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Circular mRNA (cmRNA) is particular useful due to its high
resistance to degradation by exonucleases, resulting in greater
stability and protein expression compared to linear mRNA.
T cell receptor (TCR)-engineered T cells (TCR-T) represent a
promising means of treating viral infections and cancer. This
study aimed to evaluate the feasibility and efficacy of cmRNA
in antigen-specific-TCR discovery and TCR-T therapy. Using
human cytomegalovirus (CMV) pp65 antigen as a model, we
found that the expansion of pp65-responsive T cells was
induced more effectively by monocyte-derived dendritic cells
transfected with pp65-encoding cmRNA compared with linear
mRNA. Subsequently, we developed cmRNA-transduced pp65-
TCR-T (cm-pp65-TCR-T) that specifically targets the CMV-
pp65 epitope. Our results showed that pp65-TCR could be
expressed on primary T cells for more than 7 days. Moreover,
both in vitro killing and in vivo CDX models demonstrated
that cm-pp65-TCR-T cells specifically and persistently kill
pp65-and HLA-expressing tumor cells, significantly prolong-
ing the survival of mice. Collectively, our results demonstrated
that cmRNA can be used as a more effective technical approach
for antigen-specific TCR isolation and identification, and cm-
pp65-TCR-T may provide a safe, non-viral, non-integrated
therapeutic approach for controlling CMV infection, particu-
larly in patients who have undergone allogeneic hematopoietic
stem cell transplantation.

INTRODUCTION
Circular mRNA (cmRNA) is a covalently closed single-stranded
structure, offering advantages over linear mRNA, including resistance
to exonuclease-mediated degradation and durable protein expres-
sion.1–5 Unlike most linear mRNA that relies on 50-cap structure to
initiate efficient translation, cmRNA instead relies on cap-indepen-
dent translation elements.3 A previous study has shown that the me-
dian half-life of cmRNA is at least 2.5 times longer than that of linear
mRNA in mammalian cells.6 Several in vitro strategies for cmRNA
synthetization have been previously reported.7 Recently, we devel-
Molecular Therapy Vol. 32 No 1 Janu
oped a new group I intron self-splicing system-based system for in-
dustrial-scale cmRNA production without the induction of extra-
neous exon sequences.8 This system showed high circularization
effectiveness and purity, minimized immunogenicity, and strong pro-
tein expression in vitro and in vivo. This novel cmRNA platform has
great potential not only for vaccines development but also for mRNA-
based therapeutics.

Over the past decade, chimeric antigen receptor T cell (CAR-T) ther-
apies have achieved significant success in the treatment of blood can-
cers.9,10 Unlike CAR-T cells that bind to cell surface antigens, TCR-T
cells recognize peptides derived from both surface and intracellular
proteins that are presented by major histocompatibility complex
(MHC) molecules on the cell surface, enabling a broader range of an-
tigen recognition than CAR-T.11,12 Previous studies have shown that
even one single peptide-MHC complex on the target cells can trigger
T cell activation, making TCR-T cells are more sensitive to antigens
than CAR-T cells.13,14 Autogenous monocyte-derived dendritic cells
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(moDCs) transfected with linear mRNA encoding candidate antigens
have been shown to prime and expand the antigen-specific T cells
in vitro.15–17 However, validating neoantigens and isolating anti-
gen-specific TCRs remain technically challenging, partially due to
the relatively short lifetime of antigen-encoding linear mRNAs in
moDCs. It has not been investigated whether antigen-encoding
cmRNA can prolong the expression of antigens in moDCs and
enhance antigen-specific T cell expansion. In addition, most
CAR-T or TCR-T therapies presently use lentiviral or g-retroviral
vectors, and safety concerns still exist.18 Recently, CRISPR-mediated
gene delivery approaches have been developed to produce non-viral
CAR-T cells.19 Both viral-based and CRISPR-based approaches cause
genome integration, and the potential long-term side effects need to
be carefully evaluated. Currently, there is a lack of in vivo studies
testing cmRNA-transduced TCR-T cells in the killing of antigen-ex-
pressing target cells.

Cytomegalovirus (CMV) infection is one of the most common causes
of mortality after allogeneic hematopoietic stem cell transplantation
(allo-HSCT).20 Here, we found that autogenous moDCs transfected
with CMV-pp65 cmRNA prime and expand pp65-responsive CD8+

T cells more efficiently than that transfected with linear mRNA. Sub-
sequently, cmRNA-transduced pp65-TCR-T (cm-pp65-TCR-T) cells
were shown to efficiently and specifically killed the tumor cells ex-
pressing the pp65 antigen and respective HLA in vitro. Notably, a
twice-monthly administration of cmRNA-pp65-TCR-T cells persis-
tently protected immunodeficient mice from pp65-expressing tumor
cells challenge. Collectively, our study demonstrates the great poten-
tial of cmRNA in either antigen-specific TCRs isolation and identifi-
cation, as well as non-viral, non-integration TCR-T therapies against
CMV infection after HSCT.

RESULTS
cmRNAs prolong the expression of target proteins in human

moDCs

We recently developed a clean-PIE strategy (Figure 1A) for gener-
ating cmRNA with high purity (96.0%) and cycling rate (99.0%)
(Figures 1B–1D). To compare the duration and expression intensity
of cmRNA vs. linear mRNA, we transiently transfected the same
amount of linear or circular GFP-mRNA under the same transfection
conditions in autologous moDCs from healthy donors. Next, we per-
formed qPCR to detect GFP mRNA levels in moDCs at different time
points after transfection of linear or circular GFPmRNA. As shown in
Figure 1. Production process and in vitro expression efficiency assay of cmRN

(A) A novel cmRNA formation strategy for Clean-PIE; agarose-gel electrophoresis (B) and

of PIE of GFP cmRNA. (D) Capillary electrophoresis experiments were used to analyze

below the figure. (E) The quantity of linear or circular GFP mRNA was determined by R

expression was assessed from day 1 to day 7 by fluorescence imaging using a fluoresce

was constant at 100%. (G) Quantification of mean GFP expression from day 1 to day 7 b

were counted for the linear GFP mRNA and circular GFP mRNA groups, respectively (n =

by continuous GFP Flow cytometry detection. (J) Comparison of GFP% at days 1, 2, 5, a

levels at days 1, 2, 5 and 7 relatives to day 1 were counted for the linear GFP mRNA and

ns, no significant difference,“*p < 0.05, **p < 0.01, *** < 0.001, ****p < 0.0001.
Figure 1E, the linear mRNA and cmRNA groups showed similar
mRNA levels at 4 h post-transfection, but the elimination rate of cir-
cular GFP mRNA was significantly slower than that of the linear
mRNA group at 8–32 h post-transfection. In addition, immunofluo-
rescence results showed that transfection of the same amount of cir-
cular GFP mRNA resulted in longer GFP expression compared with
linear GFP mRNA (Figures 1F and 1G). Seven days after transfection
of circular GFP mRNA, the GFP expression level was still about 70%
of that at day 1, whereas the moDCs transfected with linear GFP
mRNA was only about 20% of that at day 1 (Figure 1H). The western
blot results also demonstrated that the GFP expression duration of
circular GFP mRNA was longer than that of linear GFP mRNA
(Figures S1A and S1B). Subsequently, we further investigated the dif-
ference in intensity and duration of linear vs. circular GFP mRNA
expression in moDCs by flow cytometry. As shown in Figures 1I
and 1J, 24 h after transfection, about 50% of moDCs transfected
with cmRNA exhibited GFP expression, while only around 30% of
GFP-positive moDCs were observed when transfected with linear
mRNAs. Moreover, the GFP signal was still detected in approximately
37.6% of moDCs transfected with cmRNA 7 days after transfection,
whereas in the linear GFPmRNAs group, the percentage of GFP-pos-
itive moDCs had decreased to 12.6%. Our results showed that the
duration of expression and the mean fluorescence intensity of GFP
proteins (Figures 1I, 1J, and S1C) were longer and higher in moDCs
transfected with circular GFP mRNAs than those transfected with
linear GFP mRNAs. In addition, 7 days after transfection of GFP-
cmRNA, the expression level was still about 80% of relative to the first
day, while moDCs transfected with linear GFP mRNAs had only
about 30% (Figure 1K). These results demonstrate that cmRNAs sus-
tain high expression of target proteins, and moDCs transfected with
antigen-encoding cmRNAs may serve as a stable antigen-presenting
cells to prime and expand antigen-specific T cells in vitro.

