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The COVID-19 pandemic has caused about seven million
deaths worldwide. Preventative vaccines have been developed
including Spike gp mRNA-based vaccines that provide protec-
tion to immunocompetent patients. However, patients with
primary immunodeficiencies, patients with cancer, or hemato-
poietic stem cell transplant recipients are not able to mount
robust immune responses against current vaccine approaches.
We propose to target structural SARS-CoV-2 antigens (i.e.,
Spike gp, Membrane, Nucleocapsid, and Envelope) using circu-
lating human antigen-presenting cells electroporated with full
length SARS-CoV-2 structural protein-encoding mRNAs to
activate and expand specific T cells. Based on the Th1-type cyto-
kine and cytolytic enzyme secretion upon antigen rechallenge,
we were able to generate SARS-CoV-2 specific T cells in up to
70% of unexposed unvaccinated healthy donors (HDs) after 3
subsequent stimulations and in 100% of recovered patients
(RPs) after 2 stimulations. By means of SARS-CoV-2 specific
TCRb repertoire analysis, T cells specific to Spike gp-derived
hypomutated regions were identified in HDs and RPs despite
viral genomic evolution. Hence, we demonstrated that SARS-
CoV-2 mRNA-loaded antigen-presenting cells are effective
activating and expanding COVID19-specific T cells. This
approach represents an alternative to patients who are not
able to mount adaptive immune responses to current
COVID-19 vaccines with potential protection across new vari-
ants that have conserved genetic regions.

INTRODUCTION
The world has experienced a devastating pandemic to which close to
seven million lives have succumbed1 and many others are dealing
with long-term complications.2,3 The novel coronavirus, SARS-
CoV-2, was identified as the cause of the COVID-19 disease recog-
nized as a pandemic by the World Health Organization (WHO) on
March 11, 2020.4 Up to March, 2023, COVID-19 has caused more
than 675 million cases worldwide.5 Unfortunately, these statistics
will continue to increase due to the virus mutating into variants
with higher ability of dissemination than the previous viruses and
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with the potential risk of developing more deadly variants. The
most clinically relevant variants so far described are the United
Kingdom (alpha) variant 501Y.V1 lineage B.1.1.76; the South Africa
(beta) variant 501Y.V2 lineage B.1.3516; the Brazilian (gamma)
variant 501Y.V3 lineage P.17; the California variant CAL.20C lineages
B.1.427–4298; the Indian (delta) variant S:478K lineage B.1.617.29;
and the omicron variants.10

To prevent further deaths and long-term disabilities, preventative
vaccines have been developed including mRNA nanoparticle vac-
cines (Pfizer-BioNTech, Moderna), recombinant protein nanopar-
ticle vaccine (Novavax),11 non-replicating viral vector vaccine (Jans-
sen, AstraZeneca, Sputnik and CanSino),11–13 and more recently a
recombinant protein sub-unit vaccine (Corbevax). The protection
of these vaccines against the ancestral virus ranges from 65% to
96% in immunocompetent people however that is not the case in
immunosuppressed patients.14–17 Patients with primary immunode-
ficiencies, patients with cancers, or hematopoietic stem cell trans-
plant recipients with dysfunctional adaptive immunity are not
able to mount robust immune responses to current vaccine
approaches.18–22

To provide an alternative for this population lacking adaptive im-
mune responses to vaccines, we propose to target structural
SARS-CoV-2 antigens with a novel mRNA-based technology to
activate immune T cell responses. Our approach uses full length
structural SARS-CoV-2 antigen encoding mRNAs electroporated
into a pool of human antigen-presenting cells (APCs), derived
from peripheral blood mononuclear cells (PBMCs), allowing these
cells to process and present a broad array of antigens in a more
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Figure 1. Evolution of Spike protein genome since

the beginning of the COVID-19 pandemic

(A) density plot and (B) mutation count represent the

mutational evolution of SARS-CoV-2 over 3 timepoints

July 2021 (blue), January 2022 (green) and August 2022

(red). (A) Text boxes. represent the peaks of patient

sample mutations corresponding to a different SARS-

CoV-2 variant breakthrough. (B) Segmented red line

represents the cut-off definition according to NCBI Virus

by which at least 100 samples of different COVID-19

infected patients with the same mutation in the same

position are considered single nucleotide variant (SNV).

Thus, less than 100 samples with the same mutation in

the same position at the amino acid level are defined as

hypomutated regions in this study. Colored circles

represent number of samples/patients with the same

mutation that is below hypomutated region cut-off

(segmented red line, <100 hits). Blue circles correspond

to hypomutated regions for July 2021 period; green

circles, hypomutated regions for January 2022; and red

circles, conserved region for August 2022 time point.
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biological manner.23–25 We showed feasibility of generating T cells
specific to structural SARS-CoV-2 antigens and also to hypomu-
tated regions conserved through the different viral variants. Thus,
this approach can potentially confer protection to vulnerable pa-
tients infected with current or new variants that have conserved ge-
netic regions.

