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The role of CD8+ T cells in SARS-CoV-2 pathogenesis
or mRNA-LNP vaccine-induced protection from lethal
COVID-19 is unclear. Using mouse-adapted SARS-CoV-2 virus
(MA30) in C57BL/6 mice, we show that CD8+ T cells are unnec-
essary for the intrinsic resistance of female or the susceptibility
of male mice to lethal SARS-CoV-2 infection. Also, mice
immunized with a di-proline prefusion-stabilized full-length
SARS-CoV-2 Spike (S-2P) mRNA-LNP vaccine, which induces
Spike-specific antibodies and CD8+ T cells specific for the
Spike-derived VNFNFNGL peptide, are protected from SARS-
CoV-2 infection-induced lethality and weight loss, while mice
vaccinated with mRNA-LNPs encoding only VNFNFNGL are
protected from lethality but not weight loss. CD8+ T cell deple-
tion ablates protection in VNFNFNGL but not in S-2P mRNA-
LNP-vaccinated mice. Therefore, mRNA-LNP vaccine-induced
CD8+ T cells are dispensable when protective antibodies are
present but essential for survival in their absence. Hence, vac-
cine-induced CD8+ T cells may be critical to protect against
SARS-CoV-2 variants that mutate epitopes targeted by protec-
tive antibodies.

INTRODUCTION
Virus-infected cells degrade viral proteins in their cytosol. Some of the
resulting eight to nine amino-acid-long peptides bind to major histo-
compatibility complex class I (MHC class I) molecules and are dis-
played at the cell surface.1When CD8+ T cells recognizeMHCI-I pep-
tide complexes at the surface of professional antigen-presenting cells
through their specific T cell receptor (TCR), they proliferate and
differentiate into effectors that can kill any infected cell that displays
the cognate peptide with MHC class I. If the infection is controlled,
�90% of the antigen-specific effector CD8+ T cells die. Those that
This is an open access article under the CC BY-N
remain differentiate into antigen-specific memory CD8+ T cells
(mCD8+) that can rapidly become effectors following reinfection
and may contribute to a more effective virus control and disease
prevention.2–4 Notably, effector CD8+ T cells can be double-edged
swords. By rapidly killing infected cells, they play a major role in path-
ogen clearance and intrinsic or acquired resistance to some viral dis-
eases. However, in other cases, the killing of infected cells and
the ensuing inflammation they induce can result in immunopa-
thology.2,4–13 The role of CD8+ T cells in intrinsic or acquired suscep-
tibility or resistance to SARS-CoV-2 needs to be better understood.

Vaccines safely mimic infections to induce immune responses that
confer protection against pathogens. Vaccines exploit the adaptive im-
mune system’s ability to recognize and respond to antigens produced by
pathogens to resolve subsequent infections more rapidly than in naive
hosts.14 Traditionally, vaccines have been created using the entire killed
or attenuated pathogen or subunits of the pathogen that induce protec-
tive immune responses.14 More recently, messenger RNA (mRNA)
vaccines emerged as a novel modality that proved to be effective against
pathogens such as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the causative agent of coronavirus disease 2019
(COVID-19).15 Critical discoveries, such as the incorporation of
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modified nucleosides into the mRNA to reduce innate immune recog-
nition, improved mRNA purification techniques, and encapsulation of
the mRNA into ionizable lipid-containing lipid nanoparticles (LNPs),
significantly contributed to the development of this potent vaccine plat-
form against infectious diseases.16–21 Nucleoside-modified mRNA-
LNP vaccines developed by Moderna and Pfizer-BioNTech (BNT) are
used around the world to vaccinate against SARS-CoV-2 and have sub-
stantially altered the course of the pandemic, saving millions of lives
globally.22 These SARS-CoV-2 vaccines target the Spike (S) surface
glycoprotein, which mediates viral cell entry by binding to the angio-
tensin-converting enzyme 2 (ACE2).23,24 The S protein has two sub-
units: S1, which contains the receptor binding domain (RBD), and S2,
responsible for viral fusion with the host cell membrane.25 The initial
Moderna and Pfizer-BioNTech COVID-19 mRNA vaccines contained
Spike from the ancestral SARS-CoV-2 Wuhan-1 strain (Wuhan-1)
modified with K986P and V987P substitutions to stabilize S in the pre-
fusion conformation. Thismodified Spike, known as S-2P (Figure S1), is
thought to induce superior neutralizing antibody (nAb) responses
compared with a non-prefusion-stabilized wild-type S.15,26

Most studies of SARS-CoV-2 mRNA-LNP vaccines correlate protec-
tion with the presence of anti-S, anti-RBD, or nAbs in sera.27–30 How-
ever, mouse and nonhuman primate studies and human data show
that, in addition to Abs, nucleoside-modified mRNA-LNP SARS-
CoV-2 vaccines induce strong CD8+ T cell responses.31–34 Depletion
of these virus-specific CD8+ T cells resulted in higher viral burden in
the lungs of vaccinated animals, suggesting a role in protection
against COVID-19.35,36

We have shown previously that mCD8+ T cells, including those
induced bymRNA-LNP vaccines, can protect mice from ectromelia vi-
rus infection.11,12,34,37–39 Others have found that, at 21 days post-boost
(dpb), mice immunized with the Pfizer-BioNTech BNT162b2 mRNA-
LNP vaccine have an expanded population of CD8+ T cells specific for
the highly conserved and immunodominant SARS-CoV-1 and SARS-
CoV-2 Spike protein-derived epitope VNFNFNGL bound to the MHC
class Imolecule Kb.31,40–47However, it is unknownwhether these CD8+

T cells play a role in protection from SARS-CoV-2 infection or severe
disease in a mouse model that recapitulates the acute lung injury
observed in human SARS-CoV-2 infections.

The Spike of the Wuhan-1 virus binds human but not mouse ACE2.
Thus, mice are not susceptible to infection with Wuhan-1. However,
K18- hACE2 transgenic mice in the C57BL/6 (B6) background ex-
pressing the human ACE2 (hACE2) receptor driven by the human
cytokeratin 18 (K18) promoter are susceptible to Wuhan-1 infec-
tion.48,49 In addition, Wuhan-1 adapted to mice by genetic engineer-
ing of Spike followed by 30 passages in BALB/c mice (MA30)
recapitulates SARS-CoV-2 human infection in young BALB/c and
middle-aged B6 mice.50 MA30’s Spike differs from Wuhan-1’s in
only five amino acids (Figure S1).

