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Effective chimeric antigen receptor
T cells against SARS-CoV-2

Xueyang Guo,1,2,3 Alexandra Kazanova,1,2,3 Stephanie Thurmond,1,2,3 H. Uri Saragovi,4

and Christopher E. Rudd1,2,3,5,6,*

SUMMARY

Current therapies to treat coronavirus disease 2019 (COVID-19) involve vaccines
against the spike protein S1 of SARS-CoV-2. Here, we outline an alternative
approach involving chimeric antigen receptors (CARs) in T cells (CAR-Ts). CAR-T
recognition of the SARS-CoV-2 receptor-binding domain (RBD) peptide induced
ribosomal protein S6 phosphorylation, the increased expression of activation an-
tigen, CD69 and effectors, interferon-g, granzyme B, perforin, and Fas-ligand on
overlapping subsets of CAR-Ts. CAR-Ts further showed potent in vitro killing of
target cells loaded with RBD, S1 peptide, or expressing the S1 protein. The effi-
cacy of killing varied with different sized hinge regions, whereas time-lapse
microscopy showed CAR-T cluster formation around RBD-expressing targets.
Cytolysis of targets was mediated primarily by the GZMB/perforin pathway.
Lastly, we showed in vivo killing of S1-expressing cells by our SARS-CoV-2 CAR-Ts
in mice. The successful generation of SARS-CoV-2 CAR-Ts represents a living vac-
cine approach for the treatment of COVID-19.

INTRODUCTION

SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) is a positive-sense single-strandedRNA virus and

the cause of coronavirus disease 2019 (COVID-19). The severity of COVID-19 ranges from asymptomatic to mild

self-limiting disease to severe and acute respiratory distress syndrome, neurological symptoms, and death

(Amanat and Krammer, 2020; Tay et al., 2020; ter Meulen et al., 2006). SARS-CoV-2 has an incubation period

of 4–7 days before symptom onset, followed in some cases by the progression to severe disease (Peng et al.,

2020). Current therapies include the use of vaccines, convalescent plasma (Bloch et al., 2020), and re-purposed

anti-viral treatments (Sarzi-Puttini et al., 2020) such as umifenovir (Xu et al., 2020) and remdesivir/ribavirin (Jean

et al., 2020). Other approaches include the use of anti-interleukin-7 (IL-7), anti-IL-6 receptor antibodies, and cor-

ticosteroids to dampen the inflammatory immune response (Russell et al., 2020; Tharmarajah et al., 2021) and

neutralizing monoclonal antibodies (mAbs) that bind to viral proteins that are critical for attachment and entry

to mammalian cells (Altmann and Boyton, 2020).

SARS-CoV-2 contains glycosylated spike (S) protein that facilitates viral attachment and cell entry and plays

a critical role in the elicitation of the host immune response (Grifoni et al., 2020; Meckiff et al., 2020; Pre-

mkumar et al., 2020; Varchetta et al., 2020; Wu et al., 2020). It binds to the human angiotensin-converting

enzyme 2 (ACE2) (Hoffmann et al., 2020b; Letko et al., 2020), which is the target of neutralizing antibodies

(Cao et al., 2020; Shi et al., 2020). The S protein forms a trimer where each monomer has two subunits

(S1 and S2) separated by a cleavage site that is recognized by host cell proteases (Hoffmann et al.,

2020a). The S1 subunit is composed of the signal peptide (SP), N terminal domain (NTD), and receptor-

binding domain (RBD), whereas the S2 subunit mediates membrane fusion. The RBD region is comprised

of a 5-stranded anti-parallel beta-sheet between the b4-7 strands and is an extended insertion of short b5-6

strands. The extension carries the receptor-binding motif (RBM) that binds to the ACE2 receptor for entry

into respiratory and digestive epithelial cells (Lan et al., 2020). The three RBDs on the S protein head show

conformational variability. In a closed conformation, the three RBDs are flat with the RBM occluded,

whereas in an open conformation, one or more RBDs lift to expose the RBM.

Severe COVID-19 patients show marked lymphopenia (Braun et al., 2020; Cizmecioglu et al., 2020),

increased pro-inflammatory cytokines and chemokines (Song et al., 2020), and high neutrophil levels in
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peripheral blood (Song et al., 2020; Varchetta et al., 2020). Several studies have delineated aspects of cell

immunity that determines disease outcomes (Braun et al., 2020; Campbell et al., 2020; Cheng et al., 2020;

Weiskopf et al., 2020). Mild cases are associated with antibody response, CD4 and CD8 T cell responses,

whereas severe cases involve the loss of T cells and reduced antibody responses (Rydyznski Moderbacher

et al., 2020; Weiskopf et al., 2020). To date, the vaccines have been approved, although the long-term

efficacy of antibodies induced by these vaccines is still under evaluation (Amanat and Krammer, 2020).

Other approaches include adoptive cell transfer of immune and stem cells (Shetty, 2020), serum from

convalescent or recovered patients, and the use of hexapeptides corresponding to the ACE2-interacting

domain of SARS-CoV-2 (AIDS) to inhibit S1 subunit binding to the ACE2 receptor (Paidi et al., 2021).

Because the long-term efficacy of antibodies induced by vaccines and the overall resistance to new variants

is unclear, it will be important to consider alternate approaches. It is also unclear how well immunocompro-

mised or aged individuals respond to immunization, especially for long-term immunity and immune mem-

ory. In influenza infection, CD8 T cells cannot prevent infection but are needed to resolve infections (Allan

et al., 1990). In mousemodels, T cells can promote recovery from lethal flu infections in the absence of B cells

and antibodies (Epstein et al., 1998; Graham and Braciale, 1997). In humans, the number of influenza-specific

cytolytic T cells (CTLs) correlates with the rate of viral clearance (McMichael et al., 1986). The presentation of

viral peptides by major histocompatibility class 1 antigens activates CD8+ T cells for the development of

effector functions against host cells presenting viral determinants. Effectors control viral expansion via

the production of cytokines such as interferon-gamma (IFN-g), the expression of Fas-ligand, and the release

of granules containing perforin and granzymes such as granzyme B (GZMB) (Topham et al., 1997). In keeping

with the importance of cellular-mediated immunity in COVID-19, a reduction in CD8 cells is correlated with a

worse prognosis (Urra et al., 2020), whereas SARS-CoV-2-specific T cell responses promote disease resolu-

tion and reduce the severity of infection (Rydyznski Moderbacher et al., 2020). The fact that CD4 and CD8

T cell responses are induced during infection indicates that SARS-CoV-2 peptides can be processed and

presented to T cells (Grifoni et al., 2020; Meckiff et al., 2020; Premkumar et al., 2020; Rydyznski Moderbacher

et al., 2020; Weiskopf et al., 2020). Mass spectrometry has detected SARS-CoV-2 virus-derived peptides

from the epithelial cells, or gargle, of patients with infections (Ihling et al., 2020; Nikolaev et al., 2020),

whereas another study reported SARS-CoV-2 S protein expressed on the surface of infected cells, resulting

in syncytia formation with ACE2-expressing cells (Buchrieser et al., 2021).

Although the development and use of chimeric antigen receptor (CAR) is an effective immunotherapy

against hematologic cancers, the potential of CAR-T cells (CAR-Ts) in preventing or treating severe cases

of COVID-19 has not yet been exploited (Kawalekar et al., 2016; Posey et al., 2016). CARs combine an

antigen recognition domain of a specific antibody with an intracellular domain of the CD3z chain or FcgRI

protein into a single chimeric protein (Gross et al., 1989; Irving and Weiss, 1991). The inclusion of intracel-

lular motifs from the co-receptors CD28 and CD137 (4-1BB) extend the longevity of CAR-Ts (Jena et al.,

2010; Maus and June, 2016). CAR-Ts against relapsed acute lymphoblastic leukemia (ALL) have been asso-

ciated with durable and sustained remissions for up to 24 months (Maude et al., 2014). Severe cytokine-

release syndrome in a minority of patients has been effectively treated with the anti-IL-6 receptor antibody,

tocilizumab (Maude et al., 2014). Three CAR-T-based drugs (Breyanzi, Yescarta, and Kymriah) have been

approved by Food and Drug Administration, whereas other trials are presently underway in many academic

medical centers (Sadelain et al., 2009). In the case of SARS-CoV-2 (Grifoni et al., 2020; Meckiff et al., 2020;

Premkumar et al., 2020; Rydyznski Moderbacher et al., 2020; Weiskopf et al., 2020), the induction of T cell

responses with different clonotypes indicates that SARS-CoV-2-derived peptides are likely available for

recognition by appropriately designed CAR-Ts.

Surprisingly, although some CAR-Ts have been used to target hepatitis B virus envelope proteins in mice (Krebs

et al., 2013), the potential of CAR-Ts in the treatment of SARS-CoV-2 infection has not been explored (Seif et al.,

2019). In this study, we aimed to evaluate the feasibility of anti-SARS-CoV-2 CAR immunotherapy.We report the

design and generation of different CAR-Ts that recognize and kill target cells loaded with the RBD region of the

SARS-CoV-2 spike protein. The CAR-Ts could be phenotypically segregated into subsets expressing effector

molecules, granzyme B, perforin, IFN-g, and FasL. Further, our work demonstrated that CAR-Ts against

SARS-CoV-2 can be generated to elicit the in vitro and in vivo killing of RBD and S1-bearing target cells. This

approach offers a new potential therapeutic approach for the treatment of COVID-19 for longer-term immunity.

