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ABSTRACT
Unlocking the potential of broadly reactive coronavirus monoclonal antibodies (mAbs) and their derivatives offers a 
transformative therapeutic avenue against severe COVID-19, especially crucial for safeguarding high-risk populations. 
Novel mAb-based immunotherapies may help address the reduced efficacy of current vaccines and neutralizing 
mAbs caused by the emergence of variants of concern (VOCs). Using phage display technology, we discovered a pan- 
SARS-CoV-2 mAb (C10) that targets a conserved region within the receptor-binding domain (RBD) of the virus. 
Noteworthy, C10 demonstrates exceptional efficacy in recognizing all assessed VOCs, including recent Omicron 
variants. While C10 lacks direct neutralization capacity, it efficiently binds to infected lung epithelial cells and induces 
their lysis via natural killer (NK) cell-mediated antibody-dependent cellular cytotoxicity (ADCC). Building upon this 
pan-SARS-CoV-2 mAb, we engineered C10-based, Chimeric Antigen Receptor (CAR)-T cells endowed with efficient 
killing capacity against SARS-CoV-2-infected lung epithelial cells. Notably, NK and CAR-T-cell mediated killing of lung 
infected cells effectively reduces viral titers. These findings highlight the potential of non-neutralizing mAbs in 
providing immune protection against emerging infectious diseases. Our work reveals a pan-SARS-CoV-2 mAb 
effective in targeting infected cells and demonstrates the proof-of-concept for the potential application of CAR-T cell 
therapy in combating SARS-CoV-2 infections. Furthermore, it holds promise for the development of innovative 
antibody-based and cell-based therapeutic strategies against severe COVID-19 by expanding the array of therapeutic 
options available for high-risk populations.
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Introduction

Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is an enveloped RNA virus that belongs 
to the Coronaviridae group. This virus is known for 
causing the COVID-19 disease [1,2]. Since its outbreak 
in 2019, COVID-19 pandemic has been reported with 
millions of cases and deaths. Nowadays, thanks to the 
efforts from the global healthcare community, and 
worldwide vaccination programmes, the pandemic 
has been controlled. Even though global vaccination 
has induced immunity in the global population, there 
are different high-risk subgroups such as solid organ 
transplant recipients, patients with hematological 

disorders and immunocompromised patients, who 
are unable to acquire this immunity and are still at 
risk of COVID-19 disease with severe symptomatology 
[3–5].

An unprecedented effort by researchers around the 
world has resulted in the development of a spectrum 
of preventive and therapeutic approaches. Among 
them, several neutralizing antibodies directed against 
Spike protein have been developed and used to treat 
SARS-CoV-2 infection [6–9]. However, sustaining 
their effectiveness in the new variants of concern 
(VOCs) has been challenging because of the antibody 
escape mutations. It is therefore necessary to advance 
the development of immunotherapies that can 
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effectively counter viral evolution. This could include 
the development of antibodies directed against highly 
conserved viral epitopes and able to target infected 
cells. Such antibodies and their derivatives hold 
promise for both antibody-based and cell-based thera-
peutic approaches. Most efforts for the development of 
protective anti-SARS-CoV-2 mAb have been focused 
thus far in targeting viral particles [6–9], while much 
less attention has been concentrated in targeting 
infected cells. This is important to take into consider-
ation as antiviral antibodies display multiple Fc- 
mediated effector functions (i.e. antibody-dependent 
cellular cytotoxicity, ADCC; antibody-dependent cel-
lular phagocytosis, ADCP, …) that enable them to 
kill infected cells [10]. In addition, neutralization 
does not always align with ADCC and some neutraliz-
ing antibodies such as Sotrovimab that display lower 
potency (high IC50) can still be efficient in reducing 
viral propagation [11]. Worthy of note, the assessment 
of the effector functions of anti-SARS-CoV-2 mAbs 
used in the clinic has mostly been done using Spike- 
expressing cells as a surrogate of infected cells 
[11,12]. However, the critical question of whether 
such antibodies effectively bind to and kill infected 
cells has been considerably understudied. It is there-
fore urgent to develop antibodies targeting highly con-
served viral epitopes (known as “coldspots”) [13] and 
eliminating infected cells. This approach could emerge 
as a potent strategy against SARS-CoV-2 infection, 
poised to combat not only current variants but also 
future evolutions of the virus.

The discovery of anti-SARS-CoV-2 mAbs able to 
target infected cells holds therapeutic promise, with 
applications spanning diverse treatment modalities. 
They can be used as full-length molecules exploiting 
their Fc-mediated polyfunctionality. In addition, anti-
body fragments offer a pathway to develop new cell- 
based immunotherapies, notably Chimeric Antigen 
Receptor (CAR)-T cell therapy, which harnesses the 
combined strengths of antibodies and T-cells. In the 
recent years, CAR-T cell therapy has demonstrated 
remarkable success in the haematological cancers 
area. Encouraged by these achievements, there is 
growing interest in the development of CAR-T cell 
therapies for different diseases, including infectious 
diseases such as SARS-CoV-2 infection [14–17]. This 
enthusiasm is fuelled by recent insights suggesting 
that SARS-CoV-2-specific T-cell therapy may confer 
clinical benefits in severe cases of COVID-19 [18]. 
Additionally, evidence shows that CD8+ T cells con-
tribute to survival in COVID-19 patients with hemato-
logic cancers [19]. Given the absence of therapeutic 
options for high-risk populations vulnerable to 
SARS-CoV-2 infection, our aim was to pioneer novel 
therapeutic strategies aimed at eliminating infected 
cells, thereby aiding in the resolution of viral infection. 
These approaches could harness the diverse 

therapeutic potential of mAb and their derivative to 
create both antibody-based and cell-based 
interventions.

In the present work, we developed a potent pan- 
SARS-CoV-2 non-neutralizing mAb, called C10, 
which targets a conserved region within the recep-
tor-binding domain (RBD) of the virus and effectively 
recognizes nearly all known VOCs. Importantly, C10 
effectively binds to and lysates infected cells through 
ADCC leading to reduced viral titers. Leveraging 
this pan-SARS-CoV-2 mAb, we have engineered 
CAR-T cells capable of efficiently killing lung epi-
thelial cells infected with the virus. Overall, our work 
identifies a pan-SARS-Cov-2 mAb able to target 
bona fide infected cells and provides a proof-of-con-
cept for the potential use of CAR-T cell therapy in 
combating SARS-CoV-2 infections, especially in 
immunocompromised patients. Our findings also 
highlight the potential of non-neutralizing mAbs in 
fighting emerging infectious diseases and emphasize 
the promising prospects of repurposing them for 
therapeutic applications using various antibody 
formats.

Material & methods

Ethics

All human blood samples were fully anonymized and 
given with previous written consent of the donor. 
Samples were given under ethical approval of appro-
priate institutions.

Antibody selection

The human synthetic HuscI library in single-chain 
variable fragment (scFv) format is based on the 
sequence of the optimized 13R4 scFv [20] and is dis-
played on filamentous phages using the pHEN1 vector 
[21]. Diversity was introduced at positions [Aho num-
bering [22]] L38-40, L58, L69, L109, L111, L112, H39- 
40, H57, H59, H67, H69, and with eight 2–9 residue 
loops inserted between positions H110-134 of VH- 
CDR3 [23]. At each position the introduced diversity 
encoded a mix of five amino acids (Y, S, D, N, G), 
except when it resulted in a site of glycosylation 
(NxS/T), deamidation (NG), or isomerization (DG) 
where the introduced sequence was, depending on 
the surrounding framework sequences, QxS/T or 
NxA, QG or NA, EG or NA, respectively. The library 
diversity, as measured by the number of transfor-
mants, was 3 × 1010.

Antibody selection was performed by capture in 
96-well immunoplates coated with Streptavidin 
then incubated with Tris-NTA-Biotin (Biotechrabbit 
#BR1001201) followed by his-tagged Wuhan Spike 
RBD (Sino Biological # 40592-V08H). The library 
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(1012 cfu) was depleted twice using Streptavidin- 
coated plates, before the first round. Captured phages 
were eluted with 100 μL of freshly prepared elution 
buffer (50 mM Tris-HCl pH 8, 125 μg/mL trypsin 
and 1 mM CaCl2). These phages were used to pre-
pare a new phage stock with TG1 bacteria and the 
KM13 helper phage [24]. After 3 rounds of panning, 
eluted phages were used to infect E. coli HB2151, 
plated and individual clones were used for mono-
clonal screening by Enzyme-linked immunosorbent 
assay (ELISA) using bacteria supernatant and scFv 
detection using HRP-coupled anti-myc 9E10 mono-
clonal antibody. After sequencing of the best binders, 
7 VH sequences were selected, and a new library 
constructed by shuffling this pool of VH with the 
whole diversity of the original VL library using a 
Fab displaying vector derived from pHEN1. The 
resulting library was first panned as previously 
(R4), then the phage stock incubated with soluble 
his-tagged RBD in decreasing concentration (10 
then 1 nM) and captured for 15 min on immuno-
plates coated with Streptavidin and incubated with 
Tris-NTA-Biotin. Eluted phages were used to infect 
E. coli HB2151, plated and bacteria supernatant con-
taining Fab of individual clones were screened by 
ELISA using an anti-human Fab antibody (A0293- 
1ML; Sigma).

