroporation
of activated T cells. At 5 h post electroporation, cells displayed similar levels of CAR
expression; however, at 24, 30, and 48 h, the mut-CAR surface expression was significantly
lower (~15–20%) than wt-CAR cells (Figure 2C,D). This observation was replicated across
different donor-derived T cells with an apparent donor-dependent variation in magnitude
of the difference and >50% reduction in mut-CAR expression in some cases (Figure S1A).

In order to establish whether this effect was a consequence of mRNA stability, the
amount of mRNA at each timepoint was monitored and revealed an almost identical rapid
drop in RNA levels (~100-fold) in both wt-CAR and mut-CAR cells between 5 and 24 h
(Figure 2C,D). Both transcripts continued to degrade at a similar rate over the following
24 h, implying that mRNA stability was not the reason for the observed reduction in surface
protein and instead reduced translational efficiency in the absence of the m6A modifications.
Finally, as most RNA therapies typically incorporate N1-methyl-pseudouridine (Ψ) in order
to reduce the activation of RNA-sensing cellular mechanisms, we also used wt and mut Ψ
versions of the CAR transcripts (generated by TriLink Biotech, San Diego, CA, USA) and
observed a similar pattern to the uridine-containing transcripts, i.e., reduced surface CAR
expression from the mutant CAR over time (Figure S1B).

It has been well established that the presence of an m6A in the coding sequence is
often associated with reduced translation elongation, whereby the modified base causes
the ribosome to pause. However, this effect tends to be both context- and m6A-reader-
dependent [51,52]. For example, members of the m6A reader YTH-domain-binding family,
which are known to induce degradation of m6A-containing mRNAs [53], have also been
reported to be involved in enhancing translation [54–56]. Furthermore, several recent
studies reported Insulin-like growth factor m6A-binding proteins' (IGF2BP1-3) roles in
mRNA stability and translation enhancement [57–61].

Finally, we generated an extreme version of the CAR mRNA with all except five
‘RAC’ sequences (core of motif) modified while maintaining the wild-type amino acid
sequence (RACmod-CAR); five could not be modified without disrupting the protein
sequence (Figure S1C). It should be noted that the RACmod-CAR and the control in this
comparison had a different 5′ UTR (min-CAR, used in a later section) than the wt-CAR
but with identical ORF sequence; nonetheless, cell surface expression of RACmod-CAR
was once again lower than the unmodified CD19-CAR (Figure S1C). These findings further
confirmed a role for m6A in influencing the expression of a CD19-CAR incorporating the
identified DRACH motifs.

Interestingly, a survey of publicly available sequences of CD19-CARs revealed that
homology at the nucleotide level can vary considerably. This can be seen when comparing
the nucleotide sequences of the third-generation CAR transcript used in this study to
two second-generation CD19-CAR vectors lacking the 4-1BB domain—clone TRAC-CD19-
CAR [62] and GenBank Accession number HM852952—where the amino acid sequences of
the antigen recognition, CD28 and CD3-ζ domains, apart from one amino acid, are identical
(Figure S2), whereas this drops to ~75% at the DNA level for the antigen recognition domain
and 82–89% for the CD28 and CD3-ζ domains (Figure S3C). This observation has impli-
cations for transgene sequence design and optimisation as it means the fate of any given
transcript could be more, or less, susceptible to m6A-dependent post-transcriptional control
mechanisms depending on the number of functional DRACH sites present. However, an
in silico prediction of m6A sites in these three CD19-CARs using deepSRAMP [63]—an
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updated version which became available recently and detects more sites with different
probability scores, in some cases, than the original SRAMP program—revealed quite di-
verse m6A predictions (Figure S3A,B), suggesting that accurate prediction of an m6A
modification at a given site, in particular those which are not in the software training
database, is still challenging. Therefore, these programs should be treated as guides only,
requiring experimental validation.

2.3. Confirmation of the Presence of m6A-Modified Bases at the Predicted Sites in the Coding
Sequence of CD19-CAR

Having established strong phenotypic evidence of m6A impacting the fate of the CAR
mRNA, we next sought to directly confirm the presence or absence of methylated adenosine
bases at the various sites. Direct long-read RNA sequencing (Oxford Nanopore™) com-
bined with dedicated software algorithms facilitated modified base detection at single-base
resolution [64]. In this experiment, a CAR-T sample was also generated using lentiviral
(LV) transduction. This was included to establish whether the provenance of an mRNA, i.e.,
transcribed in and exported from the nucleus or delivered exogenously to the cytoplasm,
impacts its methylation pattern. To this end, total RNA was extracted from LV-CD19-CAR-
transduced (LV-CAR) or IVT-CD19-CAR-mRNA-electroporated (IVT-CAR) activated T
cells. As a non-methylated control, total RNA was extracted from un-transfected activated
T cells and IVT-CD19-CAR mRNA was spiked into the sample (UT-IVT-CAR).