Futureworkwill evaluate the efficacy of the different generatedCAR-Ts for targeting the emerging threat caused

by the different variants of SARS-CoV-2 Spike mutations.
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Figure 1. Design of anti-SARS-CoV-2 S1 CAR-Ts and effect on CD69 activation marker expression

(A) Design of anti-SARS-CoV-2 S1 CAR-Ts. The CR3022 scFv region was coupled to a Flag-Tag followed by different hinge

regions and then the CD28 transmembrane (TM) domain and intracellular domain and a CD3z intracellular domain. The

hinge regions included a 39 amino acid CD28 hinge (CR3022-28Z), a 47 aa CD8a chain (CR3022-8a-28Z), a 119 aa CH3

region hinge (CR3022-CH3-28Z), or a 229 aa IgG4 hinge (CR3022-IgG4-28Z). As a control, a CAR lacking a scFv region

(Flag-28Z) and another with the scFv region of monoclonal antibody CR3014 (CR3014-28Z).

(B) Flow cytometric profiles of the CAR construct expression in T cells. CAR expression was detected by staining the Flag-

tag, and the EGFP was used for cell sorting (n = 5) (also see Figures S1 and S2).

(C) Expression of surface activation antigen CD69 on CAR-Ts. (Left panel) Histogram showing CD69 expression on

different CAR-Ts (Flag-28Z, CR3014-28Z, CR3022-28Z, CR3022-8a-28Z, CR3022-CH3-28Z, and CR3022-IgG4-28Z). (Right

panel) FACS profile showing CD69 expression on the different CARs after incubation with 293-ACE2 or 293-ACE2-RBD

cells for 20 h. Data are shown as mean G SD of triplicate samples. ****p < 0.0001 (compared with Flag-28Z by one-way

ANOVA, n = 5) (also see Figure S3).

(D) Increased CD69 expression on CR3022-28Z CAR-T in response to 293-ACE2 cells preincubated with different

concentrations of the RBD peptide. CAR-Ts were co-cultured for 20 h with 293-ACE2 cells preincubated with various

concentrations of the RBD peptide for 1 h prior to co-culture. Data are shown as mean G SD of triplicate samples. *p <

0.05, ***p < 0.001, ****p < 0.0001 (two-tailed Student’s t test, n = 2).

(E) viSNE profiles of CAR and CD69 expression on CAR-Ts. (Left panel) Anti-Flag staining shows the surface expression of

the Flag-tagged CARs in islands i, ii, and iii after 20 h of incubation with 293-ACE2 and 293-ACE2-RBD cells, whereas anti-

CD69 staining shows the expression of CD69 in CAR-Ts (CR3022-28Z, CR3022-8a-28Z, CR3022-CH3-28Z, or CR3022-IgG4-

28Z CAR-Ts) (n = 3). (Right panels) Histograms showing changes in the percent representation of CAR-Ts in island i relative
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RESULTS

Anti-SARS-CoV-2 CAR design

A neutralizing antibody from a convalescent SARS patient termed CR3022 binds to the RBD region of both

SARS-CoV-1 and SARS-CoV-2 spike protein (Tian et al., 2020). Based on its sequence, the CR3022 single-

chain variable fragment (scFv) was cloned into the bicistronic lentiviral vector (pHIV) followed by a Flag-tag

sequence (DYKDDDDK), a hinge region, the CD28 transmembrane (TM), and intracellular domain and the

CD3z intracellular domain. CARs are comprised of different hinge regions that included either a 39 amino

acid (aa) CD28 hinge (CR3022-28Z) (residues 114–152), a 47 aa CD8a chain (residues 136–182) (CR3022-8a-

28Z), a 119 aa CH3 region hinge (residues 221–327) (CR3022-CH3-28Z), or a 229 aa IgG4 region hinge (res-

idues 99–327) (CR3022-IgG4-28Z) (Figure 1A). As a control, we generated a CAR lacking an scFv region

(Flag-28Z) and another with the scFv region of another monoclonal antibody termed CR3014 that reacts

only with the RBD region of SARS-CoV-1 (CR3014-28Z). The n represents the number of single experiments,

each from a different, individual donor. This measure applied to all figures in the paper. Each pHIV bicis-

tronic lentiviral construct contained IRES-EGFP, allowing for sorting and tracking the CAR-Ts.

To generate CAR-Ts, peripheral blood mononuclear cells (PBMCs) from a given donor were stimulated

in vitro with anti-CD3 and anti-CD28 antibodies for 72 h followed by spinoculation with lentiviral superna-

tant, further culturing for 4 days in X-VIVO15 serum-free medium followed by fluorescence-activated cell

sorting (FACS) based on EGFP expression. Sorted CAR-Ts were then expanded in the same media supple-

mented with IL-2 for 2–3 weeks before their use in assays. Lentivirus-driven expression of the CR3022-28Z,

CR3022-8a-28Z, CR3022-CH3-28Z, or CR3022-IgG4-28Z constructs was confirmed by EGFP expression (Fig-

ure 1B). The CR3022-CH3-28Z construct was routinely observed to be expressed at slightly lower levels than

the other constructs. CAR expression on the surface of cells was confirmed by anti-Flag staining (Figures 1B

and S1). As a representative example, using CR3022-8a-28Z-transduced cells, anti-Flag-APC and EGFP

showed a similar heterogeneous viSNE pattern for CAR receptor expression. It could roughly be divided

into populations of cells with high (island i), intermediate (island ii), and low-nil expression (island iii).

The islands showed some overlap but defined a general trend of heterogeneity within the CAR-T popula-

tion. Lastly, flow cytometric staining with anti-CD4 and anti-CD8 antibodies showed similar proportions of

CD8+ and CD4+ cells among the CR3022-28Z, CR3022-8a-28Z, CR3022-CH3-28Z, or CR3022-IgG4-28Z-ex-

pressing CAR-Ts (Figure S2). These data showed that we were able to successfully transduce and maintain

CAR-Ts.

The binding to the S1 RBD peptide activates SARS-CoV-2 CAR-Ts

We next assessed whether the RBD viral sequence presented on the surface of cells could activate the

various CAR-Ts (Figure 1C). For this, 293-ACE2 cells were incubated with RBD peptide for 1 h (293-

ACE2-RBD) prior to co-culturing with the CAR-Ts for 20 h. The expression of hACE2 on the 293-ACE2 cells

was confirmed by flow cytometry (Figure S3). We initially examined changes in the expression of CD69 on

CAR-Ts, a well-established activation marker on the surface of T cells (Cibrian and Sanchez-Madrid, 2017).

Indeed, the co-culturing with 293-ACE2-RBD cells induced a marked increase in CD69 expression on the

CR3022-28Z, CR3022-8a-28Z, CR3022-CH3-28Z, or CR3022-IgG4-28Z CAR-Ts (left panel). As a negative

control, neither Flag-28Z nor CR3014-28Z CAR-Ts showed an increase in CD69. Similarly, standard flow cy-

tometry profiles of a representative donor showed that 293-ACE2-RBD cells induced an increase in CD69

expression on each of the CR3022 CAR-Ts (upper right panel), whereas no increase was seen with incuba-

tion with 293-ACE2 cells lacking RBD (lower right panel). Further, in a titration experiment, CD69 expression

was seen to increase in response to increasing concentrations of the RBD peptide preincubated with the

293-ACE2 cells (Figure 1D). In this case, we observed a titratable increase in the response to peptide as

Figure 1. Continued

to total CAR-Ts (upper right panel) and in the relative mean fluorescent intensity (MFI) values in island i (lower right

panel) (also see Figure S4).

(F) Induction of S6 phosphorylation in response to 293-ACE2-RBD cells. CR3022-8a-28Z CAR-Ts were incubated with 293-

ACE2 or 293-ACE2-RBD cells for 20 min prior to the detection of S6 phosphorylation by flow cytometry. In parallel,

CR3022-8a-28Z CAR-Ts were incubated with PMA and ionomycin for the same period. Data are shown as mean G SD of

triplicate samples. *p < 0.05, **p < 0.01 (compared with CAR-T only group by one-way ANOVA, n = 5).

(G) CR3022-28Z downregulation in response to 293-ACE2 cells preincubated with different concentrations of the RBD

peptide. CAR-Ts were co-cultured for 20 h with 293-ACE2 cells preincubated with various concentrations of the RBD

peptide for 1 h prior to the co-culture. Data are shown as meanG SD of triplicate samples. *p < 0.05, **** p < 0.0001 (two-

tailed Student’s t test, n = 2).
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low as 10 ng/mL. No response of the CR3014-28Z CAR-Ts was noted. The viability of cells in control and

stimulation assays was similar. These data showed clearly that the presentation of the RBD peptide induced

the expression of CD69 on the various CR3022 CAR-Ts.

We next assessed the heterogeneity of CD69 expression on CAR-Ts in more detail by viSNE and Cytobank

analysis (Alfei et al., 2019; McLane et al., 2019) (Figure 1E). The CD69 population could be divided into three

islands based on levels of expression (island i with the highest level, island ii with intermediate levels

[yellow/turquoise], and island iii with low-nil levels of CD69 [dark blue]). Importantly, the CD69 expression

patterns changed in response to 293-ACE2-RBD cells with an increase in the percentage of CAR-Ts in island

i relative to the total CAR-T population (from 35%–40% to 65%–70%; upper right panel) and an increase in

the relativemean fluorescent intensity (MFI) (from 1,000 to 1,800–2,000; lower right panel). No change in the

expression of CD69 on Flag-28Z or CR3014-28Z was seen. By contrast, islands ii and iii showed much lower

increase in expression and a decrease in their percent representation in the total CAR-T population

(Figure S4, left and right panels, respectively).

We also transduced Jurkat T cells to express different CARs andmonitored CD69 expression in response to

RBD peptide presented by Vero cells (Figure S5). Vero cells were co-incubated with 200 or 1000 ng/mL RBD

peptide. The CR3022 Jurkat cells, but not the CR3014 Jurkat cells, showed an increase in CD69 expression

in response to peptide in the presence of Vero cells.