Antibody and antibody-fragment production

Full-length C8 and C10 mAbs were produced by Evi-
tria (https://www.evitria.com/). They were produced 
in mammalian CHO cells upon transfection with 
the light chain and heavy chain variable sequences 
of C8 and C10 mAbs in a IgG1κ backbone. To 
obtain the C10 F(ab’)2 fragment, the recombinant 
C10 monoclonal IgG1 antibody was treated with 
IdeZ Protease (Promega; Cat# V8341) and purified 
using NAb™ Protein A Plus Spin Columns (Thermo 
Scientific #89952) following the manufacturers’ pro-
cedures. To produce the Fc-mutated C10 LALA-PG 
IgG1, which carries a silent Fc mutation via the 
Leu234Ala, Leu235Ala, and Pro329Gly (LALA-PG) 
substitutions in the Fc region [25], the VH and VL 
fragments were inserted into a production plasmid 
using Golden Gate assembly [25], the VH and VL 
fragments were inserted into a production plasmid 
using Golden Gate assembly. The VH and VL frag-
ments were purified using the Macherey-Nagel 
PCR Clean-up and Gel Extraction kit. Following 
this, Golden Gate assembly was performed with the 
PEF-recipient-IgG-LALA-PG vector. The resulting 
clones were validated by PCR and confirmed 
through sequencing. Plasmids were then produced 
and used for transfection in HEK-293 T cells using 
the JET-PEI transfection agent. The IgG expression 
was driven by a human EF1 promoter, with both 

the light and heavy chains produced from the same 
transcript. An IRES sequence from ECMV facilitated 
the translation of the heavy chain. The supernatants 
from the transfected cells were collected, and the 
recombinant Fc-mutated antibodies were purified 
using recombinant Protein A agarose beads 
(ProteinMods).

Surface plasmon resonance (SPR)

SPR measurements were performed on a T200 appar-
atus (Cytiva) at 25°C in phosphate buffer saline buffer 
pH7.4 containing 0.05% of P20 surfactant (PBS-P+). 
The screening of Fabs (C10, G12, 2B6, 2B2, 2B3) or 
antibodies (G6, D12, E10, C8, D8) was performed by 
one injection of SARS-CoV-2-Spike-RBD-His protein 
(Sino-biological) at 50nM on Fab (15 nM) or IgG 
(20nM) captured on anti-Fab antibody (Anti-Fab 
IgG from IMab I5260). An anti-IL13RA2 Fab is 
taken as negative control.

For the antibodies C8, C10 and S309 (the parent 
antibody of Sotrovimab used as control), Single 
Cycle Kinetic (SCK) was used to evaluate more accu-
rately the kinetic parameters of the interaction with 
the Spike variant trimeric proteins Wuhan, Delta, 
Omicron (from R&Dsystems). For this purpose, 
anti-Histidine antibody (R&D Biosystems) was 
immobilized on one flowcell of a CM5S sensorchip 
by amine coupling according to the manufacturer’s 
instructions (Cytiva). A flowcell control was pre-
pared using the same chemistry without anti-his 
antibody. For SCK experiments, Spike protein was 
captured at 200–300RU on anti-his immobilized 
and five increasing concentrations of antibody were 
injected at 100 µL/min (injection time of 60s). 
After a dissociation of 400s in running buffer, sensor 
surface was regenerated using glycine-HCL pH1.7. 
All sensorgrams were corrected by subtracting the 
low signal of flowcell control and blank buffer injec-
tions. Kinetic parameters were evaluated using (T200 
evaluation software 3.2.1). The sensorgrams were 
analysed using a Langmuir 1:1 interaction model 
for the screening of Fab and IgG, and a bivalent 
interaction model for SCK.

Competition experiments

Competition experiments were performed to obtain 
information on the C10 binding regions. The first 
antibody (C10) was immobilized on the surface of 
CM5 chips (Cytiva) through standard amine coupling; 
RBD was then flowed to form the RBD/antibody com-
plex, and shortly thereafter, the second antibody (Tix-
acevimab, Cilgavimab or Bebtelovimab) was injected. 
All the competition experiments were performed at 
25°C on a Biacore 8 K instrument (Cytiva) using 
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10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA 
and 0.005% Tween-20 as running buffer.

Docking and structural approaches

The C10 variable fragment was modelled according to 
the canonical structure method with the programme 
RosettaAntibody [26] as previously described [27]. 
Docking was performed using RosettaDock v3.1 as 
previously described [28]. In summary, C10 model 
was docked to Wuhan RBD experimental structure 
(PDBid: 6m17). Amongst the thousands of computa-
tionally generated complexes, the decoy in better 
agreement with experimental data (no cross compe-
tition with hACE2, Bebtelovimab, Cilgavimab and 
Tixacevimab and binding to all SARS-CoV-2 variants 
until Omicron XBB.1.5 and other RBD mutants) was 
selected and further refined by computational dock-
ing. The selected model was subjected to a 350 ns mol-
ecular dynamics (MD) simulation to adjust the local 
geometry and verify that the structure was energeti-
cally stable. MD was performed with GROMACS 
[29]. The system was initially set up and equilibrated 
through standard MD protocols: proteins were 
centred in a triclinic box, 0.2 nm from the edge, 
filled with SPCE water model and 0.15 m Na+ Cl- 

ions using the AMBER99SB-ILDN protein force 
field. Energy minimization was performed in order 
to let the ions achieve a stable conformation. Temp-
erature and pressure equilibration steps, respectively 
at 310 K and 1 Bar, of 100 ps each were completed 
before performing the full MD simulations with the 
above-mentioned force field. MD trajectory files 
were analysed after removal of Periodic Boundary 
Conditions. The stability of each simulated complex 
was verified by root mean square deviation and visual 
analysis. The structures of C10 bound to SARS-CoV-2 
Spike trimer was built using PyMOL software (The 
PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC.) PDB ID 6VXX served as a basis 
for the “three down” conformation; PDB ID 6VYB 
for the “one RBD up” conformation. Conformations 
not directly available (e.g. trimer with “three RBD 
up”) were obtained by structural alignment and rep-
etition of the appropriate conformation in S monomer 
structures (e.g. monomeric “RBD up”) using PyMol 
software suite.

Human blood samples, primary cells 
purification and CAR-T generation

Healthy donor blood buffy coats were obtained from 
the local reference blood bank: Banc de Sang i Teixits, 
(BST, Barcelona, Spain; #HCB/2022/0137) and Eta-
blissement Français du Sang (EFS, Montpellier, 
France; #21PLER2018-0069), according to local regu-
lation. Human peripheral blood mononuclear cells 

(PBMCs) were obtained from buffy coats by density- 
gradient centrifugation (Lypmhoprep, StemCell Tech-
nologies), and were cultured in RPMI Medium 1640 
(1X) (Gibco, 31870-025), 10% fetal bovine serum 
(FBS) (Sigma, F9665-500ML), penicillin/streptomycin 
(100 U/mL and 100 μg/mL, Gibco # 15140122).

Healthy donor NK cells were purified from human 
PBMCs by negative selection using a NK magnetic iso-
lation kit (Miltenyi Biotech #130-092-657). Isolated 
NK cells were cultured in RPMI Medium 1640 (1X) 
(Gibco, 31870-025), 10% FBS (Sigma, F9665- 
500ML), penicillin/streptomycin and IL-2 (100 IU/ 
mL; Miltenyi Biotec).

Healthy donor T cells were obtained from buffy 
coats by density-gradient centrifugation (Lympho-
prep, StemCell technologies) using the RosetteSep™ 
Human T-cell Enrichment Cocktail (Stemcell technol-
ogies, 15061) to isolate T cells from whole blood by 
negative selection. The purified T cells were cultured 
in R10 Cell Medium, consisting in RPMI Medium 
1640 (1X) (Gibco, 31870-025), 10% FBS (Sigma, 
F9665-500ML), penicillin/streptomycin, and IL-2 (50 
IU/mL; Miltenyi Biotec). Cells were then activated 
and expanded for 4 days using beads conjugated 
with CD3 and CD28 mAbs (Dynabeads, Gibco, 
11131D). The following day, T cells were transduced 
with the lentivirus encoding for the different CAR-T 
cells. Cells were expanded over 9–10 days, counting 
cells and media feeding daily. Finally, cells were frozen 
until used in the experiments.