RESULTS
Genomic evolution of SARS-CoV-2 and identification of

hypomutated regions

We compiled a density plot and histogram to demonstrate the overall
mutational changes from 2021 to 2022 in Spike gp amino acid
sequence as proof of concept to demonstrate the mutational evolution
of SARS-CoV-2. From July 2021 to January 2022, the variants of
concern (VOCs) were alpha, beta, gamma, and delta. In January
2022, omicron variant emerged, and the mutational frequency started
to accumulate in delta and omicron variants. We observed that Spike
(S) regions between S:300-400aa, S:550aa, S:800-900aa, and S:1050-
1150aa had low mutational frequency until January 2022 (2022.1)
as depicted by the low mutational density histogram in Figure 1A.
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Omicron variant later added more mutations
which reduced number of hypomutated
regions, from the period Dec 2019 to Jan 2022,
as demonstrated by the red (August 2022,
2022.8) histogram. Next, the distribution of
the Spike glycoprotein mutational count was
plotted as histogram by time point (Figure 1B).
We observed that the mutational count was
markedly increased in broad regions across the
first 800aa of Spike protein, however, the
tail part of Spike protein remained mostly
conserved since Jul 2021 (Figures 1A and 1B).
Hypomutated regions are illustrated by dots with different colors
(blue, green, and red) corresponding to the surveyed years. Dots are
the number of patients (less than 100 patients sharing the same point
mutation in the same position at amino acid level, below segmented
red line) that include regions of 8mers or more which were defined as
hypomutated regions. Regions at the head and tail parts of Spike pro-
tein not showing red color dots indicate that those previously identi-
fied hypomutated regions were not detected in Aug 2022 due to
the emergence of omicron variant with subsequent addition of
more mutations. Hypomutations distributed from 250aa and 800aa
presenting the three-color layers indicated that the mutation count
of those regions increased as demonstrated by the higher overlap of
Aug 2022 histogram and decreasing number of color dots for that
same period. This suggests that hypomutations in this area are unsta-
ble. Favorably, hypomutations spanned from S:800aa to S:1050aa
appear to be more stable as the overall number of patients with
new mutations was lower compared with the S:250aa-800aa
region (Figure 1B). Similar analyses for other SARS-CoV-2 structural
antigens (Membrane, Nucleocapsid, and Envelope) are shown in
Figure S1.
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Generation of SARS-CoV-2 antigen encoding mRNAs and

feasibility of manufacturing SARS-CoV-2 RNA-based cellular

therapy

We designed and generated messenger RNA constructs encoding for
the full length of Spike, Membrane, Nucleocapsid and Envelop pro-
teins (Figure 2A). The messenger RNAs obtained underwent quality
control to determine that there was none to minimal degradation,
truncated RNA bands, or cross-contamination of samples. We de-
tected the electrophoresis bands and the corresponding RNA peaks
in the expected position for the size of the construct (Figure 2A).
These mRNAs were used to transduce whole human antigen-present-
ing cells (APCs) to expand SARS-CoV-2 antigen-specific T cells
following the workflow depicted in Graphical Abstract. PBMCs
were plated overnight for adherence activation and cells collected
for electroporation.26 To determine what immune cell populations
were successfully electroporated, we initially electroporated PBMCs
with two different settings of electroporation 360V 1ms 1 pulse and
500V 5ms 1 pulse with GFP mRNA. We then evaluated the GFP
expression by NK cells (CD56+), T cells (CD3+), macrophages
(CD14low CD16high), monocytes (CD14+), B cells (CD19+), and den-
dritic cells (HLA-DR+ CD11c+) by flow cytometry. For the 360V 1ms
group, the GFP expression was 97%, 96.7%, 95%, 92.6%, 86.1%, and
78% for the different cell subtypes, respectively (Figures 2B and S3).
For the 500V 5ms group, the GFP expression was <2.5% for all
different cell subtypes (Figures 2C and S3). Thus, we proceeded
with 360V 1ms for electroporation of PBMCs for all subsequent ex-
periments. Next, we evaluated the cellular viability post-electropora-
tion with Spike glycoprotein encoding mRNA at multiple time points.
After 18 h post-electroporation, flow-cytometric evaluation showed
between 87% and 97% viability of cell subtypes assessed (i.e., CD3
T cells, CD19 B cells, CD14 monocytes, and CD56 NK cells). After
42 h post-electroporation, the viability of unelectroporated cells
versus electroporated cells was comparable (Table 1). Despite the
known toxicity associated with electroporation, these findings suggest
that our electroporation strategy maintains an acceptable cellular
viability over time. As the culture progresses, the predominant cell
population was CD3+ T cells whereas the other cell subsets evaluated
decreased over time suggesting expansion of antigen-specific T cells
(Figure 2D).