We now show that, similar to human infection withWuhan-1,MA30 is
more pathogenic to male than to female B6 mice and that neither the
2 Molecular Therapy Vol. 32 No 6 June 2024
intrinsic resistance of females nor the susceptibility of males requires
CD8+ T cells. We further show that male B6 and female K18-
hACE2 mice immunized with nucleoside-modified S-2P mRNA-
LNPs, which have Abs in serum and Kb-VNFNFNGL-specific CD8+

T cells in peripheral blood, do not display signs of disease following
infection of B6 mice with MA30 or K18-hACE2 mice with Wuhan-1
SARS-CoV-2 whether depleted or not of CD8+ T cells. This indicates
that, in the presence of Abs, mCD8+ T cells are unnecessary for protec-
tion from SARS-CoV-2-induced disease or lethality. On the other
hand, B6 male and female K18- hACE2 mice immunized with LNPs
loaded with a mini-mRNA encoding only for VNFNFNGL, which
lack Abs but have high frequencies of Kb-VNFNFNGL-specific CD8+

T cells, endure some weight loss but are protected from lethality.
This demonstrates that CD8+ T cells specific for an immunodominant
SARS-CoV-2 CD8+ T cell epitope induced bymRNA-LNP vaccination
can reduce viral load and protect mice from SARS-CoV-2 lethality.

RESULTS
CD8+ T cells are not required for intrinsic resistance or

susceptibility to COVID-19-like disease in mice

CD8+ T cells are critical for intrinsic resistance to some viral diseases.
Still, they can also induce pathology during infection by a variety of
viruses, such as hepatitis B virus, respiratory syncytial virus, lympho-
cytic choriomeningitis virus , and influenza A virus.8–10,51 Thus, we
sought to determine whether CD8+ T cells are involved in the patho-
genesis of SARS-CoV-2 infection in mice. In initial experiments, we
found that all mid-aged (90–230 days old) female B6 mice survived
intranasal infection (Figure 1A) with 50,000 plaque-forming units
(pfu) SARS-CoV-2 MA30 with transient, weight loss (Figure 1B).
Conversely, �50% of mid-aged males succumbed to the infection
(Figure 1A), and the survivors experienced prolonged weight loss
(Figure 1B). The difference in sex susceptibility of mid-aged B6
mice to MA30 was akin to the findings by Davis et al. with the inde-
pendently made SARS-CoV-2 MA10 strain.52

Depletion of CD8+ T cell with 100 mg mAb 2.43 (Figure S2) did not
affect the respective susceptibility or resistance of mid-aged male and
female mice to MA30 Figures 1C–1F). These data indicate that CD8+

T cells are not required for the respective intrinsic resistance or suscep-
tibility of mid-aged B6 female or male mice to MA30 infection.

The prime-boost interval does not affect the CD8+ T cell or

antibody responses after immunization with 10 mg S-2P mRNA-

LNP in B6 mice

To analyze the role of CD8+ T cells in mRNA-LNP vaccine-mediated
protection from lethal SARS-CoV-2 infection, we first optimized the
immunization regime of the S-2P mRNA-LNP vaccine. The initial
Moderna and Pfizer-BioNTech S-2P mRNA-LNP SARS-CoV-2 vac-
cine regimen in humans was two intramuscular (i.m.) inoculations,
prime and boost, �30–60 days apart. Later, additional boosts were
added with an increased interval.53,54 We have shown previously
that a prime-boost interval of 2 weeks with an mRNA-LNP vaccine
administered intradermally (i.d.) induced fully protective CD8+

T cells against ectromelia virus infection in susceptible mice.34 This



Figure 1. CD8+ T cells are not required for intrinsic

resistance or susceptibility to COVID-19-like disease

in mice

(A‒C) Mid-aged B6 male and female mice were infected

intranasally with 50,000 plaque-forming units of SARS-

CoV-2 MA30 and were observed for survival (A) and

weight loss (B).n = 5. Data representative of two

independent experiments. (C–F) Mid-aged B6 males (C

and D) and females (E and F) were depleted or not of

CD8+ T cells, challenged with 50,000 pfu of MA30, and

observed for survival. (C and E) and weight loss (D and F).

For B6 males, n = 16 undepleted, n = 9 depleted. No

significant difference was observed in depleted and

undepleted males’ survival or weight changes. Data were

compiled from two independent experiments. For B6

females, n = 9 undepleted, n = 8 depleted per group.

Data representative of two independent experiments.

Statistical analysis between groups was performed using

the Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001.

www.moleculartherapy.org

Please cite this article in press as: Montoya et al., mRNA-LNP vaccine-induced CD8+ T cells protect mice from lethal SARS-CoV-2 infection in the absence of
specific antibodies, Molecular Therapy (2024), https://doi.org/10.1016/j.ymthe.2024.04.019
suggested that a shorter prime-boost interval and i.m. immunization
could be used for the SARS-CoV-2 mRNA-LNP vaccines.

The twomost immunodominant CD8+ T cell epitopes described for the
Spike of SARS-CoV-1 inB6mice are theH-2Kb restrictedVNFNFNGL
and YNYLYRLF.45–47 These two epitopes are highly conserved in beta-
coronaviruses, including SARS-CoV-2.31,40,42,43,45,46,55 In preliminary
experiments, we immunized mice with 1 mg S-2P mRNA LNP (the
weight indicates the amount of mRNA) i.d. At 7 days post-immuniza-
tion, we usedH-2 Kb tetramers loaded with the corresponding peptides
to measure the Kb-VNFNFNGL-, Kb-YNYLYRLF-, and control
Kb-SIINFEKL (from chicken ovalbumin)-specific CD8+ T cell re-
sponses in peripheral blood. We found that B6 mice mounted CD8+

T cell responses specific for Kb-VNFNFNGL and Kb-YNYLYRLF.
However, those against Kb-VNFNFNGL were significantly stronger
(Figure S3). Thus, in subsequent experiments, we focused on
Kb-VNFNFNGL-specific CD8+ T cell responses.

We prime-boosted mice with 10 mg S-2P mRNA-LNP i.d. or i.m. at 7-,
14-, or 28-day intervals. At 7–28 dpb, all i.m. and i.d. regimes induced
mostly similar CD8+ T cell responses to
VNFNFNGL as measured with Kb-VNFNFNGL
tetramers (Figures 2A–2C). The only difference
was at 28 dpb following a 14-day prime-boost in-
terval when i.d.-immunized mice had significantly
higher frequencies of VNFNFNGL-specific CD8+

T cells than i.m.-immunized mice (Figure 2B).
Therewerenodifferences in the frequencies of cen-
tral memory (cm) CD62L+ CD127+ and effector
memory (em) CD62– CD127+ CD8+ T cells6,7,56

between the different groups (Figure S4).

Notably, at 28 dpb, the endpoint titers of anti-
Spike RBD Abs measured by enzyme-linked
immunosorbent assay (ELISA) did not differ significantly between
groups (Figure 2D). Thus, CD8+ T cell and Ab responses to 10 mg
S-2P mRNA-LNP induced by i.m. or i.d. immunization with
prime-boost intervals of 7, 14, or 28 days were remarkably similar.
Based on these results, we used the i.m. route with a 7-day boost in-
terval for subsequent experiments.

