
HAL Id: hal-04836386
https://hal.science/hal-04836386v1

Submitted on 13 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Subunit protein CD40.SARS.CoV2 vaccine induces
SARS-CoV-2-specific stem cell-like memory CD8+ T

cells
Laury Nguema, Florence Picard, Marwa El Hajj, Léa Dupaty, Craig Fenwick,
Sylvain Cardinaud, Aurélie Wiedemann, Giuseppe Pantaleo, Sandra Zurawski,

Mireille Centlivre, et al.

To cite this version:
Laury Nguema, Florence Picard, Marwa El Hajj, Léa Dupaty, Craig Fenwick, et al.. Subunit pro-
tein CD40.SARS.CoV2 vaccine induces SARS-CoV-2-specific stem cell-like memory CD8+ T cells.
EBioMedicine, 2025, 111, pp.105479. �10.1016/j.ebiom.2024.105479�. �hal-04836386�

https://hal.science/hal-04836386v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Articles
eBioMedicine
2025;111: 105479

Published Online xxx

https://doi.org/10.
1016/j.ebiom.2024.
105479
Subunit protein CD40.SARS.CoV2 vaccine induces SARS-CoV-
2-specific stem cell-like memory CD8+ T cells
Laury Nguema,a Florence Picard,a Marwa El Hajj,a Léa Dupaty,a Craig Fenwick,b Sylvain Cardinaud,a Aurélie Wiedemann,a Giuseppe Pantaleo,a,b

Sandra Zurawski,a,c Mireille Centlivre,a Gerard Zurawski,a,c Yves Lévy,a,d,∗∗ and Véronique Godota,∗

aVaccine Research Institute, Université Paris-Est Créteil, Faculté de Médecine, INSERM U955, Team 16, Créteil, France
bService of Immunology and Allergy Lausanne University Hospital, Swiss Vaccine Research Institute, University Hospital, University of
Lausanne, Lausanne, Switzerland
cBaylor Scott and White Research Institute, Dallas, TX, United States
dAssistance Publique-Hôpitaux de Paris, Groupe Henri-Mondor Albert-Chenevier, Service Immunologie Clinique, Créteil, France

Summary
Background Ideally, vaccination should induce protective long-lived humoral and cellular immunity. Current licensed
COVID-19 mRNA vaccines focused on the spike (S) region induce neutralizing antibodies that rapidly wane.

Methods Herein, we show that a subunit vaccine (CD40.CoV2) targeting spike and nucleocapsid antigens to
CD40-expressing cells elicits broad specific human (hu)Th1 CD4+ and CD8+ T cells in humanized mice.

Findings CD40.CoV2 vaccination selectively enriched long-lived spike- and nucleocapsid-specific CD8+ progenitors
with stem-cell-like memory (Tscm) properties, whereas mRNA BNT162b2 induced effector memory CD8+ T cells.
CD8+ Tscm cells produced IFNγ and TNF upon antigenic restimulation and showed a high proliferation rate. We
demonstrate that CD40 activation is specifically required for the generation of huCD8+ Tscm cells.

Interpretation These results support the development of a CD40-vaccine platform capable of eliciting long-lasting
T-cell immunity.

Funding This work was supported by Inserm, Université Paris-Est Créteil, and the Investissements d’Avenir program,
Vaccine Research Institute (VRI), managed by the ANR.

Copyright © 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction
Vaccination has played a significant role among the
strategies developed to fight the SARS-CoV-2 virus for
people at risk of developing a severe form of COVID-19
and in reducing viral transmission and spreading of the
pandemic. However, the race against the virus con-
tinues as new variants emerge and escape the immunity
induced by the first generation of vaccines. The stakes
are very high, both in terms of eliminating the current
virus and its variants and of preparing for the increased
risk of new Coronavirus pandemics emerging in the
future, given their high capacity to jump from animals
to humans. The challenge lies in developing protective
vaccines against the current SARS-CoV-2, its variants,
and future threats from Coronaviruses and in
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identifying which of the portfolio of available vaccine
platforms will provide long-term immunity.

An analysis of protective immune responses showed
the importance of humoral immune responses, espe-
cially those involving neutralizing antibodies directed
against the SARS-CoV-2 spike protein.1,2 The spike
protein is involved in the binding and entry of the virus
into human host cells through its receptor binding
domain (RBD).3 However, some observations also sug-
gest a significant contribution of T-cell responses in the
control of SARS-CoV-2 infection.4–7 Whether the hu-
moral or cellular immune responses contribute equally
to the control of SARS-CoV-2 infection or whether one
is more contributive than the other is yet to be deter-
mined. The other major question concerns the
éteil, Faculté de Médecine, INSERM U955, Team 16, Créteil, France.
m.fr (Y. Lévy).
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Research in context

Evidence before this study
Since the development of effective vaccines against SARS-
CoV-2 in late 2020, more than 75,900 publications are
referenced in pubmed. Today, in general practice, two mRNA
vaccines (Comirnaty, Spikevax) and one adjuvanted protein
(Nuvaxovid) are proposed as repeated boost to maintain
humoral and cellular memory and to respond to emergent
variants of concern (VOCs). One unresolved question remains
to understand the persistence of the vaccine-immune
memory. Beyond the induction of neutralizing antibodies,
there is increasing focus on the role of long-term memory
T cells. It has been shown that cellular immunity is of
importance for long term protection and less impacted by
mutations as compare to the humoral immunity and
controlling SARS-CoV-2 infection. Stem cell like memory
(Tscm) CD4+ and CD8+ T cells have the ability to self-renew
and have multipotency, allowing them to repopulate various
subsets of memory and effector T cells. These cells are crucial
in the persistence of T-cell memory. In the setting of SARS-
CoV-2 infection, Tscm CD4+ and CD8+ T cells have been
identified in convalescent patients and correlated with disease
progression. Fourty-nine articles are referenced as vaccines
(AND) Tscm in pubmed. However, the number of articles
referenced as Covid vaccines and Tscm is scarce (4
publications) indicating that Tscm responses to COVID
vaccines is less investigated. Furthermore, whether the
mechanism of action of different vaccine platforms may

influence the differentiation of Tscm and the generation of
long-term protection is also unknown.

Added value of this study
We have previously reported that targeting SARS-CoV-2
epitopes (Spike and N antigens) to Antigen-Presenting Cells
(APC) through the CD40 receptor (CD40.CoV2 vaccine)
induces cross neutralizing antibodies against SARS-CoV-2,
VOCs, SARS- CoV-1 and protect K18-hACE2 transgenic mice
from SARS-CoV-2 challenge. We also showed the potency of
this vaccine to recall cytotoxic memory T cell responses. In
this new study, we report that CD40.CoV2 vaccine selectively
enhances the population of long-lived spike- and
nucleocapsid-specific CD8+ Tscm cells in two preclinical
models including humanized mice. In contrast, mRNA
BNT162b2 vaccine induced predominantly short-lived effector
memory CD8+ T cells. Likely, these profiles explain differences
in the durability of immune responses between APC-targeting
and mRNA vaccines.