Identification of SARS-CoV-2 structural antigen and

hypomutated region-specific T cells

The T cells expanded with RNA-electroporated APCs were then eval-
uated for the presence of SARS-CoV-2 specific T cell receptors
(TCRs). We interrogated the TCRb repertoires of enrolled subjects
to determine if all SARS-CoV-2 specific TCRbs and SARS-CoV-2 hy-
pomutated region specific TCRbs were expanded to suggest cross-
reactivity across ancient and emerging variants. At baseline, we
observed that HDs and RPs had SARS-CoV-2 specific TCRbs which
Figure 2. Generation of SARS-CoV-2 mRNAs for transfection of peripheral blo

(A) represents plasmid constructs for Spike, Membrane, Nucleocapsid, and Envelope

corresponding to Spike, Membrane, Nucleocapsid, and Envelope structural proteins. (B

(D) Progression of cell subsets over the duration of cell culture for activation of antigen
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were overall further expanded upon T-APC stimulation. In the case of
HDs, S and M specific TCRbs increased after T cell expansion how-
ever N and E TCRbs did not and actually N TCRb repertoire shrunk.
For RPs, specific TCRbs to all antigens (S, M, N, E) were expanded
in vitro with the most robust findings observed in the case of S and
N antigens (Figure 3A). Next, we screen for TCRbs specific to hypo-
mutated regions.We found that only S protein retained immunogenic
hypomutated antigens were markedly expanded in RPs compared
with HDs (Figure 3B) using the SARS-CoV-2 genomic evolution
time point of August 2022. The variability of TCRbs decreased
upon stimulation with RNA-loaded APCs suggesting immune domi-
nance of certain hypomutated regions with a more oligoclonal TCRb
expansion for RPs against hypomutated regions (Figures 3C and 3d).
Upon evaluation of TCRb usage, the dominant VDJ rearrangement
was for HDs V04.01-J02.03 and RPs V07.08-J02.07. For RPs, the pre-
dominant VDJ rearrangement has been identified as one of the most
common ones globally found in publicly available databases for pa-
tients diagnosed with COVID-19.27
Immune characterization of SARS-CoV-2 specific T cells

On day 0, PBMCs from HDs and RPs had similar frequency of
CD3+CD4+ T cells (58.4%–81% vs. 71.8%–87.5%, p = 0.90) compared
with similar trend but lower frequencies of CD3+CD8+ T cells (HD
19%–41.6% vs. RP 12.5%–28.2%, p = 0.90). However, it is until day
23 (after 3 stimulations) when HD CD3+CD4+ T cells were signifi-
cantly lower than RP CD3+CD4+ T cells (p = 0.005). The opposite
trend was observed for CD3+CD8+ T cells (p = 0.005). As the T cell
culture progressed, the percentage of HD CD3+CD4+ T cells reduced
and HD CD3+CD8+ T cells increased however maintaining
CD3+CD4+ T cells predominance whereas the RP CD3+CD4+ and
RP CD3+CD8+ T cell frequencies remain relatively stable (Figure 4A).
To visualize the overall dynamic changes for maturation stages and
checkpoint markers, we projected the global Spike gp-specific T cell
differentiation patterns into the high-dimensional tSNE algorithm.
Regarding T cell maturation, HD central memory (CM represented
in blue) CD3+CD4+ T cell and CD3+CD8+ T cell frequencies did
not change markedly between the three timepoints (Day 0, 16,
and 23). However, for the RP (CM) CD3+CD4+ T cell and
CD3+CD8+ T cell populations decreased dramatically, compared to
their baseline. Regarding HD effector memory (EM represented in
red) CD3+CD4+ T cells and CD3+CD8+ T cells slightly increased
compared to their day 0 while RP (EM) CD3+CD4+ T cell and
CD3+CD8+ T cell populations increased substantially (Figure 4B).
For T cell checkpoint expression during cell culture, PD1 and Tim3
expression frequency on HD increased over time reaching their
peak after 3 stimulations. However, in RPs PD1 and Tim3 expression
frequency had a marked increase after 2 stimulations, particularly for
CD3+CD4+ T cells (Figure 4B).
od mononuclear cells

structural proteins and shows electrophoresis gels with RNA bands (black arrows)

, and C) shows electroporation parameters and the type of cell subsets transduced.

specific T cells.
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Table 1. Viability over time of electroporated cells compared with

unelectroporated cells

Timepoints Unelectroporated Electroporated

Trypan blue

At 0 h 85% 85%

At 6 h 85% 81.4%

At 18 h 84% 83%

At 42 h 77% 85%

Flow cytometry

At 18 h

CD3 91.5% 87%

CD14 94% 94%

CD56 91% 92%

CD19 92% 91%

Viability was assessed by trypan blue counting and by flow cytometry using Zombie Vi-
olet live-dead staining.
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We next compared the immune phenotyping of T cells specific
against Spike and non-Spike structural antigens (M, N, and E)
upon cognate peptide rechallenge. We perform flow cytometric anal-
ysis of the generated T cell subsets and compared their immune signa-
ture across all SARS-CoV-2 antigens using Day 16 as time point for all
conditions. For HDs and RPs, the CM CD3+CD4+ and CD3+CD8+

