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ABSTRACT

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is highly contagious
presenting a significant public health issue. Current therapies used to treat coronavirus
disease 2019 (COVID-19) include monoclonal antibody cocktail, convalescent plasma,
antivirals, immunomodulators, and anticoagulants, though the current therapeutic options
remain limited and expensive. The vaccines from Pfizer and Moderna have recently been
authorized for emergency use, which are invaluable for the prevention of SARS-CoV-2
infection. However, their long-term side effects are not yet to be documented, and
populations with immunocompromised conditions (e.g., organ-transplantation and
immunodeficient patients) may not be able to mount an effective immune response. In
addition, there are concerns that wide-scale immunity to SARS-CoV-2 may introduce
immune pressure that could select for escape mutants to the existing vaccines and
monoclonal antibody therapies. Emerging evidence has shown that chimeric antigen
receptor (CAR)- natural killer (NK) immunotherapy has potent antitumor response in
hematologic cancers with minimal adverse effects in recent studies, however, the
potentials of CAR-NK cells in preventing and treating severe cases of COVID-19 has not
yet been fully exploited. Here, we improve upon a novel approach for the generation of
CAR-NK cells for targeting SARS-CoV-2 and its D614G mutant. CAR-NK cells were
generated using the scFv domain of S309 (henceforward, S309-CAR-NK), a SARS-CoV
and SARS-CoV-2 neutralizing antibody that targets the highly conserved region of
SARS-CoV-2 spike (S) glycoprotein, therefore would be more likely to recognize
different variants of SARS-CoV-2 isolates. S309-CAR-NK cells can specifically bind to

pseudotyped SARS-CoV-2 virus and its D614G mutant. Furthermore, S309-CAR-NK
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cells can specifically kill target cells expressing SARS-CoV-2 S protein in vitro and show
superior killing activity and cytokine production, compared to that of the recently
published CR3022-CAR-NK cells. Thus, these results pave the way for generating ‘off-
the-shelf” S309-CAR-NK cells for treatment in high-risk individuals as well as provide

an alternative strategy for patients unresponsive to current vaccines.
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INTRODUCTION

SARS-CoV-2 is highly transmissible and has thus far infected millions of people
worldwide, approximately one-fifth of the total reported cases are in the US (1). Since
February 2020, the frequency of the SARS-CoV-2 D614G variant has increased
significantly and has become the dominant variant over the course of the pandemic (2).
The D614G variant is shown to associate with higher viral loads in patients, though there
is currently insufficient scientific evidence showing the effect of D614G mutation in
increased infectivity and transmissibility (3, 4). The disease caused by SARS-CoV-2 (i.e.,
COVID-19) presents severe symptoms including pneumonia, acute respiratory distress
syndrome (5), neurological symptoms, organ failure, and death. More importantly, severe
COVID-19 patients may experience dysregulation of an appropriate immune response,
characterized by lymphopenia (6), high neutrophil levels in peripheral blood (7), and
increased pro-inflammatory cytokines and chemokines (8). While repurposed
therapeutics such as monoclonal antibody cocktails, convalescent plasma, and
dexamethasone have shown promising results in treating COVID-19 (9). The

Pfizer/BioNTech (NCT04368728) and Moderna (NCT04283461) vaccines were recently

approved by the FDA for emergency use (10, 11), however, their long-term effects have
not yet been documented (12-14). Furthermore, there is accumulating evidence that viral
variants that develop relative resistance to the current vaccines and antibody treatments
are becoming more common. There could also be subsets of patients who may not be
responsive to the vaccines (e.g., people with immune-compromising conditions), and

therefore there is a need for an alternative protection or treatment strategy.
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Multiple sources of NK cells are found in cord blood (CB), peripheral blood (PB), bone
marrow (BM), human embryonic stem cells (ESCs), and induced pluripotent stem cells
(iPSC) (15, 16). NK cells isolated from these sources can be further modified to express a
chimeric antigen receptor (CAR) for treating a variety of cancer and infectious diseases
(17). Recent preclinical studies of CAR-NK in cancer immunotherapy show several
advantages of CAR-NK cells over CAR-T cells in clinical safety. For instance, CAR-NK
cells do not present additional risk for the development of severe graft-versus-host-
disease (GVHD) (18). More importantly, CAR-NK cells are associated with reduced host
cytotoxicity compared to CAR-T cells. Specifically, NK cells are less likely to induce
cytokine release syndrome (CRS) that could potentially exacerbate COVID-19 symptoms
in severe patients (19). Additionally, CAR-NK cells have potential to be developed as a
‘off-the-shelf” CAR product in the near future (18, 20, 21). Given these aforementioned
reasons, NK and CAR-NK cell-based immunotherapeutics have been rapidly developed
for COVID-19 treatment. Specifically, adoptive transfer of monocytes or NK cells

(NCT04375176, NCT04280224, and NCT04365101) and the universal ‘off-the-shelf’

NKG2D-ACE2 CAR-NK cells (NCT04324996) expanded from CB are currently being

studied in clinical trials for COVID-19.