Analysis of the RNAseq dataset allowed for the identification of individual m6A bases,
where a probability score > 0.9 indicates a positive hit. The percentage of modified to
unmodified bases at a given base position was also captured. In the LV-CAR-transduced
sample, the probability scores for three of the four in silico predicted sites supported
the presence of an m6A base (Figure 3A). Furthermore, two other DRACH sites were
identified as being m6A-modified—one was predicted by the SRAMP software (nt915)
at low confidence—which would not otherwise have been anticipated. Of the five m6A
sites found in the LV-CAR, four were modified in the majority (86–98%) of transcripts
sequenced, with one (nt1311) containing m6A in approximately half of the transcripts. In
comparison, the IVT-CAR-derived transcripts were only found to contain m6A at three
sites (nt468, 915, and 1539), although nt1527 was only just below the probability cut-off
at 0.88. The percentage of transcripts containing the modification at each site was also
generally lower than those in the LV-CAR sample. One of the predicted sites (nt1118) did
not pass the threshold in either the IVT-CAR or LV-CAR samples (Figure S4). As expected,
no adenosine bases in the UT-IVT-CAR negative control CAR mRNA sample reached
the probability threshold, although it should be noted that data were missing for four
DRACH sites at the 3′end (Figure S4), most likely due to a sequencing coverage issue, as re-
ported by other groups (https://github.com/GoekeLab/m6anet/issues/133, accessed on 3
September 2025).

As the long-read sequencing was performed as an initial screen of the CAR mRNAs,
we employed m6A-sensitive RT-PCR as an orthogonal method of m6A detection. This
method takes advantage of the reduced capacity of the BstI reverse transcriptase from B.
stearothermophilus to retrotranscribe m6A residues compared to that of the Moloney Murine
Leukemia Virus (MMLV) enzyme [65]. Utilising this approach, the relative m6A levels
at three of the in silico predicted sites with high RNAseq scores from the LV-CAR and
IVT-CAR samples were determined. As shown in Figure 3C, the relative m6A levels at
nt468, 1527, and 1539 were higher than those of the control A sites in both transduced and
transfected T cells. This was consistent with the direct RNAseq data, although nt1539 in
the LV-CAR samples and nt1527 in the IVT-CAR samples were not statistically significant.
There were no significant modifications detected in negative control UT cells spiked with
IVT-CD19-CAR mRNA (Figure S5).
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Figure 3. Confirmation of the presence of m6A-modified bases at the predicted sites in the coding
sequence of CD19-CAR. (A) Probability of modification (Prob-mod) and Modification Ratio (Mod-
ratio) at the predicted sites on CD19-CAR by direct nanopore sequencing (n = 1 biological replicate).
(B) Location of primers used in m6A-qPCR; reverse primers (red arrows) adjacent to an m6A site
(red A) or a non-modified A (blue A). Non-adjacent reverse primers: blue arrows; forward primers:
green arrows. (C) Relative m6A levels at nt468, nt1527, and nt1539 compared to nearby control A
sites (A422 and A1498) in LV-CAR (left panel) and IVT-CAR (right panel) transcripts (n = 2 biological
replicates); n = 3 technical replicates (±SD), ns (p > 0.05); * (p < 0.05); ** (p < 0.01), and *** (p < 0.001)
(two-sided Student’s t-test). Graphs and figure created at https://BioRender.com.

2.4. Impact of Additional 5′ and 3′ UTR Sequences Including Those with Consensus DRACH
Motifs on CD19-CAR Expression

The consequences of an m6A being present within any given transcript can be dif-
ficult to anticipate as it may be transcript-dependent, sequence-context-dependent (sec-
ondary structure), and dependent on what proteins engage with the m6A motif. How-
ever, from studies so far, there seems to be some general observations linking the lo-
cation of the m6A site in the transcript with the most likely impact on mRNA fate.
For example, m6A in the 5′ UTR has been demonstrated to promote cap-independent
translation by binding eiF3, particularly under conditions of stress [66]. On the other
hand, m6A in the 3′ UTR can have a major impact on mRNA stability by recruiting
reader proteins, such as YTHDF1-3, which, in turn, attract the CCR4-NOT1 deadenyla-
tion complex [67,68]. It can also influence translation as well as mRNA cellular locali-
sation [69]. The presence of an m6A in the coding sequence has recently been found to
be associated with mRNA degradation via CDS-m6A decay (CMD), which is fast- and
translation-rate-dependent [32,34]; however, transcripts with m6A in the CDS have also
been shown to be more stable and translationally enhanced [57]. Thus, the impact of the
presence of m6A seems to be highly context dependent.

Encouraged by the findings that implicated a positive role for m6A in CD19-CAR
expression, we were interested to determine whether we could further improve CAR
protein expression by engineering the 5′ and 3′ UTRs flanking the CAR coding sequence.
To this end, we designed a minimal CD19-CAR (min-CAR) comprising a short synthetic
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5′ UTR that consisted of a basic T7 promoter, a short sequence after the TATA element of
the T7 promoter required for high yield, and homogenous 5′ ends during mRNA in vitro
transcription (GGGAGACT) upstream of a Kozak consensus sequence (GCCACC) that
has been previously described (Figure 4A) [21]. We then chose several recently reported 5′

UTR and 3′ UTR sequences as well as some de novo-designed sequences, some of which
incorporated potential m6A sites and some not, to test their effect on CAR expression.