T cells decreased or remain unchanged compared with unstimulated
T cells upon SARS-CoV-2 structural peptide challenge. There was a
clear increase in the overall EM populations compared with unstimu-
lated T cells for all antigens (Figure S2). Checkpoint markers (i.e.,
PD1, Tim3, Lag3) were also measured as surrogate markers of activa-
tion. In HD CD4+ S T cells, we observed upregulation of PD1, Tim3,
and Lag3 (from mean 0.65%–0.82% to 7.85%–10.13%; 0.23%–0.38%
to 1.08%–1.36%; 0.45%–0.6% to 4.56%–6.23%, respectively) on day
16 versus day 0. In the case of HD CD8+ T cells on day 16, upregula-
tion of PD1, Tim3, and Lag3 was higher (3.42%–3.44% to 24.7%–26%;
0.16% to 3.56%–5.85%; 2.61%–2.76% to 8.77%–10.11%, respectively)
(Figure 4C). Overall, RP CD4+ S T cells showed higher upregulation
of PD1, Tim3, and Lag3 after 2 stimulations (from 0.96%–1.33% to
41.25%–45.64%; 0.5–0.51% to 10.60%–11.33%; 0.9%–0.93% to
18.68%–21.92%, respectively) (Figure 4C). RP CD8+ S T cells trended
to a more robustly increase PD1, Tim3 and Lag3 (13.43%–13.15% to
45.58%–47.31%; 0.32%–0.8% to 19.05%–25.57%; 5.1%–6.4% to
19.59%–28.44%, respectively) (Figure 4C). Particularly, PD1 and
Tim3 were significantly upregulated in RP compared with HD
when T cells were challenged with Spike gp (p < 0.001 and
p < 0.05, respectively) antigens whereas only PD1 was significantly
increased in RP M T cells and RP N T cells compared with HDs
(p < 0.005, both). Similar trends were observed for Membrane, Nucle-
ocapsid and Envelope however with overall lower checkpoint expres-
sion level than for Spike gp. We also assessed whether IFNg release
correlated with checkpoint expression. We confirmed that increasing
IFNg secretion was associated with higher PD1 expression in HDs
whereas decreasing IFNg secretion happened in the setting of lower
Molecu
PD1 expression in RPs when comparing day 16 versus day 23
(Figure 4C).

Functionality and specificity of T cells

We tested specific T cell responses against all SARS-CoV-2 structural
antigens. First, we assessed cell proliferation after two stimulations.
By day 17, all donors (3 HDs and 3 RPs) had over 10-fold expansion
(fold expansion range: 13.8–48.8) (Figure 5A). The remarkable T cell
proliferation for all HDs supports the concept that SARS-CoV-2 un-
exposed unvaccinated HDs have memory T cell precursors likely
from exposure to other coronaviruses. Next, we determined the over-
all trend of T cell responses to S antigens in HDs and RPs and their
corresponding TCRb clonality. TCRb repertoire is depicted at base-
line and after 2 or 3 stimulations for HDs and RPs based on the
best IFNg responses after antigen rechallenge (Figure 5B). For HD re-
sponders, the overall peak of IFNg secretion was reached on day 23
(mean: 397.8 pg/mL; range: 71.4–613.83 pg/ml). For RPs, the IFNg
levels peaked on day 16 (mean: 2730.82 pg/mL; range: 1635.16–
6796.27 pg/mL) and then decreased after 3 stimulations suggesting
potential exhaustion of T cells (Figure 5B). These findings are likely
related to the higher frequency of memory T cell precursors in
RPs versus HDs. With subsequent stimulations, the SARS-CoV-2
TCRb repertoire narrowed down which correlated with Simpson in-
dex closer to 1.0 suggesting exclusion of TCRb not specific to
SARS-CoV-2 (Figures 5B and 5C). The decreasing TCRb repertoire
over time indirectly correlated with IFNg secretion levels likely asso-
ciated with a robust expansion of SARS-CoV-2 specific T cells
(Figure 5B).

SARS-CoV-2 specific T cells have a cytotoxic profile

Based on IFNg secretion upon antigen rechallenge, we were able to
generate S-specific T cells in 70% of HDs (n = 5 of 7) after 3 stimula-
tions and in 100%of RPs (n = 8 of 8) after 2 stimulationswhen tracking
individual responders (Figure 6A, and Table S1). Responders toM an-
tigens were identified in 29% of HDs (mean: 1079.65 pg/mL; range:
901.41–1257.88 pg/mL) and 71%of RPs (mean: 1334.69 pg/mL; range:
1127.59–2080.23 pg/mL) whereas none of HDs and 57% of RPs
(mean: 1575.78 pg/mL; range: 120.38–4128.18 pg/mL) were able to
mount specific T cell responses to N antigens. For E antigens,
we did not have responders among HDs however one RP
(261.56 pg/mL) responded after 3 rounds of stimulation suggesting
low immunogenicity from E protein (Figure 6A, and Table S1).
Next, we evaluated granzymeB and perforin secretion of Spike gp-spe-
cificT cells that underwent 2 stimulations prior to rechallenge Spike gp
peptides. For all donors tested (3 HDs and 3 RPs), there was increased
antigen-specific secretion of granzyme B and perforin suggesting that
the antigen-specific T cells are likely to not only recognize antigens
specifically but also cytotoxic (Figure 6B).