Previous studies show that the genome sequence of SARS-CoV-2 is 79.6% identical to
that of SARS-CoV (22). Similar to SARS-CoV, the Spike protein expressed on the
surface of SARS-CoV-2 binds to the angiotensin-converting enzyme-2 (ACE2) receptor
and facilitates virus entry (22, 23). Several neutralizing antibodies were isolated from

memory B cells of convalescent SARS patients which possess cross-reactivity for SARS-
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CoV-2. One such antibody, named S309, potently neutralizes both pseudotyped SARS-
CoV-2 viral particles and wild-type SARS-CoV-2 by binding to both the ‘closed’ and
‘open’ ectodomain trimer conformations of the SARS-CoV-2 Spike glycoprotein (24). In
this study, we developed a novel approach for the generation of CAR-NK cells for
targeting SARS-CoV-2 using the scFv domain of S309. Here, we show that both the
S309-CAR-NK-92MI cell line and primary S309-CAR-NK cells expanded from PB
(hereinafter S309-CAR-NKP1may) cells effectively bind to SARS-CoV-2 pseudovirus and
the D614G variant pseudovirus. Moreover, compared to the previously generated Spike-
protein-targeting CR3022-CAR-NK cells (25), S309-CAR-NK cells show superior
killing activities against target cells (e.g., A549, an epithelial carcinoma derived from a
58 year old Caucasian male with a non-small-cell lung carcinoma (26)) expressing
SARS-CoV-2 S protein and mutant S protein (hereinafter, A549-Spike and A549-Spike
D614G, respectively) in vitro. S309-CAR-NKP™Y cells show increased productions of
TNF-a and IFN-y when cocultured with A549-Spike and A549-Spike D614G target cells
in comparison to CR3022-CAR-NKP ™y The “4-hour gold standard” chromium release
assay further confirmed the superior killing activities of both S309-CAR-NK-92MI cell
line and S309-CAR-NKPmay These data show that ‘off-the-shelf” S309-CAR-NK cells
may have the potential to prevent SARS-CoV-2 infection, as well as to treat
immunocompromised patients or those with comorbidities such as diabetes, cancer,

malnutrition, and certain genetic disorders who have been infected with SARS-CoV-2.
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RESULTS

Generation and characterization of S309-CAR-NK-92MI cells

To develop an NK cell-based immunotherapy for a COVID-19 prevention and treatment,
we cloned the scFv domain of S309 into an SFG retroviral vector that contains a human
IgG1 hinge and CH2-CH3 domain, CD28 transmembrane (27) domain and intracellular
domain, 4-1BB intracellular domain, and CD3zeta intracellular domain (Fig. 1a). After
construction of S309-CAR, we successfully generated S309-CAR-NK cells in the human
NK-92MI cell line (Fig. 1a). Briefly, 293T cells were transfected with a combination of
plasmids containing S309-CAR in the SFG backbone, retroviral helper plasmids RDF
and PegPam3, as previously described (28). The SFG retrovirus particles were then used
to transduce NK-92MI cells. After 4-5 days, NK-92MI and S309-CAR cells were stained
with CD56 and human IgG (H+L) and the CAR expression was analyzed by flow
cytometry. Around 70% of CD56* S309-CAR" NK-92MI cells were observed (Fig. 1b).
Then, the subsequent S309-CAR positive NK-92 cells were sorted by flow cytometry to
achieve high CAR expression levels (Fig. 1b). In summary, we have successfully

established the surface expression of S309-CAR-NK cells.

To characterize S309-CAR-NK-92MI cells, we examined the expressions of several key
immunoreceptors on S309-CAR-NK-92MI cells by flow cytometry. These receptors
include TIGIT, LAG-3, TIM-3, KLRG1, CTLA-4, PD-1, CD69, CD8A, NKG2C, CD9%4,
DNAM-1, 2B4, NKG2D, NKp46, and CD16 (Fig. 1¢). Overall, the expressions of these

activating and inhibitory receptors are comparable between parental NK-92MI and S309-
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CAR-NK-92MI cells, indicating the comparable characteristics of NK-92MI at pre- and

post-transduction stages.