Implications of all the available evidence
Our findings support the development of a new generation of
sub-unit polyepitopic CD40.panSarb vaccine platform, which
addresses the limitations of current mRNA-based strategies
by promoting the development of anti-viral long-lasting CD8+

Tscm cells.
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sustainability of these T-cell responses. Studies of
SARS and MERS infections have shown that T-cell re-
sponses are long-lasting, up to 17 years or more.8–10 In
COVID-19, specific T-cell responses last up to eight
months after infection.11

Among diverse memory T-cell subsets, stem cell-
like memory T (Tscm) cells have been reported to
have the capacity of self-renewal and the multipotency
to repopulate the broad spectrum of memory and
effector T-cell subsets.12 Their successful generation is
a prerequisite for long-term protective T-cell immunity,
as shown in yellow fever vaccination.13 In the natural
history of SARS-CoV-2 infection, SARS-CoV-2 CD4+

and CD8+ Tscm cells have been detected in convales-
cent patients peaking four months post-symptom onset
and correlate with the number of symptom-free
days.4,14

Whether current SARS-CoV-2 vaccines induce virus-
specific Tscm cells is still debated.15,16 Using HLA-I-
multimers to detect specific CD8+ T cells, Jung S.
et al. reported that the BNT162b2 mRNA vaccine elicits
CD8+ T cells in infection-naïve individuals, primarily
with an effector memory phenotype (approximately 80%
of the specific CD8+ T cells), some central memory
T cells, and a few cells with a Tscm phenotype.15
By contrast, the identification of specific T cells gener-
ated by mRNA vaccines in convalescent or infection-
naïve individuals based on combined phenotypic and
functional analysis showed CD4+ T-cell responses to be
higher than CD8+ T-cell responses, with no induction of
Tscm cells.16

We recently reported the effectiveness of CD40-
targeting vaccination in controlling SARS-CoV-2
infection.17,18 This strategy uses a fully humanized
monoclonal antibody directed against the CD40 receptor
to target SARS-CoV-2 regions to antigen-presenting
cells.17,18 We showed in preclinical models that the
CD40.CoV2 vaccine which contains T- and B-cell epi-
topes from the Wuhan-spike protein (S) and nucleo-
capsid protein (N) highly homologous to those of 38
sarbecoviruses induced similar cross-neutralizing anti-
bodies against variants of concern (VOCs) to that elicited
by the BNT162b2 mRNA vaccine and a protection rate
of 100% against virus challenge.17 Furthermore, the
CD40.CoV2 vaccine efficiently recalled human func-
tional and cytotoxic SARS-CoV-2 S- and N-specific CD8+

T-cell responses in vitro that were unaffected by VOC
mutations and cross-reactive with SARS and, to a lesser
extent, MERS epitopes.17 Here, we aimed to investigate
the potential of this CD40.CoV2 vaccine to prime
www.thelancet.com Vol 111 January, 2025
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human T-cell responses in vivo and its ability to generate
functional CD8+ Tscm cells relative to the BNT162b2
mRNA vaccine, using humanized mice, immunodefi-
cient mice whose immune system has been recon-
stituted with a human immune system.
Methods
Animals and ethics
NSG HIS-mice (n = 54) were purchased from Jackson
Laboratories (Bar Harbor, ME, USA). These NOD.Cg-
Prkdcˢᶜⁱᵈ Il2rgᵗᵐ1ᵂʲˡ/SzJ mice were reconstituted at
neonatal stage with human fetal liver hematopoietic
stem cells from eight different HLA-A*0201 donors.
The reconstitution rates with human CD45+ cells of the
animals were assessed by flow cytometry in the blood
before immunization, reaching an average of 62%, as
well as at sacrifice in the spleen (average of 70% hCD45+

cells; Tables S1 and S2). The frequencies of human
T and B cells are detailed in Table S1 (blood) and
Table S2 (spleen). Table S3 recapitulates the distribution
of the HIS mice in each experiment. The CD40 hu-
manized transgenic mice (hCD40 Tg) (n = 13) were
kindly provided by Sanofi (MTA #299012).

The NSG HIS-mice and the hCD40 Tg mice were
housed at the Mondor Institute of Biomedical Research
infrastructure facilities (U955 INSERM-Paris East
Creteil University, Ile-de-France, France). All proced-
ures involving animals were conducted in accordance
with the ethical standards and guidelines for the care
and use of laboratory animals. The study protocol was
reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of Anses/ENVA/
UPEC (CEE-016), under approval number [20-043
#25329]. The study in the Mondor Institute of
Biomedical Research infrastructure facilities was
authorized by the “Research, Innovation and Education
Ministry” under registration number 25329-
2020051119073072 v4. All efforts were made to mini-
mize animal suffering and to reduce the number of
animals used in the experiments.

Vaccines
The CD40.CoV2 vaccine is an anti-human CD40 12E12
monoclonal antibody (mAb) composed of a humanized
variable domain (VH3/VK2) and an IgG4 constant re-
gion that we previously described.17 The Wuhan-vRBD
domain (S AA 318 to 541) is linked to the C-terminal
portion of the heavy chain constant domains. Peptides
vS1 and vS2, derived from the Wuhan-spike protein
(vS1: S AA 125 to 250, vS2: S AA 1056 to 1209), and
peptide vN, derived from the nucleocapsid (vN AA 276
to 411), are associated with linkers and fused to the
C-terminal portion of the light chain constant do-
mains.17 The non-targeting IgG4.CoV2 vaccine is an
IgG4 mAb linked to the same antigens in the same way
as the CD40.CoV2 vaccine.
www.thelancet.com Vol 111 January, 2025
Vaccination of mice
Mice received two injections of the CD40.CoV2 vaccine
(10 μg/animal, equivalent to 1.33 μg RBD, intraperito-
neal (i.p.) route) either alone or with 50 μg polyinosinic-
polycytidylic acid (poly-ICLC; kind gift of Oncovir Inc,
Hiltonol®, i.p.), IgG4.CoV2 (10 μg/animal, equivalent to
1.33 μg RBD, i.p.), the mRNA vaccine (Pfizer/BioNtech,
Comirnaty® or Comirnaty XBB.1.5, 1 μg/animal,
intramuscular (i.m.) route), four weeks apart. Mock
animals received either PBS or poly-ICLC (50 μg/ani-
mal, i.p.). Animals were euthanized one or two weeks
after the last immunization depending on the experi-
ment. In each experiment, we performed ex vivo phe-
notyping of T- and B-cells on all the animals. The
functional tests that required more cells were performed
on the animals with the most splenocytes (see Table S3
for the distribution of the HIS mouse samples in each
experiment).

Anti-spike B-cell staining
Spleen cells were first incubated for 1 h at +4 ◦C with
2 μg/mL biotinylated pre-complexed spike tetramers
(kind gift of G. Pantaleo and C. Fenwick,19). After
washing, cells were incubated with a cocktail of fluo-
rescent conjugated antibodies containing anti-mCD45-
BV711 (clone 30-F11), anti-hCD45-PerCp-Cy5.5 (clone
2D1), anti-hCD19-BV421 (clone HIB19), anti-hCD20-
APC (clone 2H7), anti-IgG-Pe.Cy7 (clone G18-145),
anti-CD38-APC-H7 (clone HIT2), and anti-CD27-BV650
(clone 0323) along with PE-streptavidin (ThermoFisher
Scientific). The details of the fluorochrome-conjugated
monoclonal antibodies used (references, suppliers and
dilutions used) are presented in Table S4.