Figure 4. Impact of various 5′ and 3′ UTRs on CD19-CAR expression. (A) Features of CD19-CAR
mRNA with a minimal 5′ UTR (min-CAR). (B) Relative Median Fluorescence Intensity (MFI) of
activated T cells 24 h after electroporation with CD19-CAR mRNAs (left panel) and 48 h post
electroporation (right panel); n = 3 biological replicates, n = 3 technical replicates (±SD); ns (p > 0.05);
* (p < 0.05); ** (p < 0.01), and *** (p < 0.001) (two-sided Student’s t-test); p values at 24 h: p = 0.16
(P-CAR); p = 0.00017 (O-CAR); p = 0.00010 (2M6-CAR); p = 0.00025 (F-CAR); p = 0.036 (APT-CAR);
p = 0.0006 (PFT-CAR); p = 0.0003 (CAR-PARA); p = 0.0001 (CAR-M6); p values at 48 h: p = 0.77 (P-CAR);
p = 0.005 (O-CAR); p = 0.029 (2M6-CAR); p = 0.096 (F-CAR); p = 0.090 (APT-CAR); p = 0.007 (PFT-CAR);
p = 0.029 (CAR-PARA); p = 0.078 (CAR-M6). Graphs and figure created at https://BioRender.com.

We tested a short 5′ UTR (2M6-CAR) containing two m6A consensus sequences, which
had been previously reported to increase translation of cellular mRNAs and recombinant
transgenes [37]; an unstructured short sequence that enhanced the translation of a Nanoluc
reporter in circular RNA (O-CAR) [70]; an eIF4G aptamer that recruits the eukaryotic
initiation factor 4E (eIF4E) protein to the 5′ end of transfected IVT mRNA, which was
reported to enhance reporter gene expression by up to tenfold in various cell types (APT-
CAR) [71]; and a synthetic 5′ UTR selected from a library of 280,000 random sequences,
which increased GFP expression by threefold in Hela cells (F-CAR) [72,73]. We included a 5′

UTR derived from the human alpha-globin gene and used in the Pfizer SARS-CoV2 mRNA
vaccine (WHO-Pfizer sequence 11889), which was predicted to contain one m6A site, as a
control (P-CAR). We also examined the impact of incorporating a consensus m6A site in
the 3′ UTR (CAR-M6), which has been implicated in enhancing translation by recruiting
YTHDF1 or METTL3, which, in turn, recruits eIF3 to the 5′ end of the mRNA, promoting
further interaction with other translation initiation factors including eIF4G [46,74]. Another
3′ UTR sequence tested was a 16-mer motif from the 3′ UTR of variant surface proteins
(VSGs) in Trypanosoma brucei, a unicellular eukaryotic parasite that causes lethal disease,
including sleeping sickness, in humans (CAR-PARA). This motif is required for inclusion of
m6A in the poly(A) tail, which, when removed, results in poly(A) tails lacking m6A, rapid
deadenylation, and subsequent mRNA degradation [75]. Finally, we included another
control comprising the CAR coding sequence flanked by both the 5′ and 3′ UTR sequences
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used in the Pfizer SARS-CoV2 mRNA vaccine (PFT-CAR). Sequences and features of the
5′ UTR and 3′ UTRs are summarised in Table 1.

Table 1. Impact of various 5′ and 3′ UTRs on CD19-CAR expression. Predicted m6A sites are red;
Median Fluorescence Intensity (MFI); Minimum Free Energy (MFE).

Vectors Sequence (5’-3’); Number of Predicted and Confidence Score of m6A Sites and Secondary Features Normalised MFI to
min-CAR

5’ UTR Number of predicted
m6A (SRAMP score) MFE 24 h 48 h

P-CAR GAGAATAAACTAG
TATTCTTCTGGTCCCCACAGACTCAGAGAGAACCC 1 (moderate) −10.66 1.03 1.01

O-CAR
AAAAAAAAAAAAC
CAAAAAAAAAAAACAAAAAAAAAAAATAATT
GACTAA

−0.08 0.81 0.73

2M6-CAR GGACTAAAGCGGACTTGT 2 (both high score) −2.6 1.16 1.21

F-CAR CTGAAACACGGTGGAGAGTTTATTGCAAAATAAC
GCGTCCATTCGACA −9.4 1.15 1.22

APT-CAR ACTCACTATTTGTTTTCGCGCCCAGTT
GCAAAAAGTGTCG −6.15 1.07 1.11

Positive Control

PFT-CAR

This includes 5’ UTR of P-CAR and P-3’ UTR as
shown below
TCTGGTACTGCATGCAC
GCAATGCTAGCTGCCCCTTTCCCGTCCTGGG
TACCCCGAG
TCTCCCCCGACCTCGGGTCCCAGGTATGCTCCCACC
TCCACCTGCCCCACTCACCACCTCTGCTAG
TTCCAGACACCTCCCAAGCACGCAG
CAATGCAGCTCAAAACGCTTAGCCTAGCCACACCC
CCACGGGAAACAGCAGTGATTAACCTTTAGCAA
TAAACGAAAGTTTAACTAAGCTATACTA
ACCCCAGGGTTGGTCAATTTCGTGCCAGCCAC

1 (moderate) in 5’ UTR 1.17 1.24

3’ UTR

CAR-PARA TGATATATTTTAACACCCTAGGTTAATTAACTAG
TATAAAA −3.06 1.19 1.16

CAR-M6 TGGACTTA
TATTTTAACACCCTAGGTTAATTAACTAGTAT 1 (very high score) −3.71 1.17 1.15