In addition, as a nearly intracellular signaling event, we assessed the phosphorylation of the ribosomal pro-

tein S6, a key signal transduction event that regulates cell division, protein translation, and metabolism

(Roux et al., 2007) (Figure 1F). As an example, CR3022-8a-28Z CAR-Ts were incubated with 293-ACE2 or

293-ACE2-RBD cells for 20 min prior to the detection of S6 phosphorylation by flow cytometry. The incu-

bation of CAR-Ts with 293-ACE2-RBD induced S6 phosphorylation (i.e. pS6) in the T cells, whereas no

change was observed in response to incubation with the control, 293-ACE2 cells. As a positive control,

the incubation of cells with PMA and ionomycin also increased S6 phosphorylation. These data indicate

CAR-T engagement generated a key early intracellular signaling event needed for cell proliferation.

Lastly, the recognition of the RBD peptide led to the downregulation of the CARs from the surface of cells (Fig-

ure 1G). CAR downregulation has been previously reported (Li et al., 2020) and in the case of other receptors,

due to receptor-mediated engagement (Monjas et al., 2004; San Jose et al., 2000; Schneider et al., 1999). The

20 h incubation period was sufficient to allow for both the induction of signaling and the subsequent downre-

gulation of the receptors (Li et al., 2020). In agreement, the CR3022-28Z CAR receptors were downregulated

with increasing RBD peptide concentrations in a manner that inversely mirrored the induction of CD69 expres-

sion. As a control, no titratable response of the CR3014-28Z CAR-Twas observed. These data confirmed that the

CR3022-based CARs became engaged in a specific manner when presented with the RBD peptide.

Anti-SARS-CoV-2 CAR-Ts kill RBD/S1-coated targets in vitro

We next assessed whether anti-SARS-CoV-2 CAR-Ts were cytolytic in killing SARS-CoV-2 RBD/S1-loaded

cells (Figure 2). CAR-Ts were co-cultured with 293-ACE2-RBD cells at different effector to target ratios

(20:1, 10:1, 5:1) for 5h for the assessment of killing. Each of the CR3022-based CAR-Ts was seen to kill

the targets over various ratios (Figure 2A, left panel). The presence of the RBD peptide on the 293-

ACE2-RBD cells was confirmed by staining with anti-S1 and the CR3022 antibody (right panel). By contrast,

as a negative control, T cells expressing Flag-28Z or CR3014-28Z failed to kill targets. Interestingly, CAR-Ts

with different hinge regions showed differences in the efficiency of killing. The CD8a (CR3022-8a-28Z) and

IgG4 (CR3022-IgG4-28Z) CAR-T expressing cells were the most effective killers followed by CR3022-28Z

and CR3022-CH3-28Z.

Specificity was confirmed by CR3022 antibody blockade of killing (Figure 2B). The 293-ACE2-RBD cells were

incubated with CR3022, or the isotype control, at 37�C for 30 min prior to the incubation with CAR-Ts. As

shown in a representative experiment, the CR3022 antibody abrogated the killing of targets by the CR3022-

8a-28Z and CR3022-IgG4-28Z CAR-Ts by 70%–80% at various effector to target ratios. By contrast, the

isotype control antibody had no effect on killing.

We also assessed the killing of 293-ACE2 target cells that had been precoated with the full-length S1 pep-

tide (Figure 2C). The presence of the S1 peptide on the cells was confirmed by staining with anti-S1 and the
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CR3022 antibody (right panel). CR3022-28Z, CR3022-8a-28Z, and CR3022-IgG4-28Z CAR-Ts killed S1

peptide-loaded targets, albeit at lower levels (Figure 2C, left panel). The CR3022-CH3-28Z CAR-T or the

control CR3014-28Z CAR-T showed no killing. In this case, the CR3022-IgG4-28Z CAR-T was most effective.

Overall, the CAR-Ts were less able to kill targets, with only 10%–30% for S1-peptide-coated cells compared

with the 30%–60% for RBD-peptide-loaded target. This may be due to the mode of the specific RBD

sequence presentation in the S1 protein as recognized by the CAR-Ts. Examples of the similar response

of CAR-Ts from different donors to the RBD and S1 peptides are also shown in Figure S6.

Figure 2. Different CAR-Ts possess cytolytic activity that mediated the killing of RBD, S1-loaded, and S1-

expressing target cells

(A) Different CAR-Ts kill targets loaded with the RBD peptide. (Left panel) 293-ACE2 cells were loaded with the RBD

peptide followed by washing and incubation with CAR-Ts for 4–5 h prior to a measure of killing. (Right panel) The

presence of RBD peptides on loaded 293-ACE2 cells was detected with anti-S1 and anti-RBD antibodies. Data are shown

as mean G SD of triplicate samples. ****p < 0.0001 (compared with CR3014-28Z by two-way ANOVA, n = 4).

(B) CR3022 antibody blocks CR3022-8a-28Z and CR3022-IgG4-28Z kill RBD-coated targets. 293-ACE2-RBD cells were incubated

with CR3022, or the isotype control, at 37�C for 30 min prior to the incubation with CAR-Ts. Data are shown as meanG SD of

triplicate samples. ****p < 0.0001 (compared with isotype control groups by paired Student’s t test, two tailed, n = 2).

(C) Different CAR-Ts kill targets coated with S1 peptide. (Left panel) 293-ACE2 cells were loaded with the S1 peptide

followed by washing and incubation with CAR-Ts for 4–5 h prior to a measure of killing. (Right panel) The presence of S1

peptides on loaded 293-ACE2 cells was detected with anti-S1 and anti-RBD antibodies. Data are shown as meanG SD of

triplicate samples. ****p < 0.0001 (compared with CR3014-28Z by two-way ANOVA, n = 3).

(D) Different CAR-Ts kill NIH/3T3 cells expressing the S1 peptide. (Lower panel) The S1 overexpressing NIH/3T3 cells were

sorted by FACS staining of S1. These cells showed high levels of anti-S1 staining, whereas the staining with the CR3022

antibody was lower. (Upper panel) S1-expressing NIH/3T3 cells were co-cultured with CAR-Ts for 4–5 h prior to a measure

of killing. Data are shown as mean G SD of triplicate samples. ****p < 0.0001 (compared with CR3014-28Z by two-way

ANOVA, n = 3) (also see Figure S6).
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We next assessed SARS-CoV-2 CAR-T killing of NIH/3T3 cells that had been transduced to express the S1

protein (Figure 2D). FACS profiles showed high levels of anti-S1 staining but a lower level of staining with

the CR3022 antibody against the RBD peptide (lower panel). The reason for this difference is not clear but is

likely related to the accessibility of the CR3022 epitope. The RBD is only accessible when at least two RBDs

are open simultaneously (Yuan et al., 2020), and the frequency of the opening RBD is usually less than 30%

(Wrobel et al., 2020). Despite this, the various CR3022 CAR-Ts were able to effectively kill targets (upper

panel). Each of the CR3022-28Z, CR3022-8a-28Z, CR3022-CH3-28Z, and CR3022-IgG4-28Z CAR-Ts killed

20%–50% of target cells, dependent on the CAR-T to target ratio. In this assay, the CR3022-28Z CAR-T

and the CR3022-IgG4-28Z CAR-Ts were the most effective.

Overall, these data showed that the CAR-Ts could recognize and kill 293-ACE2 cells coated with the RBD

and S1 peptides or the S1-expressing NIH/3T3 cells. The CAR-Ts with different-sized extracellular domains

also varied in their killing efficacy of different target cells. These CAR-T variants will enable the eventual

testing efficacy against S1 variants.

Anti-SARS-CoV-2 CAR-Ts form multicellular clusters with targets

The interaction of the CAR-Ts with the target cells was next examined using time-lapse live-cell microscopy

(Figure 3). We analyzed the behavior of CR3022-8a-28Z CAR-Ts co-cultured with the 293-ACE2 and 293-

ACE2-RBD cells over 20 h. The EGFP+ CAR-Ts were observed to be green due to EGFP expression,

whereas the 293 cells were seen as red-orange due to the lentiviral transduction with mCherry. CR3022-

8a-28Z formed clusters with 293-ACE2-RBD cells within 30–60 min and were present for 10–15 h followed

by a slight reduction in clusters (Figure 3A, also see Video S2). No clusters were seen with 293-ACE2 nega-

tive control cells (see Video S1). On average, there were 3–5 CAR-Ts in each cluster, although this varied

depending on the timing of the analysis (Figure 3B, also high-magnification examples from two separate

experiments in right panel). No clusters were seen with the 293-ACE2 cells alone. Cluster diameter also

increased from 60 min to 10–12 h with an average diameter of 30–40 mm as assessed by ZEN Lite software

(Figure 3C). Similarly, the surface area of the clusters increased from 500 to 1500 mm2 over the same time

period (Figure 3D). An example of tracking between CR3022-8a-28Z CAR-Ts co-cultured with the 293-ACE2

preloaded with S1 peptide is also shown (Video S3). Overall, these data confirmed that CR3022-8a-28Z

CAR-Ts formed clusters with 293-ACE2 targets dependent on the presence of the RBD/S1 peptides.