Cell line culture

Human embryonic kidney cells (293 T HEK cells) 
(HEK 293T-ATCC-CRL-1575TM) and A549 cell 
(ATCC #CCL-185) were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (Gibco, cat 
#31966) supplemented with 10% FBS, sodium pyru-
vate and antibiotics (penicillin–streptomycin). SARS- 
CoV-2 Spike-expressing cells (293GS and A549GS) 
were generated as follows. Briefly, a chimeric Gaussia 
luciferase construct designed for internal membrane 
binding was cloned into a third-generation lentivirus 
system. Next, the Wuhan spike protein under a T2A 
sequence for autoprolytic cleavage, was cloned into 
the same lentivirus plasmid. The resulting lentiviral 
vectors were then used to transduce 293 and A549 
cells. After several passages, the cell lines were clonally 
isolated and selected based on Gaussia luciferase 
expression. They were further analysed using anti- 
Spike antibody staining and flow cytometry. Finally, 
the selected clones were passaged for over 40 days to 
evaluate transgene stability. Generated 293GS and 
A549GS cells were maintained in the same medium 
as parental cells. Jurkat cell line was cultured in 
RPMI media supplemented with 10% FBS and anti-
biotics (penicillin/streptomycin). Vero E6 cells 
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(African green monkey kidney cells) were obtained 
from ECACC (#Vero C1008, ECACC 85020206) and 
maintained in DMEM supplemented with 10% heat- 
inactivated FBS and penicillin/streptomycin. Human 
pulmonary Alveolar A549-hACE2 cells were obtained 
from original A549 cells (ECACC #86012804) trans-
duced with a lentiviral vector expressing human 
ACE2 receptor (manufactured by FlashTherapeutics 
company, Toulouse, France) and sorted by flow cyto-
metry for having more than 80% hACE2 on their sur-
face. The sorted A549-hACE2 cells were maintained in 
RPMI supplemented with 10% heat inactivated FBS, 
1% sodium pyruvate, 0.5% HEPES and antibiotics 
(penicillin/streptomycin). Calu-3 cell line (EP-CL- 
0054, Elabscience Biotechnology Inc) was cultivated 
in the presence of DMEM (Sigma #D6429), 10% 
FBS, penicillin/streptomycin, 25 mM Hepes (Sigma 
#H0887). All cell lines were cultivated at 37°C / 5% 
CO2.

Virus production, purification and titration

SARS-CoV-2 strains used (detailed in the Supplementary 
Table 1) are: Wuhan, sequence: EPI_ISL_410720 
(GISAID ID); D614G, sequence EPI_ISL_414631 
(GISAID ID); ALPHA (UK), sequence 
EPI_ISL_1138411; BETA (South African), sequence 
EPI_ISL_1138745; DELTA, sequence EPI_ISL_3030060; 
GAMMA (Brasil), sequence EPI_ISL_2280284; Omi-
cron, sequence EPI_ISL_8353353; Omicron BA.2, 
sequence EPI_ISL_9879476; Omicron BA.5, sequence 
EPI_ISL_13017789; Omicron XBB1.5, sequence 
EPI_ISL_16319988. These strains were supplied by the 
Institute Pasteur in the frame of a project that has received 
funding from the European Union’s Horizon 2020 
research and innovation programme under grant agree-
ment #653316.

The virus strains were propagated in Vero E6 cells 
with DMEM containing 2.5% FBS at 37°C-5% CO2 
and were harvested 72 h post-inoculation. Virus stocks 
were harvested and stored at −80°C as described [30]. 
The titers were determined by means of a plaque 
assay on a monolayer of Vero E6 cells as previously 
described [31]. Briefly, 100 μL from infected cell culture 
supernatants were titrated using 12 serial dilutions. The 
plaque-forming unit (PFU) values were determined by 
scoring the wells displaying cytopathic effects from 6 
replicates/condition. The virus titer was determined as 
the number of PFU/mL, and multiplicity of infection 
(MOI) was the PFU/cell ratio.

Microscopy immunolabeling and imaging

Vero E6, A549-hACE2 and Calu-3 cells were cultured 
and infected with SARS-CoV-2 as described above. 
Cells were incubated with primary antibodies (C8 or 
C10) at different concentrations (ranging from 1 µg/ 

mL to 50 µg/mL) during 1 h (4°C in PBS + 2% FBS) 
and then incubated with an Alexa Fluor® 647 anti- 
human IgG Fc secondary antibody (diluted 1:200; 
clone M1310G05 from BioLegend #410713) or goat 
anti-human IgG F(ab’)2 (1:200; polyclonal from Invi-
trogen # AB_429704) for 45 min. After washing, 
nuclei were labelled with Hoechst dye (1:5000; Mol-
ecular Probes). Images were acquired using a CellDis-
coverer 7 LSM900 Airyscan2 microscope (ZEISS) 
equipped with a 10X (x2) and 20X (x2) objectives. 
Image analysis was performed using ZEN lite. Live- 
cell imaging was performed with time-lapse acqui-
sition every 5 min over a 10-hour period (121 images) 
to visualize the cytotoxic capacity of C10-CAR-T cells. 
Infected cells were labelled in green (through the use 
of NeoGreen virus, a fluorescent SARS-COV-2 mol-
ecular clone) [32] and effector cells in red and blue 
(through the use of anti-CD45-APC antibody (Clone 
HI30, BioLegend) and Hoechst dye at 1:5000, 
respectively).

Real-time cytotoxicity assay

The cytotoxicity assay was performed using an xCEL-
Ligence real-time cell analyser (RTCA) System (Agi-
lent Technology). Impedance-based RTCA was used 
for label-free and real-time monitoring of cytolysis 
activity. The cell index (CI) based on the measured 
cell-electrode impedance was used to measure cell 
viability.

For cytotoxic activity against Spike-expressing cells, 
basal readout was performed by addition of 50 μL of 
DMEM supplemented with 10% FBS, afterwards 1 ×  
104 target cells were seeded in E-plate 16 (Agilent, 
ref: 5469830001) and incubated for 16–24 h at 37 ° 
C/5%CO2 in 50 μL DMEM supplemented with 10% 
FBS to allow their attachment. After the attachment 
period, CAR-T cells were added on top in 100 μL of 
RPMI-1640 supplemented with 10% FBS in an effector 
to target ratio 5:1.

For cytotoxic activity against infected lung epi-
thelial cells, Calu-3 were used. Basal readout was per-
formed by addition of 200 µL of DMEM 
supplemented with 10% FBS. Afterwards, Calu-3 
were seeded at a density of 1,7 × 104 cells per well 
and grown for 72 h at 37°C/5% CO2 in 200 µL 
DMEM supplemented with 10% FBS to allow their 
attachment and growing. After the attachment period, 
Calu-3 were infected with SARS-CoV-2 (MOI 10−4) in 
DMEM without FBS during two hours. Afterwards, 
the medium was replaced by 80 µL of fresh RPMI- 
1640 supplemented with 10% FBS. Seven hours later, 
un-transduced cells (UTD) or SARS-CoV-2-directed 
CAR-T cells were added on top of the RTCA unit in 
80 µL of RPMI-1640 at 5:1 ratio (effector:target). For 
ADCC assessment, primary NK cells were added at 
1:1 (effector:target) ratio. NK cells were previously 
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incubated with the C10 mAb, the F(ab’)2 fragment of 
C10 or the mutated C10-LALA-PG (at 10  µg/ml) for 
1 h. The impedance signals were recorded for 96– 
120 h every 20-minute intervals.

Consecutive cytotoxicity assays

To evaluate the persistence in the cytotoxicity of CAR- 
T lymphocytes targeting the SARS-CoV-2 S protein, 
target cells and CAR-T lymphocytes were seeded at a 
5:1 ratio in 48-well plates. After 48 h, double the initial 
number of target cells was added to the same well 
(rechallenge), repeating this process until reaching 
the fourth rechallenge. The final fourth rechallenge 
was conducted in the xCELLigence system to evaluate 
differences in the cytotoxicity activity of the different 
CAR-T lymphocytes. After the last rechallenge, the 
expression of markers associated with T-cell exhaus-
tion was evaluated by flow cytometry. During the 
course of the experiment, at each rechallenge time-
point, a constant volume of cell culture was collected 
to label the cells with CD3 or CD45, in order to assess 
the variation of number of T lymphocytes during these 
cytotoxicity assays.

Enzyme-linked immunosorbent assay (ELISA)

Co-culture supernatants were analysed for cytokine 
production (IFNγ and IL-2) by ELISA, following the 
manufacturer’s instructions (DuoSet Elisa, R&D Sys-
tems, Abington, UK). ELISA plates (NUNC-IMMUNO 
Maxisorp, Thermofisher, Waltham, USA) were coated 
(100 μl/well) with the capture antibody diluted at the 
working concentration in PBS at room temperature 
overnight. Then, plates were washed and blocked by 
adding 300 μL PBS containing 1% BSA to each well 
and incubated at room temperature for 1 h. The 
ELISA assay procedures were performed after sample 
dilution in Reagent Diluent. Briefly, 100 μL of sample 
or standards diluted in Reagent Diluent were added 
per well and incubated 2 h at room temperature. 
After three wash steps with 400 μL Wash Buffer, 
100 μL of the Detection Antibody, diluted in Reagent 
Diluent, were added to each well and incubated 2 h at 
room temperature. After three wash steps, 100 μL of 
the working dilution of Streptavidin-HRP were added 
to each well and incubated for 20 min at room tempera-
ture. Again, after three wash steps, 100 μL of the work-
ing dilution of Substrate Solution were added to each 
well and incubated for 20 min at room temperature. 
Then, 50 μL of Stop Solution were added to each well 
and the plate was gently mixed. The optical density of 
each well was immediately determined using Epoch 
microplate spectrophotometer (BioTek Instrumentals, 
Inc., Winooski, VT, USA).