All the constructs were synthesised and cloned in pUC57 (GenScript), and IVT mRNAs
were generated using an ARCA kit. The IVT mRNAs were delivered into activated T cells
by electroporation and the cell surface expression of CAR protein was monitored by flow
cytometry. The day after transfection, most of the tested 5′ and 3′ UTR sequences—2M6-
CAR, APT-CAR, PFT-CAR, CAR-PARA, and CAR-M6—resulted in a modest but significant
positive impact on CAR expression, typically a 15–20% increase compared to the min-
CAR control (Figure 4). The P-CAR had no impact, which was consistent with what has
been reported previously in A549 cells [21]. The O-CAR sequence, despite enhancing
circRNA reporter gene expression in Hela, reduced CAR expression by nearly 20%. This
transcript had very weak predicted secondary structure based on minimum fold energy
(MFE) (Table 1); however, weak secondary structure does not always imply high gene
expression [19]. In contrast to the neutral impact of the 5′ UTR of human α-globin (P-CAR),
the PFT-CAR, which also contained a 3′ UTR comprising two sequence elements derived
from the Amino-terminal Enhancer of Split (AES) mRNA and the mitochondrial-encoded
12S ribosomal RNA, increased CAR expression by ~17% at 24 h. This sequence has been
reported to confer mRNA stability and high total protein expression [76]. Clearly, for this
construct, the positive impact can be attributed to the 3′ UTR sequence. A similar profile of
CAR expression across the panel of constructs was also observed after 48 h. A summary of
the results is shown in Table 1.

2.5. A 3′ UTR Containing Tandem Repeats of m6A Motifs and Vsg 16-mer Sites Positively Impacts
CD19-CAR Expression Compared to 3′UTRs with Strong Secondary Structures

As both the 16-mer from the vsg 3′UTR (CAR-PARA) and a single m6A consensus
sequence (CAR-M6) in the 3′ UTR of CD19-CAR conferred a positive effect on the ex-
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pression of the target mRNA, we were interested to see whether repeating these motifs
(CAR-2M6-2v16 and CAR-2M6L-2v16) and combining them with other extensively used 3′

UTR elements would enhance the effect. For example, the woodchuck hepatitis posttran-
scriptional regulatory element (WPRE) and the SV40 early/late polyadenylation signal are
commonly used for efficient transgene expression in mammalian cells. The WPRE is quite
long; however, a 247nt shorter version has been shown to be as effective as the standard
600nt version [77]. In addition, this short WPRE, in combination with a tandem repeat of
SV40 upstream late enhancer followed by an SV40 late polyadenylation signal, resulted in
high eGFP expression in HEK293 cells [78]. We tested this sequence alone (CAR-W3SL) or
in combination with 2m6A-v16mer motif downstream (CAR-W3SL2M6v16). In addition,
we tested a combination of 2 × m6-v16mer and the SV40 late polyadenylation signal (SL)
(CAR-2M6v16SL). Finally, we tested a construct (2M6-CAR-2M6v16SL70) which combined
the m6A motif in the 5′UTR (2M6-CAR) and a 3′UTR consisting of 2m6-v16mer-SL plus a
70nt poly(A), instead of the standard 40nt poly(A), as well as an AT-rich sequence (ATTTA),
which is bound by the human antigen R (HuR) protein and contributes to increased stability
and longer transcript half-life [79].

Transfected T cells were analysed 24 h post electroporation; however, only the samples
with a combination of 2 × m6A and v16-mer (2M6-2v16)—of which there were two, with
different length spacers between them (constructs CAR-2M6-2v16 and CAR-2M6L-1v16)—
showed a positive impact with a ~40% increase in CAR protein (Figure 5 and Table 2). The
3′ UTR with the short WPRE and SV40 late poly A signal sequence with (construct CAR-
W3SL2M6v16) or without 2M6-2v16 (construct CAR-W3SL) did not improve expression
of CD19-CAR. On the other hand, omitting the short WPRE sequence reduced expression
of CD19-CAR by nearly 25% (construct CAR-2M6v16SL); however, the negative effect of
excluding the short WPRE sequence seems to be compensated either by the presence of the
5′ UTR containing 2M6A sites or the presence of the AT-rich sequence and longer polyA
(construct 2M6-CAR-2M6v16SL70), as protein expression increased by 15%.

 

Figure 5. Impact of 3′ UTR containing repeated motifs or high secondary structure on CD19-CAR
expression. Relative Median Fluorescence Intensity (MFI) of activated T cells transiently expressing
CD19-CAR 24 h post electroporation; n = 3 biological replicates, n = 3 technical replicates; (±SD); ns
(p > 0.05), * p < 0.05; ** p < 0.01, *** p < 0.001 (Student’s t-test). Graph created at https://BioRender.com.
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Table 2. Summary of the impact of different 3′ UTRs on CD19-CAR expression and predicted m6A
methylation sites. Predicted m6A sites are in red, vsg 16-mer are in green; Median Fluorescence
Intensity (MFI); Minimum Free Energy (MFE); duplicate SV40 elements are underlined; AT-rich motif
bound by the human antigen R (HuR) protein is in amber; predicted target sites (score from 97 to 100)
for human miR-4719 are in bold; m6A qPCR: methylation-sensitive quantitative RT-PCR.