IFN-g is induced on the CD69 subset of SARS-CoV-2 CAR-Ts

We next examined the inducible expression of immune effector molecules on the CAR-Ts. The cytokine

interferon-g (IFN-g) promotes differentiation into Th1 cells and the upregulation of MHC antigens on den-

dritic cells (Schoenborn and Wilson, 2007). Indeed, we observed an increase in IFN-g expression in

response to 293-ACE2-RBD cells on each of the CAR-Ts (Figure 4A). The highest increase in expression

was seen on CR3022-28Z, CR3022-8a-28Z, and CR3022-IgG4-28Z CAR-Ts. In a separate experiment, viSNE

analysis showed that IFN-g was already widely expressed on the majority of CAR-Ts after their expansion in

IL-2 supplemented media (Figure 4B, see CAR-T alone; left panel). A small increase in expression was

observed after incubation with 293-ACE2 cells alone (middle panel). However, in response to 293-ACE2-

RBD cells, the CAR-Ts caused a major change in the distribution of expressing cells and expression inten-

sity of IFN-g as seen by viSNE. There was a loss of cells in islands ii and iii concurrent with an increase in the

density of cells in island i. Each of the CR3022-based CAR-Ts showed a similar trend. In keeping with this,

there was an increase in the percentage of IFN-g+ cells in island i relative to the total CAR-T population

(Figure 4C) as well as an increase in the relative MFI for IFN-g in island i (Figure 4D). Lastly, viSNE analysis

showed that the same island of cells with increased IFN-g expression in island i also showed an increase in

CD69 expression (Figure 4B, right panels). Overall, these data indicated that the recognition of the RBD

peptide by CAR-Ts caused a major increase in the expression of IFN-g in the same subset of cells that

showed an increase in CD69 expression.

Granzyme B/perforin is induced in a subset of CD69+ anti-SARS-CoV-2 CAR-Ts

Given the ability of the various CAR-Ts to kill RBD or S1-bearing targets, we next assessed the expression of the

cytolytic effectors, granzyme B (GZMB) and perforin (Figure 5). Both are key effector molecules that mediate the

killing of targets (Kurschus and Jenne, 2010). Perforin is a pore-forming cytolytic protein that facilitates GZMB

entry to kill target cells (Smyth et al., 1996). Indeed, each CR3022-based CAR-T showed an increase in the level

of expression of GZMB (Figure 5A, upper panel) and perforin (Figure 5A, lower panel) when incubated with RBD

loaded target cells. CR3022-28Z, CR3022-8a-28Z, and CR3022-IgG4-28Z CAR-Ts showed the highest level of
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GZMB and perforin expression. No increase was observed upon incubation with 293-ACE2 cells lacking RBD, or

in the negative controls, Flag-28Z and CR3014-28Z.

Unlike in the case of IFN-g, GZMB and perforin were expressed in a highly localized subset of CD69+

CAR-Ts within island i and ii (termed this subset as sub-island i–iia) (Figure 5B). A basal level of GZMB

Figure 3. Time-lapse microscopy shows that CR3022-8a-28Z CAR-Ts form multicellular clusters in the killing of

293-ACE2-RBD target cells

CR3022-8a-28Z CAR-Ts were co-cultured with 293-ACE2 cells or 293-ACE2-RBD cells and subjected to time-lapse

microscopy for 20 h (also see Videos S1, S2, and S3). Red-colored cells are 293-ACE2 cells or 293-ACE2-RBD transduced to

express mcherry (see STAR Methods).

(A) Images of CAR-T cells with 293-ACE2 cells (left panels) or 293-ACE2-RBD cells (right panels) over 20 h. Examples of

images of GFP+ CAR-Ts (green) in clusters with target cells (red-orange) (n = 2).

(B) (Left panel) Histogram showing the numbers of GFP+ cells per cluster over 20 h. Data are shown as mean G SD of five

individual clusters. **p < 0.01, ***p< 0.001 (two-tailed Student’s t test, n = 2). (Right panel) Examples of 203 images of cell

clusters between CR3022-8a-28Z CAR-Ts and 293-ACE2-RBD cells (n = 2).

(C) Histogram showing the diameter (mm) of clusters over a time course of 20 h. Data are shown as mean G SD of five

individual clusters. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-tailed Student’s t test, n = 2).

(D) Histogram showing the area (mm2) of clusters over a time course of 20 h. Data are shown as mean G SD of five

individual clusters. **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-tailed Student’s t test, n = 2).
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and perforin expression was seen in CAR-Ts incubated with 293-ACE2 cells. Both molecules were ex-

pressed within the same subset of CAR-Ts. Incubation with 293-ACE2-RBD cells increased the expression

of both proteins (lower panels). Each of the CAR-Ts showed a similar increase, except for the CR3022-CH3-

28Z that showed a moremodest increase. An increase in theMFI for GZMB (Figure 5C, upper panel) and for

perforin (lower panel) was observed. No increase in GZMB in islands ii and iii was observed (upper panel),

whereas a modest increase in perforin expression in the same islands was seen. Overall, there was a striking

increase in the presence of CD69hiGZMB+perforin+ CAR-Ts in sub-island i–iia (Figure 5D). These data

showed that the recognition of RBD peptides by CAR-Ts induced a detectable increase in the expression

of GZMB and perforin within a subset of CD69 high expressing CAR-Ts.

FasL (CD95L) is preferentially expressed on CAR-Ts with high CD69 expression

A second mechanism of cytolytic-mediated killing involves Fas ligand (FasL) (Figure 6). FasL is a tumor

necrosis factor (TNF) superfamily member that binds to the Fas receptor on target cells, leading to their

apoptosis and death (Russell and Ley, 2002). Each CR3022 CAR-T increased FasL expression upon incuba-

tion with 293-ACE2-RBD cells (Figure 6A). In this case, the CR3022-IgG4-28Z CAR-T showed the greatest

increase. viSNE analysis showed that FasL was broadly expressed on the majority of CAR-Ts that are

seen with the other markers (Figure 6B). As in the case of CD69, three islands of cells could be defined

based on expression (islands i, ii, iii). Unlike for CD69, an increase in FasL was observed (albeit to a lesser

Figure 4. Expression of interferon g (IFN-g) in a CD69+ anti-SARS-CoV-2 CAR-Ts

(A) Mean fluorescent intensity (MFI) values of IFN-g expression on Flag-28Z, CR3014-28Z, CR3022-28Z, CR3022-8a-28Z,

CR3022-CH3-28Z, and CR3022-IgG4-28Z CAR-Ts in response to 293-ACE2-RBD cells after 20 h of co-culture. Data are

shown as meanG SD of triplicate samples. *p < 0.05, ****p < 0.0001 (compared with Flag-28Z by one-way ANOVA, n = 3).

(B) viSNE plots of the expression of IFN-g on CAR-Ts following 3 weeks of expansion in IL-2 supplemented media (CAR-T

alone) (left panels) or following an additional 20 h of incubation with 293-ACE2 cells (middle panel) or 293-ACE2-RBD cells

(right panel). viSNE plots of CD69 expression on cells from the same donor (right panel) (n = 3).

(C) Histogram showing the changed distribution of cells expressing IFN-g in viSNE islands. Percentage of IFN-g+ cells

relative to total population of CAR-Ts (n = 3).

(D) Histogram showing the changed expression of IFN-g on individual cells in the viSNE islands. Relative MFI in islands i, ii,

and iii (n = 3).
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extent) in both islands i and ii. The increase in the positive signal in island ii was accompanied by the loss of

FasL negative cells (see dark blue), as most evident in the viSNE patterns for the CR3022-IgG4-28Z CAR-Ts.

As negative controls, the incubation of CAR-Ts with soluble RBD peptide without 293-ACE2 cells or the in-

cubation of Flag-28Z cells with 293-ACE2 or 293-ACE2-RBD showed background staining (upper panels).

This indicated that SARS-CoV-2 recognition led to an increase in FasL on a broader population of cells than

Figure 5. Expression of granzyme B (GZMB) and perforin on a subset of CD69+ anti-SARS-CoV-2 CAR-Ts

(A) Mean fluorescent intensity (MFI) values of GZMB and perforin expression on Flag-28Z, CR3014-28Z, CR3022-28Z,

CR3022-8a-28Z, CR3022-CH3-28Z, and CR3022-IgG4-28Z CAR-Ts in response to 293-ACE2-RBD cells after 18 h of

co-culture. Data are shown as mean G SD of triplicate samples. ***p < 0.001, ****p < 0.0001 (compared with Flag-28Z by

one-way ANOVA, n = 4). (Upper panel) GZMB; (lower panel) perforin.

(B) viSNE plots for CD69, GZMB, and perforin expression in SARS-CoV-2 CAR-Ts following incubation with 293-ACE2

(upper panels) or 293-ACE2-RBD (lower panels) (n = 4).

(C) Histogram showing relative MFI values for GZMB (upper panel) and perforin (lower panel) in viSNE islands i, ii, and iii

(n = 4).

(D) Percent representation of CD69hiGZMB+ perforin+ subset in response to 293-ACE2 and 293-ACE2-RBD cells (n = 4).
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Figure 6. FasL expression on anti-SARS-CoV-2 CAR-Ts

(A) Relative mean fluorescent intensity (MFI) values for FasL expression on Flag-28Z, CR3014-28Z, CR3022-28Z, CR3022-

8a-28Z, CR3022-CH3-28Z, and CR3022-IgG4-28Z CAR-Ts in response to 293-ACE2-RBD cells after 24 h of co-culture.

Data are shown as meanG SD of triplicate samples. *p < 0.05, ***p < 0.001 (compared with Flag-28Z by one-way ANOVA,

n = 3).

(B) viSNE plots defining subsets of CD69 and FasL expression on CAR-Ts. Shown are the profiles of Flag-28Z, CR3022-28Z,

CR3022-8a-28Z, CR3022-CH3-28Z, and CR3022-IgG4-28Z CAR-Ts under conditions where cells were incubated for 24 h

with soluble RBD peptide in the absence of 293-ACE2 cells or with 293-ACE2 or 293-ACE2-RBD cells.

(C) Histogram showing the increase in FasL expression on islands i, ii, and iii on Flag-28Z, CR3014-28Z, CR3022-28Z,

CR3022-8a-28Z, CR3022-CH3-28Z, and CR3022-IgG4-28Z CAR-Ts after incubation with 293-ACE2-RBD cells (n = 3).