Flow cytometry

During the T-cell expansion, the following mAbs were 
employed: anti-CD4-PerCP (BD Biosciences, 555348), 
anti-CD8-AlexaFluor700 (BD Biosciences, 345773). 
CARs were detected using Biotin-SP AffiniPure Goat 
Anti-Mouse IgG, F(ab’)2 fragment (Jackson Immu-
noResearch, 115-065-072) and Streptavidin-PE 
(eBioscience, 12-4317-87). In the case of the T-cell 
exhaustion panel, the following antibodies were 
employed: anti-PD1-APC (BD Biosciences, 558694), 
anti-CTLA4-PE (BD Biosciences, 557301), anti- 
LAG3-PeCy7 (eBioscience, 25-2239-42) and anti- 
CD8-APC H7 (BD Biosciences, 566855). In order to 
evaluate total T-cell proliferation an anti-CD3- 
BV510 antibody (BD Biosciences, 564713) was used.

For the detection of Spike expression, a rabbit mAb 
against the Spike protein was employed, followed by a 
staining with a mouse-anti rabbit IgG-FITC secondary 
antibody. Samples were run through the fluorescence- 
activated cell sorting flow cytometer Attune, and data 
were analysed using the FlowJo Software.

Luminiscence assay

For luminescence determination the Pierce™ Gaussia 
Luciferase Glow Assay Kit (ThermoFischer Scientific) 
was employed. A549GS or 293GS cells (1× 104) were 
plated in a white 96 flat well plate (ThermoFischer 
Scientific). Cells were lysed and coelenterazine was 
added to the cell lysate. After a 10-minute period incu-
bation, luminescence was read using Synergy HT spec-
trophotometer (Biotek, Vermont, USA).

Transcriptomic studies

RNA was extracted from the different CAR-T constructs 
and UTD. Total RNA was then purified from 5 × 105 

cells using the miRNeasy Micro (Qiagen GmbH) follow-
ing the manufacturer’s instructions. The quantification 
of all RNA samples was performed using the Nanodrop 
One (Thermo Fisher Scientific), and RNA integrity was 
evaluated using the Agilent 2100 Bioanalyser system. 
RNA expression profiling was performed using CAR- 
T Characterization Panel (770 genes covering the core 
pathways and cellular phenotypes that are known to pre-
dict CAR-T activity). Gene expression analysis was con-
ducted with the NanoString technology. Briefly, 5 μL/ 
sample containing 50 ng of total RNA was combined 
with the nCounter® reporter CodeSet (3 μL) and nCoun-
ter® capture ProbeSet (2 μL) along with hybridization 
buffer (5 μL) for an overnight hybridization reaction at 
65°C. The reaction was then cooled to 4°C, the samples 
were purified, immobilized on a cartridge, and the data 
were assessed using the nCounter SPRINT. All 
expression data was reviewed using NanoString® nSol-
verTM Analysis software 4.0. The up-regulated genes 
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were classified into the main 5 categories proposed by 
NanoString: Activation, Phenotype, Metabolism, Per-
sistence, and Exhaustion.

Quantification of cytokines and chemokines 
secreted by infected cells (Vero E6, A549-hACE2 
and Calu-3)

Secretion of soluble cytokines and chemokines was 
assayed from cell-free culture supernatants using 
bead-based immunoassays (LegendPlex, Biolegend). 
Two assays were used allowing the quantification of 
IL-1β, Il-6, TNF-α, CXCL10, IFN-λ1, IL-8, IL-12p70, 
IFN-α2, IFN-λ2/3, GM-CSF, IFN-β, IL-10, IFN-γ 
(LegendPlex Human anti-virus response panel, Biole-
gend #740390) and IL-8, CXCL10, CCL11, CCL17, 
CCL2, CCL5, CCL3, CXCL9, CXCL5, CCL20, 
CXCL1, CXCL11, CCL4 (LegendPlex Human proi-
nflammatory chemokines panel, Biolegend #740985). 
Immunoassays plates were read on a Novocyte (Agilent 
Technologies) flow cytometer and data were analysed 
with the appropriate Biolegend LEGENDplexTM soft-
ware (https://legendplex.qognit.com).

Statistics

Statistical analyses were performed using Prism soft-
ware version 10.2.3 (GraphPad). Simple group com-
parisons were performed using the paired t-test. 
Multiple group comparisons were performed using 
Tukey’s multiple comparisons test. Significance was 
assigned as follows: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p <  
0.001, and ∗∗∗∗p < 0.0001.

Results

Identification and characterization of anti- 
SARS-CoV-2 Spike antibodies by phage display

To select antibodies against SARS-CoV-2-Spike, a 
large naive synthetic scFv library was used for 
three consecutive rounds of biopanning on recombi-
nant Wuhan Spike RBD captured by its poly-Histi-
dine tag in microtiter plates (Figure 1(A)). After 2 
and 3 rounds of panning the library was strongly 
enriched in RBD-positive clones, as shown by the 
positive signal by ELISA (Figure 1(B), left). Ninety- 
five clones were tested for binding and the best 7 
clones (B12, C8, D3, D8, D12, E10, G6, referred to 
as parental clones) with different VH sequences 
were conserved. These 7 VH were shuffled with the 
whole VL library of a diversity of 4 × 105, and the 
resulting library in a fragment antibody (Fab) format 
was displayed on phages and sorted in solution by 
capture in decreasing concentrations of RBD (Figure 
1(A)). To evaluate the efficiency of the process, pool 
of phages eluted after each round were tested for 

binding by ELISA in presence or absence of 10 nM 
competing soluble RBD. If binding is inhibited by 
the soluble RBD, this means that the Fabs expressed 
on phages are significantly complexed and likely 
have a nM affinity. Whereas the library before shuffl-
ing was only weakly inhibited (R3, 22%), after shuffl-
ing and selection all the libraries were strongly 
inhibited (R4 to R6.2, 67–88%) suggesting that 
most of the phages contained Fab with high affinities 
(Figure 1(B), right). In particular, the library after 2 
rounds at 10 nM (R6.1) was inhibited by 88% but the 
final round at 1 nM (R6.2) was presumably too strin-
gent and resulted in a decrease in the average affinity 
(R6.2, 59%). Individual clones from R5, R6.1 and 
R6.2 were tested by ELISA as soluble Fabs, quantified 
and ranked using dose–response curves (Figure 1
(C)). Four clones isolated from R5 showed a strong 
binding with an EC50 around 20–50 nM (2B3, 
2B2, 2B6, G12), and one high affinity clone with an 
EC50 around 2 nM (C10) was isolated from R6.1. 
No interesting clone was isolated from R6.2 as 
suggested by the decrease in the competition exper-
iment in Figure 1(B). These 5 clones were derived 
from 4 different parental VH (B12, D12, E10, G6) 
as shown in the phylogenic tree in Figure 1(D). 
We then measured the affinity of these 5 clones by 
SPR by capturing them to the chip and applying 
the monomeric RBD in the flow to avoid avidity 
effects. In parallel we also tested the parental clones, 
except B12 and D3 which were no more active after 
re-cloning from phages. In these conditions all the 
affinities are comparable in the nM range (1.1–2.6 
nM) but with different profiles. The non-matured 
parental clones (C8, D8, D12, E10, G6) showed an 
association rate faster than 5 × 105 M−1s−1 and a 
moderate dissociation rate around 10−3 s−1, whereas 
the matured Fab (2B3, 2B2, 2B6, G12, C10), showed 
slightly slower association rates around 2 × 105 