T-cell immunophenotyping by multi-color flow
cytometry
Spleen cells were stained with fluorochrome-conjugated
antibodies for specific surface markers for 30 min at RT
and +4 ◦C. Dead cells and mouse CD45+ cells were
excluded using LIVE/DEAD fluorescent reactive dye
(Invitrogen) and an anti-mCD45-BV711. For intracel-
lular staining experiments, cells were fixed and per-
meabilized using the Foxp3/Transcription Factor
Staining Buffer Set (eBioscience) or BD cytofix/cyto-
perm™ kit (BD Biosciences), depending on the assay,
and then stained for intracellular markers for 30 min
at +4 ◦C. The following monoclonal antibodies were
used for multi-color flow cytometry using HIS mouse
samples: hCD45-PeCy7 (clone HI30), hCD45-APC-H7
(clone 2D1), hCD3-AF700 (clone UCHT1), hCD3-BV510
(UCHT1), hCD4-FITC (clone OKT4), hCD4-BV605
(clone RPA-TA), hCD8-PerCp.Cy5.5 (clone SK1), hCD8-
APC-H7 (clone SK1), hCD45RA-PE-Dazzle-594 (clone
HI100), hCD45RA-PCF (clone HI100), hCD62L-AF488
(clone DREG-56), hCD62L-BV786 (clone DREG-56),
hCD95-APC (clone DX2), hOX40-BV421 (clone Ber-
ACT35), hCD27-BV650 (clone 0323), hCD137-AF700
3
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(clone 4B4-1), hIL-2-BV421 (clone MQ1-17H12), hIFNγ-
PerCP-Cy5.5 (clone B27), hTNF-PeCy7 (Clone Mab 11),
and hKi67-BV786 (Clone B56). The following pentamers
were used: HLA-A*02:01-KIADYNYKL (cat# FA2E,
1:10) and HLA-A*0201-YLQPRTFLL (cat# F4339-2A-E,
1:10) PE Pentamers from ProImmune. The mono-
clonal antibodies used for multi-color flow cytometry
using hCD40 Tg mouse samples were mCD45-BUV805
(clone 30-F11), mBB20-RB545 (clone RA3-6B2), mCD3-
BV480 (clone 17A2), mCD4-BUV395 (clone RMA-5),
mCD8α-BUV395 (clone 53-7.6), mCD44-BB70 (clone
IM7), mCD62L-BUV615 (clone MEL-14), mCD95-APC
(clone SA367H8), mSca-1-PECy7 (clone D7), mCD69-
BV711 (clone H1.2F3), mCD25-BB515 (clone PC61),
mOX40-BV421 (clone OX-86), mPD-1-RB780 (clone
J43), mCCR7-BV605 (clone 4B12) and mTIGIT-PE
(clone GIGD7). Flow cytometry was performed using
an LSR II instrument with FACSDiva (BD Biosciences)
and the data analyzed using FlowJo software (FlowJo
LLC, version 10.8.2). The details of the fluorochrome-
conjugated HLA-A*0201 pentamers and monoclonal
antibodies used in this study (references, suppliers and
dilutions used) are presented in Tables S4 and S5.

Activation-induced cell marker assay
Spleen cells were seeded at 1 × 106 cells per well for 20 h
in the presence of 1 μg/mL 15-mer overlapping peptide
pools (OLP pools, JTP) covering the full length of the
vRBD, vS1, vS2, and vN peptides included in the
CD40.CoV2 vaccine, XBB.1.5 RBD or 25 ng/mL PMA
plus 1 μg/mL ionomycin (Sigma Aldrich) as a positive
control. An equimolar amount of DMSO was added for
the negative control. After washing, cells were further
stained for immunophenotyping by multi-color flow
cytometry.

SARS-CoV-2-specific T-cell functional assays
Cellular responses after the immunizations were
assessed using the EpiMax assay as described in Marlin
et al.18 Briefly, mouse splenocytes were seeded with 15-
mer OLP pools covering the entire sequence of viral
proteins contained in the vaccine at a final concentration
of 1 μg/mL. PMA/ionomycin (eBioscience™ Cell stim-
ulation cocktail, ThermoFisher Scientific) was used as
the positive control and no stimulant was added as the
negative control. Cells were restimulated or not (control
conditions) after eight days of culture with the same
peptides and Brefeldin A (BD Biosciences) was added.
The following day, the cells were immunophenotyped
by multi-color flow cytometry, including for the detec-
tion of intracytoplasmic IFNγ, TNF, and IL-2 expression
to assess their functionality.

CD8+ Tscm cell functional assay
To evaluate the ability of memory CD8+ T-cell subsets to
secrete cytokines, we performed an Epimax assay, as
described above, in the presence of hIL-15 and using
OLP pools for the vRBD and vN peptides. The culture
medium was refreshed at days 2 and 5 with medium
containing hIL-15 at 25 ng/mL (PeproTech) and me-
dium without hIL-15 at day 7.

To assess the proliferative capacity of the memory
CD8+ T-cell subsets, spleen cells were stained with
carboxyfluorescein succinimidyl ester (CFSE, Thermo-
Fisher Scientific) diluted to 1:10,000 in pre-warmed 1×
PBS for 15 min at 37 ◦C and further cultured with hIL-
15 at 25 ng/mL (PeproTech). After nine days, cells were
stained for multi-color flow cytometry. We determined
the proliferation index and frequency of divided mem-
ory T-cell subsets as described by Gattinoni L. et al.20 for
the CD8+ Tscm cells and the EM and CM CD8+ T cells.

IFN-γ ELISpot assay
The assay was performed using spleens from non-
humanized B6 background mice vaccinated with the
poly-ICLC adjuvanted CD40.CoV2 or Comirnaty
XBB.1.5 vaccine or mock animals. IFN-γ-releasing-spe-
cific T-cells were detected in fresh mouse splenocytes
using pre-coated IFN-γ ELISpot plates according to the
manufacturer’s instructions (Mabtech cat#3321-4APT-
10). Cells of each animal were seeded at
0.25 × 106 cells/well and stimulated at 37 ◦C for 18-hrs
with 1 μg/mL of 15-mer OLPs covering the full length of
the vRBD, and vN peptides included in the CD40.CoV2
vaccine, XBB.1.5 RBD or 1 μg/mL PMA/ionomycin
(eBioscience™ Cell stimulation cocktail, ThermoFisher
Scientific) as a positive control. An equimolar amount of
DMSO was added for the negative control. The devel-
oped spots were counted using an AID ELISpot reader
(Strassberg, Germany).

Statistics
We conducted the statistical analyses of data using
GraphPad Prism 8.4.3 software (GraphPad Software).

We calculated the sample size of studied groups
based on our previous study which reported in NSG
humanized mice and using an ICS assay the activation
of T cell responses in animals vaccinated with our poly-
ICLC adjuvanted CD40.SARS.CoV2.RBD vaccine
(Marlin R. et al. Nat Comm 2021). In that study, the
mean frequency of specific T cells was 5.96%
(SD = 3.78%) for the vaccinated group and 0%
(SD = 0%) for the control group. The sample size
calculation for comparing the means of two indepen-
dent groups was conducted using a two-tailed Student’s
t-test. This calculation accounted for a desired signifi-
cance level of 5% and a statistical power of 80%
(β = 0.20). We found that a sample size of six HIS-mice
in each group is needed to detect the difference between
two groups with the described distributions. Before
experimentation, we carefully measured human CD45+

cell levels in the blood of all animals (Table S1) and
allocated them to different groups to ensure comparable
reconstitution levels across all experimental conditions.
www.thelancet.com Vol 111 January, 2025

http://www.thelancet.com


Articles
This stratification approach successfully created well-
balanced groups. Indeed, we performed a one-way
ANOVA test on the reconstitution levels between
groups, which confirmed no statistically significant dif-
ferences (p > 0.05), statistically validating the homoge-
neity of our experimental groups in terms of CD45+

reconstitution levels prior to treatment (Figure S1).
To evaluate the normality of the data, we utilized the

Shapiro–Wilk’s method. Additionally, we employed
non-parametric tests for non-normal data and made
corrections for multiplicity when necessary, as explained
in the figure legends. For paired data, we used the
Wilcoxon signed-rank test and Friedman test followed
by Dunn–Bonferroni post-hoc test for multiple com-
parisons. For unpaired data, we used the Mann–
Whitney U test with Bonferroni correction for multi-
ple comparisons. We conducted Spearman’s test to
assess the statistical relationship between two variables.
Based on the assumptions of the test and the informa-
tion provided in the figure legends, a p value < 0.05 was
considered significant.