Vectors 3’ UTR Sequences (5’-3’)

Number of
Predicted m6A
Sites (SRAMP
Score)

MFE Normalised MFI
to min-CAR M6A qPCR

CAR-2M6-
2v16

GGACTAAAGCGGACTGAAAATGATATATTTTAACAC
CTCCTGATATATTTTAACACAAAA

2 (1st site: very high
score; 2nd site: high

score)
−3.66 1.403 No methylation

CAR-2M6L-
2v16

GGACTAAAGCGGACTTGTGCCACCTGATA
TATTTTAACACGAAAACTCCTGATA
TATTTTAACACAAAA

2 (1st site: very high
score; 2nd site: high

score)
−6.79 1.372 No methylation

CAR-W3SL

TCAACCTCTGGATTACAAAATTTGTGA
AAGATTGACTGGTATTCTTAACTATGTT
GCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTT
TGTATCATGCTATTGCTTCCCG
TATGGCTTTCATTTTCTCCTCCTT
GTATAAATCCTGGTTAGTTCTTGCCACGGCGGAACTCAT
CGCCGCCTGCCTTGCCCGCTGCTG
GACAGGGGCTCGGCTGTTGGGCAC
TGACAATTCCGTGGTGTTTATTTGTGAAATTTGTGATG
CTATTGCTTTATTTGTAACCATCTAGCTTTATTT
GTGAAATTTGTGATGC
TATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAA
GTTAACAACAACAATT
GCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGGAG-
GTTTTTTAAAGCG

−114 1.018

CAR-
W3SL2M6v16

TCAACCTCTGGATTACAAAATTTGTGAAA
GATTGACTGGTATTCTTAACTATGTT
GCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTT
TGTATCATGCTATTGCTTCCCG
TATGGCTTTCATTTTCTCCTCCTT
GTATAAATCCTGGTTAGTTCTTGCCACGGCGGAACTCAT
CGCCGCCTGCCTTGCCCGCTGCTG
GACAGGGGCTCGGCTGTTGGGCAC
TGACAATTCCGTGGTGTTTATTTGTGAAATTTGTGATG
CTATTGCTTTATTTGTAACCATCTAGCTTTATTT
GTGAAATTTGTGATGC
TATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAA
GTTAACAACAACAATT
GCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGG
GAGGTTTTTTAAAGCGTAAGGACTAAAGCGGACTGAA
AACTCCTGATATATTTTAACACAAAA

2 (both are very
high score) −119 1.023 No methylation

CAR-
2M6v16SL

GGACTAAAGCGGACTGAAAACTCCTGATA
TATTTTAACACTATTTGTGAAATTTGTGATGC
TATTGCTTTATTTGTAACCATCTAGCTTTATTTGTGAAAT
TTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTG
CAA
TAAACAAGTTAACAACAACAATTGCATTCATTTTATGTT
TCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAAAGCG

2 (1st site: very high
score; 2nd site: high

score)
−41.7 0.72 No methylation

2M6-CAR-
2M6-v16-
SL70

GGACTAAAGCGGACTGAAAACTCCTGATA
TATTTTAACACTATTTGTGAAATTTGTGATGC
TATTGCTTTATTTGTAACCATCTAGCTTTATTTGTGAAAT
TTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTG
CAA TAAACAAGTTAACAACAACAATTGCATTCATTTTATGTT
TCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAAA
GCGAAAATTTA

2 at the 5’ UTR (high
score);

2 at the 3’ UTR (1st
site: very high score;
2nd site: high score

−41.7 0.884 Not measured

Notably, all the 3′ UTR sequences containing WPRE or SV40 harbour miR-4719-binding
sites (prediction score: 97–100%), which might be a contributing factor to the observed
result [80]. However, despite the prediction of high-to-very-high confidence scores for m6A
methylation, m6A-qPCR did not provide any evidence of methylation at these sites (Table 2).
It was not possible to verify the two engineered m6A sites in the 5′ UTR of the construct
2M6-CAR-2M6v16SL70 by m6A-qPCR as the sites were too near the transcriptional start
site to design suitable primers. Therefore, it seems that, for the CAR-2M6-2v16 and CAR-
2M6L-2v16 constructs at least, the increase in CAR expression was m6A-independent.
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2.6. Consensus m6A Sites in the 3′ UTR Are Methylated in a Certain Sequence Context

So far, none of the consensus DRACH sites engineered into the 3′ UTR of CD19-CAR
were found to be subjected to m6A methylation. The vsg-16-mer in the 3′ UTR positively
impacted CAR expression (CAR-PARA), similar to that of construct CAR-M6; however,
because this appeared to be independent of m6A, we speculated that secondary structure
could be responsible. The vsg-16-mer is a conserved region among different parasite strains
and is essential for the stability and functional levels of expression of vsg genes in the
parasite [81]. The entire vsg 3′ UTR is 61 nucleotides with no strong secondary structure
(Figure 6A). In addition to the conserved 16-mer, an 8-mer in the 3′ UTR of vsg is also
conserved among different parasite strains [82]; however, is not associated with mRNA
abundance or stability of vsg transcripts. We made two constructs both incorporating two
m6A consensus sites, but with slightly different predicted secondary structures, in addition
to a full-length vsg-3′UTR (CAR-vsg3UTR) construct as a control. The first construct
contained two m6A consensus sites added upstream of the vsg 3′ UTR (CAR-2M6vsg3UTR)
and the second with two m6A consensus sites replacing the 8-mer of the vsg-3′ UTR (CAR-
8R2M6vsg3UTR) (Figure 6A, Table 3). All three constructs conferred significantly increased
surface expression of CAR compared with the min-CAR—21% (CAR-2M6vsg3UTR), 28%
(CAR-vsg3UTR), and 43% (CAR-8R2M6vsg3UTR) (Figure 6B). Both m6A sites engineered in
the constructs CAR-2M6vsg3UTR and CAR-8R2M6vsg3UTR were predicted to be targeted
for m6A methylation (SRAMP) and both sites were at similar positions in the junction of
stem–loop structures. However, only the two sites in the construct CAR-2M6vsg3UTR were
verified to be methylated by m6A-qPCR, while those in CAR-8R2M6vsg3UTR were not
(Figure 6C). The untreated (UT) control with spiked CAR-2M6vsg3UTR IVT mRNA showed
no methylation by m6A-qPCR, as expected (Figure S6). These data seem to imply that the
presence of m6A in the context of the CAR-2M6vsg3UTR reduced the positive impact of
the full-length vsg-3′ UTR (construct CAR-vsg3UTR) on the expression of CAR. On the
other hand, the replacement of the vsg 8-mer increased CAR expression by ~15% compared
to the full-length vsg-3′ UTR. It remains to be determined whether the positive effects on
CAR expression from CAR-vsg3UTR and CAR-8R2M6vsg3UTR share similar mechanisms,
as has been found in the parasite, which involves preventing mRNA deadenylation [75]. It
would also be interesting to establish whether there is a different cohort of reader proteins
binding to m6A sites in the coding and in the 3′ UTR of the construct CAR-2M6vsg3UTR.