S309-CAR-NK cells bind to the immunogenic receptor-binding domain (RBD)
domain of SARS-CoV-2 and pseudotyped SARS-CoV-2 S viral particles

After successful establishment of S309-CAR-NK-92MI cells, we then assessed the
binding ability of S309-CAR-NK cells to the RBD domain of SARS-CoV-2 S protein.
Since S309 neutralizing antibody was isolated from memory B cells of a SARS patient
(24), we also included the recombinant His-RBD protein of SARS-CoV as a positive
control. S309-CAR-NK-92MI cells and NK-92MI cells were incubated with the His-
RBD of SARS-CoV or RBD-SARS-CoV-2 and the resulting complex was then
recognized by anti-His and its corresponding fluorophore-conjugated-secondary
antibody. Flow cytometry was employed to evaluate the binding efficiency of S309-CAR
to the RBD of S protein from either SARS-CoV or SARS-CoV-2. Consistent with results
from previous studies (29), S309 recognizes and strongly binds to the RBD of both
SARS-CoV and SARS-CoV-2 (Fig. 2a). We therefore conclude that S309-CAR-NK-
92MI cells can specifically bind to the recombinant His-RBD protein of SARS-CoV and

the RBD-SARS-CoV-2.

However, the partial RBD domain of SARS-CoV-2 S may not fully reflect the
complexity of SARS-CoV-2 viral particles. We therefore evaluated the binding ability of
S309-CAR-NK cells to pseudotyped SARS-CoV-2 S viral particles that we generated.

Pseudotyped SARS-CoV-2 viral particles were produced by transfecting 293T cells with

10
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a combination of pCMV-luciferase-ecoGFP, pcDNA3.1-SARS-CoV-2 Spike, pLP1, and
pLP2 plasmids. The supernatant containing pseudotyped SARS-CoV-2 viral particles
were used for the pseudovirus binding assay (Fig. 2b). To further confirm the presence of
pseudotyped SARS-CoV-2 viral particles, we used the collected SARS-CoV-2
pseudovirus to infect 293T-hACE2 cells. After 48-72 hours of incubation, we observed
the GFP expression of the infected 293T-hACE2 cells by EVOS florescence microscope

(data not shown) and flow cytometry analysis (Fig. S2).

Previous studies show that the RBD of S glycoprotein binds to ACE2 and facilitates
SARS-CoV-2 entry (30). Thus, we included 293T-hACE2 in our experiment as a positive
control (Fig. 2¢). Full-length Spike and RBD-containing S1 subunit recombinant proteins
were also included as additional control groups (Fig. 2¢ & 2d). To evaluate the binding
ability of S309-CAR-NK-92MI to the pseudotyped SARS-CoV-2 S virus, S309-CAR-
NK-92MI, NK-92MI or 293T-hACE2 were incubated with SARS-CoV-2 S viral
particles, S1 subunit, or full-length S recombinant protein. The complex can be
recognized by anti-S1 subunit antibody and its corresponding fluorophore-conjugated
secondary antibody. As expected, S309-CAR-NK-92MI cells were able to bind to the
pseudotyped SARS-CoV-2 S viral particles with slightly lower binding efficiency than
that of recombinant protein groups (Fig. 2¢). Surprisingly, S309-CAR-NK cells showed a
stronger binding efficiency to the pseudotyped SARS-CoV-2 viral particles compared to
that of 293T-hACE?2 cells, suggesting that S309-CAR-NK-92MI may have superior
binding capabilities to the SARS-CoV-2 virus compared to the natural receptor, ACE2

(Fig. 2d). In summary, S309-CAR-NK-92MI cells can strongly and specifically bind to

11
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the RBD-containing S1 subunit recombinant protein and the full-length pseudotyped

SARS-CoV-2 S viral particles.

S309-CAR-NK cells can be activated by SARS-CoV-2 spike protein RBD expressing
target cells and specifically kill their susceptible target cells