Role of funders
LN received a PhD grant from the Graduate School “Life
and Health Sciences” (ED 402) at the Université Paris-
Est-Créteil. MEH receives PhD funding from the
Graduate School of Research “Life Trajectories and
Health Vulnerability” (EUR-LIVE). EUR-LIVE is a proj-
ect of the PIA (Programmes d’investissements d’ave-
nir)/ANR (Agence Nationale de la Recherche) grant
18-EUR-0011. The research program was funded by
the Vaccine Research Institute (VRI) via the grant ANR-
10-LABX-77. The research program was also supported
by the Agence Nationale de la Recherche (ANR) grant
ANR-20-COV6-0004-01. The funding sources were not
involved in the study design, data acquisition, data
analysis, data interpretation, or writing of the
manuscript.
Results
The CD40.CoV2 vaccine induces polyepitopic and
functional SARS-CoV-2-specific Th1 responses
in vivo
We investigated the potency of the CD40.CoV2 vaccine
to prime human cellular immune responses by immu-
nizing mice reconstituted with a complete human HLA-
A*0201 immune system (humanized immune system
(HIS)-mice) (Tables S1 and S2) with either the non-
adjuvanted or poly-ICLC-adjuvanted vaccine (Fig. 1a
and Table S3). We evaluated SARS-CoV-2-specific re-
sponses against the RBD (vRBD: aa 318–541) and the
two other epitopes of S (vS1: aa 125–250 and vS2: aa
1056–1209) and the epitope of N (vN: aa 276–411)
included in the vaccine.17 We selected poly-ICLC for its
ability to increase the expression of CD40-and CD80/
CD86-activation markers on DCs, macrophages, and B
www.thelancet.com Vol 111 January, 2025
cells18,21,22 and enhance T-cell responses.21,23 Antigen-
specific cells were detected by the expression of
activation-induced markers (AIMs)24 on spleen cells
stimulated with overlapping peptide (OLP) pools span-
ning the full-length sequence of the vaccine (v)RBD,
vS1, vS2, and vN antigens. The non-adjuvanted, as well
as adjuvanted, CD40.CoV2 vaccine-elicited SARS-CoV-
2-specific (OX40+ CD137+) CD4+ T cells without antigen
dominance (Fig. 1b and c). Summing the frequency of
vRBD-, vS1-, vS2-, and vN-specific OX40+ CD137+ CD4+

T cells showed that both the non-adjuvanted and adju-
vanted vaccines efficiently induced a similar frequency
of SARS-CoV-2-specific human CD4+ T cells (Fig. 1d
and e). Next, we investigated the ability of the vaccine to
elicit Th1 immune responses, known to be effective
against SARS-CoV-2 infection.5–7,25 We assessed the
secretion of IFNγ, TNF, and IL-2 by CD4+ T cells after a
nine-day re-stimulation step of spleen cells with the OLP
pools. We found cytokines+ (IFNγ+ and/or TNF+ and/or
IL-2+) SARS-CoV-2-specific CD4+ T cells to be success-
fully expanded after non-adjuvanted or adjuvanted
CD40.CoV2 vaccination (Fig. 1f). All four OLP pools
contributed to the Th1 responses without antigen
dominance (Fig. 1f and g). Summing the frequency of
cytokine-secreting vRBD-, vS1-, vS2-, and vN-specific
CD4+ T cells showed the non-adjuvanted vaccine to be
as effective as the adjuvanted formulation in priming
Th1 responses (Fig. 1h). We confirmed a strong positive
correlation between the frequency of OX40+ CD137+

cells among CD4+ T cells and cytokines+ (Th1) SARS-
CoV-2-specific CD4+ T cells (Fig. 1i) (R = 0.60, p < 0.01,
Spearman’s test).

The magnitude of RBD-specific Th1 responses
correlates with spike-specific IgG-switched B cells
We previously reported that CD40.CoV2 and BNT162b2
mRNA vaccines induced SARS-CoV-2 IgG responses
with similar magnitude, cross-reactivity and neutral-
izing activity in the transgenic hCD40xhACE2 mice
model.17 Here, we extend these data in the HIS mouse
model, which allows better assessment of the responses
against the CD40.CoV2 vaccine T-and B-cell epitopes
selected for human HLA systems.17,18,26 A binding assay
of specific IgG-switched B cells using pre-complexed
spike tetramers (kind gift of G. Pantaleo and C. Fen-
wick,19), allowed us to detect a significantly higher fre-
quency of spike-IgG+ switched human B cells in
animals immunized with the non-adjuvanted or poly-
ICLC-adjuvanted vaccine than in mock animals
(CD40.CoV2 vs mock group p < 0.01 and
CD40.CoV2+poly-ICLC vs mock group p < 0.001,
Mann–Whitney U test) (Fig. 2a). The anti-spike B-cell
responses correlated with vRBD- (R = 0.5, p < 0.05,
Spearman’s test) but not vS1- (R = 0.004, p = 0.98,
Spearman’s test) or vS2-specific cytokines+ (Th1) CD4+

T cells (R = 0.17, p = 0.47, Spearman’s test) (Fig. 2b and
Figure S2).
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The non-adjuvanted and poly-ICLC-adjuvanted
CD40.CoV2 vaccine elicits polyepitopic CD8+ T cells
with a different pattern of antigen-dominance
We next investigated the priming of human CD8+ T-cell
responses by the CD40.CoV2 vaccine and, more pre-
cisely, the generation of specific IFNγ- and/or
TNF-secreting CD8+ T cells, which is also of utmost
importance in controlling SARS-CoV-2 infection.4,24

Summing the frequency of vRBD-, vS1-, vS2-, and
vN-specific human CD8+ T cells showed that the non-
adjuvanted and adjuvanted vaccines efficiently induced
cytokines-secreting CD8+ T cells in 67% and 100% of
the vaccinees, respectively (Fig. 3a). The non-adjuvanted
CD40.CoV2 vaccine steered human CD8+ T cell re-
sponses towards vS1-, vS2-, and vN (Fig. 3b).
Conversely, the adjuvanted formulation elicited specific
functional CD8+ T cells against the four antigens with
predominant responses to vN and vRBD (Fig. 3b). We
observed a positive correlation between the frequencies
of SARS-CoV-2 specific cytokines+ CD4+ T cells and
functional CD8+ T cells (R = 0.51, p < 0.01, Spearman’s
test) (Fig. 3c). We confirmed the presence of human
CD8+ T cells specific for the predicted optimal epitopes
Activation of SARS-CoV-2-specific human CD4+ T cells is shown as the per
after background subtraction. (c) Radar plots showing the proportion of an
line) or poly-ICLC-adjuvanted CD40.CoV2 vaccine (pink line). (d) Percenta
frequencies for the total reactivity between the negative control (NS) and
producing cytokines (IFNγ and/or TNF and/or IL-2) in response to SARS-Co
Radar plots showing the proportion of SARS-CoV2-specific cytokines+ (Th1
adjuvanted CD40.CoV2 vaccine (pink line). (h) Percentages of cytokines+ (T
Mann–Whitney test. Median and individual values from two independen
Correlation between SARS-CoV-2 specific cytokines+ (Th1) CD4+ T cells
comparisons were performed using Spearman’s correlation.

www.thelancet.com Vol 111 January, 2025
from the SARS.CoV-2 RBD protein in the spleens of
vaccinated HIS-mice using HLA-A*0201-RBD multi-
mers (Fig. 3d and e).

The CD40.CoV2 vaccine expands central memory
and Tscm CD8+ T cells
We further evaluated the impact of the CD40.CoV2
vaccine on the different memory T-cell compartments.
In this first set of experiments, we sacrificed HIS-mice
16 days after the booster injection, at a time when the
contraction phase mainly affected short-lived effector
memory T cells.27 We thus focused the analyses on long-
lived memory T cells, both central memory (CM,
hCD62L+ hCD45RA-) and stem-cell-like-memory (Tscm,
hCD62L+ hCD45RA+, hCD95+) T cells (Fig. 4a). The
occurrence of CM CD4+ T cells, as well as CD4+ Tscm
cells, was significantly higher in the vaccinated groups
than the control group (CM CD4+T cells: CD40.CoV2 vs
mock group p < 0.05 and CD40.CoV2+poly-ICLC vs
mock group p < 0.01, Mann–Whitney U test; CD4+