M−1s−1 and slower dissociation rates in the 10−4 

s−1 range (Figure 1(E)). The 10 clones were pro-
duced and purified as human IgG1 and tested by 
flow cytometry for binding to HEK293 cells stably 
expressing full-length Wuhan Spike at their surface. 
All the IgGs recognized the RBD presented in its 
native conformation at the cell surface but with 
different efficiencies (Supplementary Figure 1, Figure 
1(F)). In particular, C8 clone was very efficient and 
strongly stained the cell line, despite being a non- 
matured antibody with a moderate affinity (Figure 
1(F)). Based on their sequences, cytometry and SPR 
binding properties, we chose 2 clones for the design 
of CAR constructs. More precisely, C8 for its high 
binding to Spike expressing cells (Figure 1(F)), and 
C10 for its high affinity by SPR (Figure 1(E)). How-
ever, we first verified their binding capacity to RBD 
by ELISA in the scFv format used in CAR and 
showed activities comparable to the Fab format, 
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Figure 1. Antibody discovery. (A) Antibody selection against SARS-CoV-2-Spike. A large naive synthetic scFv library was used for 
three consecutive rounds of biopanning on recombinant Wuhan Spike RBD captured by its poly-Histidine tag in microtiter plates. 
(B) ELISA of pool of phages (1011 phages/well) eluted after each round of selection. Phages were detected using an HRP-coupled 
anti-M13 monoclonal antibody (Sino Biological #11973-MM05T-H). Bars represent the absorbance obtained by ELISA. (Left): Initial 
selection of the naive library (rounds R1, R2, R3). Absorbance of the ELISA on Spike RBD-coated (orange) or non-coated (blue) 
plates. (Right): Pool of phages selected after light-chain shuffling and selection (R4 to R6.2). Absorbance of the indicated 
phage stocks in an ELISA on RBD-coated plates (orange). Absorbance obtained with phage stocks first incubated with 10 nM 
of Spike RBD, then captured on RBD-coated plates (grey). (C) Binding capacity of 14 soluble selected Fabs recognizing Spike 
RBD determined by ELISA. (D) Phylogenic tree of selected clones. Parental clones isolated from R3, matured clones isolated 
from R5, R6.1 and R6.2 are depicted in red, green, blue and purple, respectively. (E) Affinity of 10 selected clones to monomeric 
RBD measured by SPR. (F) Binding of C8 and C10 IgGs to HEK293 cells stably expressing Wuhan Spike at the cell surface. C8 and 
C10 mAbs were used at 10 µg/mL and detected using an AF647-coupled anti-human antibody. Grey histogram: isotype antibody 
control. (G) Dose-response binding to RBD of purified scFv C8 and C10, assayed by ELISA.
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C10 showing a much lower EC50 (7 nM) than C8 
clones (67 nM) (Figure 1(G)). Finally, we employed 
SPR to assess the binding affinity of C8 and C10 
mAbs to the trimeric form of the Spike protein (as 
shown in Supplementary Figure 2). Our results 
demonstrate effective binding of both mAbs to the 
trimeric Spike forms of the Wuhan strain and the 
Delta variant. However, C10 displayed a ten-fold 
higher affinity compared to C8. When tested against 
the Omicron variant, the C8 clone failed to recognize 
the trimer, while C10 exhibited very high affinity, 
exceeding 80 pM. Interestingly, C10 affinity for the 
Wuhan strain Spike trimer was significantly lower 

than that of clone S309 (the parent antibody of 
Sotrovimab), with Kd values of 0.2 and 0.04 nM, 
respectively. However, for the Delta variant, the 
affinities became comparable (0.05 and 0.09 nM for 
C10 and S309, respectively), and, against the Omi-
cron variant, C10 demonstrated a 3.5-fold better 
affinity compared to S309 (80 pM vs. 280 pM). In 
conclusion, our evaluation using the trimeric Spike 
protein revealed that C10 exhibits comparable bind-
ing affinities to the S309 clone. However, C10 
demonstrates a significantly greater resilience against 
mutations present in the Delta and Omicron 
variants.

Figure 2. Identification of a broadly reactive coronavirus antibody. (A-B) Binding capacity of C8 and C10 mAbs to multiple SARS- 
CoV-2 VOCs. (A) Antibody binding on RBD-SD1 variants, assessed by ELISA. (B) Heatmap representation of ELISA data from panel 
A. EC50 values are reported in nanomolar (nb = no binding).
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Identification of a broadly reactive coronavirus 
antibody

A good candidate for SARS-CoV-2 targeting must be 
able to bind all the circulating VOCs. C8 and C10 
binding was assessed to multiple SARS-CoV-2 RBDs 
from VOCs spanning from the original Wuhan strain 
to more recent Omicrons (Figure 2). C10 mAb is 
able to bind all the RBDs tested, instead C8 fails to 
bind all Omicron (BA, BQ, and XBB) VOCs (Figure 
2(A,B)). Binding results on C10 suggest that its epi-
tope is located in a RBD conserved region. In order 
to obtain information on C10 epitope, binding compe-
tition with commercial mAbs, which epitopes are 
known, were performed using SPR. In addition, 
RBDs point mutants were used to discover if C10 
binding was affected by mutations in specific regions. 
C10 binds to all the RBDs mutants tested (Figure 3(A) 
and Supplementary Figure 3) and does not compete 
for RBD binding with clinically previously used 
mAbs Bebtelovimab, Cilgavimab, Tixacevimab 
(Figure 3(B)). Interestingly, it competes with the neu-
tralizing mAb rbd.042 that recognizes a coldspot of the 
SARS-CoV-2 Spike glycoprotein [13] (Figure 3(B)).

Experimental information on C10 binding to 
different RBDs mutants/variants and on C10 cross- 
competition with other anti-RBD antibodies with 
known epitope, were used to build a docking model 
for C10 binding to SARS-CoV-2 RBD [28,33,34]. 
Figure 3(C) shows the RBD surface representation 
with bound C10 based on the obtained docking 
model. C10 is shown in blue and ACE2 binding site 
is shown on RBD in pink. The putative epitope recog-
nized by C10 (also shown in blue on the RBD 
sequence) encompasses amino acid residues dispersed 
across various regions within the RBD, predominantly 
situated between residues 457 to 491 (Figure 3(C)). 
C10 binding model was analysed in the context of 
SARS-CoV-2 full S trimer. We observed that C10 
mAb makes clashes with adjacent Spike monomers 
when all the 3 RBDs are in “down” conformation. 
However, no clashes were observed when the RBDs 
are in “Up” conformation (Figure 3(C)). Overall, the 
docking model is in accordance with the cross-compe-
tition data on tested anti-RBD mAbs with known epi-
topes. It fits in a RBD region with no mutations (as 
C10 binds all the RBD mutants/variants tested).

Figure 3. Docking model of C10 mAb binding to Spike RBD. (A) Binding capacity of C8 and C10 mAb to SARS-CoV-2 mutated RBDs 
shown as heatmap (right; EC50 values are reported in nanomolar). C10 fingerprint on RBD with mutated residues tested in binding 
assays (left). Residues mutated in the RBDs tested are shown in red. Light blue is the C10 fingerprint (6Å). (B) C10 mAb competition 
with clinically previously used mAbs and the neutralizing mAb rbd.042 for RBD binding (right). C10 antibody was immobilized on 
chip; RBD was then flowed to form the RBD/antibody complex, and shortly thereafter, Tixacevimab, Cilgavimab, Bebtelovimab or 
rbd.042 mAbs were injected. The binding event detected at the final step for Tixacevimab, Cilgavimab and Bebtelovimab, indi-
cates that these second antibodies injected have a different epitope compared to the first (immobilized) antibody; instead, no 
binding, meaning competition, is detected for rbd.042. Structural representation of RBD with bound C10 and different Abs 
used for cross-competition experiments (left). (C) RBD surface representation with bound C10 based on the obtained with the 
docking model (left). C10 is shown in blue and ACE2 binding site is shown on RBD in pink. The putative epitope recognized 
by C10 (blue) encompasses amino acid residues dispersed across various regions within the RBD, predominantly situated in a 
region near the Subdomain 1 (SD1). C10 epitope accessibility on Spike trimer based on the docking model (right).
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C10 mAb binds to SARS-CoV-2 infected cells and 
mediates cell killing through ADCC

We assessed in parallel the functional properties of C8 
and C10 mAbs. We studied their neutralization poten-
tial as well as their ability to target infected cells, both 
properties being important for countering viral 
spread. Neither C8 nor C10 displayed neutralizing 
capacity (Supplementary Figure 4A). Nevertheless, 
both mAbs demonstrated binding to Vero cells 
infected with SARS-CoV-2, albeit with different 
efficiencies, with C10 showing superior performance 
over C8, as determined by dose–response experiments 
(Supplementary Figure 4B). Both mAbs were able to 
target Vero cells as well as lung epithelial cells 
(A549-hACE2 and Calu-3) infected with different 
VOCs (Supplementary Figure 4C, Figure 4(A)). 
Based on these observations, we next assessed the 
cytotoxic capacity of C8 and C10 mAbs. To this end, 
we performed a cytotoxic assay based on the measure 
of electrical current using RTCA xCELLigence, which 
allows the determination of a cell index based on the 
electric impedance produced by adherent target cells 
(Figure 4(B,C)). We set a co-culture of effector cells 
(primary NK cells) and target cells (SARS-CoV-2- 
infected Calu-3 lung epithelial cells) in the presence 
or in the absence of mAbs. We showed that C10 med-
iates the killing of SARS-CoV-2 infected lung epi-
thelial cells through NK-mediated ADCC (Figure 4
(C,D)). The cell killing capacity of C8 was reduced 
compared to C10, as it was only observed in 3 out of 
9 experiments, without reaching statistical signifi-
cance. This might be the result of the lower binding 
of C8 to SARS-CoV-2-infected cells compared to 
C10 (as observed in dose response experiments Sup-
plementary Figure 4B)), which likely accounts for its 
lack of ADCC activity in most of the tests conducted. 
This aligns with previous studies, which demonstrate 
that efficient ADCC requires sustained and robust 
binding of antiviral antibodies to viral antigens on 
the cell surface, and that stronger binding correlates 
with more effective killing activity [35]. Simul-
taneously, we evaluated the release of viral particles 
by infected target cells co-cultured with mAb-armed 
NK cells. Notably, a significant decrease in viral titer 
was observed in supernatants from infected cells co- 
cultured with C10-armed NK cells, whereas no such 
decrease was seen with C8-armed NK cells (Figure 4
(E)). This highlights the capacity of the C10 mAb to 
eliminate infected cells and contribute to the decrease 
of viral propagation.