A 10-fold reduction in the dose of mRNA-LNP does not

significantly decrease the CD8+ T cell and antibody responses

In our published experiments and those above, we used a dose of
10 mg of mRNA-LNP.34 However, 1 mg of the Moderna mRNA-
1273 SARS-CoV-2 vaccine induced pseudovirus-nAb titers in mice
that were similar in magnitude to those induced in humans with
the approved human dose of 100 mg.57,58 Therefore, we compared im-
mune responses induced by 10 mg of S-2P mRNA-LNPs with those
elicited with the more relevant 1 mg dose in mice. At 7–28 dpb, 1
and 10 mg of S-2P induced similar frequencies of Kb-VNFNFNGL+

CD8+ T cells in the peripheral blood (Figure 3A). Moreover,
the 1 and 10 mg doses induced similar frequencies of CD62L+

CD127+ cmCD8+ T cells and CD62L� CD127+ emCD8+ T cells
Molecular Therapy Vol. 32 No 6 June 2024 3
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Figure 2. The prime-boost interval does not affect the CD8+ T cell or antibody responses to 10 mg S-2P mRNA-LNP in mice.

B6 mice were primed and boosted i.m. or i.d. with 10 mg S-2P mRNA-LNP. Their CD8+ T-cell and Ab responses were determined. as indicated.

(A‒C) Kb-VNFNFNGL-specific CD8+ T cell response with prime-boost of 28- (A), 14- (B), or 7-day (C) intervals. Representative flow cytometry plots showing CD44 and

Kb-VNFNFNGL tetramer staining of gated live singlets that were CD45+ TCR-b+ CD8+ T cells at 7 and 28 dpb as indicated are shown. The overall kinetics of the

Kb-VNFNFNGL-specific CD8+ T cell responses are shown on the line graphs, and the responses at 7 and 28 dpb are expanded with individual mice in the dot plots.

(D) The RBD-specific antibody titers were determined by endpoint dilution ELISA. n = 6–9 mice per group. Symbols represent individual animals. Data are compiled from two

independent experiments representing eight mice for vaccinated and five for unvaccinated groups. Data shown aremean + SEM. In (A)‒(C), the groupswere compared using

one-way ANOVAwith Tukey’s post-tests. All statistical differences are compared with the unvaccinated groups unless otherwise stated. Black stars indicate the significance

of comparisons between i.d. and unvaccinated. Gray stars indicate the significance of comparisons between the i.m. and unvaccinated groups. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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(Figures 3B–3D). In addition, at 28 dpb, the RBD Ab endpoint ELISA
titers in the 1 and 10 mg groups were similar (Figure 3E). These results
suggest that 1 mg mRNA-LNP is sufficient for maximal CD8+ T cell
and Ab responses to S-2P in B6 mice.

VNFNFNGL mini-mRNA and S-2P mRNA-LNPs induce similar

frequencies of CD8+ T cells

SARS-CoV-2 antibody epitopes are more likely to mutate than
CD8+ T cell epitopes. For example, sera from people prime-boosted
with BNT162b2 mRNA-LNP have 34-fold less neutralizing effi-
ciency against the SARS-CoV-2 variant B.1.1.529 (Omicron) than
against the B.1 strain 1–3 months after two immunizations.59 This
4 Molecular Therapy Vol. 32 No 6 June 2024
is partly due to the 15 novel mutations in the Omicron RBD
compared with the Wuhan-1 RBD.60 However, CD8+ T cell epitopes
are largely conserved in variants of concern.61–63 Whether CD8+

T cells induced by SARS-CoV-2 mRNA-LNP vaccines can protect
from COVID-19 is unknown. Therefore, we sought to test the
efficacy of an mRNA-LNP vaccine that only induces CD8+ T cell
responses.

We produced mRNA-LNPs loaded with mini-RNA encoding only
VNFNFNGL (preceded by a methionine for translation initiation).
We found that prime-boost doses of 1 and 10 mg induced similar
frequencies of total Kb-VNFNFNGL+ CD8+ T cells at 7–28 dpb



Figure 3. A 10-fold reduction in the dose of mRNA-LNP does not decrease CD8+ T cell and antibody responses in mice

Mice were primed and boosted i.m. 7 days apart with 10 or 1 mg S-2P mRNA-LNP. Their CD8+T-cell responses were analyzed as indicated.

(A) Overall kinetics of the Kb-VNFNFNGL-specific CD8+ T cell responses are shown on the line graphs, and the responses at 28 dpb are expanded with individual mice in the

dot plots.

(B) Representative flow cytometry plots showing CD62 and CD127 staining of gated live singlets that were CD45+ TCR-b+ CD8+ CD44+ Kb-VNFNFNGL+ CD8+ T cells in the

peripheral blood of mice at 28 dpb with the indicated doses of S-2P mRNA-LNP.

(C) Frequency of CD62L+ CD127+ cmCD8+ T cells in the indicated groups at 28 dpb.

(D) Frequency of CD62L� CD127+emCD8+ T cells in the indicated groups at 28 dpb.

(E) RBD-specific antibody endpoint titers as determined by ELISA at 28 dpb. n = 8 mice per group. Data representative of two independent experiments. Data shown are

mean + SEM. In (A) and (C)–(E), the groups were compared using one-way ANOVA with Tukey’s post-tests. There were no significant differences between vaccinated

groups. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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(Figure 4A) and similar cmCD8+ and emCD8+ T cell proportions
(Figures 4B–4D). These results demonstrate that, at 28 dpb, 1 and
10 mg of VNFNFNGL mRNA-LNP induce similar CD8+ T cell re-
sponses. As expected, VNFNFNGL mRNA-LNP immunization
did not induce Spike-specific antibodies at either dose as
measured by flow cytometry using HEK293T cells transiently
transfected with plasmid Spike Display B.1.1.764 (Figure 4E). In
addition, sera from mice immunized with S-2P but not with
VNFNFNGL mRNA-LNP neutralized Wuhan-1 SARS-CoV-2
(Figure 4F).

CD8+ T cells induced by SARS-CoV-2 mRNA-LNP vaccination

protect B6 mice from MA30 lethality

Next, we determined whether CD8+ T cells induced by mRNA-LNP
immunization can protect male B6 mice from MA30 infection. We
prime-boosted 60–100-day-old male B6 mice with 1 mg S-2P or
VNFNFNGL mRNA-LNPs i.m. At 60–80 dpb (140–180 days old),
groups of vaccinated mice were depleted or not of CD8+ T cells
with 100 mg anti-CD8a mAb 2.43. We then challenged all the
groups with MA30 intranasally. All the unvaccinated mice experi-
enced �20% weight loss, and �50% succumbed to the infection
(Figures 5A–5C). Whether depleted of CD8+ T cells or not, all the
mice vaccinated with S-2P mRNA-LNPmaintained their weight (Fig-
ure 5A) and survived the infection (Figure 5C), indicating that CD8
T cells are unnecessary, and that the antibodies induced by S-2P
mRNA-LNP are sufficient to protect mice from lethal infection
with the MA30 virus. On the other hand, whether CD8+ T cell
depleted or not, VNFNFNGL mRNA-LNP-vaccinated mice lost as
much weight as unvaccinated mice (Figure 5B). However, the unde-
pleted, but not the CD8+ T cell-depleted, VNFNFNGL mRNA-LNP-
vaccinated mice were significantly protected from MA30-induced
lethality (Figure 5C). In addition, at 5 days post-infection (dpi), the
viral titers in the lungs of CD8+ T cell-depleted and -undepleted
mice vaccinated with S-2P mRNA-LNP were similar and significantly
lower than in unvaccinated mice (Figure 5D). These data demonstrate
that the CD8+ T cells induced by VNFNFNGL mRNA-LNP can pro-
tect from MA30-induced lethality when S-2P-specific antibodies are
absent.
Molecular Therapy Vol. 32 No 6 June 2024 5
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Figure 4. VNFNFNGL and S-2P mRNA-LNPs induce similar frequencies of CD8+ T cells