cmRNA enables efficient screening of pp65 antigen-specific

TCRs in vitro

CMV infection is an important cause of morbidity and mortality in
patients with allogeneic HSCT, in which the expression of CMV-
pp65 showed a significant correlation with CMV viral replication
(Figures S2A and S2B). We then performed cmRNA-based in vitro
screening to identify TCRs against CMV-pp65 antigen presented
by HLA-A*02:01, HLA-A*11:01, and HLA-A*24:02, the three
most common type I-HLA alleles in the Chinese population. We
co-cultured CD8+ T cells from healthy donors carrying the
A
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HLA-A*02:01, HLA-A*11:01, or HLA-A*24:02 alleles with autolo-
gous moDCs transfected with linear or circular pp65 mRNAs. After
two rounds of co-culture with freshly prepared moDCs transfected
with linear or circular pp65 mRNA at days 0 and 7, we harvested total
T cells at day 14, and analyzed pp65-antigen-specific CD8+ T cells us-
ing CMV-pp65-tetramer staining (Figure 2A). To determine the
translation efficiency of circular or linear CMV-pp65 mRNA, we
transfected equal amounts of circular or linear CMV-pp65 mRNA
into moDCs cells and quantified pp65 mRNA at different time points
by RT-qPCR. The qPCR results indicated that the decay rate of
cmRNA in moDCs within 36 h of transfected was significantly lower
than that of the linear mRNA group (Figure 2B). We next assessed the
protein expression of pp65 in moDCs cells by western blot and mass
spectrometry (MS) sequencing, and the results showed that the inten-
sity and duration of pp65 expression of circular pp65 mRNAwere su-
perior to that of the linear pp65 mRNA in moDCs (Figures 2C and
2D). Furthermore, the MS sequencing result showed that more
pp65 peptides were detected by the moDCs transfected with circular
pp65-mRNAs compared with linear pp65-mRNAs at 48 h post-trans-
fection (Figures S2C and S2D), indicating that more pp65 proteins
were translated in moDCs transfected with circular pp65-mRNAs.

As shown in Figure 2E, pp65-Tetramer+/CD8+ T cells were expanded
from all three individuals carrying HLA-A*02:01, HLA-A*11:01, or
HLA-A*24:02 alleles, after two rounds of stimulation with autologous
moDCs transfected with both linear or circular pp65 mRNAs.
MoDCs transfected with circular pp65 mRNA stimulated a 3- to
6-fold increase in the percentages of CD8+/Tetramer+ T cells
compared with linear pp65 mRNA (Figures 2F and 2G). CD8+/
Tetramer+ T cells were then subjected to fluorescence-activated cell
sorting (FACS) and single-cell TCR sequencing. Interestingly, we
found that dominant T cell clones (percentage of 99.64%, 80.96%,
and 74.17%, respectively) were selectively expanded from the healthy
donors carrying the HLA-A*02:01/HLA-A*11:01/HLA-A*24:02
alleles (Figures 2H and S2E–S2G). These results suggest that
cmRNA-transducing moDCs induce a robust expansion of antigen-
specific T cells and cmRNA technology therefore constitutes an better
tool for in vitro priming and expansion of human antigen-specific
T cells.

Validation of the activation and killing function of pp65-TCR

obtained by cmRNA screening

We subcloned HLA-A*02:01, HLA-A*11:01, and HLA-A*24:02-
restricted pp65-responsive TCRs into lentiviral vectors for functional
validations. The TCR DNA sequence was codon optimized for effi-
cient TCR expression. To prevent mismatch with the endogenous
Figure 2. Screening procedure for circular pp65 mRNA-mediated pp65 antigen

(A) Schematic diagram of in vitro screening of CMV-pp65-TCR-T using circular pp65-mR

4, 8, 16, 24, 36, 48, 72, and 96 h after electroporation. (n = 3) (C) pp65 expression at da

blot detection. (D) The pp65 expression levels relatives to GAPDHwere counted for the lin

circular pp65 mRNA was compared with linear mRNA by detecting CD8+/Tetramer+ (%

CD8+/Tetramer+ in the linear mRNA group vs. the cmRNA group (n = 3). (H) The frequenc

the mean ± SEM. *p < 0.05, ** p < 0.01, ****p < 0.0001. ns, not significant.
TCR chain and improve its stability, the constant domains of TCR-
a and -b chains were replaced by mouse TRAC and TRBC1, in addi-
tion to the complementary cysteine residues at positions 48 (replacing
Thr with Cys) and 57 (replacing Ser with Cys) of the constant do-
mains of the TCR-a and -b chains, respectively (Figure 3A).
Sequencing revealed two TCR-a genes expressed in the dominant
HLA-A*02:01-restricted pp65-responsive T cell clone, and a follow-
up in vitro binding experiments showed that only one TCR-a gene
(TRA:CAFPYNNNDMRF) was responsible for pp65-MHC binding
(Figure 3B). As shown in Figure 3C, Jurkat 76 cells or primary
CD8+ T cells infected with responsive pp65-TCR lentiviral were
stained by pp65-HLA*A:02:01 tetramer. K562 cell lines simulta-
neously expressing HLA-A*02:01 and pp65 genes (hereafter K562
target cells) were constructed and used as target cells to functionally
validate pp65-responsive TCR-T cells. The FACS results showed that
lenti-pp65-TCR-T cells were specifically activated by K562 target cells
in vitro, as evidenced by the observation that the expression of activa-
tion markers (CD69 and CD137) and cytokines (interferon [IFN]-g,
tumor necrosis factor [TNF]-a, and granzyme B [GZMB]) were
significantly up-regulated in lenti-pp65-TCR-T cells after a 24 h of in-
cubation with K562 target cells (Figures 3D and 3E). The results of the
IFN-g-ELISpot consistently showed a significant increase in the
secretion of IFN-g from lenti-pp65-TCR-T cells after being robustly
activated by the K562 target cells, but not by the control HLA-
A*02:01-expressing K562 cells lacking pp65 expression (Figures 3F
and 3G). To further validate the function of pp65-specific TCRs,
pp65-TCR-expressing Jurkat T-NFAT-luciferase reporter cells were
co-cultured with target or control cells, and luciferase activities
were monitored (Figure 3H). As shown in Figure 3I, pp65-TCR-ex-
pressing Jurkat T NFAT-luciferase cells were specifically activated
by K562-HLA-A*02:01-pp65 target cells, but not K562-HLA-
A*02:01 control cells, in vitro.

Next, we tested whether lenti-pp65-TCR-T cells could efficiently kill
K562 target cells in vitro. We examined the killing efficiency of
TCR-T on target cells with different effector:target (E:T) ratios using
flow cytometry. As shown in Figure 4A, after a 4-h incubation at an
E:T = 10:1, approximately 50% of the K562-HLA-A*02:01-pp65
target cells were killed by TCR-T cells in vitro, and about 80% of
K562-HLA-A*02:01-pp65 target cells were killed after a 24-h incuba-
tion (Figures 4B and 4C). In contrast, less than 20% of K562-HLA-
A*02:01 control cells were killed by lenti-pp65-TCR-T cells after
24 h of incubation. In addition, over 30% or 50% of target cells
were killed even when an E:T ratio at 1:1, 5:1, or 10:1 was used
(Figures 4B and 4C). Meanwhile, we compared the killing efficiency
of CD8+ T and pp65-TCR-T cells on target cells using a real-time
-specific TCR-T

NA. (B) The quantity of linear or circular pp65mRNAwas determined by RT-qPCR at

ys 1, 2, 5, and 7 after DC electroporation of linear or circular pp65 mRNA by western

ear pp65mRNA and circular pp65mRNA groups. (E) The in vitro stimulation effect of

). Flow cytometry was performed to detect the percentage (F) and fold-change (G) of

y of T cell clonotypes was ranked after single cell TCR sequencing. All data represent
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live cell imaging analyzer. After 24 h of co-culture at a 5:1 ratio of E:T,
about 85% of target cells were killed by pp65-TCR-T cells, signifi-
cantly higher than that lysed by control CD8+ T cells (Figures 4D
and 4E). The results showed that pp65-TCR-T cells were more effec-
tive in killing K562-HLA-A*02:01-pp65 target cells than CD8+ T cells
in vitro.