Tscm cells: CD40.CoV2 vs mock group p < 0.01 and
CD40.CoV2+poly-ICLC vs mock group p < 0.05 Mann–
Whitney U test) (Fig. 4b and c). The proportion of CM
centage of AIM+ (OX40+ CD137+) cells within the human CD4+ subset
tigen-specific AIM+ CD4+ T cells induced by the non-adjuvanted (blue
ges of AIM+ CD4+ T cells for the total reactivity. (e) AIM+ CD4+ T-cell
antigen-specific stimulations. (f) Percentage of human CD4+ T cells
V-2 OLPs in spleen cells of HIS-mice after background subtraction. (g)
) CD4+ T cells induced by the non-adjuvanted (blue line) or poly-ICLC-
h1) CD4+ T cells for the total reactivity. Data were analyzed using the
t experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001. (i)
(%) and AIM+ CD4+ T cells for the total reactivity (%). Statistical
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CD8+ T cells increased only in animals immunized with
the vaccine plus poly-ICLC (p < 0.05, Mann–Whitney U
test) (Fig. 4d), whereas the proportion of CD8+ Tscm
cells increased in both vaccine groups (CD40.CoV2 vs
mock group p < 0.01 and CD40.CoV2+poly-ICLC vs
mock group p < 0.01, Mann–Whitney U test) (Fig. 4e).
Next, we performed two approaches to demonstrate the
capacity of CD40.CoV2 to elicit vaccine-specific long-
lived memory CD8+ T cells. In a first approach, as
described in Jung et al.,14 we looked at the frequency of
cells exhibiting a phenotype of CM (CD45RA− CD62L+)
or Tscm (CD45RA+ CD62L+ CD95+) in gated HLA-RBD
multimer+ CD8+ T (Fig. 4f). We found that the vaccine
generated higher proportions of specific CD8+ T cells
with a Tscm phenotype than CM, irrespective of the use
of an adjuvant (p < 0.01, Mann–Whitney U test)
(Fig. 4g). In a second approach, we looked at the
phenotype of HLA-RBD multimer+ CD8+ T cells in total
CD8+ T cells using CD45RA+, CD62L+ and CD95+
markers of Tscm. We found that the CD40.CoV2 vac-
cine induced a significant frequency of RBD-specific
Tscm cells, with a median value of 0.093% (0.07–0.9%
IQR) (p < 0.001, Mann–Whitney U test) (Fig. 4h).

Vaccine-induced CD8+ Tscm cells produce cytokines
and exhibit a higher proliferation potential than
other CD8+ T memory subsets
We next investigated the functional properties of
vaccine-induced CD8+ Tscm cells relative to those of EM
and CM CD8+ T cells. CD8+ Tscm cells, like other
memory T-cell subsets, secrete IFNγ and TNF upon
antigen rechallenge20 and undergo numerous cell di-
visions in the presence of IL-15, although a large pro-
portion of them does not divide.20 In this new set of
experiments, we sacrificed HIS-mice vaccinated with
either non-adjuvanted or poly-ICLC adjuvanted
CD40.CoV2 one week after the final immunization to
ensure a sufficient pool of short-lived EM CD8+ T cells,
www.thelancet.com Vol 111 January, 2025
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in addition to CM and Tscm cells. There was no sig-
nificant difference in memory CD8+ T-cell subsets
proportions between the two vaccine groups (p > 0.05,
Mann–Whitney U test). Indeed, the proportion of EM
CD8+ T cells reached an average of 26% in the vacci-
nees. The frequencies of CM and Tscm CD8+ cells
reached an average of 4.8% and 22.4%, respectively. We
first explored the ability of the memory CD8+ T-cell
subsets to produce cytokines after in-vitro re-stimulation
with their cognate antigen using the OLP pools. Two of
the four antigens included in the CD40.CoV2 vaccine
were selected for restimulation due to the limited
number of cells available in HIS-mouse spleens. In
addition to the RBD peptide against which we generated
specific CD8+ T cells (Figs. 3e and 4h), we chose the N
peptide, for which the vaccine sequence is 100% ho-
mologous to that of most VOCs, including Omicron and
between 80 and 100% homologous to all 38 Sarbecovi-
ruses we tested.17 We found significantly higher pro-
portions of cytokines-secreting cells in the three subsets
of memory CD8+ T cells after re-stimulation with the
vRBD and vN OLP pools than in the control condition
(p < 0.05, Mann–Whitney U test) (Fig. 5a, c), regardless
the use of adjuvant. We next compared the proliferative
capacity of the CD8+ memory subsets of the vaccinees.
Spleen cells from both groups of vaccinees were CFSE-
labeled and cultured with IL-15 for nine days. As
demonstrated by Gattinoni L. et al.,20 the majority of EM
CD8+ T cells exhibited proliferation, in contrast to Tscm
cells (p < 0.001, Friedman test followed by Dunn–
Bonferroni post-hoc test) (Fig. 5d and e). As described,
we found that a large proportion of Tscm cells did not
divide. However, as expected, the proliferative index of
dividing CD8+ Tscm cells from vaccinated HIS-mice
was significantly higher than other CD8+ T cell pop-
ulations (Tscm vs TCM, p < 0.01, Friedman post-hoc
Dunn test; and Tscm vs TEM, p < 0.05, Friedman test
followed by post-hoc Dunn test) (Fig. 5f). Overall, these
in vitro assays show that the CD40.CoV2 vaccine given
with or without adjuvant elicits functional specific CD8+

Tscm cells.

Optimal induction of CD8+ Tscm cells requires
targeting the CD40 receptor
Next, we evaluated the contribution of CD40 targeting to
the induction of CD8+ Tscm cells by comparing
CD40.CoV2 vaccination with control IgG4.CoV2 or
BNT162b2 mRNA vaccination. The IgG4.CoV2 vaccine
replicates the CD40.CoV2 vaccine in terms of the nature
and number of antigens and their location on the heavy
**p < 0.01. (f) Examples of FACS plots of memory T-cell staining per
multimer CD8+ T cells. (g) Proportion of CD8+ T-cell memory subsets a
by the CD40.CoV2 vaccine injected with (pink triangles) or without poly-IC
Tscm cells in HIS-mouse spleens. Data were analyzed using the Mann–
experiments are shown. **p < 0.01, ***p < 0.001.
or light chains, except that it does not target the CD40
receptor. We noted that IgG4.CoV2 vaccination did not
lead to expansion of the memory CD8+ T cell subsets
relative to the mock group (Fig. 6a). The proportions of
CD8+ Tscm cells were significantly higher in the
CD40.CoV2 group than the IgG4.CoV2 and mRNA
groups (IgG4.CoV2 vs CD40.CoV2 p = 0.01 and
BNT162b2 mRNA vs CD40.CoV2 p < 0.01, Mann–
Whitney U test with a Bonferroni correction) (Fig. 6a).
BNT162b2 mRNA vaccination mainly activated EM
CD8+ T cells, as previously demonstrated in humans15

(BNT162b2 mRNA vs CD40.CoV2 p < 0.01, Mann–
Whitney U test with a Bonferroni correction), but not
Tscm cells.

Next, we completed the evaluation of vaccine-elicited
CD8+ T-cell responses using a second preclinical mouse
model and characterized the exhausted (co-expression of
TIGIT+ and PD-1+) versus non-exhausted phenotype of
CD8+ Tscm cells. The huCD40 transgenic mice with a
B6 genetic background but expressing human CD40,
were immunized with the CD40.CoV2 vaccine or the
currently available XBB.1.5 Comirnaty mRNA vaccine
in head-to-head experiments. Both vaccines elicited
cross-reactive T-cell responses specific to Wuhan and
XBB.1.5 RBD in IFNγ-ELISpot (Figure S3a) and AIM
assays (Figure S3b, c). We confirmed the superiority of
the CD40.CoV2 vaccine in the induction of non-
exhausted Wuhan- or XBB.1.5-specific Tscm cells
(p < 0.05, Mann–Whitney U test), whereas the mRNA
vaccine promoted the differentiation of specific EM
CD8+ T cells (p < 0.05, Mann–Whitney U test)
(Fig. 6b, c and Figure S3d). We have not observed any
responses against the N epitope in the CD40.CoV2-
vaccinated hCD40 Tg mice, in contrast to the RBD
antigen (Figure S3a, c). The T-cell epitopes included in
the vaccine were selected for human MHC class I and
II. These data reinforce the necessity to use HIS mice
to have a complete evaluation of our CD40.CoV2
vaccine.