Mice were primed and boosted i.m. 7 days apart with 10 or 1 mg VNFNFNGL mRNA-LNP. Their CD8+ T-cell and Ab responses were determined as indicated.

(A) Overall kinetics of the Kb-VNFNFNGL-specific CD8+ T cell responses are shown on the line graphs, and the responses at 28 dpb are expanded with individual mice in the

dot plots.

(B) Representative flow cytometry plots showing CD62 and CD127 staining of gated live singlets that were CD45+ TCR-b+ CD8+ CD44+ Kb-VNFNFNGL+ CD8+ T cells in the

peripheral blood of mice at 28 dpb with the indicated doses of VNFNFNGL mRNA-LNP. Kb-VNFNFNGL-specific CD8+ T cell in peripheral blood at 28 dpb.

(C) Frequency of CD62L+ CD127+ cmCD8+ T cells in the indicated groups at 28 dpb.

(D) Frequency of CD62L�CD127+emCD8+ T cells in the indicated groups at 28 dpb. n = 8mice per group. Data representative of two independent experiments. Data shown

are mean + SEM.

(E) Spike protein binding assay to determine the presence of antibodies in the serum of mice vaccinated as indicated.

(F) SARS-CoV2Wuhan-1 neutralization by serum from the peripheral blood of mice 28 dpb. n = 10 for vaccinated groups. Data are shown as the inverse dilution at which viral

infection of Vero E6 cells was observed. In (A) and (C)–(E), the groups were compared using one-way ANOVA with Tukey’s post-tests. There were no significant differences

between vaccinated groups for (A) and (C). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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CD8+ T cells induced by SARS-CoV-2 mRNA-LNP vaccination

protect K18-hACE2 transgenic mice from Wuhan-1-induced

lethality

hACE2 protein is the functional receptor used by SARS-CoV-2 to
enter human cells.23,65 K18-hACE2 transgenic mice express the
hACE2 receptor driven by the human K18 promoter and are sus-
ceptible to Wuhan-1 virus infection regardless of sex.48,49 To test
the effectiveness of a CD8+ T cell vaccine against a human-relevant
SARS-CoV-2 strain, we immunized K18-hACE2 female mice i.m.
with 1 mg S-2P, VNFNFNGL, or control firefly luciferase (Luc)-en-
coding mRNA-LNP. S-2P and VNFNFNGL mRNA-LNPs induced
similar CD8+ T cell responses and memory differentiation in pe-
ripheral blood (Figures 6A–6D) and the lungs, inguinal (draining)
lymph nodes, and spleens at 28 dpb (Figure 6E). Following intra-
nasal infection with 1 � 104 pfu of Wuhan-1, all the mice immu-
nized with control Luc mRNA-LNP began to lose weight at 4 dpi
to reach more than 20% weight loss at 7 dpi. The experiment was
then terminated due to animal welfare protocol requirements.
Mice immunized with S-2P mRNA-LNP maintained their weight
at all times. The mice immunized with VNFNFNGL mRNA-LNPs
experienced intermediate weight loss only at 6 and 7 dpi, never
6 Molecular Therapy Vol. 32 No 6 June 2024
reaching 20% weight loss (Figure 6F). The lungs were collected
from various groups of mice and analyzed for virus titers at 2, 4,
and 7 dpi. The mice immunized with Luc mRNA-LNP had high vi-
rus titers at all time points, with the highest values at 4 dpi and the
lowest at 7 dpi (Figure 6G). The mice immunized with S-2P mRNA-
LNP had undetectable virus titers at all time points (Figure 6G),
indicating a high level of protection. The mice immunized with
VNFNFNGL mRNA-LNP had virus titers similar to those in mice
immunized with Luc mRNA-LNP at 2 and 4 dpi. Importantly,
lung virus replication was almost undetectable at 7 dpi (Figure 6G),
suggesting that CD8+ T cells contribute to virus control in the late
but not early phases of the infection. Together, the data with
Wuhan-1 virus challenge in K18-hACE2 transgenic mice confirm
the findings with the MA30 virus in B6 mice that CD8+ T cells
induced by mRNA-LNP vaccines reduce SARS-CoV-2 disease,
although less robustly than antibodies.
DISCUSSION
The finding that the MA30 virus causes disease and lethality in male
but not female mice is consistent with the higher susceptibility of men



Figure 5. CD8+ T cells induced by SARS-CoV-2

mRNA-LNP vaccines protect B6 mice from MA30

virus-induced lethality

(A‒C) (A) Sixty- to 100-day-old B6 mice were primed and

boosted i.m. 7 days apart with 1 mg of the indicated mRNA-

LNPs or left unvaccinated. At 87 dpb (147–187 days old),

the indicated groups were depleted of CD8+ T cells

(DCD8+). All groups were challenged 3 days later with

50,000 pfu SARS-CoV-2 MA30 and observed for survival.

(A and B) Weight of the indicated groups at different dpi.

(D) The lung viral titers of S-2P vaccinated mice depleted or

undepleted of CD8 T cells and challenged with MA30 5 dpi.

Groups were compared using one-way ANOVA and post

hoc Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001.

In (C), S-2P and S-2P DCD8+ were compared with

unvaccinated, VNFNFNGL was compared with VNFNFNGL

DCD8+ and unvaccinated. In (A), the black stars indicate

comparisons between S-2P mRNA-LNP-immunized and

unvaccinated mice, and the gray stars between S-2P

mRNA-LNP-vaccinated-DCD8+ and unvaccinated groups.