(D) viSNE profiles of FasL expression in CR3022-8a-28Z CAR-T following incubation without (upper panel) or with NIH/

3T3-S1 cells (lower panel) (n = 2).

(E) The blockade of FasL failed to interfere with the killing of anti-SARS-CoV-2 CAR-Ts. Two anti-FasL blocking antibodies

were assessed for the ability to inhibit CR3022-28Z, CR3022-8a-28Z, and CR3022-IgG4-28Z CAR-T killing of target cells

loaded with RBD peptide. Data are shown as mean G SD of triplicate samples. *p < 0.05, **p < 0.01 (compared with

mouse IgG1 isotype group by paired Student’s t test, two tailed, n = 2).
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observed for CD69 (Figures 6B and 6C). As an alternate system, we also assessed changes in FasL expres-

sion in response to NIH/3T3 cells that had been stably transduced to express the S1 peptide (Figure 6D). In

this case, CR3022-8a-28Z cells also showed a broad increase in FasL expression. These data showed that

the recognition of the RBD peptide or the S1 protein on target cells induced the expression of FasL and

that the pattern of induced expression was broader than seen with the expression of CD69, IFN-g, or

GZMB/perforin.

Given this, we next assessed the importance of FasL expression to the killing of RBD-coated cells by adding

anti-FasL blocking antibodies to the killing assay (Figure 6E). CR3022-28Z, CR3022-8a-28Z, and CR3022-

IgG4-28Z CAR-Ts were incubated with 293-ACE2-RBD cells in the presence or absence of anti-FasL

blockingmAbs, #100419 or #NOK-1, for 5 h prior to and during the killing assay. NOK-1 has been previously

reported to block cell-mediated killing (Kayagaki et al., 1995). A minor reduction in the killing was observed

in some ratios of effector to target cells for CR3022-28Z and CR3022-8a-28Z CAR-Ts; however, the patterns

were not consistent. No statistically significant effect was observed on the killing by CR3022-IgG4-28Z

CAR-Ts. From these data, we observed that the FasL pathway does not play a major role in the killing of

RBD-coated ACE2-expressing cells in our systems.

Anti-SARS-CoV-2 CAR-Ts kill S1-expressing targets in vivo

Lastly, it was important to assess whether CAR-Ts could elicit the killing of targets in vivo in mice (Figure 7).

For this, we injected a mixture of 2 3 106 NIH/3T3-S1 cells and 4 3 106 CR3014-28Z/CR3022-28Z CAR-Ts to

NOD-SCID IL2Rgnull mice via the intraperitoneal route. The NIH/3T3-S1 cells, in addition to expressing S1

from SARS-CoV-2, express luciferase, and the presence of NIH/3T3-S1 cells can be assessed by injecting

D-luciferin. For analysis, bioluminescence images were acquired at 24 h after injection of the cells by admin-

istering D-luciferin intraperitoneally (i.p.). We found that the adoptive transfer of CR3022-28Z reduced the

Figure 7. The in vivo elimination of NIH/3T3 cells expressing SARS-CoV-2 S1

(A) Images of NIH/3T3-S1 cells in mice. NIH/3T3-S1 cells express luciferase and the presence of luminescence after

D-luciferin injection indicates the presence of NIH/3T3-S1 cells. A mixture of 2 3 106 NIH/3T3-S1 cells and 4 3 106

CR3014-28Z or CR3022-28Z CAR-Ts were injected into NOD-SCID IL2Rgnullmice through the intraperitoneal route.

Twenty-four hours later, D-luciferin was injected and bioluminescence images were acquired. 3 mice are shown out of 8

mice per group in total.

(B) Histogram showing the significant reduction of NIH/3T3-S1 cells in vivo by CR3022-8a-28Z but not by CR3014-28Z

CAR-T cells. Data are shown as meanG SD of 8 mice. *p < 0.05, ***p < 0.001 (compared with untreated group by one-way

ANOVA). This experiment was repeated twice.
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presence of target cells in mice (Figure 7A). Although injection with NIH/3T3-S1 cells alone resulted in

nearly 43 109 luminescence (p/s), injection of NIH/3T3-S1 cells with CR3022-28Z CAR-Ts reduced the lumi-

nescence measurement to <1 3 109, and CR3014-28Z CAR-Ts had no effect on the presence of the target

(Figure 7B). In comparison to the untreated samples, the CR3022-28Z reduced the presence of NIH/3T3-S1

cells (i.e. luminescence) by 80%. However, relative to the CR3014-28Z, the luminescence was reduced by

60%. There was a loss of signal in 5/8 mice (shown for 2/3 mice). Overall, these data confirm that CAR-Ts

also are capable of killing S1 expressing cells in vivo in mice.

We next assessed whether the SARS-CoV-2 CAR-Ts could also block viral entry (Figure S7). We expected

that the efficiency of the blockade would be low, given the difficulty in having cells compete for smaller-

scale protein-protein interactions. Recombinant pseudo-typed VSV particles containing SARS-CoV-2 spike

protein were used to mimic SARS-CoV-2 cell infection and cell entry. The SARS-CoV-2 pseudo-virus parti-

cles encode DsRed in the virus genome. DsRed was strongly expressed after the SARS-CoV-2 pseudo-virus

entry into ACE2-expressing cells (Millet et al., 2019). From this, using SARS-CoV-2 as a control with an infec-

tion rate of 60%, we observed that co-incubation with CAR-Ts expressing the various constructs reduced

viral entry in response to different ratios of T-cells to target. As expected, the efficacy of blockade was

low and observed for both CR3014- and CR3022-based CAR-Ts (Figure S7). Both Flag-28Z and CR3014-

28Z reduced binding to the same degree as CAR-Ts expressing specific receptors. Overall, the data

showed that CAR-Ts are unlikely to sterically block viral entry into cells, but rather limit viral infection, as

seen in the case of most viral infections by mediating CTL killing responses against infected cells express-

ing viral antigens (Moskophidis and Kioussis, 1998).

DISCUSSION

Given the ongoing threat of SARS-CoV-2 and the uncertainties related to the long-term efficacy of vaccines

against new variants of the virus, new therapeutic approaches may be needed. The development of CAR

therapy has been proven effective in the treatment of various types of cancers (Kawalekar et al., 2016; Posey

et al., 2016). In this study, we showed that it is possible to generate CAR-Ts capable of responding to the

SARS-CoV-2 and elicit the in vitro and in vivo killing of cells loaded with RBD/S1 peptides or that express the

S1 protein. Our findings outline the potential use of anti-SARS-CoV-2 CAR-Ts as a therapeutic option

against COVID-19.

CR3022-based CAR-Ts were stimulated by the recognition of the RBD peptide as shown by the increased

expression of CD69 and the phosphorylation of ribosomal S6, a key regulator of metabolism, translation,

and cell division (Roux et al., 2007). CD69 expression was induced in a peptide concentration-dependent

manner, with responses to cells that had been loaded with a peptide-concentrations as low as 10 ng/mL.

This denotes a remarkable sensitivity to the peptide. CD69 expression also promotes the retention of

T cells in the lymphoid organs (Cibrian and Sanchez-Madrid, 2017) and serves as amarker for resident mem-

ory T cells (TRMs) (Osborn et al., 2019; Ziegler et al., 1994). In this way, the increased CD69 expression on

CAR-Ts may alter their residency for enhanced responses against SARS-CoV-2-infected cells.

Exposure to 293-ACE2-RBD cells also potently downregulated CARs from the surface of CAR-Ts. This prop-

erty has been previously reported for CD19-CARs (Li et al., 2020) and is another measure of receptor-medi-

ated engagement (Monjas et al., 2004; San Jose et al., 2000; Schneider et al., 1999). In this manner, the level

of CAR downregulation inversely mirrored the effect of different peptide concentrations on CD69 expres-

sion. While confirming that CAR-Ts were responsive to the RBD peptide, the loss of the surface CAR might

ultimately limit the longevity of responses against targets as seen in tumor models (Li et al., 2020).

Importantly, SARS-CoV-2 CAR-Ts were cytolytic in the specific killing of target cells loaded with either the

RBD peptide, S1 peptide, or that express the S1 protein. Specificity was seen by the fact that CR3014-based

CAR-Ts failed to kill SARS-CoV-2-expressing target cells. In keeping with killing, time-lapse microscopy

showed the formation of multicellular CAR-T clusters around single-target cells. Further, CAR-Ts with

different-sized hinge regions varied in the efficacy of killing where the IgG4 hinge CAR-T gave the most

consistent results in the killing of targets. However, these differences appeared to vary depending on

the mode of RBD or S1 presentation. For example, the IgG4 hinge CAR-Ts predominated in response to

RBD peptide loaded on 293-ACE cells, whereas CD28 and IgG4 hinge CAR-Ts were most effective in

response to S1 peptide presented on the surface of NIH/3T3 cells. The different hinge regions may there-

fore affect the ability of CARs to bind and respond to peptides depending on their mode of presentation.
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By contrast, we did not observe blockade of viral entry into cells based on the use of recombinant pseudo-

typed VSV particles containing SARS-CoV-2 spike protein. These were used to mimic SARS-CoV-2 cell

infection and cell entry. CAR-Ts are therefore unlikely to sterically block viral entry into cells but rather limit

viral infection in a classic fashion involving CTL-like killing of infected cells expressing viral antigens (Mos-

kophidis and Kioussis, 1998; Rouse and Sehrawat, 2010).

The extent of SARS-CoV-2 viral peptide antigen expression during infection remains to be established.