The induction of CD8+ Tscm cells requires both the
initiation of signaling pathways, such as the Wnt
pathway, when the antigen activates T cells and a
slowing of cell proliferation after such activation.20,28,29

We thus evaluated the proliferation of spleen huCD8+

T cells using Ki67 staining in the different groups of
vaccinated HIS-mice. We found less CD8+ T-cell pro-
liferation in the CD40.CoV2 group than in the mRNA
group (p < 0.05, Mann–Whitney U test) (Fig. 7a and b).
As expected, the non-targeting IgG4.CoV2 control did
not induce cell proliferation reflecting the absence of
formed on HIS-mouse spleens, gated on human HLA-A*0201-RBD
mong the human HLA-A*0201-RBD multimer CD8+ T cells elicited
LC (blue squares). (h) Percentage of HLA-A*0201-RBD multimer CD8+

Whitney test. Median and individual values from two independent
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T cell activation (CD40.CoV2 versus IgG4.CoV2 group
p < 0.05, Mann–Whitney U test) (Fig. 7a and b).

Overall, these results show that CD40-targeting
vaccination provides the optimal activation of
CD8+ T cells and drives vaccine-specific Tscm
differentiation.
Discussion
In this study, we show that a subunit vaccine targeting
SARS-CoV-2 antigens through the CD40 receptor of
antigen presenting cells induces the generation of
functional SARS-CoV-2 specific CD8+ Tscm cells in two
preclinical mouse models, mice reconstituted with a
human immune system and the hCD40 transgenic
gating strategies are shown in Figure S2b and d). The hCD40 Tg mice rece
of vaccine with 50 μg of poly-ICLC) or Comirnaty XBB.1.5 mRNA vaccine
stimulated with Wuhan or XBB.1.5 RBD OLPs for 20 h. The frequencies of m
the specific AIM+ (CD25+ CD69+) CD8+ T cells (see the gating strategy in Fi
and CM T cells in the hCD40 Tg mice. The CD40.CoV2 group versus contro
test. Geometric means ± SEM and individual values from two independe
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mice. We further demonstrate the specific requirement
for CD40 engagement in the successful generation of
Tscm cells by a head-to-head comparison with the non-
CD40-targeting vaccine IgG4.CoV2, delivering the same
antigens, and mRNA Comirnaty vaccine. These results
have important implications and provide insights into
expanding the vaccine arsenal against coronavirus in-
fections for effective control of the SARS-CoV-2 virus,
including circulating VOCs, and the prevention of
future threats. They include the development of a sub-
unit vaccine containing non-S and conserved N se-
quences rich in T-cell epitopes, resulting in the capacity
to induce long-term T-cell responses supported by spe-
cific CD8+ Tscm cells, filling the major gaps of current
mRNA-based strategies.30,31
ived an injection of CD40.CoV2 adjuvanted with the poly-ICLC (10 μg
(1 μg) at day 0 and day 21. Spleen cells collected at day 28 were re-
emory CD8+ T cell subsets were examined by flow cytometry among

gure S2b). (c) Proportion of Wuhan- or XBB.1.5 RBD-specific CD8+ EM
ls or Comirnaty mRNA group were analyzed using the Mann–Whitney
nt experiments are shown. *p < 0.05.
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T cells play an essential role in protection against
SARS-CoV-2 infection. Indeed, the time-lag for and
paucity of T-cell responses are hallmarks of patients
with severe COVID-19, whereas early induction of
functional SARS-CoV-2-specific T cells is observed for
patients with mild disease and rapid viral clearance.5–7

Sporadic cases of patients who recovered rapidly from
their SARS-CoV-2 infection with no detectable antibody
responses at any time, but with SARS-CoV-2 reactive
T cells have also been reported.9 Along with evidence
gathered from SARS-CoV-2 infected individuals, results
from animal models allowing the depletion of CD8+

T cells have suggested a role for cytotoxic T cells in
controlling infection with the virus.32 T cells activated
against the ancestral SARS-CoV-2 spike protein also
recognize variant spike proteins, making them even
more helpful in anti-coronavirus responses.16,33

We have generated an all-in-one pan-Sarbecovirus
CD40.CoV2 vaccine that targets T- and B-cell epitopes to
the CD40 receptor of APCs.17 In a preclinical model, the
CD40.CoV2 vaccine elicited equivalent spike neutral-
izing antibody responses and protection rates as the
mRNA Comirnaty vaccine in a head-to-head compari-
son.17 Here, we extend the rationale for developing the
CD40 platform by showing de novo induction of human
T-cell responses in HIS-mice using multiple assays,
including AIM, Epimax, and proliferation assays and
staining with HLA-loaded with SARS-CoV-2 peptides.
The subunit vaccine elicited human functional specific
CD4+ and CD8+ T-cell responses in HIS mice without
using an adjuvant. The CD40.CoV2 vaccine mainly eli-
cited human Th1 CD4+ T-cell responses against the
vRBD, vS1, and vN peptides, the vRBD peptide being
associated with the emergence of S-IgG switched hu-
man B cells, important for conferring long-term hu-
moral immunity.

We assessed the possible generation of long-lived
memory T cells after CD40.CoV2 vaccination, with a
particular interest in Tscm cells. We show that the
CD40.CoV2 vaccine can elicit functional S- and N-spe-
cific CD8+ Tscm, which determine the durability and
cross-reactivity of vaccine-induced memory CD8+ T-cell
responses.

Tscm cells last for decades, exhibiting the capacity of
self-renewal, and can give rise to effector and central
memory T cells upon rechallenge with their cognate
antigen. CD40-targeting vaccination, with or without
adjuvant, generated CD62L+ CD45RA+ CD95+ CD4+

and CD8+ Tscm cells. A recent study identified two
subsets of human CD8+ Tscm cells, a dysfunctional
exhausted population, characterized by the co-
expression of PD-1 and TIGIT, and a second popula-
tion committed to functional lineages.34 We examined
the expression of PD-1 and TIGIT on the CD40.CoV2-
elicited CD8+ Tscm cells and confirmed their non-
exhausted phenotype. Consistently, we showed the
capacity of the CD40.CoV2-elicited CD8+ Tscm cells to
secrete IFNγ and TNF upon restimulation with RBD- or
N-OLP pools and undergo cell proliferation with a
higher rate of cell division than that of effector or central
memory CD8+ T cells. Overall, these data indicate that
the SARS-CoV-2 specific CD8+ Tscm cells generated by
the CD40.CoV2 vaccine were not exhausted cells, but
rather bona fide stem-like memory cells.

We demonstrate that the CD40.CoV2 vaccine specif-
ically induces Tscm. By contrast, the Comirnaty vaccines,
representative of current mRNA-based vaccines, mainly
activated effector memory CD8+ T cells and few Tscm
cells. These observations are consistent with those of
previous studies and the supposed mechanisms of action
of these vaccines. Indeed, previous studies have sug-
gested that CD40 activation is an optimal signal to
maximize the generation of CD8+ Tscm cells in a tumoral
context.35 The Comirnaty mRNA vaccine induces a strong
type-1 IFN response and the secretion of CXCL10 within
a few hours.36 Using transgenic mice deficient for innate
immune sensors, Chunfeng Li et al. demonstrated the
involvement of type 1 IFN in the induction of CD8+ T-cell
responses by the Comirnaty mRNA vaccine.36 Type 1 IFN
and CXCL10 are two signals involved in the differentia-
tion of effector memory CD8+ T cells.37 The absence of
CXCL10 or type-1 IFN, on the contrary, favors the dif-
ferentiation of CD8+ Tscm cells.37 The poly-ICLC used as
adjuvant in our study did not alter the ability of our
vaccine to elicit functional CD8+ Tscm cells, consistent
with the results of a previous study reporting no apparent
role for the adjuvant in the differentiation of either sub-
population of memory CD8+ T cells.38