Data representative of two experiments combined n = 13

for S-2P, N = 14 for S-2P DCD8+, n = 15 for VNFNFNGL

and VNFNFNGL DCD8+, n = 14 for unvaccinated. For (D), n

= 10 for depleted and undepleted groups, n = 11 for

unvaccinated controls. Statistical analysis between groups

was performed using Kruskal-Wallis and a post hoc Mann-

Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001.

www.moleculartherapy.org

Please cite this article in press as: Montoya et al., mRNA-LNP vaccine-induced CD8+ T cells protect mice from lethal SARS-CoV-2 infection in the absence of
specific antibodies, Molecular Therapy (2024), https://doi.org/10.1016/j.ymthe.2024.04.019
to serious or fatal COVID-19.66 This sex-dependent difference to
SARS-CoV-2-induced disease has also been observed in the Syrian
hamster model.67 Similarly, female mice infected with SARS-CoV-1
have increased resilience to disease compared with age-matched
male mice due to the presence of the estrogen receptor.68 Differences
in androgen production and type I interferon auto-antibodies were
associated with severe COVID-19 in men.69,70 While out of this pro-
ject’s scope, future studies could be conducted with the MA30 mouse
model to understand the mechanisms dictating sex-related resistance
to SARS-CoV-2.

The finding that CD8+ T cells do not contribute to the intrinsic resis-
tance of female or susceptibility of male mice to SARS-CoV-2 disease
or lethality is different than what is observed for influenza virus infec-
tions,6,9 which, similar to SARS-CoV-2, causes acute respiratory
distress syndrome.

In previous work, we demonstrated that mRNA-LNPs could be a
powerful platform for inducing strong CD8+ T cell responses that
protect against poxvirus infections.34 Recently, mRNA-LNP vaccines
against mpox virus (MPXV) have been shown to induce T cell re-
sponses to MPXV antigens, highlighting the potential for this plat-
form to induce protective CD8+ T cell responses.71 Here, we built
upon our work to optimize a rapid immunization regime, determine
the importance of the dose, and investigate whether CD8+ T cell-spe-
cific vaccines can protect susceptible mice from SARS-CoV-2 and
whether the CD8+ T cells induced by the S-2P mRNA vaccine
contribute to or are necessary for their capacity to induce protection
against SARS-CoV-2.
It has been shown previously that VNFNFNGL-specific CD8+ T cells
induced by intravenous immunization with peptide-pulsed dendritic
cells followed by an intranasal booster with recombinant vaccinia
virus protected K18-hACE2 mice from SARS-CoV-1.72 It has
only recently been established that T cells in general, and CD8+

T cells in particular, can protect from SARS-CoV-2 infection. For
example, it has been shown that a single-epitope synthetic peptide
VNFNFNGL vaccine required three doses to protect K18-hACE2
mice from SARS-CoV-2/human/NLD/Leiden-0008/2020.42 More
recently, another group showed protection of K18-hACE mice from
challenge with the D614 and several Omicron variants of SARS-
CoV-2 with dendritic cells transduced ex vivo or direct intravenous
injection of a lentiviral vector expressing single CD8+ T cell epitopes
from the D614 SARS-CoV-2 Spike, nucleocapsid, or ORF1.40 In addi-
tion, we have recently shown that K18-hACE2 and BALB/c mice were
respectively protected fromWuhan-1 and MA30 viruses after immu-
nization with an mRNA vaccine containing hundreds of predicted
T cell epitopes derived from all SARS-CoV-2 genes except Spike.73

Also, Tai et al. recently demonstrated that humanized HLA trans-
genic mice vaccinated with mRNA-LNP encoding three SARS-
CoV-2 proteome regions enriched in human HLA-1 epitopes
strengthen vaccine effectiveness as indicated by lower lung viral loads
and lung pathology 4 days after SARS-CoV-2 intranasal challenge.74

Thus, clarifying whether Spike epitope-specific CD8+ T cells induced
by mRNA-LNP vaccination could protect from SARS-CoV-2 chal-
lenge was important.

In initial experiments, we investigated whether the interval between
prime and boost or vaccination route affects the CD8+ T cell and
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Figure 6. S-2P and VNFNFNGL mRNA-LNP vaccines protect K18 hACE2 transgenic mice from lethal Wuhan-1 infection, but only S-2P mRNA-LNP protects

from weight loss

K18-hACE2 transgenic mice were primed and boosted i.m. 7 days apart with 1 mg of the indicated mRNA-LNPs. At 28 dpb, they were challenged with 10,000 pfu of the

SARS CoV-2 Wuhan-1 strain.

(A) Representative flow cytometry plots showing CD44 and Kb-VNFNFNGL tetramer staining of gated live singlets that were CD45+ TCR-b+ CD8+ T cells at 7 and 28 dpb.

(B) The line graph shows the kinetics of Kb-VNFNFNGL-specific CD8+ T cell response in mice vaccinated as indicated, and the dot plot shows the frequencies of

Kb-VNFNFNGL-specific CD8+ T cell in individual mice of the different groups at 28 dpb.

(C) Representative flow cytometry plots for CD62L and CD127 staining in gated live singlets that were CD45+ TCR-b+ CD8+ CD44+ Kb-VNFNFNGL+ at 28 dpb.

(D) Frequencies of emCD8+ (CD127+ CD62-) (left) and cmCD8+ (CD127+ CD62+) (right) among the Kb-VNFNFNGL+ CD8+ T cells in mice immunized as indicated.

(E) Lungs, inguinal lymph nodes, and spleens were harvested from five mice in the indicated mRNA-LNP vaccination groups and analyzed for Kb-VNFNFNGL-specific CD8+

T cells as in (A).

(F) Mice in the indicated mRNA-LNP vaccination groups were challenged with 1 � 104 pfu SARS-CoV-2 Wuhan-1 strain and weighed on the indicated dpi.

(G) Viral lung titers from mice in the indicated mRNA-LNP vaccination groups at the indicated dpi. n = 15 per group. Data obtained from one experiment. Groups were

compared using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. In (B) and (E), significant differences were only found when comparing the VNFNFNGL or S-2P with the

Luc mRNA-LNP controls. In (F), the black stars indicate significant differences between S-2P and Luc, and the gray stars are between the VNFNFNGL and Luc mRNA LNP-

vaccinated mice. In (G), the stars indicate significant differences between S-2P or VNFNFNGL compared with Luc mRNA-LNP immunized mice.
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antibody responses to the S-2P vaccine. We found that the kinetics of
the CD8+ T cell response, the frequencies of VNFNFNGL-specific
CD8+ T cells, and the endpoint Ab titers at 28 dpb were similarly
8 Molecular Therapy Vol. 32 No 6 June 2024
potent when the mice were primed and boosted with 10 mg S-2P
mRNA-LNPs at intervals of 7, 14, or 28 days. We also found similar
responses when the vaccine was given i.m. or i.d. Notably, 10 mg may
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be saturating the CD8+ T cell responses to VNFNFNGL in mice.
Lowering the vaccine dosage may result in differences for these
different conditions. The original prime-boost schedule for the Mod-
erna and Pfizer COVID-19 vaccines indicated prime and boost (so-
called first and second primary doses) 3–6 weeks apart. Recent clinical
data showed that a prime-boost 8–16 weeks apart resulted in 50%
higher plaque reduction neutralization test (PRNT50) and PRNT90
titers against ancestral and Alpha, Beta, and Delta variants of
SARS-CoV-2 but similar T cell responses when compared with the
standard group, suggesting that an extended interval could be benefi-
cial75,76 However, full protection is not achieved with one dose, and
an extended interval may be problematic when the risk of exposure
is high, such as during a pandemic. Our data suggest that a short
1-week interval with the 10 mg dose is as effective as the standard
in a mouse model. Because this regime results in very high (�10%
VNFNFNGL-specific CD8+ T cells), as early as 15 days post-prime,
our data suggest a short interval could be considered to hasten protec-
tion in at-risk populations.