We next investigated whether the infected cell-kill-
ing capacity of the C10 mAb was dependent on its Fc 
fragment. To address this, we generated the F(ab’)2 
fragment of C10 mAb and compared its cytotoxic 
activity to that of the full-length antibody. While the 
C10 F(ab’)2 fragment bound efficiently to SARS- 

CoV-2-infected cells, similar to the full-length C10 
mAb (Figure 4(F), left), it did not exhibit any cytotoxic 
effect against infected cells (Figure 4(F), right). 
Additionally, we conducted ADCC assays using an 
Fc-silenced C10 mAb, which was engineered with 
the LALA-PG mutation [25] to significantly reduce 
Fc receptor binding. Like the C10 F(ab’)2 fragment, 
the C10-Fc-LALA-PG mutant did not show any cyto-
toxic activity against SARS-CoV-2-infected cells (Sup-
plementary Figure 5). Overall, these findings show 
that the cytotoxic effect of the C10 mAb is Fc- 
dependent.

Development of second-generation CAR-T cells 
targeting SARS-CoV-2 spike protein

Based on the efficient binding capacity of C8 and C10 
mAbs to infected cells, we next sought to repurpose 
these non-neutralizing antibodies for CAR-T cell 
therapy. To this aim we developed second-generation 
CAR-T cells from their sequences. Four different CAR 
designs were generated, using C8 or C10 scFv 
sequences combined with either a CD28 or 4-1BB 
intracellular co-stimulation (named C8-28z/C10-28z 
and C8-BBz/C10-BBz, respectively) (Figure 5(A)). 
Lentiviral vectors encoding for the different CAR 
designs were used to transduce healthy donor T cells 
to determine that they were properly expressed. Fol-
lowing T-cell activation with CD3/CD28 stimulation, 
we next assessed CAR-T cell proliferation during a 
10 d course as an indicator of T-cell fitness. T cells 
expressing the different CAR molecules demonstrated 
a similar proliferation compared to control un-trans-
duced T cells (UTD) (Figure 5(B)). Last, we aimed 
to detect CAR expression on T cell surface by flow 
cytometry staining after 10-day proliferation. For 
that, cells were stained using mAbs that specifically 
detect the scFv region of the CAR molecule. Sample 
acquisition revealed expression of all four CAR mol-
ecules on the surface of human T cells (Figure 5(C)). 
Altoghether, these results show that the designed 
CAR constructs can be properly expressed on 
human T cells without affecting their fitness.

Evaluation of CAR-T cell activity against SARS- 
CoV-2 spike-expressing cells

We next sought to evaluate the functionality of the 
different CAR-T cells we developed. To this end, we 
established a cell line model expressing the Spike 
protein on the cell surface. This model served as an 
initial platform to assess CAR-T cell activity, circum-
venting the stringent constraints associated with hand-
ling SARS-CoV-2 infected cells. To this end, we 
generated HEK293T and A549 cell lines expressing 
Gaussia Pierce Luciferase and the Spike protein from 
the Wuhan strain (Supplementary Figure 6A), named 
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Figure 4. Targeting capacity of SARS-CoV-2 infected cells by C8 and C10 mAbs. (A) Binding of C10 mAb to Vero E6 and lung epi-
thelial cells infected with different SARS-CoV-2 VOCs. Non-infected cells (NI) were used as control. (B) Schematic representation of 
cytotoxicity assay timeline. (C) Graphical representation of cell index data obtained through the RTCA xCELLigence over-time, 
upon co-culture of non-infected cells (NI) or SARS-CoV2-infected Calu-3 cells (Inf) with NK cells armed or not with the C10 
mAb (NK-C10 and NK, respectively). (D) ADCC capacity of C8 and C10 mAbs using infected lung epithelial cells as targets and 
primary NK cells as effector cells. Values are from 9 (C8) and 13 (C10) independent measurements. Significance was assessed 
using a paired t-test. (E) Viral titers in supernatants of infected cells in the presence of C8- and C10-armed NK cells. Values are 
from 13 (C8) and 9 (C10) independent measurements. Significance was assessed using one-way ANOVA with Tukey’s multiple 
comparisons test. (F) Assessment of the binding to SARS-CoV-2-infected cells (left) and the cytotoxic capacity (right) of the F 
(ab’)2 fragment of C10 mAb as compared to the full-length (FL) C10 mAb. Values are from 4 independent measurements 
done in duplicate.
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Figure 5. Development of second-generation CAR-T cells from C8 and C10 mAbs. (A) Design of different transgenes encoding for 
second-generation CAR molecules using two C8 and C10 scFv sequences, and two different costimulatory domains, CD28 and 4- 
1BB (named C8-28z/C10-28z and C8-BBz/C10-BBz, respectively). (B) Graph shows CAR-T cell proliferation during 10 days after 
stimulation with CD3/CD28 Dynabeads and IL-2, assessed by flow cytometry. (C) Flow cytometry plots showing CAR surface 
expression of the different constructs on human T cells.
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293GS and A549GS, respectively. Both cell lines main-
tain the expression of Gaussia Luciferase (Supplemen-
tary Figure 6B) and express the Spike protein on the cell 
surface for at least 40 days. Of note, 293GS cells display 
a higher expression of the Spike protein on cell surface 
(Supplementary Figure 6C).

Subsequently, we performed a cytotoxic assay based 
on the measure of electrical current using RTCA 
xCELLigence, as above mentioned. We set a co-cul-
ture of CAR-T cells and target cells (293GS and 
A549GS) expressing the Spike protein at a 5:1 ratio. 
The results show a decrease in the cell index growth 
over time when target cells are co-cultured with 
CAR-T cells derived from the C10 scFv sequence, 
while C8-28z CAR-T does not have significant effect 
on target cell growth (Figure 6(A–D)). The C8-BBz 
CAR-T cell construct showed inefficient proliferation 
capacity (Figure 5(B)) and did not respond to target 
cells. Therefore, it was excluded from further exper-
iments. Repeated experiments using T cells derived 
from different donors demonstrate that C10-28z and 
C10-BBz CAR-T cells recognize and eliminate the 
Spike-expressing cell lines 293GS and A549GS (Figure 
6(C,D)). The analysis of the IFNγ and IL-2 release in 
cell culture supernatants revealed that UTD and C8- 
28z CAR-T cells do not produce detectable amounts 
of cytokines after 24 h of co-culture. On the contrary, 
C10-derived CAR-T cells exhibit substantial cytokine 
production, with notably higher secretion levels 
observed in C10-28z CAR-T cells compared to C10- 
BBz. This difference is particularly pronounced when 
co-cultured with 293GS cells (Figure 6(E,F)), 
suggesting that the Spike-expression level is key for 
CAR-T cell activation. These results prove that C10- 
derived CAR-T cells can be activated and perform a 
cytotoxic activity after encountering target cells. 
They also show that C10-28z CAR-T cells have a 
more potent activation than C10-BBz CAR-T cells.

CAR-T cells maintain their activity upon 
continuous stimulation by SARS-CoV-2 spike 
protein

We next investigated C8- and C10-derived CAR-T-cell 
persistence to evaluate if they could maintain their 
activity when encountering continuous stimulation 
by the targeted antigen. To address this issue, we 
designed a rechallenge experiment based on sequential 
co-cultures of CAR-T cells with Spike-expressing cells 
(Figure 7(A)). We evaluated whether the cytotoxic 
capacity of CAR-T cells was compromised after four 
consecutive challenges. Results show that even after 
facing a continuous stimulation, C10-28z and C10- 
BBz CAR-T cells maintain their cytotoxicity towards 
target cells (Figure 7(B)). We also determined by 
flow cytometry the proliferation of CAR-T cells during 
consecutive challenges, measuring the total count of 

CD3+ cells. Results show that C10-derived CAR-T 
cells, but not C8-derived, maintain their proliferation 
throughout the sequential challenges. It is also impor-
tant to note that C10-28z CAR-T cells exhibit a bigger 
expansion rate than the C10-BBz construct (Figure 7
(C)). Moreover, we evaluated CAR-T cells exhaustion 
profile by assessing the expression of exhaustion mar-
kers such as LAG-3, CTLA-4 and PD-1 by flow cyto-
metry. Results show a lower expression CTLA-4 and 
PD-1 exhaustion markers in C10-28z CAR-T cells as 
compared to C8-28z CAR-T cells (Figure 7(D–F)). 
Overall, the findings show a notably higher expansion 
rate and a reduced exhaustion phenotype in C10- 
derived CAR-T cells when compared to those derived 
from the C8 mAb.