Various labs have shown that COVID-19 is accompanied by a robust induction of CD4 and CD8 responses

against a variety of SARS-CoV-2 peptide antigens (Grifoni et al., 2020; Meckiff et al., 2020; Premkumar et al.,

2020; Rydyznski Moderbacher et al., 2020; Weiskopf et al., 2020). Given that CD4 and CD8 T cells are gener-

ated by the presentation of peptide antigens, these findings clearly show that peptides derived from

various regions of SARS-CoV-2 are presented during infection. The same peptides could be targeted by

CAR-Ts. Further, mass spectrometry has detected SARS-CoV-2-virus-derived peptides in patients (Niko-

laev et al., 2020), whereas SARS-CoV-2-infected cells undergo syncytia formation of ACE2-expressing cells,

which can be facilitated by antigen recognition (Buchrieser et al., 2021).

In terms of mechanism, there are two well-established modes of killing by cytolytic T cells, one involving

Fas-FasL and another perforin/granzymes (Williams and Bevan, 2007). The loss of perforin and Fas/Fas

ligand can cause severe autoimmune and inflammation in mice (Peng et al., 1998; Spielman et al., 1998).

In our model, the expression of FasL and GZMB/perforin increased in response to RBD-presenting cells.

However, the blockade of FasL with antibodies had only a weak effect on the killing of targets by the

anti-SARS-CoV-2 CAR-Ts, and there was low to negligible level of Fas expression on the target cells.

The observation points to the GZMB/perforin pathway as a major mechanism by which our anti-SARS-

CoV-2 CAR-Ts kill targets. Whether the Fas-FasL pathway may also participate in the killing of other target

cells remains for future studies.

In this context, the effectors GZMB and perforin were expressed within a relatively small subset of CD69

high expressing anti-SARS-CoV-2 CAR-Ts. Perforin allows for GZMB into the target cell for cell death,

although GZMB may also enter via other pathways (Smyth et al., 1996). Although GZMB and perforin

were expressed in the same subset, not all cells expressing high levels of CD69 expressed GZMB and per-

forin. This indicates that factors other than the mere activation of cells influenced whether these effectors

were expressed.

By contrast, FasL and IFN-g were more widely expressed on populations of CAR-Ts. viSNE analysis showed

that FasL expression occurred in both CD69 high and intermediate populations, whereas the increase in

IFN-g tended to bemore restricted to the CD69 high population. These differences underscore the hetero-

geneity in the responses of individual SARS-CoV-2 CAR-Ts. IFN-g has both anti-viral and immunoregulatory

properties (Schroder et al., 2004) and can alter the transcription of multiple genes including major histo-

compatibility antigens on antigen-presenting cells (Schroder et al., 2004). Higher levels of type I interferons

have also been associated with a lower risk of SARS-CoV-2 infection and amelioration of disease severity

(Sui et al., 2021). IFN-g also primes alveolar macrophages against secondary bacterial infections, which

may have relevance to COVID-19-associated pulmonary disease (Yao et al., 2018). It could also assist by

inducing STAT3 activation, which can activate GZMB expression for enhanced CTL effector function (Lu

et al., 2019). The secretion of IFN-g by CAR-Ts would, therefore, be expected to promote these beneficial

events during the progression of SARS-CoV-2 infection.

CAR-Ts could be most effective in patients who are immunocompromised or who respond weakly to the

virus or vaccines (Grifoni et al., 2020; Meckiff et al., 2020; Premkumar et al., 2020; Rydyznski Moderbacher

et al., 2020; Weiskopf et al., 2020). Further, they may provide longer term memory responses in patients

who fail to develop sufficient memory against vaccines. CAR-Ts against relapsed ALL cancers have shown

sustained remissions for 24 months (Maude et al., 2014). The therapeutic approach could involve the

retroviral transduction of CARs into T cells extracted from patient blood followed by the reinfusion of

CAR-Ts into the patient, a method presently followed in CD19-CAR-T therapy against cancer (Pfeiffer

et al., 2018). The use of anti-SARS-CoV-2 CAR-Ts may be more costly than vaccination but may provide

longer-term protective immunity (Thomas et al., 2006). One complication may involve the induction of

inflammation associated with CAR-T therapy. In this context, CAR-Ts would need to be used carefully

in the clinic, possibly before infection by the virus or following the resolution of inflammatory disease
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associated with severe COVID-19. In this context, anti-IL-6 receptor antibodies have been successful in

treating inflammation associated with the use of CAR-Ts in cancer therapy (Guedan et al., 2019). Its appli-

cability will need to be assessed in a carefully controlled clinical trial.

During the final preparation of this paper, two groups reported the successful generation of natural killer

and macrophage CARs in in vitro assays (Fu et al., 2021; Ma et al., 2021). Unlike T cells of the adaptive im-

mune system, these cells are part of the innate immune system with distinct co-receptors that regulate

function. NK cells possess activating receptors and inhibitory receptors that include killer-cell immuno-

globulin-like receptors (Vivier et al., 2011), whereas macrophages carry other innate receptors such as

Mac1 that help mediate phagocytosis (Galdiero et al., 2013). The work on these papers was confined to

in vitro studies, but, if shown to operate in vivo, as in the case of our CAR-Ts, these reagents could com-

plement our SARS-CoV-2 reactive CAR-T approach. Future studies will be needed to determine the appli-

cation of CAR therapy to the treatment of COVID-19.

Limitations of the study

By employing CARs against the RBD or S1, we have documented the successful generation of reactive CAR-Ts

with a capacity to kill peptide expressing targets using in vitro and in vivo models. As mentioned, the lab of

Sette and others have shown the robust induction of CD4 and CD8 responses during SARS-CoV-2 infection,

indicating that viral peptide antigens are expressed and presented by cells. The precise nature of the peptides

and cells involved during infections is an active area and will be of great utility in designing new cytolytic

CAR-Ts against infected cells. In terms of killing, the relative contributions of the perforin-granzyme versus

the Fas-FasL effector pathways in different contexts need to be determined. As mentioned, although there

was a lack of involvement of FasL in our system, future studies will be needed to explore the participation

of FasL and IFN-g in the different systems involving other cell types and peptides. Further, the behavior of

different CARs in vivo and the relative contribution of CD4 and CD8 CAR-Ts need to be defined as does

the longevity of CAR-T immune response involving aspects such asCAR-Tmemory. Lastly, the degree towhich

CAR-Ts will control SARS-CoV-2 infections in a patient or viral spread in populations remains to be assessed.
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anti-human CD8a Antibody
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RRID: AB_2563264
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Granzyme B Antibody
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Anti-Human Perforin Antibody

BD Biosciences Cat. #: 563576:
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CD69 Antibody
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PE-Cyanine7 conjugated IFN gamma

Monoclonal Antibody (XMG1.2)

Invitrogen Cat. #: 25-7311-82;

RRID: AB_469680

Recombinant Anti-SARS-CoV-2 Spike

Glycoprotein S1 antibody [CR3022]

Abcam Cat. #: ab273074;

RRID: AB_2847846

SARS/SARS-CoV-2 Coronavirus

Spike Protein (subunit 1) Polyclonal

Antibody

Invitrogen Cat. #: PA5-81795;

RRID: AB_2788969

CD178 (Fas Ligand) Monoclonal Antibody

(NOK-1)

Invitrogen Cat. #: 16-9919-81;

RRID: AB_469281

Human Fas Ligand/TNFSF6 Antibody R&D Systems Cat. #: MAB126-SP;

RRID: AB_2246667

Human ACE-2 Antibody R&D Systems Cat. #: AF933-SP;

RRID: AB_355722

anti-human CD3 Antibody (OKT-3) Bio X Cell Cat. #: BE0001-2;

RRID: AB_1107632

anti-human CD28 Antibody (9.3) Bio X Cell Cat. #: BE0248;

RRID: AB_2687729

FITC conjugated Rabbit anti-Goat IgG (H+L)

Secondary Antibody

Invitrogen Cat. #: 31509;

RRID: AB_228394

Alexa Fluor� 647 conjugated Donkey

anti-rabbit IgG (minimal x-reactivity)

Antibody

Biolegend Cat. #: 406414;

RRID: AB_2563202

eFluor� 450 conjugated Phospho-S6 (Ser235,

Ser236) Monoclonal Antibody (cupk43k)

Invitrogen Cat. #: 48-9007-42;

RRID: AB_2574117

Normal Rabbit IgG Control R&D Systems Cat. #: MAB1050-500; RRID: AB_2313773

Ultra-LEAF� Purified Mouse IgG1, k Isotype

Ctrl Antibody

Biolegend Cat. #: 400166; RRID: AB_2313773
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Ultra-LEAF� Purified Mouse IgG2b, k Isotype

Ctrl Antibody

Biolegend Cat. #: 400348; RRID: AB_2313773

Bacterial and virus strains

Pseudotyped DG-DsRed (G*DG-DsRed) rVSV Kerafast Cat. #: EH1018-PM

NEB� Stable Competent E. coli New England Biolabs Cat. #: C3040I

Biological samples

Human Peripheral blood mononuclear cells HÉMA-QUÉBEC https://www.hema-quebec.qc.ca/

index.fr.html

Chemicals, peptides, and recombinant proteins

Fixable Viability Stain 575V BD Biosciences Cat. #: 565694;

RRID: AB_2869702

Fixable Viability Dye eFluor� 780 Invitrogen Cat. #: 65-0865-14;

X-tremeGENE�HPDNATransfection Reagent Roche Cat. #: 6366236001;

Tag-it Violet� Proliferation and Cell Tracking

Dye

Biolegend Cat. #: 425101;

X-VIVOTM 15 Serum-free Hematopoietic Cell

Medium

Lonza Cat. #: 04-418Q

Protamine sulfate salt from salmon Sigma-Aldrich Cat. #: P4020

Human Recombinant IL-2, ACF STEMCELL Cat. #: 78145

Protein Transport Inhibitor (Containing

Brefeldin A)