Then, we aimed to determine the killing efficacy of lenti-pp65-TCR-T
cells in vivo. The in vivo CDX experimental process is illustrated
in Figure 4F. A total of 1 � 106 luciferase-labelled K562-HLA-
A*02:01-pp65 cells were transplanted into immunodeficient
NOD.Cg-PrkdcscidIL2rgtm1Sug/JicCrl (NOG) mice at day 0, and
1 � 107 lenti-pp65-TCR-T cells or mock T cells were transplanted
at day 3. Bioluminescence imaging was detected and quantified be-
tween 4 and 11 weeks after tumor cell injection. As shown in
Figures 4G and 4I, the target cells were efficiently killed in NOG
mice transplanted with lenti-pp65-TCR-T cells and all mice survived
up to 100 days after target cell transplantation. In contrast, NOGmice
that transplanted with mock T cells or saline were unable to eliminate
the target cells and all mice died within 11 weeks following target cells
transplantation (Figure 4J). Compared with the NOG mice trans-
planted with mock T cells or saline, the bioluminescence signals ap-
peared to be substantially lowered in NOG mice transplanted with
pp65-TCR-T cells (Figures 4G and 4I), which is consistent with the
efficient killing activity and long-lasting protection of pp65-TCR-T
cells. The results of CDX experiments showed that the lenti-pp65-
TCR-T cells could efficiently and specifically kill K562-HLA-
A*02:01-pp65-luciferase target cells in vivo. The above results
collectively showed that the pp65-specific TCR identified by moDCs
transfected with circular pp65 mRNAs could specifically bind to the
pp65 antigen and T cells transfected with the TCR could effectively
recognize and kill target cells both in vitro and in vivo. We also ob-
tained HLA-A*11:01- and HLA-A*24:02-restricted pp65-TCRs by
moDCs transfected with circular pp65 mRNA. The functions of these
TCRs were validated by using tetramer staining (Figures S3A and
S3B), cytokine release and in vitro activation assays (Figures S3C–
S3F), and in vitro killing assays (Figures S3G and S3H). All of the
results further suggested that functional antigen-specific TCRs were
obtained using cmRNA technology.

Non-viral, cmRNA delivery system for pp65-TCR transduction

Lentiviral and retroviral vectors have traditionally been used for
CAR-T or TCR-T therapies, and CRISPR-based techniques have
recently been successfully in integrating CARs into the T cells in a
site-specificmanner. However, both viral andCRISPR-basedmethods
lead to the integration ofCARs orTCRs into theT cell genome, and the
Figure 3. Identification of the function of HLA-A*02:01-restricted pp65-TCR ob

(A) Schematic diagram of CMV-pp65-TCR vector design. (B) In vitro Tetramer binding as

validation using HLA-A*02:01 tetramer after pp65-TCR lentiviral infection of Jurkat 76-

expression levels of (D) activation-related markers (CD69 and CD137) as well as (E) cyto

target cells. (F and G) ELISpot assay was used to detect IFN-g secretion after co-cultu

T-NFAT-Luciferase reporter cells. (I) The Jurkat T-NFAT-Luciferase reporter system dete

represent the mean ± SEM, n = 3. *p < 0.05, **p < 0.01, ****p < 0.0001.
long-term safety of these approaches requires careful evaluation.
Given our previous results demonstrating strong and sustained pro-
tein expressions achieved through cmRNA, we opted to generate
non-viral, integration-free TCR-T cells using a cmRNA-based
approach and systematically validate their functions in vitro and
in vivo. To this end, we produced cmRNA encoding HLA-A*02:01-
resticted, pp65-specific TCR with high purity (98.2%) and a high cir-
culation rate (96.6%) (Figures 5A–5C). Next, primary CD8+ T cells
from of HLA-A*02:01-positive donors were expanded in vitro for
12 days and then subjected to electrotransfer pp65-TCR cmRNA. As
presented in Figure 5D, flow cytometric analysis of the mTCRb con-
stant region domain revealedmore than 90% expression of exogenous
TCRs in CD8+ T cells 24 h after electroporation, and T cells can be
expanded efficiently in vitro after electroporation (Figure S4A).

We next examined the duration of mRNA and protein expression in
linear or circular pp65-TCR-mRNA-transduced TCR-T cells by
qPCR and flow cytometry. The qPCR results showed that the degra-
dation rate of circular pp65-TCR-mRNAwas lower than that of linear
mRNA at the same dose of transduction (Figure S4B). Moreover,
linear pp65-TCR-mRNA-transduced TCR-T remain a high TCR
expression for 72 h and decline rapidly during days 4–7. In contrast,
approximately 80% circular pp65-TCR-mRNA-transduced TCR-T
cells expressed exogenous TCRs at day7 (Figure 5E). Although the
percentages and total fluorescence intensity of exogenous TCR-posi-
tive CD8+ T cells eventually declined overtime (Figures 5E and S4C),
the total number of mTCRb+/CD8+ T cells remained unchanged,
even 10 days after electroporation (Figure 5F), suggesting that the
transfected TCR-encoding cmRNA was extremely stable. Moreover,
the decreased percentage of exogenous TCR-positive CD8+ T cells
could be caused in part by constant T cells divisions overtime.

We then examined the functionality of the primary CD8+ T cells that
were electroporated with cmRNA encoding pp65-specific, HLA-
A*02:01-restricted TCRs. Our findings showed that cm-pp65-TCR-
T cells were specifically activated by K562-HLA-A*02:01-pp65 target
cells and not by K562-HLA-A*02:01 control cells. This was indicated
by a significant increase in the release of cytokines (IFN-g and TNF-a)
and up-regulation of the activation marker (CD107a) (Figures 5G
and 5H). Subsequently, we detected the viability of T cells and the
expression of pp65-TCR in T cells 24 h after cmRNA electroporation.
As shown in Figure 5I, the viability of T cells dropped from90% to 70%
when 30, 60, 90, 120, and 200 mg of cmRNA were electroporated, and
over 95% of surviving T cells expressed pp65-TCR in all groups. We
further evaluated the in vitro killing efficiency of the cm-pp65-TCR-
T cells 1 day after electroporation, using different amounts of
tained by cmRNA screening

say was used to verify the correct pp65-TCR sequence. (C–E) In vitro binding assay

CD8 cells and primary CD8+ T cells. Flow cytometry was performed to detect the

kines (IFN-g, TNF-a, and GZMB) after co-culturing TCR-T cells with control cells or

re of TCR-T cells with control cells or target cells. (H) Schematic diagram of Jurkat

cts the level of TCR-T activation after co-culture with control or target cells. All data
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electroporated cmRNA and varying E:T ratios. The results, as shown
in Figure 5J, demonstrated that cm-pp65-TCR-T cells, electroporated
with 120 mg cmRNA, exhibited the highest cytotoxicity at different E:T
ratios (1:1, 5:1, and 20:1). Similar results were obtained when the cm-
pp65-TCR-T cells, 7 days after electroporation, were used (Fig-
ure S4D). These findings indicate that cm-pp65-TCR-T cells can
specifically recognize and effectively kill target cells in vitro.

Cm-pp65-TCR-T specifically kills the target cells expressing

pp65 antigen in an in vivo CDX model

We next assessed the feasibility and efficacy of linear or circular pp65-
TCR-mRNA-transduced TCR-T cells by an in vivo CDX model. As
illustrated by Figure 6A, 3 � 106 luciferase-labeled K562-HLA-
A*02:01-pp65 cells were transplanted into immunodeficient NOG
mice at day 0, and 1 � 107 Mock T or linear mRNA-pp65-TCR-T
or cm-pp65-TCR-T cells were injected at day 3, bioluminescence im-
aging was performed for detection and quantification at weeks 1–5
after tumor cell inoculation. As shown in Figures 6B–6D, all mice in-
jected with saline or mock T cells died within 6 weeks after inocula-
tion with tumor cells. Two mice infused with linear mRNA-pp65-
TCR-T cells died at week 5 and one additional mice died at week
6 due to tumor growth (3/6). In contrast, only one mouse died
at week 5 in the group of mice infused with cm-pp65-TCR-T cells
(1/6) (Figures 6B–6D).