Table 3. Summary of impact of various vsg 3′ UTR-derived constructs on CD19-CAR expressions.
Predicted m6A sites are red; vsg-16-mers are green; vsg-8-mers are blue. Median Fluorescence
Intensity (MFI); Minimum Free Energy (MFE); m6A quantitative RT-PCR (m6A-qPCR).

Vectors Sequences (5’-3’); Number of Predicted and Confidence Score of m6A
Sites and Secondary Features

Normalised
MFI to

min-CAR
M6A qPCR

Sequence Between Stop of CAR (TAAA)
and polyA

Number of
Predicted m6A
Sites (SRAMP

Score)

MFE

CAR-
vsg3UTR

TTTTCCCCCTCTTTTTCTTAAAAATTCTT
GCTACTTGAAAACTCCTGATA
TATTTTAACAC

−1.16 1.28 not
measured

CAR-
2M6vsg3UTR

GGACTAAAGCGGACTTGTGCCAC
CTTTTCCCCCTCTTTTTCTTAAAAATTCT
TGCTACTTGAAAACTCCTGATA
TATTTTAACAC

2 (high score) −5.02 1.21 Methylation
at both sites

CAR-
8R2M6vsg3UTR

TTTTCCCCCTCTTTTTCTTAAAAATTCG
GACTAAAGCG
GACTGAAAACTCCTGATA
TATTTTAACAC

2 (high score) −6.07 1.43 no
methylation
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Figure 6. Consensus m6A sites in the 3′ UTR are methylated in a certain sequence context.
(A) Full-length sequence of the 3′ UTR of variant surface genes (VSGs) and two versions with
m6A consensus sites and their secondary structures. (B) Relative Median Fluorescence Intensity (MFI)
of activated T cells 24 h after electroporation (n = 2 biological replicates, n = 3 technical replicates).
(C) m6A levels at the first and second consensus m6A sites relative to nearby control (A1498) site in
CAR-2M6vsg3UTR (top panel) and CAR-8R2M6vsg3UTR (bottom panel); n = 2 biological replicates;
n = 3 technical replicates (±SD); ns (p > 0.05); * (p < 0.05); ** (p < 0.01), and *** (p < 0.001) (two-sided
Student’s t-test); first (1st); second (2nd); red letters: consensus m6A sites; blue letters: vsg-8-mer;
green letters: vsg-16-mer. Graphs and figure created at https://BioRender.com.

3. Materials and Methods
3.1. Cell Lines, Lentiviruses, and Reagents

Pan-T cells were sourced from Stem Cell Technologies (Vancouver, BC, Canada),
and Charles River Laboratories (Cambridge, MA, USA). Anti-CD19-CAR Lentiviruses
were produced by Sirion Biotech (Graefelfing, Germany). Details of all reagents are in
Supplemental Table S1.

3.2. In Vitro mRNA Transcription

The coding sequences of anti-CD19 CAR variants, including the wild-type anti-CD19-
CAR (min-CAR), were synthesised by GenScript (Rijswijk, Netherlands) unless otherwise
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stated. The plasmids were linearised using a restriction enzyme downstream of the poly(A)
tail, cleaned, and concentrated using the DNA Clean & Concentrator®-25 kit (Cat# D4033,
Zymo Research, Irvine, CA, USA). In vitro-transcribed (IVT) mRNAs were produced
with ARCA cap using High-Yield T7 ARCA mRNA Synthesis Kit (Cat# RNT-102-L, Jena
Biosciences, Thuringia, Germany) and yeast inorganic pyrophosphatase (Cat# M2403S,
NEB, Ipswich, MA, USA) at a final concentration of 0.002U/ul. The resulting mRNAs were
then treated with DNase I (Cat# M0303S, NEB) and cleaned using Monarch RNA cleanup
kit preps (Cat# T2050S, NEB). DNA-free mRNA quality was checked by Nanodrop and
Agilent TapeStation (Santa Clara, CA, USA). RNA concentration was measured using an
Invitrogen™ Qubit™ RNA High Sensitivity kit (Cat# Q32852, Invitrogen, Carlsbad, CA,
USA) and a Qubit fluorometer.