For effective control of the SARS-CoV-2 virus,
including that of circulating VOCs, and to prevent
future threats, it will be necessary to have an arsenal of
multiple vaccine strategies, including vaccines with the
capacity to maintain durable, broad-based immune re-
sponses. We demonstrate that the pan-Sarbecovirus
CD40.CoV2 vaccine elicits functional S- and N-specific
CD8+ Tscm providing further evidence in favor of the
clinical evaluation of this vaccine candidate. Clinical
studies testing in humans the potency of CD40.COVID
vaccines as booster of pre-existing immunity, induced
either by previous priming with available vaccines or
natural infection, are planning in 2024. This is sup-
ported by the recent demonstration that a single dose of
a first-generation CD40.RBD vaccine, injected without
adjuvant, was sufficient to elicit neutralizing antibodies
that protected macaques against a new viral challenge.18

Limitations of the study
We have used only one HIS-mouse model to demon-
strate Tscm induction by the CD40.CoV2 vaccine.
However, our goal was to demonstrate differences of
Tscm induction between mock and vaccinated animals
in two models: NSG HIS-mice and immunocompetent
mice. Our HIS mice model was reconstituted with only
HLA-A*0201 donors. Thus, our study mainly examined
www.thelancet.com Vol 111 January, 2025
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the specificity and functionality of CD8+ Tscm cells but
not CD4+ Tscm cells. Due to an insufficient number of
cells, we could not study the cytotoxic activity of the
CD8+ T cells generated by the CD40.CoV2 vaccine in the
HIS-mouse model. However, we have already demon-
strated the capacity of CD40.CoV2 to recall human
SARS-CoV-2 specific CD8+ T cells exhibiting specific
cytotoxic activity in vitro.17 As HIS-mice do not express
the hACE2 protein, we could not carry out viral chal-
lenge experiments. However, we have previously shown
the capacity of this CD40-targeted vaccine to protect
monkeys and hACE2 transgenic mice against SARS-
CoV-2 challenge.17,18

Contributors
Conceptualization: VG and YL.

Experimentation: LN, FP, MEH, and LD.
Formal analysis: VG, LN, FP, CF, GP, LD, and AW.
Design and production of the CD40.CoV2 vaccine: SZ, GZ, SC, and YL.
Resources: CF, GP, SC, SZ, and GZ.
Funding acquisition: VG and YL.
Project administration: MC.
Writing – original draft: VG, YL, and LN.
Access and verification of underlying data: VG, LN.
All authors have read and approved the final version of the

manuscript.

Data sharing statement
The CD40.CoV2 vaccine generated in this study was deposited in
GenBank: anti-human CD40 12E12 antibody IgG4 H chain (GenBank
ID: AJD85779.1 residues 20–467) fused to SARS_CoV_2RBD (GenBank
ID: UEP92470.1 residues 17–240) followed by EPEA (C-tag) and the
anti-human CD40 12E12 antibody kappa L chain (GenBank ID:
AJD85780.1 residues 21–236) fused sequentially to a linker (GenBank
ID: AJD85777.1 residues 699–725), nucleocapsid phosphoprotein, par-
tial [Severe acute respiratory syndrome coronavirus 2] (GenBank ID:
QWE63393.1 residues 95–230), linker residues AR, Chain A, Spike
protein S1 [Severe acute respiratory syndrome coronavirus 2] (GenBank
ID: 7M8J_A residues 113–237), linker residues TR, and Sequence 12
from patent US 8518410 (Genbank ID: AGU17682.1 residues 3–27),
surface glycoprotein, partial [Severe acute respiratory syndrome coro-
navirus 2] (GenBank ID: UET03776.1 residues 195–348). The authors
declare that other data supporting the findings of this study are available
from the corresponding author upon request.

Declaration of interests
The authors SZ, GZ, MC, SC, and YL are named inventors on patent
applications based on this work held by Inserm Transfert. The remaining
authors declare no competing interests. Inserm Transfert provided a li-
cense for CD40-targeting vaccines to the biotech company LinKinVax.

Acknowledgements
We thank Oncovir for providing the poly-ICLC (Hiltonol) and Dr
Catherine Cordonnier-Jourdin from Henri Mondor Hospital (Créteil,
France) for providing us with the mRNA BNT162b2 vaccine. We also
thank Guillaume Hypolite, Justine Manso and Jade Legros for helping
in reviewing experiments. We are grateful to Dr Mélanie Prague for
statistical advice during the review process.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.ebiom.2024.105479.

References
1 Mathew D, Giles JR, Baxter AE, et al. Deep immune profiling of

COVID-19 patients reveals distinct immunotypes with therapeutic
implications. Science. 2020;369(6508):eabc8511.
www.thelancet.com Vol 111 January, 2025
2 Zhou D, Ren J, Fry EE, Stuart DI. Broadly neutralizing antibodies
against COVID-19. Curr Opin Virol. 2023;61:101332.

3 Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 cell
entry depends on ACE2 and TMPRSS2 and is blocked by a clini-
cally proven protease inhibitor. Cell. 2020;181(2):271–280.e8.

4 Sekine T, Perez-Potti A, Rivera-Ballesteros O, et al. Robust T cell
immunity in convalescent individuals with asymptomatic or mild
COVID-19. Cell. 2020;183(1):158–168.e14.

5 Tan AT, Linster M, Tan CW, et al. Early induction of functional
SARS-CoV-2-specific T cells associates with rapid viral clearance
and mild disease in COVID-19 patients. Cell Rep. 2021;34(6):
108728.

6 Weiskopf D, Schmitz KS, Raadsen MP, et al. Phenotype and ki-
netics of SARS-CoV-2–specific T cells in COVID-19 patients with
acute respiratory distress syndrome. Science Immunology.
2020;5(48):eabd2071.

7 Zhou R, To KK, Wong YC, et al. Acute SARS-CoV-2 infection im-
pairs dendritic cell and T cell responses. Immunity. 2020;53(4):864–
877.e5.

8 Ng OW, Chia A, Tan AT, et al. Memory T cell responses targeting
the SARS coronavirus persist up to 11 years post-infection. Vaccine.
2016;34(17):2008–2014.

9 Tang F, Quan Y, Xin ZT, et al. Lack of peripheral memory B cell
responses in recovered patients with severe acute respiratory syn-
drome: a six-year follow-up study. J Immunol. 2011;186(12):7264–
7268.

10 Zhao J, Alshukairi AN, Baharoon SA, et al. Recovery from the
Middle East respiratory syndrome is associated with antibody and T
cell responses. Science Immunology. 2017;2(14):eaan5393.

11 Dan JM, Mateus J, Kato Y, et al. Immunological memory to SARS-
CoV-2 assessed for up to 8 months after infection. Science.
2021;371(6529):eabf4063.

12 Gattinoni L, Speiser DE, Lichterfeld M, Bonini C. T memory stem
cells in health and disease. Nat Med. 2017;23(1):18–27.

13 Fuertes Marraco SA, Soneson C, Cagnon L, et al. Long-lasting stem
cell–like memory CD8+ T cells with a naïve-like profile upon yellow
fever vaccination. Sci Transl Med. 2015;7(282):282ra48.

14 Jung JH, Rha MS, Sa M, et al. SARS-CoV-2-specific T cell memory
is sustained in COVID-19 convalescent patients for 10 months with
successful development of stem cell-like memory T cells. Nat
Commun. 2021;12(1):4043.

15 Jung S, Jung JH, Noh JY, et al. The generation of stem cell-like
memory cells early after BNT162b2 vaccination is associated with
durability of memory CD8+ T cell responses. Cell Rep. 2022;40(4):
111138.

16 Neidleman J, Luo X, McGregor M, et al. mRNA vaccine-induced T
cells respond identically to SARS-CoV-2 variants of concern but
differ in longevity and homing properties depending on prior
infection status. Elife. 2021;10:e72619.

17 Coleon S, Wiedemann A, Surenaud M, et al. Design, immunoge-
nicity, and efficacy of a pan-sarbecovirus dendritic-cell targeting
vaccine. eBioMedicine. 2022;80:104062.