Subsequently, we proceeded to explore whether higher doses and
repeat infusions of cm-pp65-TCR-T cells provide prolonged protec-
tion. Briefly, 3 � 106 K562-HLA-A*02:01-pp65-luciferase cells were
transplanted into immunodeficient NOG mice at day 0, and 2 � 107

mock T cells or cm-pp65-TCR-T cells were infused at day 3 and
every 4 days or every 2 weeks thereafter. Bioluminescence imaging
was detected and quantified at 1–5 weeks after tumor cell inocula-
tion (Figure 6E). As shown in Figure 6F, all mice infused with either
saline or mock T cells died within 40 days after target cells inocu-
lation. In contrast, the mice infused with 2 � 107 cm-pp65-TCR-
T cells every 2 weeks survived up to 6 weeks after inoculation of
the target cells (Figure 6F). Similar results were observed in the
group of mice infused with 2 � 107 cm-pp65-TCR-T cells every
4 days, although there was one mouse died at week 5 for uncharac-
terized reason. The bioluminescence imaging analysis revealed that
the tumor burden of mice infused with cm-pp65-TCR-T cells every
2 weeks or every 4 days were significantly lower than those of the
mock T cells (Figures 6G and 6H), and significant body weight
loss was observed in the control groups due to the severe tumor
burden, whereas a relatively stable body weight was observed in
Figure 4. Identification of the killing function of pp65-TCR-T in vitro and in vivo

(A–C) The killing efficiency of pp65-TCR-T were detected by Flow cytometry after co-cult

or pp65-TCR-T cells co-cultured 24 h with control or target cell at an E:T = 5:1 (n = 3). G

pp65 cells. Yellow fluorescent cells were counted as dead cells. Scale bar, 400 mm. (E) T

co-culture with control or target cells at E:T = 5:1 (n = 3), scanning interval every 30 min u

diagram of the mouse CDXmodel and procedure of lenti-pp65-TCR-T or mock CD8+ T c

model, n = 5mice per group. The tumor burden was quantified as the total flux (H, each lin

bioluminescence imaging. (J) Survival curve analysis of mice in the different treatment g
the groups infused with cm-pp65-TCR-T cells (Figure 6I). More-
over, infusions either every 4 days or every 2 weeks of cm-pp65-
TCR-T cells significantly prolonged the survival time of the mice
(Figure 6J). Collectively, the above results proved that cm-pp65-
TCR-T cells specifically and efficiently killed K562-HLA-A*02:01-
pp65 cells in vivo and provided long-lasting protection for mice
against pp65-expressing tumors.

DISCUSSION
The discovery of antigen-specific TCRs is an essential but challenging
step for TCR-T cell therapy. This study demonstrated that moDCs
transfected with antigen-encoding cmRNA efficiently prime and
expand antigen-specific T cells compared with those transfected
with linear mRNA. Multiple HLA-A-restricted TCRs targeting
CMV pp65 antigen were identified and validated. Moreover, primary
CD8+ T cells electroporated with cmRNA encoding pp65-specific
TCR genes specifically recognized and efficiently killed target cells
in vitro, and provided long-lasting protection against pp65-express-
ing tumor cells in vivo. To our knowledge, this study is the first to uti-
lize cmRNAs-based technology to discover antigen-specific TCRs and
produce TCR-T cells with therapeutic potential. Although CMV
pp65-responsive TCR-T cells were used as a model in this study,
we anticipate that the identification of TCRs against other types of an-
tigens, including tumor neoantigens or immunogenic self-antigens, as
well as the production of the corresponding TCR-T cells, could
readily be obtained by using the cmRNA-based approaches.

Recent studies on circular RNA vaccines for the prevention of SARS-
CoV-2, which encode the spike protein, have demonstrated that such
vaccines are more effective in antigen production, expression of
neutralizing antibodies, and Th1-type immune response levels.4 These
studies suggest that circular RNAmay have the potential to extend an-
tigen expression. Prolonged antigen production and presentation in
moDCs may provide persistent signaling to the antigen-responsive
T cells for sustained activation and proliferation. Indeed, our results
demonstrated that moDCs transfected with antigen-encoding cmRNA
were more effective at priming and expanding antigen-specific T cells
compared with those transfected with linear mRNA in vitro. This new
cmRNA-based strategy has great potential for the expansion of anti-
gen-specific T cells, particularly for those at relatively low frequencies,
thus significantly improving the efficiency of TCRs discovery. The ex-
pressions of exogenous TCRs in the human primary T cells transfected
with cmRNAwere also determined in the study. Compared with a pre-
vious study showing that linearmRNA expressedHBVTCRs for 48–72
h,21,22 our results showed amuch longer time period of TCR expression
urewith control or target cells at different E:T ratios for 4 h (A) or 24 h (B–C). (D) CD8+T

reen fluorescent cells were represented K562-HLA-A*02:01 or K562-HLA-A*02:01-

he killing efficiency of pp65-TCR-T were detected by Incucyte analysis system after

ntil the killing efficiency assay was completed after 24 h of co-culture. (F) Schematic

ell infusion time and dose. (G–I) Bioluminescence imaging analysis of an in vivo CDX

e represents singlemouse) or mean flux (I) from luciferase intensity of eachmouse by

roups. All data represent the mean ± SEM, n = 5. ****p < 0.0001.
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by cmRNA, as approximately 80% and 20% of T cells expressed exog-
enous TCRs 7 or 14 days post-electroporation, respectively. Thus,
cmRNA has a higher therapeutic potency than linear mRNA in
TCR-T cell-based therapy for viral infections.

CMV infection is a significant cause of morbidity andmortality in pa-
tients who undergo allo-HSCT.20 Our hospital conducted a compre-
hensive analysis of patients who underwent allo-HSCT between 2018
and 2021, which revealed that 53.5% of patients had experienced a
CMV infection at amedian time of 56.1 days afterHSCT (Figure S2A).
Analysis of the patients’ postoperative survival revealed that patients
who developed CMV infection had a mortality rate of 25.7% at
48 months, which was significantly higher than that of CMV-negative
patients (p < 0.05) (Figure S2B). Donor-derived CMV-specific cyto-
toxic T lymphocytes (CMV-CTLs) were used to treat CMV infections
after transplantation.23 However, obtaining donor-derived CMV-
CTLs can be difficult for patients whose donors are CMV negative
or who have received cord blood or unrelated donor transplants. A
recent study has demonstrated the feasibility and efficacy of lentivi-
ral-based TCR-T therapy for treating CMV infections in patients after
allo-HSCT, with all patients achieving complete CMV clearance.24

Nevertheless, lentiviral cause random and permanent integrations
in the host genome, and the safety concerns of lentiviral-based vectors
are still a matter of debate. CRISPR-based, non-viral adoptive CAR-T
or TCR-T cell therapies have recently reported in the treatment of
B-NHL and solid tumors.19,25 However, the aneuploidy and chromo-
somal truncations caused by CRISPR should be comprehensively
evaluated in long-term clinical trials.26 In this study, we found that
infusing cm-pp65-TCR-T cells every 2 weeks effectively eliminated
pp65-expressing tumor cells in the CDX mouse models. In clinical
practice, most CMV infections occur within 3 months of HSCT,
with a low probability of CMV infection once the patients’ own
anti-CMV immunity is re-established.27 Therefore, the infusion of
cm-pp65-TCR-T cells is only necessary during the first few months
after HSCT. Even though cm-pp65-TCR-T cells killed CMV-infected
cells in the first couple of weeks after infusion, they lose TCRs even-
tually, thus representing a safe therapeutic option, especially for pa-
tients who have unsatisfactory outcomes following conventional anti-
viral treatments. The feasibility and efficacy of cm-pp65-TCR-T cell
therapy should be assessed in future clinical trials.