BD Biosciences Cat. #: 555029;

RRID: AB_2869014

SARS-CoV-2 (COVID-19) S protein RBD, His

Tag

Acrobiosystem Cat. #: SPD-C52H3

Biotinylated SARS-CoV-2 (COVID-19) S1

protein, His,Avitag�
Acrobiosystem Cat. #: S1N-C82E8

Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat. #: P8139

Ionomycin from Streptomyces conglobatus Sigma-Aldrich Cat. #: I9657

IVISbrite D-Luciferin Ultra Bioluminescent

Substrate in RediJect Solution (XenoLight)

PerkinElmer Cat. #: 770505

Hygromycin B Gibco Cat. #: 10687010

Critical commercial assays

Intracellular Fixation & Permeabilization Buffer

Set

Invitrogen Cat. #: 88-8824-00;

Foxp3 / Transcription Factor Staining Buffer Set Invitrogen Cat. #: 00-5523-00

CytoTox 96� Non-Radioactive Cytotoxicity

Assay

Promega Cat. #: G1780

Platinum� SuperFi II Green PCR

Master Mix

Invitrogen Cat. #: 12369010

Wizard� SV Gel and PCR Clean-Up System Promega Cat. #: A9281

Wizard� Plus SV Minipreps DNA Purification

Systems

Promega Cat. #: A1330

Q5 Site-Directed Mutagenesis Kit New England Biolabs Cat. #: E0554S

NucleoBond� Xtra Maxi EF Kit TAKARA Cat. #: 740424.10

Quick Ligation� Kit New England Biolabs Cat. #: M2200S

Deposited data

raw data in this study This paper https://doi.org/10.17632/3y3m8btcnk.2
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Experimental models: Cell lines

293T ATCC Cat. #: CRL-3216

Vero ATCC Cat. #: CCL-81

Jurkat E6-1 ATCC Cat. #: TIB-152

293-hACE2 Laboratory of H. Uri Saragovi N/A

NIH/3T3-SARS-CoV-2 S1 Laboratory of H. Uri Saragovi N/A

NIH/3T3-SARS-CoV-2 S1-mCherry-luciferase This paper N/A

Experimental models: Organisms/strains

NOD-SCID IL2Rgnull mice The Jackson Laboratory Cat. #: 005557

Oligonucleotides

Flag-F for mutagenesis:

GATTACAAGGACGATGACGAC

This paper N/A

Flag-R for mutagenesis:

gtccttgtaatcGCAGATGGCGTCGGTGATC

This paper N/A

IgG4CH3-F for mutagenesis:

GGCCAGCCAAGAGAACC

This paper N/A

IgG4CH3-R for mutagenesis:

AGGACATGGAGGACAAGGAG

This paper N/A

HIV-F for sequencing:

TCAAGCCTCAGACAGTGGTTC

This paper N/A

HIV-R for sequencing:

AAGCGGCTTCGGCCAGTAAC

This paper N/A

CR3022-F for sequencing:

AATACCGCCTACCTGCAGTG

This paper N/A

Recombinant DNA

pHIV-EGFP Addgene Cat. #: 18121;

RRID: Addgene_18121

pMD2.G Addgene Cat. #: 12259;

RRID: Addgene_12259

psPAX2 Addgene Cat. #: 12260;

RRID: Addgene_12260

pCDH-EF1a-eFFly-mCherry Addgene Cat. #: 104833;

RRID: Addgene_104833

pGBW-m4137382 Addgene Cat. #: 149539;

RRID: Addgene_149539

pHIV-Flag-28Z-EGFP This paper N/A

pHIV-CR3014-28Z-EGFP This paper N/A

pHIV-CR3022-28Z-EGFP This paper N/A

pHIV-CR3022-8a-28Z-EGFP This paper N/A

pHIV-CR3022-CH3-28Z-EGFP This paper N/A

pHIV-CR3022-IgG4-28Z-EGFP This paper N/A

Software and algorithms

FlowJo V10.0 Tree Star https://www.flowjo.com/

Premium Cytobank Cytobank https://www.cytobank.org/

ZEN Lite Zeiss https://www.zeiss.com/microscopy/

int/home.html

Aura Imaging Software V3.2 Spectral Instruments Imaging https://spectralinvivo.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Christopher E Rudd (christopher.e.rudd@umontreal.ca).

Materials availability

These unique CAR reagents will be made available upon request.

Data and code availability

All datasets in this study have been deposited at Mendeley Data https://data.mendeley.com/datasets/

3y3m8btcnk/2 and will be shared further by the lead contact upon request. DOI is listed in the key resources

table. Any additional information required to re-analyze the data reported in this paper is available upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Cell lines included human embryonic kidney 293 and 293T cells, Vero (naturally express monkey ACE2)

cells, NIH/3T3 fibroblast cells and the human T lymphoblastic leukemia Jurkat cells (American Type Culture

Collection (ATCC). 293, 293T and Vero cells were cultured in DMEM supplemented with 10% heat-inacti-

vated FBS (Gibco), 2 mM L-Glutamine (Corning), 10 mM HEPES (Corning), 100 U/ml Penicillin and

Streptomycin (Sigma). By contrast, Jurkat cells were cultured in RPMI-1640 medium supplemented with

10% heat-inactivated FBS, 2 mM L-Glutamine, 10 mM HEPES, 100 U/ml Penicillin and Streptomycin. Trans-

duced 293 cells stably over-expressing human ACE2 and transduced NIH/3T3 cells stably expressing S1

domain of SARS-CoV-2 spike glycoprotein were cultured in RPMI-1640 medium supplemented with 10%

heat-inactivated FBS, 2 mM L-glutamine, 10 mM HEPES and drug selection by 50 mg/ml hygromycin B.

The 293-hACE2 cells andNIH/3T3-S1 cells were also transduced with firefly luciferase andmCherry by using

the lentiviral vector pCDH-EF1a-eFFly-mCherry (Addgene), followed by sorting based on mCherry

expression. All cell lines were confirmed for gene transduction before experiments.

Mouse study

Experimental procedures were approved by the Animal Care Committee of the CR-HMR (#2021-2509).

The NOD-SCID IL2Rgnull mice were purchased from The Jackson Laboratory (Cat# 005557) and bred in

the animal facility of the Research Center of Maisonneuve Rosemont Hospital, Montreal (#2017-1346,

2017-JA-001). Both female and male mice, the age of which range from 9 to 15 weeks old, were included

and randomized to treatment groups based on sex, age and weight.

Human subjects

Human blood from healthy donors was provided by HÉMA-QUÉBEC with donors’ written informed

consent and experiments using human PBMCwere approved by the Research Ethics Committee of CIUSSS

de l’Est-de-l’Île-de-Montréal (protocol # 2019-1184).

METHOD DETAILS

CAR constructs

The sequence of anti-SARS & SARS-CoV-2 spike glycoprotein antibody CR3022 and anti-SARS spike glyco-

protein antibody CR3014 were obtained from a patent. To construct CAR expression vector, the VH and Vk

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Living Image Software PerkinElmer https://www.perkinelmer.com/

GraphPad Prism� software v8.0 GraphPad https://www.graphpad.com

Other

cover-glass bottom dish SPL life sciences Cat. #: 100350
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of CR3022 were fused with a (Gly4Ser)3 linker. The resulting single chain variable fragment (scFv) was linked

to a Flag-tag (DYKDDDDK), a spacer, the CD28 trans-membrane and intracellular domain (68AA, 153-220,

GenBank: NP_006130.1) and the CD3z intracellular domain (112AA, 52-163, GenBank: NP_000725.1) in tan-

dem. The spacer is either a truncated CD28 hinge (39AA, 114-152, GenBank: NP_006130.1), a CD8a hinge

(47AA, 136-182, GenBank: NP_001759.3), the CH3 domain of human IgG4 (119AA, UniProt ID: P01861) or a

mutated heavy chain of human IgG4 (CH2-CH3, 229AA, 99-327, UniProt ID: P01861) as described elsewhere

(Hudecek et al., 2015). The whole CAR construct was codon-optimized and synthesized by GeneArt

(Thermo Scientific) and sub-cloned into pHIV-EGFP vector between EcoRI and XbaI cloning site.

Plasmids

The lentiviral vector pHIV-EGFP was a kind gift from Bryan Welm& Zena Werb (Addgene # 18121; http://

n2t.net/addgene:18121; RRID: Addgene_18121) (Welm et al., 2008). The packaging plasmids pMD2.G

(Addgene # 12259; http://n2t.net/addgene:12259; RRID: Addgene_12259) and psPAX2 (Addgene #

12260; http://n2t.net/addgene:12260; RRID: Addgene_12260) were kind gifts from Didier Trono. The len-

tiviral vector pCDH-EF1a-eFFly-mCherry was a kind gift from Irmela Jeremias (Addgene # 104833; http://

n2t.net/addgene:104833; RRID: Addgene_104833) (Ebinger et al., 2016). The plasmid pGBW-m4137382,

encoding the SARS-CoV-2 surface glycoprotein (Spike) for VSV pseudotyping, was a kind gift from Ginkgo

Bioworks (Addgene # 149539; http://n2t.net/addgene:149539; RRID: Addgene_149539).

Preparation, titration and infection of pseudo-typed SARS-CoV-2 virus

293T cells were pre-plated in 6 well plates in 2 ml complete DMEM per well 24h prior to transfection. After

being cultured overnight, 3 mg pGBW-m4137382 was mixed with 8 ml X-tremeGENE HP DNA transfection

reagent and incubated for 30 min at room temperature before being added to the plate. After 24 h of

transfection, the supernatant was discarded, and the transfected cells were infected with pseudotyped

DG-DsRed rVSV at multiplicity of infection (MOI) of 5 at 37�C. After 1 h of infection, 1 ml fresh complete

RPMI-1640 medium was added to the plate. The next day, the virus supernatant was collected, and the titre

determined by serial dilution.