When optimizing vaccine dosage, we found that decreasing the 10 mg
dose to 1 mg, which in mice induces antibody responses equivalent to
those in humans,57,58 made no significant difference in the robustness
of the CD8+ T cell and antibody responses. In addition, the cmCD8+

and emCD8+ T cell pools induced by the higher and lower doses were
similar in mice vaccinated with S-2PmRNA-LNP.We also found that
a mini-mRNA mRNA-LNP vaccine encoding just the immunodomi-
nant Spike CD8+ T cell epitope VNFNFNGL induces CD8+ T cells of
similar potency to the full-length S-2P vaccine at the 1 and 10 mg
doses. These data suggest that 1 mg of mRNA-LNP may be saturating
and that higher vaccine doses cannot further increase the CD8+ T cell
or Ab responses to S-2P.

In the vaccine protection experiments of B6 mice challenged with
the MA30 virus, S-2P mRNA-LNPs equally protected CD8+

T cell-depleted and -undepleted mice from weight loss and lethality.
These data indicate that CD8+ T cells are unnecessary for resistance
in the presence of protective antibodies, confirming recent work
showing that K18-hACE2 mice prime-boosted with 1 mg of the
Pfizer-BioNTech SARS-CoV-2 mRNA-LNP vaccine and depleted
of CD8+ T cells survived Wuhan-1 SARS-CoV-2 infection with
no significant weight loss compared with undepleted controls.29

Vaccination with VNFNFNGL mRNA-LNP protected from lethality
but not from weight loss, and CD8+ T cell depletion abrogated this
protection, confirming that the increased resistance to death was
due to the CD8+ T cells. These data indicate that CD8+ T cells
induced by two doses of only 1 mg mRNA-LNP 1 week apart can
protect from lethal SARS-CoV-2 infection, albeit less effectively
than antibodies. The vaccine protection experiments with the
SARS-CoV-2 Wuhan-1 virus in K18-hACE2 mice supported these
conclusions. Our data further demonstrate that, unlike S-2P
mRNA-LNP, which provided full and early protection, the CD8+

T cells induced by VNFNFNGL mRNA-LNP protected from virus
loads but mostly at later stages of the infection. A need for CD8+

T cell expansion and recruitment to the lung could explain the
delayed control of virus loads by VNFNFNGL compared with
S-2P mRNA-LNP immunization. This could also explain why
VNFNFNGL mRNA-LNP-immunized mice initially lost weight
but had significantly lower viral titers at 7 dpi.

Multiple reports have shown low levels of Omicron B1.1.529 neutral-
ization in the sera of individuals vaccinated with the Pfizer
BNT162b2. Regardless, the vaccinated individuals maintained some
protection.60,61,77–79 In the various SARS-CoV-2 variants, the CD8+

T cell epitopes are more conserved than the nAb epitopes.61,77,80,81

Thus, it is possible that vaccine-induced CD8+ T cells could
contribute to the residual protection induced by the Pfizer
BNT162b2 vaccine against Omicron B1.1.529. Alternatively, the
non-neutralizing effector functions of Abs induced by Wuhan-1
Spike-based S-2P mRNA-LNP immunization may be sufficient for
protection against non-cross-neutralizing viral variants. This could
be studied in mouse models by the adoptive transfer of neutralizing
and non-nAbs in CD8+ T cell-depleted mice.

Together, our data show that CD8+ T cells do not participate in the
pathogenesis of SARS-CoV-2 in naive mice and that CD8+ T cells
induced by mRNA-LNP vaccines incompletely control virus or
reduce disease but significantly protect mice from the lethality of
SARS-CoV-2 infection. This differs fromwhat was seen in rhesus ma-
caques, where depletion of CD8+ T cells after Spike vaccination re-
sulted in increased viral titers and disease severity after infection
with SARS-CoV-2 strain B1.617.2 (Delta).35 CD8+ T cell protection
from mRNA-LNP vaccination may depend on the challenge strain
of SARS-CoV-2. Notably, the macaques in the cited study were vacci-
nated with the adenovirus-based-vector vaccine AD26.COV.S. It
would be interesting to see if the discrepancy in CD8+ T cell protec-
tion could vary with the vaccine platform.

In this report, the epitope-specific CD8+ T cell immunity induced by
VNFNFNGL mRNA-LNP was less effective than the antibody and
CD8+ T cell immunity induced with Wuhan-1 S-2P mRNA-LNP.
Moreover, CD8+ T cells were unnecessary for protection from
MA30 or Wuhan-1 viruses following S-2P mRNA-LNP vaccination.
It remains possible that CD8+ T cells against highly conserved CD8+

T cell epitopes such as VNFNFNGLmay become the main protection
mechanism against newly emerging SARS-CoV-2 variants or other
betacoronaviruses capable of evading the protective antibody
response induced by an unmatched vaccine. Others have recently
shown that vaccinating with a combination of non-Spike epitopes
(BNT162b4) as a supplement to Spike-encoding BNT162b2 can pro-
tect both mice and Syrian hamsters from severe disease across a vari-
ety of SARS-CoV-2 strains.74 Hence, our data support the idea that
mRNA-LNP vaccines should aim to induce CD8+ T cell responses
to safeguard against viral escape from the antibody responses.

Limitations of the study

All the experiments with the 1 mg dose were performed with the
1-week prime-boost regime. Whether a different prime-boost regime
could improve the responses to the 1 mg dose is unlikely but possible.
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It is also possible that additional boosters with the VNFNFNGL
mRNA-LNPmay further increase protection to levels similar to those
observed with S-2P mRNA-LNP. In addition, our experiments tar-
geted only one immunodominant CD8+ T cell epitope in SARS-
CoV-2. Further studies should test whether mRNA-LNP vaccines
containing other conserved CD8+ T cell epitopes could be fully pro-
tective. Our experiments used mouse models and do not necessarily
indicate the same will occur in humans.