18 Marlin R, Godot V, Cardinaud S, et al. Targeting SARS-CoV-2 re-
ceptor-binding domain to cells expressing CD40 improves protec-
tion to infection in convalescent macaques. Nat Commun.
2021;12(1):5215.

19 Fenwick C, Turelli P, Perez L, et al. A highly potent antibody
effective against SARS-CoV-2 variants of concern. Cell Rep.
2021;37(2):109814.

20 Gattinoni L, Lugli E, Ji Y, et al. A human memory T cell subset with
stem cell-like properties. Nat Med. 2011;17(10):1290–1297.

21 Cheng L, Wang Q, Li G, et al. TLR3 agonist and CD40-targeting
vaccination induces immune responses and reduces HIV-1 reser-
voirs. J Clin Invest. 2018;128(10):4387–4396.

22 Cheng L, Zhang Z, Li G, et al. Human innate responses and
adjuvant activity of TLR ligands in vivo in mice reconstituted with a
human immune system. Vaccine. 2017;35(45):6143–6153.

23 Apostolico JS, Lunardelli VAS, Yamamoto MM, Cunha-Neto E,
Boscardin SB, Rosa DS. Poly(I:C) potentiates T cell immunity to a
dendritic cell targeted HIV-multiepitope vaccine. Front Immunol.
2019;10:843.

24 Grifoni A, Weiskopf D, Ramirez SI, et al. Targets of T Cell responses
to SARS-CoV-2 coronavirus in humans with COVID-19 disease and
unexposed individuals. Cell. 2020;181(7):1489–1501.e15.

25 Rydyznski Moderbacher C, Ramirez SI, Dan JM, et al. Antigen-
specific adaptive immunity to SARS-CoV-2 in acute COVID-19 and
associations with age and disease severity. Cell. 2020;183(4):996–
1012.e19.
15

https://doi.org/10.1016/j.ebiom.2024.105479
https://doi.org/10.1016/j.ebiom.2024.105479
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref1
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref1
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref1
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref2
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref2
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref3
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref3
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref3
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref4
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref4
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref4
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref5
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref5
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref5
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref5
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref6
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref6
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref6
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref6
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref7
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref7
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref7
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref8
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref8
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref8
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref9
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref9
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref9
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref9
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref10
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref10
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref10
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref11
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref11
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref11
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref12
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref12
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref13
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref13
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref13
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref14
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref14
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref14
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref14
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref15
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref15
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref15
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref15
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref16
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref16
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref16
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref16
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref17
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref17
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref17
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref18
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref18
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref18
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref18
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref19
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref19
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref19
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref20
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref20
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref21
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref21
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref21
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref22
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref22
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref22
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref23
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref23
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref23
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref23
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref24
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref24
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref24
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref25
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref25
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref25
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref25
http://www.thelancet.com


Articles

16
26 Godot V, Tcherakian C, Gil L, et al. TLR-9 agonist and CD40-
targeting vaccination induces HIV-1 envelope-specific B cells with
a diversified immunoglobulin repertoire in humanized mice. PLoS
Pathog. 2020;16(11):e1009025.

27 Garrod KR, Moreau HD, Garcia Z, et al. Dissecting T cell
contraction in vivo using a genetically encoded reporter of
apoptosis. Cell Rep. 2012;2(5):1438–1447.

28 Kretschmer L, Flossdorf M, Mir J, et al. Differential expansion of T
central memory precursor and effector subsets is regulated by di-
vision speed. Nat Commun. 2020;11(1):113.

29 Verma V, Jafarzadeh N, Boi S, et al. MEK inhibition reprograms
CD8(+) T lymphocytes into memory stem cells with potent anti-
tumor effects. Nat Immunol. 2021;22(1):53–66.

30 Couzin-Frankel J. Decision nears for fall coronavirus vaccine. Sci-
ence. 2023;380(6647):784.

31 van Riel D, de Wit E. Next-generation vaccine platforms for
COVID-19. Nat Mater. 2020;19(8):810–812.

32 Tai W, Feng S, Chai B, et al. An mRNA-based T-cell-inducing an-
tigen strengthens COVID-19 vaccine against SARS-CoV-2 variants.
Nat Commun. 2023;14(1):2962.
33 Tarke A, Sidney J, Methot N, et al. Impact of SARS-CoV-2 variants
on the total CD4(+) and CD8(+) T cell reactivity in infected or
vaccinated individuals. Cell Rep Med. 2021;2(7):100355.

34 Galletti G, De Simone G, Mazza EMC, et al. Two subsets of stem-
like CD8(+) memory T cell progenitors with distinct fate commit-
ments in humans. Nat Immunol. 2020;21(12):1552–1562.

35 Zhang Y, Wang N, Ding M, et al. CD40 accelerates the antigen-specific
stem-like memory CD8(+) T cells formation and human
papilloma virus (HPV)-positive tumor eradication. Front Immunol.
2020;11:1012.

36 Li C, Lee A, Grigoryan L, et al. Mechanisms of innate and adaptive
immunity to the Pfizer-BioNTech BNT162b2 vaccine. Nat Immu-
nol. 2022;23(4):543–555.

37 Duckworth BC, Lafouresse F, Wimmer VC, et al. Effector and
stem-like memory cell fates are imprinted in distinct lymph
node niches directed by CXCR3 ligands. Nat Immunol. 2021;22(4):
434–448.

38 Martins KAO, Cooper CL, Stronsky SM, et al. Adjuvant-enhanced
CD4 T cell responses are critical to durable vaccine immunity.
eBioMedicine. 2016;3:67–78.
www.thelancet.com Vol 111 January, 2025

http://refhub.elsevier.com/S2352-3964(24)00515-2/sref26
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref26
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref26
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref26
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref27
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref27
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref27
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref28
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref28
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref28
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref29
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref29
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref29
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref30
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref30
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref31
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref31
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref32
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref32
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref32
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref33
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref33
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref33
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref34
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref34
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref34
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref35
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref35
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref35
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref35
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref36
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref36
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref36
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref37
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref37
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref37
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref37
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref38
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref38
http://refhub.elsevier.com/S2352-3964(24)00515-2/sref38
http://www.thelancet.com

	Subunit protein CD40.SARS.CoV2 vaccine induces SARS-CoV-2-specific stem cell-like memory CD8+ T cells
	Introduction
	Methods
	Animals and ethics
	Vaccines
	Vaccination of mice
	Anti-spike B-cell staining
	T-cell immunophenotyping by multi-color flow cytometry
	Activation-induced cell marker assay
	SARS-CoV-2-specific T-cell functional assays
	CD8+ Tscm cell functional assay
	IFN-γ ELISpot assay
	Statistics
	Role of funders

	Results
	The CD40.CoV2 vaccine induces polyepitopic and functional SARS-CoV-2-specific Th1 responses in vivo
	The magnitude of RBD-specific Th1 responses correlates with spike-specific IgG-switched B cells
	The non-adjuvanted and poly-ICLC-adjuvanted CD40.CoV2 vaccine elicits polyepitopic CD8+ T cells with a different pattern of ...
	The CD40.CoV2 vaccine expands central memory and Tscm CD8+ T cells
	Vaccine-induced CD8+ Tscm cells produce cytokines and exhibit a higher proliferation potential than other CD8+ T memory subsets
	Optimal induction of CD8+ Tscm cells requires targeting the CD40 receptor

	Discussion
	Limitations of the study

	ContributorsConceptualization: VG and YL.Experimentation: LN, FP, MEH, and LD.Formal analysis: VG, LN, FP, CF, GP, LD, and  ...
	Data sharing statementThe CD40.CoV2 vaccine generated in this study was deposited in GenBank: anti-human CD40 12E12 antibod ...
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