For infection assay, 293-ACE2 cells were pre-labeled with Tag-it Violet� Tracking Dye (Biolegend) accord-

ing to the manufacturer’s instruction. Then, 23105 per tube of labeled 293-ACE2 cells were co-cultured

with 53105 per tube of effector cells at 37�C in the presence of pseudo-typed SARS-CoV-2 virus (MOI =

0.1) in a final volume of 500 ml complete RPMI-1640 medium. After 20 h of incubation, cells were washed

and stained for viability, Flag and CD69 and analyzed by FACS. All the experiments were carried out in

the laboratory of biosafety level 2.

Preparation of lentivirus and generation of CAR-Jurkat cells and CAR-T cells

293T cells were co-transfected with CAR-encoding vectors, pMD2.G and psPAX2 by using X-treme GENE

HP DNA transfection reagent (Roche) according to the manufacturer’s instruction. After overnight transfec-

tion, the supernatant was replaced with fresh RPMI-1640 complete medium. The supernatant containing

lentivirus was harvested at 48 h and 72 h post-transfection and stored at �80�C.

To generate CAR-T cells, 3 3 106 PBMC were resuspended in 1ml X-VIVO15 serum-free medium (Lonza)

with soluble 1 mg/ml anti-hCD28 antibody (Clone # 9.3) and seeded into a 24 well plate pre-coated with

2 mg/ml anti-hCD3 antibody (Clone # OKT-3). After 72 h of stimulation, cells were washed 2 times, and

the medium was exchanged with 2 ml virus supernatant containing 10 mg/ml protamine sulfate and spino-

culated at 1200 g for 60 min at 32�C. After 1 h of incubation at 37�C, the supernatant was replaced with 2 ml

fresh X-VIVO15 serum-free medium and cultured for 4 days before FACS sorting based on EGFP expres-

sion. The sorted CAR-T cells were expanded in X-VIVO15 medium with 1000 IU/ml recombinant human

IL-2 (Stemcell) and sub-cultured every 2–3 days with fresh media.

To generate CAR-Jurkat, 2 3 105 Jurkat cells were resuspended with 1 ml virus supernatant containing

10 mg/ml protamine sulfate and spinoculated at 1200 g for 60 min at 32�C. After 1 h of incubation at

37�C, supernatant was replaced with 2 ml fresh RPMI-1640 complete medium and the transduced

cells were sub-cultured for 3 passages before sorting with cell sorter (SONY SH800) based on EGFP

expression.
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Flow cytometry

For flow cytometric surface staining (anti-Flag, CD69 and FasL), CAR-Ts and other cells were incubated with

fluorochrome-conjugated antibodies at 4�C for 30min followed by washing and fixation with 4 percent PFA

followed by additional washing and analysis by either FACSCelesta (BD) or Fortessa X-20 (BD) as previously

described (Raab et al., 2010). In certain instances, indirect two step staining was conducted with an uncon-

jugated primary antibody for 30min on ice (anti-S1, anti-RBD) followed by washing and incubation with a

conjugated secondary antibody for another 30 min at 4�C and analyzed by FACS. For intracellular staining

(IFN-g, GZMB, perforin, pS6), cells were permeabilized by using the intracellular staining kit (Invitrogen),

according to the manufacturer’s protocol. Data analysis was performed by using FlowJo V10.0 (Tree

Star) or t-Distributed Stochastic Neighbor Embedding (t-SNE) and Cytobank analysis (Alfei et al., 2019;

McLane et al., 2019).

In vitro functional assays

Three types of in vitro functional assays were conducted. In one case, freshly expanded CAR-Ts (106/

cell/ml) were incubated with 293-ACE2-RBD or 293-ACE2 cells (106cells CAR-Ts and 5.0 3 105/ml

293-ACE2 cells) for 20 min prior to permeabilization kit (Invitrogen) and staining with phospho-S6

(1:1000 dilution). As a control, phorbol ester (PMA) (Sigma) and ionomycin (Sigma) was also used to

stimulate the CAR-T for 20 min. In another instance, the same proportions of cells were incubated

for 18 hrs followed by cell permeabilization and staining with anti-GZMB, anti-perforin and anti-

IFN-g, or for 24 h and stained for CD69 and FasL. In the third in vitro assay, we measured the cytolytic

killing of target cells. 293-ACE2 target cells were either left untreated or were coated with the RBD-His

(#SPD-C52H3, Acro Biosystems) or S1-His peptides (#S1N-C82E8, Acro Biosystems). For coating the

293-ACE2 cells, 1 mg/ml RBD or S1 protein was added to 1 3 106/ml cells at 37�C for 1 hr followed

by a gentle wash in media before used in experiments with CAR-Ts. In other experiments, NIH/3T3 cells

expressing S1 was also used as described above. The effector cells were isolated from the same donor

for each individual experiment and harvested after 2–3 weeks of cellular expansion in culture in vitro

with IL-2 supplement media.

For the cytotoxicity assay, 13 104 per well of target cells were co-cultured with different effector cells at the

ratio of 1/20, 1/10 and 1/5 in U-bottom 96-well plates (Corning) in a final volume of 100 ml RPMI-1640 me-

dium (5% FBS, phenol red free) per well. All samples were set in triplicate. After 4 h of incubation at 37�C,
50 ml supernatant of each well was collected to measure the LDH release by using CytoTox 96�Non-Radio-

active Cytotoxicity Assay kit (Promega) according to the manufacturer’s protocol. The cytotoxicity was

calculated as follows: Cytotoxicity (%) = (Experimental Release – Effector Spontaneous Release – Target

Spontaneous Release)/(Target Maximum Release– Target Spontaneous Release) 3 100.

In certain instances, antibodies to the RBD epitope or FasL were used to block the response. For block-

ing the RBD epitope, 1 mg/ml RBD protein was added to 1 3 106/ml 293-ACE2 cells and incubated at

37�C for 1 h. After that, the cells were washed twice, re-suspended with 400 ml RPMI-1640 medium (5%

FBS, phenol red free) and split into two EP tubes equally. 1 mg/ml anti-RBD antibody (clone # CR3022,

Abcam) or 1 mg/ml rabbit IgG isotype control antibody (Clone # 60024B, R&D) was added to each tube

(5 3 105 293-ACE2-RBD in 200 ml medium), respectively, and incubated at 37�C for 30 min. Then cells

were directly diluted with RPMI-1640 medium to a final volume of 2 ml/tube without wash, and

co-cultured with different CAR-T cells at the ratio of 1/24, 1/12, 1/6 and 1/3 in a U-bottom 96-well plate

(Corning).

Similarly, for the blockade of FasL, 2 mg/ml anti-hFasL antibody (NOK-1 or 100419) was added to 13106/ml

CAR-T cells, incubated at 37�C for 1 h and co-cultured with target cells without wash.

Time-lapse imaging

5 3 104 293-ACE2-mCherry cells were resuspended with 500 ml RPMI-1640 medium (5% FBS, phenol red

free) and pre-plated in a cover-glass bottom dish (SPL life sciences) at 37�C. After being cultured overnight,

1 mg/ml RBD protein was added to cells and incubated at 37�C for 1 h. Then 23106 CR3022-8a-28Z-EGFP

CAR-T cells were resuspended with 1.5 ml RPMI-1640 medium (5% FBS, phenol red free) and added to the

dish for co-culture in an inverted fluorescence microscope with climate control (Zeiss Observer Z1). Images

were captured from the beginning of the co-culture with a 2 min interval for 24 h. Videos were exported and

analysed by using ZEN Lite software (Zeiss).
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In vivo cytolytic assay

Mice were injected i.p. with either 2 3 106 NIH/3T3-S1-Luc cells (NT group) or a combination of 2 3

106 NIH/3T3-S1-Luc cells and CAR-T cells in the ratio of 1/2 premixed in 300 ul of RPMI-1640 medium

(CR3014-28z and CR3022-28z groups). At 24 h post-implantation, mice were injected i.p. with 150 mg/kg

RediJect D-Luciferin (PerkinElmer; #770505). Mice were anaesthetized with 2% isoflurane and transferred

to the IVIS Lumina III (PerkinElmer) for in vivo imaging at 10 min post-injection. Mice from three different

groups were imaged simultaneously with 20 sec of exposure. Bioluminescence images were overlapped

with bright field images of mice and displayed in the same intensity range. Images were acquired and

analyzed by using Aura Imaging Software (Spectral Instruments Imaging). The total radiance (Photon/s

and counts) was measured and calculated for each region of interest (ROI).

QUANTIFICATION AND STATISTICAL ANALYSIS

The n represents individual donors from a random pool of donors provided by the blood service Hema-

Quebec (Quebec). The response of CAR-Ts was compared from one donor to another. This measure

applied to all figures in the paper. Although CAR-T cell numbers were expanded in vitro from a given in-

dividual donor, all cells were used at a single time from the individual donor for cytolytic killing assays and

flow cytometry. No repeat experiments from individual donors was done due to the lack of repeat access to

individual donors. Statistical analysis was performed by using GraphPad Prism� software v8.0 (GraphPad).

Two-tailed Student’s t-test was used to compare two normally distributed independent groups with contin-

uous endpoints. The one-way ANOVA was applied when more than two groups were compared and the

two-way ANOVA was applied when there are two independent variables. Dunnett’s post hoc test was

used for multiple comparisons. All experiments were repeated at least two times, and all experimental

data in figures and texts are shown as the mean G standard deviation. p values less than 0.05 was consid-

ered statistically significant.
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