3.3. In Vitro Electroporation

Freshly thawed Pan-T cells were activated for three days in serum-free TexMACS™
Medium (Cat# 130-097-196, Miltenyi, Bergisch Gladbach, Germany) supplemented with
human IL-7 (155 U/mL) and IL-15 (290 U/mL) using T Cell TransAct™ (Cat# 130-111-160,
Miltenyi), according to the manual provided by the supplier (day 0). Activated Pan-T
cells were verified using FITC-anti-CD3 and anti-CD25 antibodies (Miltenyi). One million
activated T cells were electroporated with 3.3 µg of IVT mRNA using P3 Primary Cell
4D-NucleofectorTM X kit (Cat# V4XP-3032, Lonza, Basel, Switzerland) and pulse code
EO-115 on a 4D-NucleofectorTM X Unit. Each transfection was repeated two or three times
(biological replicates), each time in 3 wells (technical replicates). Cells collected 24 or 48 h
post electroporation for RNA and protein analysis were washed with phosphate-buffered
saline (PBS), re-suspended in TRIzol solution (for RNA prep), or stored at −70 ◦C for
protein lysate preparation.

3.4. Lentiviral Transduction

Five million 3-day-post-activation T cells (day 3) were transduced using Lentivirus at
Multiplicity of Infection (MOI) = 30 (day 3). Transduced T cells were expanded further in
TexMACS™ Medium supplemented with human IL-7 (155 U/mL) and IL-15 (290 U/mL).
Transduced T cells were then collected for RNA and protein analysis on day 9. Each
transduction was performed in 3 biological replicates and 3 technical replicates.

3.5. CAR Detection by Flow Cytometry

Anti-CD19-CAR expression in transfected or transduced cells was monitored by
staining with fluorophore-conjugated antibody (CD19 CAR Detection reagent, human
(Cat# 130-129-550), biotin and PE-Biotin, REAfinity™ (Cat# 130-111-068) (Miltenyi), or FITC-
Labelled Monoclonal Anti-FMC63 Antibody (Cat# FM3-FY45, ACROBiosytems, Newark,
DE, USA) according to the protocol supplied. At least 100,000 cells were used for staining.
Dead cells were excluded using 7-AAD (Cat# 130-111-568, Miltenyi) or SYTOX red (Cat#
S11380, Thermofisher Scientific, Waltham, MA, USA) in combination with PE-Biotin (MFI-
PE) or FITC label (MFI-FITC), respectively. Flow cytometry analysis was performed on a
BD Accuri™ C6 Plus system (BD Biosciences, Paramus, NJ, USA). Untreated activated T
cells were stained the same way and were used for gating. The stained cells were first gated
for single cells using scatter blot (forward scatter height (FSC-H) versus forward scatter
area (FSC-A) and then for viable cells via 7-AAD or SYTOX red negative signal. All results
were expressed as mean ± SD. A two-sided Student t-test value of ≤0.05 was considered
statistically significant.
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3.6. M6A-qPCR

Relative m6A levels were determined using the M6A- qPCR method developed by
Castellanos-Rubio et al. [67]. Briefly, 150 ng DNA-free total RNA isolated using Direct-
zol™ RNA MiniPrep kit (Zymo Research, Orange, CA, USA) was reverse-transcribed (RT)
with Bst 2.0 (NEB) or Superscript IV (Invitrogen) and a reverse primer using the protocol
specified in the manual. For qPCR, 1.5 µL of the resulting RT product was used in a
quantitative PCR reaction using Applied Biosystems™ PowerUp™ SYBR™ Green Master
Mix (Thermofisher Scientific) or SYBRTM Fast SYBR Green Master Mix (Thermo Fisher
Scientific) on a Quanstudio 3 or a Quanstudio 5 instrument. Primers (Supplement Table S1)
were supplied by Integrated DNA Technologies (IDT, Coralville, IA, USA). For the control,
in vitro CD19-CAR mRNA was spiked in at a final concentration of 0.0003% of total RNA
of untreated T cells (equivalent to that of β-actin) for the RT reaction.

3.7. Western Blots

Cell pellets were resuspended and lysed in RIPA buffer (Thermo Scientific) containing
HaltTM protease inhibitor cocktail at 4 ◦C for 1 h with gentle rotation. Cellular debris
was removed by centrifugation at 14,324× g for 20 min, and the supernatant was col-
lected. The resulting protein samples were heated at 70 ◦C for 10 min in the presence of
1x SDS loading buffer. Proteins were separated on a precast 4–12% Bis-Tris Plus gel in
Bolt™ MOPS SDS running buffer (Invitrogen). The separated proteins were blotted on a
0.45 µm nitrocellulose membrane (Amersham) using Thermo Scientific Pierce Power Blotter
in Pierce 1 step transfer buffer. Primary antibodies for CAR (Cat# 12837-2-AP, ProteinTech,
Chicago, IL, USA); for METTL3 (Cat# A301-567A-T, Abcam Cambridge, UK); and for of
GAPDH (Cat# 60004-1-IG, Proteintech) were used at the recommended dilution. IRDye
680RD and IRDye® 800CW secondary antibodies were from Licorbio (Lincoln, NE, USA).
Blots were scanned and quantitatively analysed using the Odyssey ® Fc Imaging System.

3.8. qRTPCR

cDNA was prepared using a High-Capacity cDNA Reverse Transcription Kit following
the manufacturer’s protocol. qPCR was performed using a FAST SYBR kit with three
technical replicates and analysed on a Quanstudio 3 or 5 (Thermofisher). Relative gene
expression was calculated using the 2−∆∆Ct method with GAPDH as a reference gene.
Primers used are listed in Table S1.