The current manufacturing process for CAR-T or TCR-T cells re-
mains highly personalized and time consuming, taking several weeks
Figure 5. Functional characterization of cm-pp65-TCR-T in vitro

(A and B) Agarose gel electrophoresis (A) and urea PAGE (B) experiments were perform

electrophoresis experiments were used to analyze the percentage of pp65-TCR cmRNA, a

change of mTCRb+% of T cells electrotransfered pp65-TCR cmRNA within 7 days. (E) Plo

mRNA. X axis dashed line indicates day 7 or day 11, Y axis dashed line indicates mTCRb

electrotransfer of pp65-TCR cmRNA. The dashed line on the X axis indicates day 11, a

electrotransfer. (G and H) Flow cytometry was performed to detect the expression levels o

culture of cm-pp65-TCR-T cells with control cells or target cells. (I) T cell viability and pp

cmRNA (per 1� 107 T cell) weremeasured by flow cytometry. (J) After cm-pp65-TCR-T co

4 h, the killing efficiency was observed for the cm-pp65-TCR-T cells 1 day after electrop
to produce a sufficient amount of CAR-T or TCR-T cells in vitro
before infusion back into the patients.28 In vivo CAR-T or TCR-T
strategies would overcome these challenges and achieve real off-
the-shelf therapies.29,30 Recent reports have shown that repeated in-
fusions of lipid nanoparticles loaded with linear CAR- or TCR-encod-
ing mRNAs and decorated with targeting antibodies against human
T cell surface molecules were able to reduce cancer growth or cardiac
fibrosis in mice.21,30,31 The high stability of cmRNAs in primary
human T cells makes cmRNAs an ideal platform for future in vivo
CAR-T or TCR-T therapies.

Collectively, our findings demonstrate that cmRNAs offer an effective
tool for screening of antigen-specific TCRs and a feasible and effica-
cious non-viral, non-integrating cm-pp65-TCR-T therapy, thus
providing a new treatment option for CMV infection following
HSCT. With their high safety, exceptional stability, and ease of
manufacturing, cmRNA platforms hold promise as a therapeutic
option for a wide range of diseases.

MATERIALS AND METHODS
Cell lines, primary cells, and animals

K562 and HEK293T cell lines were purchased from the ATCC and
the Jurkat T NFAT-luciferase reporter cell line was purchased from
ACRO biosystems company (CJUR-STF046#). HEK293T cells were
maintained in DMEM mediums (Gibco) supplemented with 10%
(v/v) fetal bovine serum (FBS, Gibco). K562 and Jurkat T cells were
maintained in RPMI-1640 mediums (Gibco) supplemented with
10% (v/v) FBS. Human primary monocytes and T cells were cultured
in complete RPMI-1640 medium supplemented with 10% human
serum (GeminiBio). Cells were cultured in a 37�C incubator under
5% (v/v) CO2. NOG mice (female, 4–6 weeks old) were purchased
from Charles River Laboratories. All the mice were maintained under
specific pathogen free conditions. Animal studies were approved by
the Institutional Animal Care and Use Committee (IACUC,
2021AW041), Shanghai General Hospital. The collection criteria
for blood specimens involving healthy donors were approved by
the Ethics Committee of Shanghai General Hospital (EC,
20230113032724383).

PBMCs collection and HLA typing

Healthy donors (HDs) signed informed consent before donating gran-
ulocyte colony stimulating factor mobilized peripheral blood stem cells
(PBMCs), and PBMCs were again isolated by density-gradient
ed to analyze the circularization efficiency of PIE of pp65-TCR cmRNA. (C) Capillary

nd the purification efficiency values aremarked in the figure. (D) Ridge plot showing the

t of mTCRb+% within 18 days after T cell electrotransfer of linear or circular pp65-TCR
+ at 80% or 50%. (F) Total fluorescence intensity of all cells within 18 days after T cell

nd the dashed line on the Y axis indicates the number of cells on the first day after

f cytokines (IFN-g and TNF-a), as well as activation-related markers (CD107a) after co-

65-TCR expression levels 24 h after electroporation of different doses of pp65-TCR

-culturewith control or target cells at different E:T ratios or different doses of cmRNA for

oration. All data represent the mean ± SEM, n = 3. **p < 0.01, ****p < 0.0001.
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centrifugation using lymphocyte separation medium (Corning) and
cryopreserved until ready for use. High-resolution genomic HLA
typing for HDs was performed by Tissuebank Biotechnology.

Plasmids and lentiviral transduction

pCDH-CMV-MCS-Puro, pCDH-CMV-pp65-TCR-Puro, pMDLg/
pRRE, pRSV-Rev, and pMD2.G plasmids were purchased or synthe-
sized from Youbio Biotechnology. pSFFV-CMV-pp65-mCherry-
IRES-luciferase and pSFFV-HLA-A*02:01-GFP plasmids were syn-
thesized by Biovision Biotechnology. HEK293T cells were transfected
with pCDH-CMV-pp65-TCR-Puro plasmid and viral packaging
plasmids pMDLg/pRRE, pRSV-Rev, and pMD2.G using Opti-MEM
reagent (Gibco). At 48 h post-transfection, lentiviral supernatants
were collected, filtered through 0.45-microporous membrane filters,
concentrated by ultracentrifugation and frozen in aliquots at
�80�C prior to use.

In vitro stimulation of antigen-specific TCR-T

PBMCs of healthy HLA-A*02:01/HLA-A*11:01/HLA-A*24:02 do-
nors were seeded in six-well plates at 2 � 107 cells/well in complete
medium for 90 min at 37�C in the absence of cytokines to separate
adherent (containing monocytes) and non-adherent cells (containing
T cells). CD8+ T cells were enriched from non-adherent fractions by
positive selection kit (STEMCELL Technologies). To generate imma-
ture moDCs, adherent fractions were washed with PBS followed by
fresh complete 1640 medium supplemented with recombinant hu-
man IL-4 (50 ng/mL, PeproTech) and granulocyte macrophage col-
ony stimulating factor (GM-CSF) (100 ng/mL, PeproTech). Fresh
IL-4 and GM-CSF were supplemented every 2 days for induction
for 5 days, and moDCs were stimulated with 10 ng/mL IL-1b,
TNF-a, IL-6, and PGE2 (PeproTech) for 24 h before transfection to
induce moDCs maturation. CMV-pp65 linear or cmRNA at a con-
centration of 100 mg/mL was electrotransfected into moDCs using
the Gene Pulser X cell system (Bio-Rad). After electrotransfection,
HD T cells were co-cultured with pp65-loaded mature moDCs at
an E:T ratio of 2.5:1 in the presence of IL-21 (30 ng/mL,
PeproTech) in 24-well plates. During in vitro culture, supplement
the wells with fresh medium containing IL-2, IL-7, and IL-15
(5 ng/mL each) every 3 days.