MATERIALS AND METHODS
mRNA-LNP production

The codon-optimized sequences for S-2P and VNFNFNGL (preceded
by methionine for translation initiation) were synthesized
by GenScript and cloned into an mRNA production plasmid as
described previously.32,82,83 Plasmids were linearized, and mRNAs
were generated using MEGAscript T7 RNA polymerase (Ambion).
mRNAs were transcribed to contain poly(A) tails of 101 nucleotides
in length. Uridine 5ʹ-triphosphates were substituted for N1-methyl
pseudouridine 5ʹ-triphosphates (TriLink), and cap1 structure was
generated using CleanCap (TriLink). mRNAwas purified by cellulose
purification as described previously21 and analyzed by agarose gel
electrophoresis. Purified mRNAs were encapsulated in LNP using a
self-assembly process by rapidly mixing an aqueous solution of
mRNA at pH 4.0 with a solution of lipids dissolved in ethanol; LNP
were similar in composition to those described previously,84,85 which
contain an ionizable lipid/phosphatidylcholine/cholesterol/PEG-
lipid.84 The ionizable lipid is proprietary to Acuitas Therapeutics
and is described in US patent US10221127. The LNPs had a diameter
of �80 nm as measured by dynamic light scattering using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK) instrument. Immuni-
zations with the above vaccines were done as described in the text.

Mice

All experiments were approved by Thomas Jefferson University and
the University of North Carolina Institutional Animal Care and
Use Committees (IACUC). Wild-type C57BL/6N (B6) mice were
purchased from Charles River and bred in-house. K18-ACE2-overex-
pressing mice were purchased from Jackson Laboratory and main-
tained at the University of North Carolina (UNC) at Chapel Hill.
For all experiments, mice were sex and age matched.

Immunizations

Mice were immunized with 10 or 1 mg doses of appropriate mRNA-
LNP vaccines diluted in phosphate-buffered saline (PBS) to a total
volume of 20 mL. Mice were primed in the hind leg i.m. or i.d. and
boosted i.m. or i.d. with the same dose of vaccine 1, 2, or 4 weeks
apart.

Viruses and infection

SARS-CoV-2 MA30 was generously provided by Dr. Stanley Perlman
(University of Iowa). The virus was propagated in Vero-hACE2-
TMPRSS2 cells (BEI NR-54970). Confluent monolayers growing in
175 cm2 tissue flasks were infected at a 0.05 multiplicity of infection
in minimal essential medium supplemented with 2% fetal bovine
10 Molecular Therapy Vol. 32 No 6 June 2024
serum (FBS) and penicillin-streptavidin (Gibco) and kept at 33�C.
Cultures were monitored daily until the full CPE was observed. Cul-
ture mediumwas cleared from cell debris by centrifugation for 10min
at 3,000� g for 10 min at 4�C. Viral titers were quantified with plaque
assays. Mice were anesthetized with isoflurane and infected intrana-
sally with the indicated amount of virus in a total volume of 50 mL
PBS. Animal weight and health were monitored daily. All experi-
ments involving MA30 were performed in a biosafety level 3
(BSL3) laboratory at Thomas Jefferson University. The Thomas Jef-
ferson University Animal Care and Use Committee approved all an-
imal studies. Infection of K18-hACE2 mice with SARS-CoV-2
Wuhan-1 strain was performed at the UNC at Chapel Hill. All exper-
iments handling live viruses at UNC-Chapel Hill were performed in
an animal BSL-3 laboratory. Laboratory workers performing BSL-3
experiments wore powered air-purifying respirators, Tyvek coverall
suits, double booties covering footwear, and double gloves. All recom-
binant coronavirus work was approved by the UNC Institutional
Biosafety Committee. All animal work was approved by the UNC
IACUC. All BSL-3 work was performed in a facility conforming to re-
quirements recommended in the Microbiological and Biomedical
Laboratories by the US Department of Health and Human Services,
the US Public Health Service, and the US Center for Disease Control
and Prevention, and the National Institutes of Health (NIH).

CD8 T cell depletions

CD8+ T cell depletion was as before.86 In brief, mice were adminis-
tered 100 mg of anti-mouse CD8a mAb clone 2.43 (BioxCell) on
�5, �1, and 5 dpi, and monitored for weight loss and survival.
CD8+ T cell depletion was confirmed by flow cytometry in prelimi-
nary experiments.

Virus titers

For the experiments in Figure 5, the virus was determined as tissue
culture infectious dose, and the data were converted to pfu. Lungs
were harvested 5 dpi into 2.0 mL tubes prefilled with 0.1 mm tri-
ple-pure high-impact zirconium beads (Benchmark Scientific) con-
taining viral transport media (RPMI, 2% FBS, 100 mg/mL gentamicin,
and 0.5 mg/mL amphotericin B). Vero E6 at 1.55 cells/mL were seeded
into black-walled, clear-bottomed 96-well plates using normal growth
medium and incubated overnight at 37�C, 5.0% CO2. The next day,
30 mL of 10-fold serial sample dilutions was added to the cells, which
were then incubated for 48 h at 37�C, 5.0% CO2. The medium was
aspirated, 50 mL/well of 4% formaldehyde was added, and the plates
were incubated for 10 min at room temperature. The formaldehyde
was removed, and the plates were washed three times with PBST,
blocked for 1 h with blocking buffer (2% BSA, 0.02% sodium azide
in 1� PBST), washed three times with PBST, and 30 mL of SARS-
Nucleocapsid rabbit polyclonal Ab (Cell Signaling 26369) 1:4,000 in
blocking buffer was added. After overnight incubation at 4�C, the
cells were washed three times with PBST, and 30 mL goat anti-rabbit
IgG (H + L) 1/1,000 Alexa Fluor 488 (Invitrogen Thermo Scientific
A11034) and 1/1,000 Nuclear Stain Hoechst 33342 (Cell Signaling,
no. 4082) in blocking buffer, were added. The plates were washed
with PBST thrice, and fluorescence was determined with a fluorescent
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microscope. Wells were scored as positive and negative according to
green fluorescence. Positive control using stock virus was used
to determine positive fluorescence, and a negative control was used
to determine background fluorescence.

For the experiments in Figure 6, virus titers were determined by pla-
que assays. Confluent monolayers of Vero-hACE2-TMPRSS2 cells
(BEI NR-54970), cells grown in 6-well plates were incubated with se-
rial dilutions of virus samples (250 mL/well) at 37�C for 1 h. Next, the
cells were overlaid with 1% agarose (Invitrogen) prepared with MEM
supplemented with 2% FBS and 1% penicillin-streptomycin-gluta-
mine (100�, Gibco Invitrogen). After 3 days, the cells were fixed
with 4% formaldehyde for 2 h, the overlay was discarded, and samples
were stained with crystal violet dye or neutral red.

SARS-CoV-2 neutralization assays

96-well plates were seeded with Vero E6 cells (100 mL per well) at a
density of 25,000 cells/well 1 day before assay. Serum frommice vacci-
nated at the indicated time points was heat inactivated at 56�C for
30 min to inactivate complement and diluted 1:10 and then serially
1:2 in Optimem at a total volume of 30 mL.Wuhan-1 (100 pfu) diluted
in 30 mL Optimem was added to serum and incubated for 1 h. The
sera/virus complex was added in duplicate to the Vero cells and incu-
bated for 48 h. The cells were then fixed with 4% formaldehyde/PBS
for 15 min and washed 3� with PBST. Cells were blocked (2% BSA/
PBST) for 60 min and incubated in primary antibody (anti-dsRNA
J2) overnight at 4�C. Cells were washed 2� with PBS and incubated
in secondary (goat anti-mouse Alexa 488 [Thermo Fisher, cat. no.
A32723] and Hoescht 33342 [Thermo Fisher, cat. no. H3570) for
2 h at room temperature. Cells were washed 3� in PBST and imaged
using ImagXpress Micro using a 10� objective. Four sites per well
were captured and scored for viral infection.