After successful generation of S309-CAR-NK cells and demonstration of binding
activities of recombinant His-RBD protein of SARS-CoVs (including SARS-CoV-1 and
SARS-CoV-2) and pseudotyped full length S viral particle derived from SARS-CoV-2,
we further evaluated whether S309-CAR-NK cells can be activated by target cells
expressing SARS-CoV-2 S protein. To test this, we generated two different cell lines
expressing the RBD and S proteins using 293T-hACE2 and A549, respectively. For the
generation of transient 293T-hACE2-RBD cells, we transfected an RBD encoding
plasmid into 293T-hACE2 cells (a commonly used cell line for studying the SARS-CoV-
2 virus) (Fig. 3a). On average, the transfection efficiencies of RBD proteins on 293T-
hACE?2 cells were greater than 90% as determined by flow cytometry (Fig. 3b) and
confocal microscopy (data not shown). For the generation of the stable A549-Spike cell
line (Table S1), we transfected 293T cells with a combination of plasmids containing
RDF, Pegpam3, and SARS-CoV-2 S in SFG backbone to produce SARS-CoV-2 S
retrovirus that was subsequently transduced into A549 cells (Fig. 3a). The S protein
expression on A549 is weaker compared to 293T cells (data not shown). The pre-sorting
transduction efficiency on A549 cell line was around 70% verified by flow cytometry.
Transduced A549-Spike cells were subsequently sorted to achieve homogeneously high

expression levels of S protein compared with 293T-hACE2-RBD cells (Fig. 3b)

12
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Next, we examined the activation of S309-CAR-NK-92MI cells by 293T-hACE2-RBD
or A549-Spike using the conventional CD107a assay (31). Expectedly, we observed a
significant increase in the surface level expression of CD107a molecules on S309-CAR-
NK-92MI cells after co-culturing with susceptible 293T-hACE2-RBD or A549-Spike
compared to that of parental 293T-hACE2 or A549 cells. An increase in total CD107a
(percentage[%] and mean fluorescence intensity [MFI]) on S309-CAR-NK-92MI cells,
compared to that of NK-92MI cells, was observed (Fig. 3¢). In conclusion, S309-CAR-

NK-92MI cells can be activated by both 293T-hACE2-RBD and A549-Spike cells.

To evaluate the killing activity of S309-CAR-NK-92MI against SARS-CoV-2-protein-
expressing target cells in vitro, we used the standard 4-hour Chromium-51 (Cr’!) release
assay (a gold standard assay to evaluate the cytotoxicity of immune cells) (32). The data
show that S309-CAR-NK-92MI cells effectively kill both 293T-hACE2-RBD and A549-
Spike cells by in vitro Cr>! release assay (Fig. 3d). We also used an irrelevant target cell
line, HepG2 (human hepatoma cell line) as a negative control, to confirm the specificity
of our S309-CAR-NK. As expected, we did not observe a significant difference in the
killing activity of S309-CAR-NK-92MI compared to that of wild-type NK-92MI cells
(Fig. 3d). Here, by using three different cell lines, we demonstrated the S309-CAR-NK-

92MI cells can specifically target and kill SARS-CoV-2-protein-expressing target cells.

Expanded primary S309-CAR-NK cells can specifically kill SARS-CoV-2-protein-

expressing target cells

13
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After evaluating the killing function of S309-CAR-NK-92MI cell line, we then examined
whether the expanded S309-CAR-NKPimay cells also have similar killing function against
SARS-CoV-2-protein-expressing cells, given the natural malignancy of NK-92MI cell
line(17). To expand human primary NK cells from peripheral blood (hereinafter PBNK),
we isolated peripheral blood mononuclear (PBMCs) from buffy coats from healthy
donors and cocultured with 100-Gy irradiated 221-mIL21 feeder cells supplemented with
200 U/mL IL-2 and 5 ng/mL IL-15, as described (33, 34). In parallel, 293T cells were
transfected with a combination of plasmids containing S309-CAR in the SFG backbone,
RDF, and PegPam3, as previously described (28). The SFG retrovirus particles were used
to transduce expanded PBNK cells at Day 4 (Fig. 4a). After 48 hours, primary S309-
CAR-NK cells were transferred to a G-Rex plate for continued culturing for 21 days. The
NK cell purity and CAR expression were determined using flow cytometry by staining
both PBNK and S309-CAR-NKP™ cells with anti-CD56, anti-CD3 and anti-human
IgG (H+L). On average, the NK cell purity is around 90% with approximately 80% CAR

transduction efficiencies for the S309-CAR-NKP ™Y (Fig, 4b).

To immunophenotype the expanded primary S309-CAR-NKP™_ we stained both
expanded PBNK and S309-CAR-NKPr™a" cells for various important activating and
inhibitory receptors by which the expressions were determined by flow cytometry. The
inhibitory receptors include CTLA4, PD-1, NKG2A, TIGIT, KLRG1, TIM3, and LAG3.
The activating receptors include CD16, 2B4, NKG2C NKG2D, DNAM-1, CD9%4, and
NKp46 (Fig. 4¢). In general, the expressions of these immunomodulatory receptors are

comparable between expanded PBNK and S309-CAR-NKPima cells,

14
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Similar to S309-CAR-NK-92MI, we also used the 4-hour Cr>! release assay to evaluate
the killing function of expanded primary S309-CAR-NKP1 My, The data show that S309-
CAR-NKPrimary cells effectively kill A549-Spike cells compared to expanded PBNK cells
(Fig. 4d). In summary, we demonstrated the expanded S309-CAR-NKP™Y cells can also
kill the SARS-CoV-2-protein-expressing target cells, indicating S309-CAR-NKPrimary

could potentially become a promising COVID-19 treatment.