Flow cytometry

For extracellular staining, after collection, cells were washed twice
with staining buffer (DPBS supplemented with 2% FBS) and stained
with eBioscience Viability Dye eFluor780 (Thermo Fisher Scientific)
Figure 6. Validation of the killing function of cm-pp65-TCR-T by CDX model

(A) Illustration for the evaluation of the in vivo killing efficacy of targeting CMV-pp65

Bioluminescence imaging analysis of an in vivo CDX model, and the tumor burden wa

untreated group (n = 5) or different cell treatment groups (n = 6). (E) Experimental overv

using cm-pp65-TCR-T or mock CD8+ T cells. (F and H) Bioluminescence imaging analys

mean flux (H) (untreated group, n = 5; cell treatment group, n = 6). (I) Weight monitoring w

mice in different treatment groups. All data represent the mean ± SEM. ns, no significan

TCR-T represent a promising means of treating viral infections. Circular-mRNA can be u

viral, non-integrated therapeutic approach for controlling CMV infection, particularly in
for 20 min at room temperature (RT). The cells were then washed
with staining buffer, treated with Fc-Block (BD Biosciences) for
10 min at RT and then stained with the cell surface antibodies for
30 min at RT, then washed with staining buffer, resuspended with
500 mL staining buffer and collected on LSRFortessa (BD Biosci-
ences). For intracellular staining, after extracellular staining, cells
are washed with staining buffer and then fixed and permeabilized
with the BD Cell Fixation/Permeabilization solution kit according
to the manufacturer’s instructions (BD Biosciences). Cells were
washed with perm/wash solution, followed by intracellular staining
with intracellular antibody (30 min at RT). Finally, cells were washed
and resuspended with 500 mL of perm/wash buffer. Samples were
washed and collected on LSRFortessa (BD Biosciences). Analysis
was performed using FlowJo software. Flow cytometry antibodies
used in this study for both intracellular and extracellular staining
are listed in Table S1.
Trypsin digestion and MS

Cells were harvested and washed three times with PBS. They were
then gently pipetted up and down for overnight in 1 mg/mL trypsin.
The supernatant was then centrifuged at 13,000 rpm for 30 min and
frozen at�80�C. The Orbitrap Fusion (Thermo Fisher Scientific) was
coupled online to an ultra-high-performance LC (1290 Infinity,
Agilent) via a nanoelectrospray ion source (Nanospray Flex, Thermo
Fisher Scientific). Samples were loaded at a flow rate of 5 mL/min for
5 min onto a 2 cm � 100 mm C18 trapping column packed in-house
with C18 beads of 3 mm diameter (ReproSil-Pur C18-AQ, Dr. Maisch
GmbH). Peptides were then separated on a 50 cm � 75 mm column
in-house filled with C18 beads of 2.7 mm diameter (Poroshell 120
EC-C18, Agilent). Separation was run at 21�C using a flow rate of
approximately 300 nL/min and a 90-min gradient ranging from
5.6% CH3CN to 32% CH3CN in 0.1% HCOOH. MS1 scans were
acquired at a resolution of 60,000 at 200 Th.
Tetramer labeling assay

HLA-A*02:01/HLA-A*11:01/HLA-A*24:02 tetramers bound to
CMV-pp65 NV9/AK9/QF9 and conjugated to PE were purchased
from MBL Biotechnology. Cells were labeled with PE-conjugated
tetramer for 15 min at RT, followed by surface antibodies against
CD3, CD8, and live/dead dye for an additional 20 min at 4�C.
After staining, cells were washed 3 times with FACS buffer (DPBS
supplemented with 2% FBS) and detected on a BD LSRFortessa
flow cytometer, or cells were sorted on BD ARIES III flow cytometer.
-expressing tumor cells using linear mRNA-pp65-TCR-T or cm-pp65-TCR-T. (B)

s quantified as the total flux (C). (D) Survival curves were analyzed for mice in the

iew for the evaluation of the in vivo killing efficacy and safety of targeting CMV-pp65

is of an in vivo CDXmodel. The tumor burden was quantified as the total flux (G) and

as performed once a week following tumor cell injection. (J) Survival curve analysis of

t difference. *p < 0.05, **p < 0.01, ***p < 0.001. Zhang and colleagues reported that

sed for TCR isolation and identification. Cm-pp65-TCR-T cells provide a safe, non-

patients who have undergone allogeneic hematopoietic-stem-cell-transplantation.
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Single-cell immune profiling

FACS-sorted CD8+/Tetramer+ cells were harvested, final cell concen-
tration was determined by cell count on a hemocytometer, and the
cell concentration was adjusted to approximately 1,000 cells/mL with
a cell viability of greater than 98%. We prepared sorted CD8+/
Tetramer+ T cells for 10� Genomics single-cell sequencing of rear-
ranged VDJ according to manufacturer’s instructions. Detailed quality
control metrics were generated and evaluated using single-cell analysis
packages from Bioconductor, including DropletUtils, scater, and scran.
Genes detected in fewer than 3 cells and cells where fewer than 200
genes had non-zero counts were filtered out and excluded from subse-
quent analysis. Low-quality cells withmore than 15%of the read counts
derived from the mitochondrial genome were also discarded. After sin-
gle-cell sequencing and analysis, the TCR sequences were evaluated us-
ing the Loupe VDJ browser (Cell Ranger, 10� Genomics), and the top
ten rankings were performed according to the frequency of TCRs, and
the first-ranked human TCRa and TCRb chain sequences were
selected for subsequent functional experiments.

Human T cell culture and lentiviral transduction

Human CD8+ T cells were isolated from PBMCs of HDs with EasySeq
Human CD8 Pos. Sel. Kit II (STEMCELL Technologies). CD8+ T cells
were cultured in RPMI-1640 medium supplemented with 10% FBS
and 50 U/mL hIL-2 (PeproTech). CD8+ T cells were stimulated
with Dynabeads Human T-Expander CD3/CD28 (Thermo Fisher
Scientific) at a bead-to-cell ratio of 2.5:1 for 48 h before lentiviral
infection. Resuspend 3 � 106 T cells in 2 mL lentiviral supernatant
containing 50 U/mL IL-2 and 5 mg/mL protamine sulfate. Plate into
wells of six-well plates. Spinfect by centrifuging cells 90 min at
800�g at 30�C, and then incubate overnight at 37�C in a 5% CO2

cell culture chamber. Discard the supernatant after centrifugation, re-
suspend with 1640 medium containing IL-2 (50 U/mL) to a final vol-
ume of 4 mL/well. Infection efficiency was detected by flow cytometry
at days 2 after two rounds of lentiviral infection.

Vector construction and mRNA preparations

DNA synthesis and gene cloning were customized and performed by
Genewitz. Linear mRNA were synthesized by in vitro transcription
from linearized plasmids using the Purescribe T7 High Yield RNA
Synthesis Kit (CureMed Biotech). For the generation of cmRNA,
DNA fragments containing PIE elements, Internal Ribosome Entry
Sites, coding regions, and other elements were chemically synthesized
and cloned into a linearized pUC57 plasmid digested with a restric-
tion enzyme. cmRNA precursors were synthesized by in vitro tran-
scription from a linearized plasmid using a Purescribe T7 High Yield
RNA Synthesis Kit. RNA was then purified, after which guanosine
triphosphate was added to a final concentration of 2 mM along
with a buffer including magnesium (Thermo Fisher Scientific).
cmRNA was analyzed using 1% agarose gel electrophoresis and a
ssRNA ladder (Thermo Fisher Scientific) was used as a standard.

cmRNA purification

For high-performance liquid chromatography, RNA was loaded onto
a 30- to 300-mm size exclusion column with a particle size of 5 mm
14 Molecular Therapy Vol. 32 No 1 January 2024
and a pore size of 1,000 Å (Sepax Technologies) on an SCG (Sepure
Instruments) protein purification system (Sepure Instruments). Then
the column was eluted with RNase-free phosphate buffer (pH = 6.0)
and chromatography was performed at a flow rate of 15 mL/min.
RNA with high purity was collected by peak capture and concen-
trated, and the buffer was replaced with RNase-free water following
ultra-centrifugation.

Electrotransfer of GFP or pp65-mRNA to moDCs

Human mature moDCs pellets were collected by centrifugation at
1,000 rpm for 5 min, cell culture medium was removed, and moDCs
were washed twice with 5 mL 1� PBS, cell pellets were re-suspended
in an electroporation buffer Opti-MEM (Thermo Fisher Scientific),
and the cell concentration was adjusted to be 1 � 107 cells/mL. We
mixed 2 mg linear mRNA (approximately 367 nM) or circular GFP
mRNA (approximately 190 nM) carefully with the cell suspension
prior to transfection. We mixed 100 mL cell suspension with GFP
mRNA and transferred it into a 2-mm electroporation cuvette (Bio-
Rad), and electroporation was performed using Gene Pulser Xcell sys-
tem (Bio-Rad). GFP expression was evaluated by fluorescence imag-
ing using a fluorescence microscope (Vert-A1, ZEISS) and flow
cytometry analysis (Foretessa, BD). pp65 expression was evaluated
by western blot and MS.