To determine what T cell subsets secrete antigen-specific cytokines,
intracellular staining for IFNg, TNFa, and IL-2 was performed.
Four donors, known to be Spike gp-specific responders, were evalu-
ated. Products were chosen after 2nd or 3rd stimulation based on
the time point with the peak of responses. Cytokine secretion patterns
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 5
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Figure 3. TCRb count specific SARS-CoV-2 structural antigens

(A) TCRbs specific against SARS-CoV-2 antigens in healthy donors and recovered patients pre- and post-stimulation. (B) TCRbs specific to hypomutated regions pre- and

post-stimulation. (C) Distribution of all TCRbs against SARSp-CoV-2 structural antigens (S, M, N, E) pre- and pos-stimulation in HDs. Distribution of Spike hypomutated

region specific TCRbs pre- and post-stimulation in HDs. (D) Distribution of all TCRbs against SARSp-CoV-2 structural antigens (S, M, N, E) pre- and pos-stimulation in RPs.

Distribution of Spike hypomutated region specific TCRbs pre- and post-stimulation in RPs.
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were similar for CD3+CD4+ and CD3+CD8+ T cells with increased
secretion of IFNg and TNFa compared with unstimulated T cells
(IFNg mean: 10.7% vs. 2.3% CD3+CD4+ T cells & 12.4% vs. 2.6%
CD3+CD8+ T cells; TNFa mean: 11.2% vs. 1.5% CD3+CD4+
T cells & 15% vs. 4.7% CD3+CD8+ T cells, respectively; p < 0.05)
6 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
and perhaps a trend toward increased IL-2 secretion in CD4+
T cells (Figures 6C, and S4).

We also wanted to determine if combining all 4 structural antigen-
encoding mRNAs would provide similar high activation rates
024
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Figure 4. Immunophenotypic characterization of SARS-CoV-2 specific T cells

(A) CD3+CD4+ and CD3+CD8+ T cell distribution across HDs and RPs at baseline and over the course of cell culture. (B) tSNE representation of maturation stages (naive,

central memory CM, effector memory EM, and TEMRA). (C) Checkpoint (PD1, Tim3, Lag3) immunophenotypic characterization across HDs and RPs and analysis across

T cell subsets upon antigen challenge of activated T cells.
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observed with single antigen mRNAs. HDs (n = 4) and RPs (n = 4)
underwent 2 stimulations with all structural mRNAs simulta-
neously. 25% HDs and 75% RPs responded to at least one antigen,
mainly Spike gp. The HD responder also had higher IFNg levels to
M and E antigens compared with controls. Among the RPs, one
donor also had strong response to M and another donor had higher
Molecu
IFNg to M, N, E antigens compared to controls (Figure S5). This
lower yield of activation suggests the potential antigen predomi-
nance that polarizes response toward the immune dominant anti-
gen. However, optimization of RNA concentration used during
stimulations might also be needed to prevent skew of immune
responses.
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 7
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Figure 5. Characterization of functional specificity of

SARS-CoV-2 expanded T cells

(A) Cell proliferation after two stimulations for HDs (n = 3)

and RPs (n = 3). (B) IFNg release after 2nd and 3rd stimu-

lations for T cells isolated from HDs and RPs in correlation

with TCRb count over time per MIRA and ImmunoCODE

database (Adaptive Biotechnologies, WA). (C) TCRb

clonality for HDs and RPs over time after subsequent

stimulations.
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DISCUSSION
The lack of effective preventive approaches for immunosuppressed
patients, unable to mount humoral and/or cellular immunity to
SARS-CoV-2, as well as the continuous evolution of variants that
escape effective suppression by therapeutic monoclonal antibodies
underscores the need to develop new technologies to provide pro-
tection against COVID-19 for this patient population. Our group
has extensive experience developing RNA-based cellular therapies
to expand T cells specific against virus-derived tumor antigens.28–34

In this study, we use a novel approach that takes advantage of circu-
lating APCs transfected with full-length SARS-CoV-2 structural
protein encoding mRNAs to activate and expand low frequency
8 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
T cells specific against hypomutated and non-
hypomutated regions of SARS-CoV-2 (Fig-
ure S6). Since the beginning of the pandemic,
SARS-CoV-2 has genomically evolved with
new variants acquiring mutations that confer
increasing infectivity and virulence.35 This
mutational progression suggests the need for
targeting conserved regions across ancient
SARS-CoV-2 and its variants. We demon-
strated that SARS-CoV-2 can conserve immu-
nogenic antigens recognized by stimulated
T cells from healthy donors and recovered pa-
tients. The demonstration that hypomutated re-
gions evolve underscores the need for contin-
uous genomic surveillance for preventative
strategies for T cell immunity. These observa-
tions add to the current knowledge of adoptive
T cell therapies against viral infections, that
have classically used peptides to stimulate anti-
gen specific T cells.

Efforts have started to address the gaps in the
care of immunosuppressed patients and thus,
SARS-CoV-2 peptide-based T cell therapies are
being developed against structural SARS-CoV2
proteins.36–38 Remarkably, we were able to
mount T cell responses in about three-quarters
of HDs, who were not previously exposed to
COVID-19 or vaccinated against SARS-CoV2
immediately suggesting cross-reactivity with
other types of coronaviruses. However, de novo priming and expan-
sion of specific T cells cannot be excluded as a larger antigen reper-
toire may be presented by APCs loaded with full length mRNAs
potentially due to a more physiologic antigen processing.36,39–41

These observations support the notion that RNA-based therapies
can be widely applicable and versatile approaches for adoptive
T cell therapies.