S309-CAR-NK cells have higher killing activities than CR3022-CAR-NK cells
against SAR-CoV-2-protein-expressing cells

CR3022-CAR-NK-92MI cell line was previously generated (25). Previous studies
showed that S309 neutralizing antibody recognizes both open and closed conformations
of the SARS-CoV-2 S trimer, however, CR3022 can only bind to the open state (Fig. 5a)
(24, 35). To further determine the functionalities of S309-CAR-NK in vitro, we
compared the activation levels of S309-CAR-NK-92MI and CR3022-CAR-NK-92MI
cells when cocultured with susceptible 293T-hACE2-RBD or A549-Spike target cells. As
expected, we did not observe a significant difference in total CD107a, in both
percentages and total mean fluorescence intensity (MFI), against the 293T-hACE2-RBD
target cell. However, the expression levels of surface CD107a on CR3022-CAR-NK cells
were significantly lower when cocultured with A549-Spike compared to that of S309-
CAR-NK cells (Fig. Sb). Altogether, these data suggest that the conformation of the
SARS-CoV-2 Spike trimers play a critical role in CAR recognition and binding ability

and superior activation capabilities by S309-CAR molecules.
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To further evaluate the function of S309-CAR-NK-92MI cells, we compared its killing
activities to the CR3022-CAR-NK-92MI cells. Both 293T-hACE2-RBD and A549-Spike
cells were used as susceptible target cells. Consistent with the results in Fig. Sb, we also
observed a significant decrease in the killing activity of CR3022-CAR-NK cells when
A549-Spike cells were the susceptible target cell line in a 4-hour Cr®! release assay (Fig.
Sc¢). Considering NK-92MI is a cell line and may not fully reflect the true functions of
primary CAR-NK cells (17), we also generated S309-CAR-NKPmaY and CR3022-CAR-
NKPimary from expanded PBNK. Expectedly, S309-CAR-NKP ™Y cells have better
killing activities than CR3022-CAR-NKP"™Y (Fig, 5d), indicating that S309-CAR-NK is
superior to CR3022-CAR-NK, and may have a better potential in targeting and killing

SARS-CoV-2-protein-expressing cells in vivo.

S309-CAR-NKPrmary cells can also target SARS-CoV-2 D614G variant

Next, we evaluated the ability by which S309-CAR-NKP ™Y cells bind to pseudotyped
SARS-CoV-2 D614G variant by flow cytometry. As expected, S309-CAR-NKPmary cells
are unaffected by the G614 mutation and have the ability to bind to pseudotyped SARS-
CoV-2 G614 variant with similar binding efficiency compared to the SARS-CoV-2 D614
(Fig. 6a). To ensure the functions of S309-CAR-NKP' ™ are not altered by the G614
mutation, we also generated A549-Spike D614G cell line. Site-directed mutagenesis was
performed to mutagenize SFG-SARS-CoV-2 S plasmid (Table 1). Subsequently, we
generated A549-Spike D614G cell line using retrovirus system, which 293T cells were
transduced with a combination of RDF, Pegpam3, and SARS-CoV-2 S D614G in SFG

backbone. We then performed an intracellular cytokine assay to quantify the intracellular

16


https://doi.org/10.1101/2021.01.14.426742

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.14.426742; this version posted January 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

productions of TNF-a and IFN-y of S309-CAR-NKP1™a cells (Fig. 6b). In addition to
using expanded PBNK, CD19-CAR-NK cells (specific for the treatment of B-acute
lymphoblastic leukemia) (21) were also included to show the specificity of S309-CAR-
NKPimary goqinst target cells expressing S protein or D614G variant. Consistent with our
previous result in Fig. 5d, S309-CAR-NKP" ™ produce higher amount of intracellular
TNF-a and IFN-y compared to that of CR3022-CAR-NKP" ™Y when cocultured with
A549-Spike target cells. More importantly, the intracellular cytokine productions of
S309-CAR-NKPmy cells when cocultured with A549-Spike D614G target cells were
similar to that of A549-Spike, indicating S309-CAR-NKP™a cells can also target and
kill cells infected by SARS-CoV-2 D614G variant. Surprisingly, TNF-a production
slightly decreased when CR3022-CAR-NKPimay cells were cocultured with A549-Spike

D614G but not IFN-y (Fig. 6b).