CAR-T cells have cytotoxic activity against 
SARS-CoV-2-infected lung epithelial cells

We next examined the cytotoxic potential of the differ-
ent CAR-T cells against lung epithelial cells infected 
with SARS-CoV-2. This was important to asses as 
these cells secrete numerous cytokines and chemo-
kines (Supplementary Figure 7) [36] that might 
affect CAR-T cell efficacy. Notably, Calu-3 cells exhib-
ited a stronger inflammatory profile, both in the quan-
tity and diversity of cytokine and chemokine secretion 
(Supplementary Figure 7). Therefore, this cell line was 
chosen for assessing the cytotoxic activity of CAR-T 
cells to mimic the hyperinflammatory environment 
associated with SARS-CoV-2 infection. As previously 
described [37,38], we observed a pronounced virus- 
induced cytopathic effect in lung-epithelial infected 
cells in the absence of CAR-T cells (Figure 8(A), left 
panel). However, despite this cytopathic effect redu-
cing the window for assessing the cytotoxic potential 
of CAR-T cells, a significant decrease in the cell 
index growth over time was observed when Calu-3 
infected cells were co-cultured with C10-28z CAR-T 
cells (Figure 8(A), right panel-8B). The cytotoxic 
capacity of C10-derived CAR-T cells was also visual-
ized using cutting-edge imaging approaches (Sup-
plementary Video 1). We assessed in parallel the 
release of viral particles by infected target cells co-cul-
tured with the different CAR-T cells. Notably, a sig-
nificant decrease in the viral titer was observed in 
supernatants recovered from infected cells co-cultured 
with both types of C10-derived CAR-T cells (C10-28z 
CAR-T and C10-BBz). In contrast, C8-28z CAR-T 
cells showed no effect (Figure 8(C)), as the viral titers 
measured were similar to those observed in the 
absence of CAR-T cells. These findings corroborate 
the impact of C10-28z CAR-T cells on cell index 
growth and infected cell-killing capacity. Thus, our 
results demonstrate the cytotoxic activity of C10- 
derived CAR-T cells against SARS-CoV-2-infected 
lung epithelial cells. Furthermore, they underscore 
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the superior cytotoxic efficacy of C10-derived CAR-T 
cells against target cells, consistent with our obser-
vations in Spike-expressing cells.

The observed disparity in cytotoxic efficacity between 
C8- and C10-derived CAR-T cells prompted us to 
further characterize the different CAR-T cells, in an 

Figure 6. Evaluation of second generation CAR-T cell activity against Spike-expresing cells. (A,B) Graphical representation of cell 
index data obtained through the RTCA xCELLigence over-time. (C, D) Grouped analysis of CAR-T cell cytotoxicity against 293GS 
and A549GS cell lines at 48 h. Values are from 6 independent experiments. (E, F) Quantification of IL-2 and IFNγ at 24 h post co- 
culture of CAR-T cells with target cells. Values are from 5 independent measurements. Significance was assigned as follows: ∗p <  
0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001.
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attempt to identify molecular mechanisms potentially 
involved in the enhancement of cytotoxic activity. To 
this end, we performed transcriptomic analysis using 
the NanoString nCounter technology. This approach 
allowed us to identify differentially expressed genes of 
the different CAR-T cells. As depicted in Figure 8(D), 
the heatmap representation of upregulated and downre-
gulated genes shows a completely distinct transcrip-
tional profile between C8- and C10-derived CAR-T 
cells co-cultured with infected cells. Notably, as com-
pared to UTD co-cultured with infected cells, C10- 
derived CAR-T cells upregulated multiple genes associ-
ated with T-cell activation (PI3 K, JUN and NFκBIA as 
well as IL-2 and IFNGR2) and antiviral immune 
responses (IFNB, CXCL8, CXCL2, CXCL3), 

distinguishing them from C8-derived CAR-T cells 
(Figure 8(E)). Moreover, differentially expressed gene 
(DEG) analysis revealed specific signatures for each 
intracellular co-stimulation molecule, in particular 
genes involved in T-cell phenotype (AHR vs IL-4R and 
IL6ST) and persistence (Figure 8(F)). These obser-
vations show that specific SARS-CoV-2-CAR-T cell 
gene signatures are associated with successful response. 
The list of genes upregulated or downregulated and their 
fold increase is shown in Supplementary Tables 2–7.

Discussion

The emergence of immune evasive SARS-CoV-2 
VOCs underscores the urgent need for the 

Figure 7. Evaluation of in vitro CAR-T cell persistence. (A) Schematic representation of rechallenge experiment time course. CAR-T 
cells were first exposed to target cells (ratio 5:1) and allowed to engage and eliminate the targets over a period of 24 h. Post initial 
challenge, CAR-T cells were re-isolated and re-challenged with a fresh batch of target cells three times (2nd, 3rd and 4th chal-
lenge). (B) Graph shows grouped analysis of CAR-T cell cytotoxicity during 4th challenge. Values are from 5 independent measure-
ments. (C) Proliferation of CAR-T cells during the rechallenge experiment evaluated by total count of CD3+ T cells by flow 
cytometry. Values are from 4 independent measurements. (D-F) Exhaustion profile of the different CAR-T cells after 4 challenges 
evaluated by flow cytometry staining of PD-1, CTLA-4 and LAG-3 exhaustion markers. Values are from 4 independent measure-
ments. Significance was assigned as follows: ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.
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Figure 8. Evaluation of second generation CAR-T cells activity against infected cells and transcriptomic analysis of CAR-T cells. (A) 
Graphical representation of cell index data obtained through the RTCA xCELLigence over-time. Cell index data of non-infected (NI) 
and infected cells in the absence (left) and in the presence (right) of CAR-T cells. (B) Grouped analysis of CAR-T cells cytotoxicity 
against infected lung epithelial cells (Calu-3) at 48 h. (C) Viral titers in supernatants of Calu-3 infected cells in the absence and in 
the presence of C8- and C10-derived CAR-T cells. Values are from 6–7 independent experiments. (D) Heatmap representation of 
upregulated and downregulated genes in UTD, C8- and C10-derived CAR-T cells cultured with either non- infected or SARS-CoV-2 
infected cells. Two independent experiments. (E) Venn diagram of upregulated genes in C8- and C10-derived CAR-T cells cultured 
with SARS-CoV-2 infected cells and not present in UTD cells upon co-culture with infected cells. (F) Number and principal biologi-
cal pathways of differentially expressed genes in C10-derived CAR-T cells when exposed to infected cells, compared to the 
exposure to non-infected cells. Significance was assigned as follows: ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.
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development of novel therapeutic options against 
severe COVID-19, in particular for individuals at 
high-risk. The development of broadly reactive coro-
navirus mAbs and derived mAb-based molecules 
might help to overcome the diminished efficacy of 
neutralizing mAbs due to evolving antigenic landscape 
of SARS-CoV-2. Here, we described a non-neutraliz-
ing pan-SARS-CoV-2 mAb targeting a conserved 
region of SARS-CoV-2 that recognizes all tested 
VOCs and effectively binds to infected cells. This 
leverages the cytotoxic potential of this mAb, either 
in full-length format (through ADCC) or through its 
use for the generation of CAR-T cells for clearance 
of SARS-CoV-2-infected lung epithelial cells.

Our findings identify C10 as a pan-SARS-CoV-2 
mAb with remarkable binding efficiency to RBD pro-
teins harbouring various mutations. Its ability to 
recognize cells infected by diverse VOCs underscores 
its specificity towards a highly conserved region of 
the virus. Consistent with this notion, both our mol-
ecular docking model and cross-competition studies 
employing the rdd.042 mAb [13], suggest that C10 tar-
gets an epitope in a coldspot of the RBD predomi-
nantly situated between residues 457 to 491, near 
subdomain 1 (SD1). To further elucidate the precise 
epitope recognized by C10 mAb, future endeavours 
will necessitate obtaining the crystal structure, 
enabling a comprehensive characterization of its bind-
ing interactions.

In agreement with previous studies, our work high-
lights the therapeutic potential of non-neutralizing 
mAbs targeting conserved regions [12,39,40]. Notably, 
investigations have revealed that non-neutralizing 
antibodies generated in vaccinated individuals have 
been shown to mediate protection [40]. In addition, 
several non-neutralizing mAbs isolated from either 
vaccinated individuals or individuals that recovered 
from SARS-CoV-2 infection, have been show to med-
iate protection in mouse and hamster models of 
SARS-CoV-2 infection [12,39]. These protective 
effects manifest through a spectrum of mechanisms, 
including Fc-independent and Fc-dependent path-
ways, underlining that multiple mechanism of action 
such as ADCC and ADCP are involved in mAb- 
mediated protection [12,39,41]. Similar to C10 mAb, 
such mAbs were directed to highly conserved regions 
(coldspots). This underscores the rationale behind uti-
lizing non-neutralizing mAbs in the development of 
innovative therapeutic strategies [42]. These 
approaches might capitalize on the multifaceted 
mechanisms of action inherent in antiviral mAbs 
and their derivatives, which can play a pivotal role in 
controlling and clearing infected cells.