RT-qPCR

DC cells were collected at 4, 8, 16, 24, 36, 48, 72, and 96 h after GFP/
pp65-mRNA electroporation. CD8+ T cells were collected at 1, 4, 8,
24, 48, and 72 h after pp65-TCR-mRNA electroporation. Total
RNA was extracted using the EZ-press RNA purification kit (EZBio-
science) according to the protocol. Reverse transcription of 1 mg of
total RNA was performed using the PrimeScript RT kit (Takara,
Japan), RT-qPCR was then performed using SYBR Green Pre-mix
Pro Taq HS qPCR Kit (Accurate). The primers used for RT-qPCR
were as follows: GFP-FP:50-GAAGAACGGCATCAAGGTG-30;
GFP-RP:50-GGACTGGGTGCTCAGGTAG-30; pp65-FP: 50-GGCA
AGATCAGCCACATCA-30; pp65-RP: 50-TCAGCT- CCACGGT
CTCCCT-30; pp65-TCR-FP: 50-AAACCCATGGGACGCTCTTA-30;
pp65-TCR-RP: 50-TGGGATTAGCCGCATTCAGG-30.

Western blot

Cell lysates were separated by 10% SDS-PAGE and transferred to the
polyvinylidene fluoride membrane. The membrane was then blocked
with 5% non-fat dry milk (dissolved in TBST buffer) for 1 h, followed
by an overnight incubation with GFP mAb (#2956, Cell Signaling
Technology) or CMV pp65 mAb (sc-52401, Santa Cruz Biotech-
nology) or GAPDH mAb (#97166, Cell Signaling Technology). Sub-
sequently, the membranes were washed three times with TBST, the
membranes were then incubated with anti-mouse or anti-rabbit
IgG, horseradish peroxidase (HRP)-linked Antibody (#7076, #7074,
Cell Signaling Technology) at RT for 2 h. Then, the membranes
were washed three times with TBST and visualized by Omni-ECL
kit (Epizyme, China), imaging was then performed using a bio-
chemi-luminometer (General Electric, AI600). Finally, western blot
bands were quantified in grayscale using ImageJ software.
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cmRNA-mediated production procedures in cm-pp65-TCR-T

cells

Human primary CD8+ T cells were electroporated to express
HLA-A*02:01-restricted pp65-TCR (1# clonetype). Cell pellets
were collected by centrifugation at 1,000 rpm for 5 min, cell cul-
ture medium was removed, and T cells were washed twice with
5 mL 1� PBS, cell pellets were re-suspended in an electroporation
buffer Opti-MEM (Thermo Fisher Scientific), and the cell concen-
tration was adjusted to be 1.5 � 108 cells/mL. Note that indicated
amount of cmRNA was carefully mixed with the cell suspension
prior to transfection. We then transferred 300 mL of cell suspen-
sion mixed with cmRNA into an electroporation cup, and electro-
poration was performed using X-porator H1 (Etta Biotech).
Electroporation efficiency was quantified by staining with the an-
tigen-presenting cell-conjugated anti-mouse TCRb chain anti-
bodies (BioLegend).

TCR sequence optimization and TCR-T cell preparation

After the pp65-TCR sequences were obtained by single-cell
sequencing, the sequences were optimized, including (1) Human con-
stant regions of pp65-TCR were replaced by mouse Trbc1 and Trac
constant regions, and threonine at positions 48 of Trac and serine
at positions 57 of Trbc1 were changed to cystines, these two muta-
tions will enhance the pairing of exogenous TCR while preventing
mismatch with endogenous TCR chains; (2) human codon optimiza-
tion of the expression sequence to improve the expression of TCR
protein; and (3) use of P2A and Furin-cleavage to make alpha and
beta chains can be expressed simultaneously on one plasmid.

Resuspend PBMCs at 1 � 107 cells/mL in CTL medium. Add Dyna-
beads Human T-Expander CD3/CD28 (Gibco) at a 3:1 bead/CD3+

T cell ratio. We resuspended in 10 mL CTL medium containing
50 U/mL IL-2 and transferred them into a T25 flask, and then
cultured PBMCs for 48 h in a 37�C incubator. We resuspended
5 � 106 T cells in 2 mL lentiviral supernatant containing 100 U/mL
IL-2 and 5 mg/mL protamine sulfate; cells were then placed in wells
of a 12-well plate and centrifuged at 1,000�g for 90 min. We incubate
the cells overnight at 37�C, 5% CO2 after centrifugation, a second
round of lentiviral infection was performed 24 h after the first round
of infection. We harvested one well of the 12-well plate for flow cyto-
metric analysis of T cell transduction efficiency by staining with pep-
tide:HLA Tetramer or anti-mTCRbC antibody at day5. We removed
beads according to the manufacturer’s instructions, monitored cells
daily, and split them into 6-well plates or T25 flask as necessary for
up to 14 days.

In vitro binding assays

Jurkat 76-CD8 T cells or human primary CD8+ T cells from HLA-
A*02:01, HLA-A*11:01, or HLA-A*24:02 HDs were infected with
CMV-pp65-TCR lentiviral for two rounds, followed by CMV-pp65-
HLA-A*02:01, CMV-pp65-HLA-A*11:01, or CMV-pp65-HLA-
A*24:02 tetramer staining. The population of Tetramer+/mTCRb+

Jurkat 76 and Tetramer+/mTCRb+ primary CD8+ T cells was then
analyzed by flow cytometry.
In vitro activation assays

According to an E:T of 1:1, we inoculated pp65-TCR-T cells with
K562-HLA-GFP or K562-HLA-GFP-mCherry or K562-HLA-pp65-
mCherry cells in round-bottom 96-well plates. After 24 h of co-cul-
ture, extracellular staining was performed, and then the membrane
was fixed and ruptured, and after intracellular staining, flow cytome-
try was used to detect the expression levels of CD25, CD69, CD107a,
CD137, TNF-a, GZMB, and IFN-g in CD8+ T cells in the co-culture
system.

For enzyme-linked immunospot (ELISpot) assays, we diluted the
coated antibody (1.5 mg/100 mL) with DPBS, added 100 mL of the
diluted 1-D1K antibody solution to each well, and incubated it at
4�C overnight (Mabtech, Sweden). We removed the antibody in the
plate, wash with sterile DPBS, plated the cells in an E:T ratio of 1:1,
added 3 � 104 CMV-pp65-TCR-T cells, K562-HLA-A*02:01, or
K562-HLA-A*02:01-pp65 cells to each well, tapped the edge of the
plate to spread the cells evenly, and placed them in an incubator at
37�C, 5% CO2 for 20 h. After 20 h, the cells were removed, washed
five times with DPBS to completely remove the cells, and then
100 mL biotin-labeled detection antibody 7-B6-1-biotin was added
to each well and incubated at 37�C for 2 h. After the incubation,
the plate was washed five times with DPBS, and then 200 mL strepta-
vidin-HRP was added to each well, and incubated at 37�C for 1 h. Af-
ter the incubation, the plate was washed five times with DPBS, and
100 mL substrate TMB was added to each well until clear spots ap-
peared. Finally, deionized water was added to stop the reaction. Sta-
tistical analysis was performed after the ELISpots reader instrument
scanned the plates.

For the Jurkat T-NFAT-luciferase reporter system, we counted
viable cells and harvested the cells and plated the cells at a density
of 5 � 104 cells/well in 96-well culture plates (Round Bottom) in
40 mL 1640 medium. According to an E:T of 1:1, we inoculated
pp65-TCR-T cells with K562-HLA-GFP or K562-HLA-pp65-
mCherry cells. We added 5 mg/mL anti-human CD3/CD28 antibody
in 40 mL of 1640 medium to positive control wells. We incubated
them at 37�C with 5% CO2 for 12 h. We added 80 mL ONE-Glo
Luciferase reagent (Promega) per well and rock at RT for 2 min to
allow complete cell lysis. We mixed by pipettor action and transfer
110 mL to a corresponding 96-well Bioluminescence detection plate.
We read the relative luminescence units of the plate using a lumines-
cence plate reader.