We also used Cr! release assay to further determine the killing activities of S309-CAR-
NKPimary cells against A549-Spike D614G target cells. Consistently, S309-CAR-NKPrimary
cells show superior killing activities compared to CR3022-CAR-NKP™ in both A549-
Spike and A549-Spike D614G (Fig. 6¢). Surprisingly, CD19-CAR-NKP"™ay cells show
high cytotoxicity against A549 cell line (despite lacing expression of CD19) which may
bring new findings to the field of cancer immunotherapy. Altogether, our data suggest
that S309-CAR-NKP™ay cells are able to bind the SARS-CoV-2 D614G variant in

addition to killing target cells expressing S protein exhibiting the G614 mutation.
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DISCUSSION

In this study, we proposed the use of S309-CAR-NK cells for the prevention of SARS-
CoV-2 infection and treatment of COVID-19 for various reasons. Firstly, S309 is a
unique antibody by which it targets one of the most highly conserved epitopes in the
RBD of SARS-CoV-2 and related viruses, possessing high binding affinities and
neutralization potencies for both SARS-CoV-1 and SARS-CoV-2 (24). Our results
suggest that this approach would retain activity against the Spike gene variants that are
rapidly spreading around the globe, which may result in the development of escape
mutants to the typical neutralizing antibodies in convalescent and vaccine sera. This high
level of conservation suggests that S309 antibody, and the CAR-NK cells derived from
this antibody, may also possess protective activity against new SARS-CoV isolates that
may emerge in the future. Secondly, accumulating evidence showing NK cell
involvement in the control of various viral infections (17, 21). As innate immune cells,
NK cells can rapidly respond to viral infections by secreting IFN-y and TNF-a cytokines
to upregulate the defense mechanism. NK cells can also directly recognize and target
viral-infected cells via antibody-dependent cellular cytotoxicity (ADCC). Thirdly, the
half-life of monoclonal antibody therapeutics is approximately 21 days; however,
expression of the antibody scFv portion on NK cells can prolong the protection by
increasing the persistence of NK cells in vivo. Given these reasons, it is essential to
design genetically modified NK cells that specifically target SARS-CoV-2 infected cells

to control COVID-19 disease progression.
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Recent clinical trials of CAR-modified NK cell-based immunotherapies have shown
promising results for treating cancers and infectious diseases (17). One of the foremost
challenges of using primary NK cells for immunotherapy is obtaining an adequate
number of NK cells from peripheral blood or cord blood before expansion. Therefore,
most of the current CAR-NK immunotherapies in clinical trials utilize NK-92 cell lines
as they are easily manufactured for “off-the-shelf” purposes (34). The superior and
optimized human primary NK cell expansion technology has been recently developed
(33). In this study, we show the successful generation of S309-CAR-NK cells using both
the NK-92MI cell line and primary NK cells expanded from human peripheral blood.
S309-CAR-NK cells have the ability to efficiently bind to both SARS-CoV-2 D614 and
G614 variants. We also demonstrated the cytotoxic functions of S309-CAR-NK against
different target cells expressing RBD, Spike D614, and Spike G614 in various in vitro
assays. Interestingly, we observed the superior cytotoxic functions for S309-CAR-NK
compared to CR3022-CAR-NK cells against A549-Spike target cells. A plausible
explanation is the different epitopes and affinities of these two neutralizing antibodies to
SARS-CoV-2 S glycoprotein. CR3022 binds to a cryptic epitope that is only accessible
when at least two out of the three S® domains of S glycoprotein trimers are in the open
conformation (35), while S309 binds to the SARS-CoV-2 SB domain and to the
ectodomain trimer of the S glycoprotein (24). This is reflected in neutralizing activity of
S309, but not CR3022 for SARS-CoV-2, and this difference in the specific binding
domains of CR3022 and S309 could explain the superior killing activities of S309-CAR-
NK cells. Collectively, these preliminary data support the therapeutic potential of using

S309-CAR-NK cells preventatively and as a treatment for severe COVID-19 patients.
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However, several limitations in the current study need to be addressed: Firstly, the
pseudotyped SARS-CoV-2 S viral particles used in our experiments may not fully
recapitulate the authentic SARS-CoV-2 virus. Secondly, our studies provide limited
mechanistic insights showing how S309-CAR-NK cells target SARS-CoV-2 virus or
SARS-CoV-2 S expressing cells. Currently, we are testing the efficacy of S309-CAR-NK
cells on animal studies. Our current study supports the potential efficacy of S309-CAR-
NK cells and the safety assessment of S309-CAR-NK cells in vivo. Future studies using
wild-type SARS-CoV-2 virus in pre-clinical animal models are needed to test the efficacy

and toxicity of S309-CAR-NK cells in vivo.