We evaluated the mutational changes of SARS-CoV-2 Spike gp since
the start of the pandemic given the relevance of this antigen as ther-
apeutic target and we determined that hypomutated regions are still
present within the SARS-CoV-2 genome. These hypomutated regions
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Figure 6. Cytotoxic profile of SARS-CoV-2 T cells

(A) IFNg fold expansion are shown from T cells stimulated

with all 4 structural protein encoding mRNA (spike,

membrane, nucleocapsid, envelope). Red dotted line

represents the cut-off to define responders (refer to ma-

terials and methods for definition). “Pre” indicates controls

(i.e., unstimulated T cells, T cell alone, and T cell plus actin

peptides). “Post” indicates SARS-CoV-2 stimulated T cells

rechallenged with cognate peptides. (B) Granzyme B and

perforin levels of T cells after two stimulations. Values were

normalized by subtracting background control conditions.

(C) Intracellular cytokine levels (i.e., IFNg, TNFa, and IL-2)

compared with untreated T cells (T cells alone). (*p < 0.05;

**p < 0.001).
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largely localized to Spike gp were immunogenic whereas other struc-
tural antigens have lost their conserved areas. It was previously shown
that membrane protein contained immunogenic conserved regions
however after evaluating the SARS-CoV-2 genome at the time of
this study, those regions were lost according to our hypomutation se-
lection criteria.36 We identified up to 20 different hypomutated re-
gions recognized by TCRb clonotypes in HDs and RPs expanded
against the ancient Spike gp encoding mRNA (Table S2). As expected,
the TCRb clones specific to those conserved regions were more
robustly expanded in RPs versus HDs. Thus, the existing Spike gp hy-
pomutated regions highlight the potential these regions have for
developing adaptable and rapidly deployable platforms as preventa-
tive or therapeutic measures.
Molecular Therapy: Methods
Groups have associated T cell activation status
as potential contributing factors for severity of
COVID-19 likely due to the lack of cellular pro-
tection.42 In this study, we observed a marked
increase of PD1, Tim3, and Lag3 expression af-
ter subsequent stimulations in CD3+CD4+ and
CD3+CD8+ T cells preferentially against Spike
protein. This pattern of checkpoint expression
positively correlated with IFNg secretion upon
antigen rechallenge providing evidence that in
some patients checkpoint expression might be
a surrogate marker of outcomes for antiviral
T cell response.

This approach represents an alternative to pro-
vide immunity to patients unable to mount clin-
ically relevant anti-SARS-CoV-2 responses to
current vaccines especially patients who are
heavily immunosuppressed such as stem cell
transplant patients, patients with immunodefi-
ciencies or patients receiving B cell depleting
agents such as anti-CD19 antibodies or CAR
T cells. The presence of several TCRb clonotypes
capable of recognizing highly conserved regions
has the promise of generating a therapeutic plat-
form that can target current and potentially
future variants. Furthermore, demonstration that hypomutated re-
gions change overtime underscores the development of platforms
that can be rapidly adapted through incorporation of antigen-encod-
ing RNA matched to the evolving SARS-CoV-2 genome.

MATERIALS AND METHODS
Peripheral mononuclear cell (PBMCs) collection and isolation

We collected PBMCs from healthy donors (HDs) and recovered
COVID-19 patients (RPs) after being consented by our local UF
IRB protocol (IRB201701445). Of note, HDs were donors whose
blood samples were drawn at the start of the pandemic, and they
never had COVID-19 nor they were vaccinated. Seven HDs and eight
RPs donated 60 mL of blood in sodium heparin tubes at 2 timepoints
& Clinical Development Vol. 32 March 2024 9
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separated by 4 weeks. The recovered patients who participated in this
study where unvaccinated donors. PBMC layer was isolated by ficoll
gradient centrifugation at 800g 15min and then either used fresh or
frozen for downstream experiments.

Generation of SARS-CoV-2 spike gp (S), membrane (M),

nucleocapsid (N) and Envelop (E) messenger RNAs (mRNAs)