Many studies investigating the Fc-mediated anti-
viral effect of non-neutralizing anti-SARS-CoV-2 
mAbs have relied on reporter systems measuring 
FcγR binding [39] and/or the use of recombinant 

cells expressing the Spike protein [12]. Worthy of 
note, our research breaks new ground by demonstrat-
ing the ADCC capacity of C10 mAb against bona fide 
infected cells, which is much closer to the pathological 
conditions. Similarly, previous studies reporting the 
cytotoxic capacity of cell therapies based on antibody 
derivatives, such as the use of bi-specific T-cell enga-
gers [43], NK-CAR cells [44], CAR-macrophages 
[45] and conventional CAR-T cells [46], are also 
based on the use of non-infected Spike-expressing 
cells, which do not take into account the virus-induced 
cytopathic effect. In addition, none of these studies 
addressed the capacity of the different antibody-engin-
eered cells to control viral replication. Importantly, 
our findings demonstrate the cytotoxic capacity of 
CAR-T cells against SARS-CoV-2- infected cells. 
Our observations hold dual significance. Firstly, they 
demonstrated that CAR-T-cell mediated killing of 
lung-infected cells effectively reduce viral titers. Sec-
ondly, they reveal that CAR-T-cells retain their cyto-
toxic capacity in the strong pro-inflammatory 
environment associated with SARS-CoV-2-infected 
lung epithelial cells.

The observed difference in cytotoxic efficacy 
between CAR-T cells derived from C8 and C10 
mAbs underscores the intricate interplay of effective 
antigen binding, antigen expression levels, and the 
selection of signal transduction molecules. Studies 
have shown that the binding affinity of a CAR scFv 
can significantly impact T cell signalling strength, 
which, in turn, influences CAR-T cell function [47– 
49]. Specifically, affinity alterations achieved through 
mutagenesis of complementary-determining regions 
or by targeting different epitopes on the same antigen 
have been demonstrated to modulate T-cell responses. 
Thus, the specific epitope targeted by C10 can indeed 
play a crucial role in determining the effectiveness of 
the interaction (i.e. it may benefit from targeting a par-
ticularly immunogenic or accessible region on the S 
protein). In this context, it is particularly noteworthy 
the contrast in efficacy between C8- and C10-derived 
CAR-T cells employing the same intracellular co- 
stimulation (CD28), with the latter displaying robust 
cytotoxic activity while the former had negligible 
impact on target cell killing. This discrepancy aligns 
with the disparate binding capacities of the two 
mAbs (with C10 exhibiting superior binding). More-
over, the choice of intracellular co-stimulation further 
influences outcomes; C10-derived CAR-T cells 
employing either CD28 or 4-1BB intracellular co- 
stimulation yielded different results, with CD28 co- 
stimulation proving more efficacious. Notably, this 
enhanced efficacy correlates with distinct transcription 
profiles. While C8-derived CAR-T cells fail to exhibit 
enhanced gene expression in the presence of infected 
cells compared to UTD-CAR-T cells, both C10- 
derived CAR-T cells display increased expression of 
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genes associated with immune cell activation. Never-
theless, each intracellular co-stimulation molecule eli-
cits unique transcriptional signatures, particularly in 
genes related to T-cell phenotype and persistence, in 
agreement with previous studies in the context of 
anticancer CAR-T cell-based therapeutic approaches 
[50–53]. These differences underscore the importance 
of tailored approaches in the development of effective 
antiviral CAR-T cell therapies, necessitating meticu-
lous consideration of antigen binding properties and 
intracellular signalling cascades to optimize thera-
peutic outcomes.

Our study underscores the potential use of CAR-T 
cell-based therapies to combat coronavirus infections. 
While adoptive T-cell therapies are undergoing clini-
cal trials [18], CAR-T cells are increasingly recognized 
for their potential in fighting infectious diseases, 
including SARS-CoV-2 [17,54]. However, this 
approach still faces numerous limitations, including 
challenges related to the acute nature of SARS-CoV- 
2 infection. This hinders the use of autologous cells 
due to the time required for CAR-T cell generation. 
Therefore, the generation of “off-the-shelf” Universal 
CAR-T might help overcome several drawbacks of 
conventional CAR-T cells [55]. First, they might 
allow the immediate availability of a stored and 
ready to use T-cell product usable for any patient. 
Second, it might allow to overcome the suboptimal 
amounts of T-cells available in immunocompromised 
patients and/or due to the lymphopenia associated 
with SARS-CoV-2 infection. Third, it might help 
reducing the extremely high costs associated with 
autologous patient cell-derived CAR-T cells. However, 
allogeneic CAR-T approaches pose two major chal-
lenges: the risk of graft-versus-host disease (GvHD) 
and the potential for rapid elimination of the allo-
geneic T cells by the host immune system. To mitigate 
these risks, sophisticated genetic engineering tech-
niques are being developed. This includes the use of 
gene editing tools like CRISPR to create “universal” 
CAR-T cells by knocking out HLA class I and II mol-
ecules or the T cell receptor (TCR). Additionally, 
protein retention systems can prevent TCR assembly 
on the T-cell surface, further reducing the risk of 
GvHD [56,57]. Such allogeneic CAR-T cells, main-
taining cytotoxic potential while mitigating alloreac-
tivity, are currently under development [58,59] and 
clinical testing [60] (https://clinicaltrials.gov/study/ 
NCT04093596). Addressing immune rejection in allo-
geneic CAR-T therapy also involves combining gen-
etic engineering with other therapeutic strategies, 
such as immune checkpoint modulation and co-infu-
sion with regulatory cells [56,57].

Other challenges are also associated with CAR-T 
cell therapy, including cytopenia, poor trafficking 
and cytokine syndrome release. Cytopenia can be 
addressed through several tailored approaches, 

depending on the underlying cause, specific type and 
severity of the cytopenia, and the patient’s overall con-
dition [61]. These strategies include the adminis-
tration of growth factors, such as G-CSF for 
neutropenia and erythropoiesis-stimulating agents 
for anemia, as well as blood and platelet transfusions. 
Additionally, reducing infection risk is crucial. Corti-
costeroids and/or immunosuppressive agents can also 
be employed for managing both immune-mediated 
cytopenia and cytokine release syndrome. Enhancing 
the trafficking and persistence of CAR-T cells is criti-
cal for optimizing CAR-T cell therapy. Several strat-
egies can be employed, including engineering CAR- 
T cells to secrete cytokines that promote immune 
cell recruitment or to co-express homing receptors 
that guide them to target tissues. Additionally, upregu-
lating adhesion molecules can improve CAR-T cell 
interactions with endothelial cells, enhancing their 
infiltration into sites of disease [62–64]. These and 
other approaches might allow improved cell traffick-
ing and lifelong persistence of the treatment. Finally, 
in the particular context of SARS-CoV-2 infection, 
approaches to counteract the hyperinflammation 
associated with both the viral infection and CAR-T 
cell therapy may need to be considered. In this regard, 
several FDA-approved drugs have demonstrated 
efficacy in inhibiting cytokine release from CAR-T 
cells and attenuating SARS-CoV-2-mediated lethal 
inflammation [65].

The efficient targeting and killing of infected cells 
by pan SARS-CoV-2 mAbs might also be leveraged 
in other cell-based therapeutic approaches, such as 
allogenic CAR-NK cells. These cells have been 
shown to be well tolerated without evidence of 
GvHD [66]. Moreover, antibody fragments from 
potent anti-SARS-CoV-2 mAbs that specifically target 
infected cells, like C10, can be used to develop differ-
ent antibody-based therapeutic products such as bi- 
specific antibodies and T-cell engagers. These enga-
gers are able to target infected cells and recruit cyto-
toxic immune cells to sites of infection. Such 
compounds have shown therapeutic efficacy in cancer 
patients and may circumvent the challenges associated 
with genetically modifying immune cells at a reduced 
cost [67]. Finally, the utilization of infected cell-target-
ing, pan SARS-CoV-2 mAbs in their full-length for-
mat, either unmodified or engineered to enhance 
ADCC, could offer another therapeutic avenue to 
reduce viral burden. Given that the severity of 
COVID-19 is frequently associated with its respiratory 
symptoms, in addition to systemic administration, the 
direct delivery of potent mAbs through inhalation 
warrants consideration. Indeed, inhalation of a combi-
nation of anti-SARS-CoV-2 mAbs has been demon-
strated to be safe and resulted in a higher proportion 
of participants experiencing complete resolution of 
respiratory symptoms [68]. This underscores the 
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potential utility of inhaled protective antibodies in the 
management of COVID-19.

In conclusion, we discover a pan SARS-CoV-2 
mAb that binds to a conserved epitope and targets 
infected cells. This mAb offers numerous potential 
applications in both antibody-based and cell-based 
therapeutic approaches. This advancement signifi-
cantly expands the therapeutic options available to 
combat the evolving antigenic landscape of SARS- 
CoV-2 and overcome the inefficacies of available anti-
body-based therapeutic approaches.
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