Nevertheless, the development of this novel CAR-NK cell therapy for the treatment of
severe COVID-19 patients with maximal efficacy and minimal toxicity will be required
to reduce patient risk and enhance the clinical benefit of these expensive and time-
intensive therapies in the acute care setting. This work pioneers the use of S309-CAR-NK
cells to prevent the SARS-CoV-2 infection and treat SARS-CoV-2 infected patients and
will lead to the development of novel immunotherapeutic strategies for patients with
immunocompromised conditions. These patients include: 1) older adults (particularly
over 70-year-old with immune-compromising conditions); 2) those with comorbidities or
chronic conditions such as cancer, heart disease, pre-existing lung disease, diabetes,
malnutrition, and certain genetic disorders; 3) those on specific medications or treatments
such as steroids, chemotherapy, radiation therapy, stem cell therapy, bone marrow or

organ transplant, who may not create an effective immune protection elicited by vaccines.
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Furthermore, our preliminary results will expedite preclinical studies and a potential
clinical application of “off-the-shelf” CAR-NK products for COVID-19 treatment. This
work will also pioneer the use of a cancer immunotherapy in treating infectious diseases,
broaden the use of CAR-NK cells, and initiate the development of ‘off-the-shelf” CAR-

NK products in the near future.
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Online content
Any methods, additional references, source data, and statements of code and data

availability are available online.
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METHODS AND MATERIALS

Antibodies and Reagents

PE anti-human CD3 antibody (clone OKT3), FITC and PE/Cy7 anti-human CD56
antibody (clone HCD56, BioLegend), PE anti-human CD69 antibody (clone FN50,
BioLegend), PE anti-human CD8a antibody (clone RPA-T8, BioLegend), APC/Fire 750
anti-human CD226 antibody (DNAM-1) (clone 11A8, BioLegend), APC/Fire 750 anti-
human KLRG1 (MAFA) antibody (clone SA231A2, BioLegend), BV421 anti-human
CD335 (NKp46) antibody (clone 9E2, BioLegend), PE/Cy7 anti-human CD244 (2B4)
antibody (clone C1.7, BioLegend), PE anti-human CD152 (CTLA-4) antibody (clone
BNI3), APC anti-human CD366 (Tim-3) antibody (clone F38-2E2), PerCP/Cy5.5 anti-
human TIGIT (VSTM3) antibody (clone A15153G), FITC anti-human CD223 (LAG-3)
antibody (clone 11C3C65, BioLegend), BV510 anti-human CD314 (NKG2D) antibody
(clone 1D11), APC anti-human CD94 (clone DX22, BioLegend), AF-700 anti-human
IFN-y (clone B27, BioLegend), and PE anti-human TNF-a (clone Mab11, BioLegend)
were purchased from BioLegend (San Diego, CA, USA). APC anti-human CD16
antibody (clone 3G8, BD Biosciences), BV711 anti-human CD314 (NKG2D) antibody
(clone 1D11, BD Biosciences), and FITC anti-human CD107a antibody (clone H4A3,
BD Biosciences) were purchased from BD Biosciences (San Jose, CA, USA). PE anti-
human NKG2C/CD159c¢ antibody (clone 134591, R&D Systems) were purchased from
R&D Systems. AF647 Goat anti-human IgG(H+L) F(ab’), fragment antibody was
purchased from Jackson ImmunoResearch (West Grove, PA, USA). Anti-SARS-CoV-2
Coronavirus Spike protein (subunit 1) polyclonal antibody was purchased from

SinoBiological (Beijing, China). Anti-SARS-CoV-2 Spike RBD rabbit polyclonal
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antibody was purchased from SinoBiological (Beijing, China). Anti-His mouse
monoclonal antibody IgG1 (clone H-3) was purchased from Santa Cruz Biotechnology

(Dallas, TX, USA). Alexa Fluor 488 goat anti-rabbit IgG (H+L) and Alexa Fluor 488

goat anti-mouse IgG1 (y1) were purchased from Fisher Scientific (Waltham, MA).