3.9. STM2457 Treatment

STM2457 (Cat# HY-134836, MedChemExpress, MedChemExpress, NJ, USA New
Jersey, USA) 10 mM stock solution was prepared in DMSO following the instructions of the
manufacturer and stored at −80 ◦C in small aliquots. A working solution of STM2457 was
prepared in TexMACS™ medium before use. Activated T cells were incubated overnight in
different concentrations of STM2457 or a DMSO control before being transfected with IVT
mRNAs. Cells were analysed 24 h post electroporation.

3.10. Total RNA Preparation for Nanopore RNA Direct Sequencing

DNA-free total RNA was prepared using the Direct-zol™ RNA MiniPrep kit (Zymo
Research). The RNA quality and concentration were checked on a Tape Station (RNA
integrity from 9.5 to 10) and Invitrogen™ Qubit™ RNA High Sensitivity kit and a Qubit
fluorometer. For RNA from untreated T cells, CD19-CAR mRNA (synthesised by TriLink)
was added to a final concentration of 0.0003% total RNA (equivalent to that of β-actin).
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3.11. M6A Mapping by Nanopore Direct RNA Sequencing

Nanopore direct RNA sequencing was performed by OHMX-Bio (Ghent, Netherlands).
At least 57 µg total RNA was used for each run. The Direct RNA Sequencing Kit (Cat#
SQK-RNA004, Oxford Nanopore Technologies, Oxford, UK) was used. Briefly, total RNA
samples were ligated to the RTA adapter with the T4 DNA Ligase (NEB) and then reverse-
transcribed with Superscript III Reverse Transcriptase and dNTPs (Thermo Fisher). RNA-
cDNA hybrids were purified with Agencourt RNAClean XP beads (Beckman Coulter,
Brea, CA, USA) and ligated to the sequencing RNA Ligation Adapter (RLA) using T4
DNA Ligase. Following final purification with RNAClean XP beads, the concentration of
the library was determined on the Qubit Fluorometer with the Qubit DNA HS Assay kit
(Thermo Fisher).

All three libraries were sequenced individually on the P2Solo using FLO-PRO004RA
flow cells (Oxford Nanopore Technologies). The flow cell was first primed with flow
cell priming mix consisting of RNA Flush Tether (RFT) and Flow Cell Flush (FCF) from
the Direct RNA Sequencing Kit (SQK-RNA004, Oxford Nanopore Technologies). Each
RNA library was then mixed with Library Solution (LIS) and Sequencing Buffer (SB).
Subsequently, 32 µL of this mixture was loaded onto the flow cell. Sequencing lasted for a
total of 72 h.

Dorado base calling was completed using the high-accuracy model in MinKNOW.
M6A sites were identified using m6Anet software (version 2.1.0), with Ensembl release
106 was used for the Homo sapiens (human) data (assembly GRCh38) and CD19-CAR
sequence added under the name ‘sequence_NIBRT’ as reference. The developers of m6Anet
recommend using a threshold of 0.9 in the ‘probability_modified’ column to select m6A
sites. The software m6Anet (v2.1.0) used zero-based indexing to report these positions.
This means that the first base position starts at 0.

3.12. Sequence Analysis

The following programs were used for sequence analysis: Clustal Omega (https:
//www.ebi.ac.uk/jdispatcher/msa/clustalo, accessed on 3 September 2025) [83] for protein
and DNA multiple sequence alignment; SignalP-5.0 (https://services.healthtech.dtu.dk/
services/SignalP-5.0/, accessed on 3 September 2025) for signal peptide and cleavage site
prediction; and RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi,
accessed on 3 September 2025) for RNA structure prediction.

4. Conclusions
Current progress in adoptive cell therapy has demonstrated the validity of the tech-

nology which has continued to advance and improve. Despite its general limitation to the
treatment of blood cancers at present, tremendous efforts are underway to investigate its ap-
plication in other incurable diseases, including multiple sclerosis, arthritis, and lupus. For
some of these indications, mRNA-CAR-T has emerged as a potentially safer and perhaps
cheaper option. Currently, there are more than 10 mRNA-based CAR therapies undergoing
clinical evaluation [84]. The same group that developed the Comirnaty™ vaccine has
used an mRNA vaccine to boost CAR-T cell efficacy in solid tumours [85]. IVT mRNAs
are currently being used in trials by several biotech companies [86–88]. In general, these
mRNAs are chemically modified to improve transcript stability.

In this study, we explored the significance of m6A sites in both the coding region
and UTRs of a transiently transfected IVT CD19-CAR in T cells. Notably, the presence
of DRACH consensus sites in the coding region of the transcript acted as substrates for
methyltransferase activity upon entry into the cytoplasm. Eliminating those sites resulted
in lower and less-stable expression of the CAR protein. Adding m6A consensus sites in
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the UTRs had, in some cases, additional benefits to protein yield; however, this was not
always in an m6A-dependent manner. As such, the methylation of consensus m6A sites
seems to be sequence context-dependent. It remains to be determined to what extent
engineering further DRACH sites into a particular transcript, or into what region of the
transcript, will benefit stability or translation as the complexities of secondary structure and
the cohort of reader proteins expressed in a particular cell will likely dictate the outcome.
Further studies to establish the relationship between secondary structure and which m6A
readers are responsible for mediating a particular fate will aid in future epitranscriptomic
engineering strategies.
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