In vitro killing assays

For flow cytometry assay, we gently resuspended the K562 cells in the
CellTrace violet dye solution (Thermo Fisher Scientific) and incu-
bated the cells for 20 min at RT or 37�C, protected from light. We pel-
leted the cells by centrifugation and resuspended them in fresh, pre-
warmed complete culture medium, inoculated them pp65-TCR-T
cells and K562-HLA control cells or K562-HLA-pp65 target cells
into round-bottomed 96-well plate at an E:T ratio of 1:1, 5:1, 10:1,
or 20:1. After 4 h or 24 h of co-culture, the CellTrace violet+/
eFluor780+ (live/dead) ratio of K562-HLA or K562-HLA-pp65 in
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the co-culture system was detected by FACS to evaluate the killing ef-
ficiency of CMV-pp65-TCR-T cells.

For Incucyte Live Cell Imaging assay, co-cultures of pp65-TCR-T
cells or CD8+ T cells with an E:T ratio of 5:1 and K562-A0201 con-
trol cells or K562-A0201-pp65 target cells were added to 96-well
plates. The Incucyte Annexin V Dyes reagent (Sartorius) can then
be diluted in complete medium to a final dilution of 1:200. The
96-well plate containing the cells is placed into the Incucyte Live
Cell Assay Instrument (Sartorius) and apoptosis is monitored using
the appropriate fluorescent channel. Specific parameters were as
follows. The observation magnification was 20� objective, channel
selection, Green|Red|Orange; and scanning interval, every 30 min
until the killing efficiency assay was completed after 24 h of co-cul-
ture. At the end of the assay, the in vitro killing efficiency of pp65-
TCR-T was analyzed using Incucyte Live Cell Analysis System
software.

Cell-derived xenograft and bioluminescence detection

For lentiviral-based TCR-T experiments, 1 � 106 K562-HLA-
A*02:01-pp65-luciferase cells were injected into the lateral tail vein
of NOG mice at day 0 and 200 mL saline, 1 � 107 Mock CD8+

T cells or LV-pp65-TCR-T cells were injected through the lateral
tail vein at day 3.

For linear mRNA or cmRNA-based TCR-T experiments, 3 � 106

K562-HLA-A*02:01-pp65-luciferase cells were injected into the
lateral tail vein of NOG mice at day 0; 200 mL saline, 1 � 107 or
2 � 107 Mock CD8+ T cells, linear mRNA-pp65-TCR-T or cm-
pp65-TCR-T cells were injected through the lateral tail vein at day
3. The mice in the cm-pp65-TCR-T groups were subdivided into
every 4 days, every 2 weeks injection groups. For bioluminescence im-
aging, 15 min after intraperitoneal injection of 10 mL/g D-luciferin
potassium salt (15 mg/mL, Beyotime), the expression of luciferase
in tumor cells was detected by bioluminescence imaging of mice,
and the total or mean photon number intensity of luciferase were
quantified.

Statistical analysis

Results are expressed as mean ± SEM of at least three independent
experiments performed in triplicate. Sample sizes for in vitro
experiments were n R 3. Sample sizes for in vivo experiments were
nR 5. A Gaussian distribution was used to test if the samples are nor-
mally distributed. If the samples conformed to normal distribution,
experiments comparing two groups were then analyzed by Student’s
t-test. For experiments comparing three or more groups, one-way
ANOVA or two-way ANOVA was performed, and groups were
post hoc compared using Tukey’s multiple comparison test. If the
samples do not conform to a normal distribution, a non-parametric
test is used and will be compared using the Wilcoxon test. For in vivo
experiments, survival curve analyses were performed using the log
rank Mantle-Cox test. All statistical analyses were performed using
GraphPad Prism version 8.0 software. A p value of less than 0.05
was considered a statistically significant difference.
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Supplemental Information

Supplemental figures and legends

Fig. S1: Comparison of the protein expression level and MFI of circular mRNA

and linear mRNA. (A) GFP expression on days 1, 2, 5, 7 after DC electroporation of

linear or circular GFP mRNA by Western blot. (B) GFP protein expression relative to

GAPDH was calculated by gray-scale measurements. (C) Comparison of GFP-MFI

on day 1, 2, 5, 7 after circular or linear GFP-mRNA electroporation, the GFP-MFI

values were quantified based on the whole population, n=3.
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Fig. S2: CMV clinical data analysis and CMV-pp65-TCR single-cell sequencing.

(A) CMV incidence and median time after HSCT in Shanghai General Hospital from

2018-2021. (B) Survival curve analysis of the impact of CMV infection on patient

survival after HSCT. (C) General overview of trypsin digestion and mass
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spectrometry sequencing experiments. (D) Mass spectrometry sequencing analysis of

pp65 protein relative expression abundance per two million target cell, n=3, “*” mean

P<0.05, (E-G) After single-cell TCR sequencing, the HLA-A*02:01/

A*11:01/A*24:02-restricted TCRs were sorted by clonetypes according to frequency,

respectively.
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Fig. S3: Identification of the function of HLA-A*11:01/A*24:02 restricted

pp65-TCR. (A-B) In vitro binding assay validation using HLA-A*11:01 or

HLA-A*24:02 tetramer after pp65-TCR lentivirus infection of Jurkat 76-CD8 cells

and primary CD8+ T cells. (C) Flow cytometry was performed to detect the expression

levels of activation-related markers (CD69 and CD137) after co-culture of

HLA-A*11:01-restricted pp65-TCR-T cells with control cells or target cells. (D) Flow
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cytometry was performed to detect the expression levels of activation-related markers

(CD25 and CD69) after co-culture of HLA-A*24:02-restricted pp65-TCR-T cells

with control cells or target cells. (E-F) Jurkat T-NFAT-Luciferase reporter system

detects the activation level of HLA-A*11:01 or HLA-A*24:02 restricted pp65-TCR-T

after co-culture with control or target cells. A non-parametric test is used and will be

compared using the Friedman test. n=3, “*” mean P<0.05. (G-H) Flow cytometry was

used to detect the killing efficiency of HLA-A*11:01 or HLA-A*24:02 restricted

pp65-TCR-T after co-culture with control or target cells at E:T=1:1. All data represent

the mean ± SEM. n=3, “**” mean P<0.01, “***” mean P<0.001, “****” mean

P<0.0001.
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Fig. S4: In vitro expression and killing ability assay of pp65-TCR cmRNA. (A)

Dynamic changes in T-cell numbers within 18 days after electroporation. (B)

Determined quantity of linear or circular pp65-TCR mRNA by qPCR. (C) Total

fluorescence intensity of all cells within 18 days after T cell electrotransfer of

pp65-TCR cmRNA. (D) After cm-pp65-TCR-T co-culture with control or target cells

at different E:T or different dose of cmRNA for 4 h, killing efficiency were observed

when the cm-pp65-TCR-T cells 7 day after electroporation. Data represent the mean ±

SEM. n=3, “****” mean P<0.0001.
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Supplemental table

Table S1: Flow Cytometry antibodies information

mAb Conj Clone Cat# Supplier

Human CD3 PE-Cy7 HIT3a 300316 Biolegend

Human CD8a APC SK1 317317 Biolegend

Human CD8a BV421 SK1 344747 Biolegend

pp65-HLA-A*02:01-

Tetramer

PE NLVPMV

ATV

TB-0010-1 MBL Biotech.

pp65-HLA-A*11:01-

Tetramer

PE ATVQGQ

NLK

TB-M012-

1

MBL Biotech.

pp65-HLA-A*24:02-

Tetramer

PE QYDPVAA

LF

TS-0020-1

C

MBL Biotech.

Mouse TCRβ-C APC H57-597 109212 Biolegend

Human CD25 BV421 BC96 302629 Biolegend

Human CD69 PE FN50 310905 Biolegend

Human CD137 PE-Cy7 DREG-56 304834 Biolegend

Human IFN-γ APC 4S.B3 80811-80 Biogems Biotech.

Human IFN-γ PE B27 554701 BD pharmingen

Human TNF-α APC MAb11 502912 Biolegend

Human TNF-α PE-Cy7 MAb11 557647 BD pharmingen

Human GZMB FITC QA16A02 372205 Biolegend

Human CD107a PE H4A3 555801 BD pharmingen

Celltrace Violet BV421 C34557 Thermo

Live/dead eFluor780 eF780 65-0865 Thermo
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