To make SARS-CoV-2 Spike mRNA, Spike Coding Sequence (CDS)
was extracted from plasmid (SinoBiological, VG40589-UT) using
HindIII-HF and EcoRI-HF restriction enzymes (NEB, R3104S and
R3101S, respectively). Subsequently, Spike CDS fragment was cloned
into a modified pGEM4z (called pGEM4zR, Promega, P2161)
plasmid that contains a T7 promoter and a 62 nucleotide long poly
A sequence, creating pGEM4zR-Spike plasmid. To make Nucleo-
capsid mRNA, Nucleocapsid CDS from plasmid (Integrated DNA
Technologies - IDT, 10006625) was amplified by PCR reaction and
the fragment was cloned into pGEM4zR, creating pGEM4zR-Nucle-
ocapsid plasmid. To make Membrane and Envelop mRNAs, CDS se-
quences were identified using SARS-CoV-2 genome (NCBI,
MN908947), and these fragments were purchased from IDT and
cloned into modified pGEM4z plasmid. All new constructs were fully
sequenced (Azenta) to verify that full CDS was cloned, and mutations
were not present. All pG4z plasmids were grown and opened with
SpeI-HF restriction enzyme (NEB, R3133S). Opened plasmids were
used as templates in in vitro RNA (IVT) reactions (Invitrogen,
AM1344) to produce SARS-CoV-2 mRNAs. After IVT reactions, all
mRNAs were purified using RNeasy Maxi Kits (Qiagen, 75162).
mRNA concentration was measured by Nanodrop 2000c
(ThermoFisher Scientific, ND-2000) and single mRNA specie purity
was analyzed by using a bioanalyzer (Agilent, 2200 TapeStation
System).

Generation of SARS-CoV-2 specific T cells

Upon isolation of PBMCs, fresh or frozen cells were used for genera-
tion of SARS-CoV-2 specific T cells. Frozen cells were thawed in 10mL
of warm CTS Aim-V SFM (Gibco, FL) with 5% heated human AB
serum (HS) (Valley Biomedical, VA) and rested overnight without cy-
tokines to avoid non-specific growth of immune cells. PBMCs were
plated in tissue culture treated 24-well plates in Aim-V without HS
or cytokines at a cell density of 1x106 PBMCs/ml. After 16–18 h
(Day 0), non-adherent and adherent fractions were collected by me-
chanical harvesting. Next, bulk PBMCs were resuspended at a density
of 2x106-5x106 cells/200ul of OPTI-MEM (Life Technologies, CA)
and mixed with 25ug COVID-19 antigen-encoding mRNA in 2mm
electroporation cuvette (Fisher Scientific, MA). For multi-mRNA
electroporation, 25ug of each structural antigen mRNAs were mixed
in single suspension and used for downstream transfection. Cells
were electroporated at 1ms and 360Vusing the ECM830BTXElectro
Square Porator (Harvard Apparatus, MA). Electroporated PBMCs
were plated in tissue culture treated 24-well place in recombinant hu-
man IL2 (50 U/ml)-containing Aim-V + 5%HS at a cell density of 1e6
PBMCs/ml per well. Over the following days, if cells were 100%
confluent, cells were split and fresh IL2 containing culture medium
was added. On day 9–10, the growing PBMCs were stimulated with
10 Molecular Therapy: Methods & Clinical Development Vol. 32 March
newlyCOVID-19mRNAelectroporated PBMCs, used as antigen-pre-
senting cells (APCs), as aforementioned. To avoid non-specific cell
growth, the new PBMCs were irradiated with 40Gy and co-culture
with growing T cells at a ratio of 1:1. On day 16, a second stimulation
was carried out. On day 23, cell culture was ended, and cells used for
functional assays.

Functional assay

Restimulation functional assays were performed after 2nd and 3rd

stimulations. Activated T cells were co-cultured with Spike gp (S1
and S2 subunits), Membrane, Nucleocapsid, and Envelope pepmixes
(15 mer peptides with 11 overlapping amino acids spanning antigen
peptide sequences) (JPT, Germany). Up to 5x105 activated T cells
were incubated with 0.2ug of corresponding pepmixes for 36 h in
incubator at 37C and 5% CO2. Supernatants were collected to evalu-
ated for cytokines. Luminex-based cytokine bead array was per-
formed by the Interdisciplinary Center for Biotechnology Research
Proteomics Core. We defined responders when IFNg secretion level
(in pg/ml) was at least double of the closest control (i.e., conditions
containing unstimulated T cells co-cultured with SARS-CoV-2 pep-
mixes, T cells alone, or T cells co-cultured with actin pepmixes).
T cells from this assay were also collected for flow analysis. To eval-
uate for granzyme B and perforin secretion, we followed same antigen
rechallenge conditions for Spike gp-specific T cells. Supernatants
were collected and used in an enzyme-linked immunosorbent assay
(ELISA, Invitrogen, MA). For cases with high background, we
normalized results by subtracting background from specific responses
and then labeled “normalized”.

Flow cytometry

For evaluation of GFP expression, anti-human CD3-APC, CD11c-
BV711, CD14-APC, CD14-PE, CD16-APC, CD19-APC, CD56-
APC and HLA-DR PE (BD Biosciences or BioLegend, CA). In a 96-
well plate with 5x105 cells per well (after antigen rechallenge per
Functional Assay methodology), cells were washed with FACS buffer
(phosphate buffered saline (PBS) + 2% of human AB serum) and
stained with detection fluorochrome conjugated antibodies. For
T cells, an 8-color panel including live/dead marker, propidium io-
dide, was used. These also included anti-human CD3-Qdot605,
CD8-APC Cy7 and PD1-PE, Lag3- BV480, Tim3-VioBright FITC
for checkpoint expression. To determine T-cell maturation staging
staining was performed using anti-human CD62L-PE-dazzle and
CD45RABV711. In this study, CD4 positive T cells were defined as
the CD8 negative T cell populations. Cells were washed twice with
FACS buffer before analysis via BD Symphony A3 at the Interdisci-
plinary Center for Biotechnology Research Flow Cytometry core.
Further analysis was performed using tSNE (FlowJo).