Flow cytometry

Blood was collected in hematocrit capillary tubes containing heparin
(Fisher Scientific). Serum for downstream analysis was collected from
the blood by spinning down at 2,000 rpm for 10 min and collecting
the supernatant. Spleens were processed into single-cell suspensions
by gentle tissue dissociation using frosted microscope slides (Fisher
Scientific). Livers were carefully manipulated through a stainless-steel
wire mesh (88 T316 0.0035-inch diameter; TWC) in a 1.5 � 1.25-in
polyvinyl chloride female trap adaptor (Nibco, no. 4804). Hepato-
cytes were removed following re-suspension in 37% Percoll (GE
Healthcare Life Sciences) and centrifugation for 20 min at 930 relative
centrifugal force at room temperature. Lungs were homogenized and
incubated in Liberase (Roche). The resulting liver cell pellet, spleno-
cytes, lung cell pellet, or blood were treated with ammonium chloride
potassium buffer (155 mM NH4Cl, 1 mM KHCO3, 0.1 mM EDTA)
for 5min to lyse red blood cells and washed with RPMI 1640medium.
To prevent non-specific Fc receptor binding to Abs, cells were stained
with anti-CD16/32 (Fc-Block; 2.4G2 ATCC). For extracellular stain-
ing of surface molecules, single-cell suspensions were incubated with
Abs in FACS buffer for 30 min at 4�C. To detect VNFNFNGL-specific
CD8+ T cells, H-2Kb-VNFNFNGL tetramers were provided by the
NIH tetramer Core Facility. Tetramers were incubated with samples
for 1 h at 4�C before staining with Abs targeting CD4 (clone M4-5;
BV785), CD8+a (clone 53-6.7; BV711), CD44 (clone IM7; BV421
BioLegend, BUV395 BD Biosciences), CD45 (clone 30-F11; PerCP/
Cy5.5), CD62L (clone MEL-14; fluorescein isothiocyanate), CD90.2
(clone 53-2.1; BV605, Pacific Blue), CD127 (clone SB/199; APC),
KLRG-1 (clone 2F1/KLRG1; PE/Cy7), and TCR-b (clone H57-597;
Pacific Blue). All Abs were purchased from BioLegend unless other-
wise stated. Data were acquired with at least 60,000 events using
the BD LSR Fortessa or BD LSR II cytometers (BD Biosciences)
and analyzed with FlowJo software (BD Biosciences).

Antibody responses by flow cytometry

HEK293T cells were placed in Opti-MEM reduced serum medium
(Gibco) and seeded in 12-well plates at 100k cells/well. Upon reaching
�70% confluency, cells were transiently transfected with Spike
Display B.1.1.7 cloned into pcDNA5 vector (Addgene, no. 172735)
using 1.6 mg Lipofectamine 3000 reagent (Invitrogen) and 1 mg
DNA per well. After transfection, the cells were incubated for
2 days at 37�C and then used to measure antibodies in serum.
HEK293T cells (105) transiently transfected with B.1.1.7 were seeded
into 96-well plates in 100 mL of complete medium. Serum (100 mL)
diluted 1:10 in complete medium was overlaid on the cells and incu-
bated at room temperature for 1 h. Cells were washed twice and
stained with PE anti-mouse IgG1 (BioLegend) diluted in blocking
buffer (1:400 total dilution) for 30 min. Cells were washed three times
with PBS, resuspended in FACS buffer, and immediately analyzed on
a BD FACSymphony A5 spectral flow cytometer.

Production of recombinant protein

The recombinant RBD-His6 (referred to as RBD) was generated in
Expi293F mammalian cells, following the procedure described previ-
ously.87 In brief, 72 h after transfection, the clarified cell culture me-
dium was supplemented with 20 mM sodium phosphate (pH 8.0),
50 mM NaCl, and 20 mM imidazole. The medium was then sterile
filtered and subjected to IMAC purification utilizing Ni Sepharose
6 Fast Flow resin (Cytiva, Washington, WA, cat. no. 17531802).
Following a 2-h incubation at 4�C, the resin was washed five times
with buffer A (50 mM sodium phosphate [pH 8.0], 300 mM NaCl,
and 20 mM imidazole), and the RBD was eluted using buffer B
(50 mM sodium phosphate [pH 8.0], 300 mM NaCl, and 300 mM
imidazole). Subsequently, the purified RBD underwent buffer ex-
change into PBS (pH 7.4) and was concentrated to a final concentra-
tion of 1 mg/mL using an Amicon Ultra centrifugal filter unit
(MWCO: 10 kDa; Merck Millipore, Burlington, MA, cat. no.
UFC9010). The RBD samples were sterile filtered and stored in a
�80�C freezer until required.

ELISAs

ELISAs were performed as described previously.88 In brief, high-
binding 96-well clear polystyrene plates (Corning, 3590) were coated
(100 mL/well) with purified SARS-CoV-2 RBD protein in PBS (Corn-
ing, 21-031-CM) at a final concentration of 100 ng per well and al-
lowed to incubate overnight at 4�C. Then, the plates were washed
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(300 mL/well) four times with 0.1% Tween 20 (Sigma-Aldrich, P9416)
in PBS and blocked (200 mL/well) in blocking buffer (2% w/v BSA
[Sigma-Aldrich, A7030] in PBS) for 2 h at room temperature. After
removal of the blocking buffer, sera were serially diluted in fresh
blocking buffer, and the samples (100 mL/well) were incubated at
room temperature for 2 h. Plates were then washed (300 mL/well)
three times with PBS, and goat anti-mouse IgG (H+L) secondary
antibody (Jackson ImmunoResearch, 115-035-003) was added at a
concentration of 1:10,000 in blocking buffer and incubated
(100 mL/well) at room temperature for 1 h. The plates were washed
(300 mL/well) three times with PBS before adding 100 mL per well
of KPL TMB Microwell Peroxidase Substrate System (Seracare,
5120-0047) for 8 min. The reaction was quenched with 50 mL 2N sul-
furic acid (Sigma-Aldrich, 258105), and the absorbance wasmeasured
at 450 nm using a microplate reader (Molecular Devices, SpectraMax
190). Data were processed using Microsoft Excel 2019 and Prism 8.0
(GraphPad). Endpoint dilution titer was calculated as the highest
serum dilution to give a value greater than the background (no serum,
cut-off OD value +0.01 OD). All samples were run in technical
duplicates.
Statistical analysis

Data were visualized and analyzed in Prism (v.9.5.0). Non-parametric
tests were performed as described in each figure legend. Figures were
assembled in Adobe Illustrator (v.27.0).
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