For intracellular staining (ICS), anti-human CD3-Alexa Fluor 700,
CD4-BV421, CD8-APC-H7, IFNg-FITC, TNFa-APC, and IL-2-PE
antibodies (BioLegend, CA) as well as brefeldin A, fixation buffer,
and intracellular staining perm wash buffer (BioLegend, CA) were
used. Manufacturer instructions for ICS were followed. Per functional
assay methodology, T cells were stimulated with cognate antigens for
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4 h. Then, 1X brefeldin A was added at a final concentration in cell
culture of 10ug/ml for extra 4 h of incubation. Cell surface marker
(CD3, CD4, and CD8) staining was performed at this point for 15–
20 min at room temperature in the dark. Next, cells were centrifuged
at 350g 5min. Cells were fixed with fixation buffer (0.5mL) for 20 min
at room temperature and permeabilized 1X perm wash buffer (2mL,
twice) followed by staining of intracellular markers (5ul per antibody)
for 20 min at room temperature in the dark. After washing samples
with perm wash buffer, samples were analyzed in BD Symphony
A3 machine.

T cell receptor sequencing repertoire

Expanded T cells with SARS-CoV-2 antigen mRNAs at day 16 or 23
were collected for evaluation of T cell receptor beta (TCRb) profile
and their corresponding antigen recognition. TCRb sequencing,
determined by VDJ rearrangement that includes complementary-
determining region 3 (CDR3) regions, has been previously performed
using an unbiased multiplex PCR, of sorted activated T cells after
stimulation with SARS-CoV-2 peptides (Multiplex Identification of
T cell receptor Antigen Specificity, Adaptive Biotechnologies, WA).
TCRb sequences were mapped to structural antigens including Spike
gp, Membrane, Nucleocapsid, Envelope, and ORFs (1ab, 3a, 6, 7a, 7b,
8, 10) (ImmuneCODE database, Adaptive Biotechnologies, WA).43,44

Bioinformatics platform and hypomutated regions

To evaluate SARS-CoV-2 genome, we used a publicly available
source, GISAID (https://gisaid.org). We froze analysis on August
25th, 2022. All hypovariant mutations were called in 12,695,108 pa-
tients. Mutational density represents the proportion of patients
with a given point mutation in relation to the total number of patients
reported during the corresponding time point. We capture three
different timepoints (July 2021, January 2022, August 2022) from
this database. NCBI Virus shows, in Sequence Read Archive (SRA) re-
cords, that single nucleotide variants (SNVs) with at least 100 hits
(100 samples) are selected as mutations of SARS-CoV-2 when
compared with SARS-CoV-2 RefSeq, NC_045512.2 (https://www.
ncbi.nlm.nih.gov/labs/virus/vssi/#/scov2_snp).45 Thus, we defined
the cut-off criteria for hypomutated regions as at least 100 hits (pa-
tients) harboring the most frequent same point mutation at the amino
acid level in the same position, to be considered a true variant. SARS-
CoV-2 protein fasta files were downloaded and processed on the Uni-
versity of Florida HiPerGator.46,47 Briefly, all SARS-CoV-2 structural
proteins (i.e., S, M, N, E) were extracted from raw fasta files. To calcu-
late SARS-CoV-2 point mutation, only peptide lengths which were
identical to Wuhan-Hu-1 were retained to downstream analysis. Se-
quences with ambiguous amino acids (X) were removed. Mutations
were called by a customized python script which compared the differ-
ence between donor amino acid sequence and Wuhan-Hu-1 and
populate the mutation frequency of each amino acid position. Since
one single position may harbor different mutations (e.g., S: P9S 174
times, S: P9T 18 times, S: P9L 454 times), only the most abundant al-
terations of the same position were reported (e.g., position 9 with 454
mutations of the same type). Regions that reached 8mers or more
within a given region in the SARS-CoV-2 genome that were present
Molecul
in less than 100 donors were considered as hypomutated regions. Bed
files were generated and used for protein extraction by getfasta bed-
tools.48 cDNA sequences of hypomutated peptides were fetched
from SARS-CoV-2 nucleotide sequence by an in-house bioinformat-
ics analysis. Next, those nucleotide sequences were translated to pep-
tides to examine the accuracy.

Statistical analysis

Seven healthy donors and eight recovered patients were analyzed sta-
tistically. Ordinary one-way ANOVA was used to make comparisons
of flow cytometric parameters and cytokine release. Mean values are
plotted with standard errors of the mean (SEM), unless otherwise
stated in figure legends). In T-cell functional assays, donors were as-
sessed as distinct technical duplicates and the average of those values
were included in statistical analysis. For evaluation of TCR profiling,
Wilcoxon signed ranked test for non-parametric data was used. As-
terisks indicate level of significance (p R 0.05 not significant; *p =
0.05; **p = 0.01; ***p = 0.001; ****p% 0.0001). There were no statis-
tical analyses used to predetermine sample size.
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