Cell lines

293T, A549, HepG2, and NK-92MI cell lines were purchased from the American Type
Culture Collection (ATCC). 293T-hACE2 cell line is a gift from Dr. Abraham Pinter
(Rutgers-New Jersey Medical School, PHRI). To maintain the stable expression of
hACE2, 293T-hACE2 cells were cultured in DMEM (Corning) supplemented with 10%
(v/v) fetal bovine serum (FBS), 100 U/mL Penicillin-Streptomycin (Corning), and

Ipug/mL of puromycin at 37°C under 5% (v/v) COsz.

Generation of transient 293T-hACE2-RBD cell line

To establish the transient 293T-hACE2-RBD cell line, 293T-hACE?2 cells were
transfected with 0.5 pg of SARS-CoV-2-RBD plasmid (a gift from Dr. Abraham Pinter)
in each well in a 24-well plate (Eppendorf) for 48 hours at 37°C under 5% (v/v) COx.
Transfected cells were harvested after 48 hours and stained with primary anti-RBD
(SinoBiological) followed by a goat anti-rabbit fluorophore-conjugated secondary

antibody to determine the expression of RBD by flow cytometry.

Generation of stable A549-Spike and A549-Spike D614G cell lines
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pcDNA3.1-SARS-CoV-2 Spike (Addgene plasmid #145302) was used to clone SARS-
CoV-2 S gene into the SFG backbone using the In-Fusion Cloning kit (Takara Bio).
pSFG-SARS-CoV-2 S D614G was cloned from pSFG-SARS-CoV-2 S plasmid using the
Q5 Site-Directed Mutagenesis Kit (New England BioLabs). 293T cells were transfected
with 3.75 pg pSFG-SARS-CoV-2 S or pSFG-SARS-CoV-2 S D614G, 2.5 ug RDF, and
3.75 pg PegPam3 for 48 hours at 37°C under 5% (v/v) CO.. The spike retrovirus
supernatant was filtered (0.45 um) and transduced into A549 cells for an additional 48 —
72 hours at 37°C under 5% (v/v) COz. After 2 — 3 days, transduced cells were changed to
fresh DMEM (Corning) supplemented with 10% (v/v) fetal bovine serum (FBS), 100
U/mL Penicillin-Streptomycin (Corning). The spike protein expression was determined
by flow cytometry by staining the transduced cells with anti-RBD antibody
(SinoBiological) followed by a goat anti-rabbit fluorophore-conjugated secondary
antibody. A549-Spike cells were cultured for a few days prior to sorting using anti-RBD.
Sorted cells were cultured in DMEM supplemented with 10% (v/v) FBS, and 100 U/mL

Penicillin-Streptomycin.

Production of pseudotyped SARS-CoV-2 viral particles

Briefly, 293T cells were transfected using a lentivirus system with a combination of
plasmids including pLP1, pLP2, pCMV-luciferase-ecoGFP (a gift from Cornell
University), and pcDNA 3.1-SARS-CoV-2 Spike (Addgene plasmid #145032) for 72
hours at 37°C under 5% (v/v) COa. The pseudovirus was then filtered (0.45 pum). To
confirm the presence of pseudotyped SARS-CoV-2 viral particles, the filtered

pseudovirus supernatant was used to transfect 293T-hACE2 for 48 hours at 37°C under
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5% (v/v) COz. The GFP expression of the transfected 293T-hACE2 cells was observed
using an EVOS FL microscope (Life Technologies). The presence of the SARS-CoV-2
pseudovirus was further confirmed by flow cytometry, transfected 293T-hACE2 cells
were stained with primary anti-RBD followed by goat anti-rabbit fluorophore-conjugated

secondary antibody.

S309-CAR construction and retrovirus production

A codon-optimized DNA fragment was synthesized by GENEWIZ encoding the S309-
specific scFv and sub-cloned into the SFG retroviral vector retroviral backbone in-frame
with the hinge component of human IgG1, CD28 trans-membrane domain, intracellular
domain CD28 and 4-1BB, and the C chain of the human TCR/CD3 complex. Both the
codon optimized anti-S309 scFv fragment and the SFG vector were digested with
restriction endonucleases Sa/l and BsiWW1. SFG-S309 plasmid was transformed into Stbl3
chemically competent cells. Maxiprep was performed to enrich DNA concentration for

the transfection step.

To produce S309-CAR retrovirus, 293T cells were transfected with 3.75 pg S309-CAR
in SFG backbone, 3.75 ng PegPam3, and 2.5 ng RDF. S309-CAR retrovirus was
harvested after 48-72 hours, filtered with a 0.45 pm filter, and transduced to NK-92MI
cells in a 24-well plate coated with 0.5 pg/ml of RetroNectin diluted in PBS (Clontech).
Two days later, cells were transferred to 75 cm? flask (Corning) in complete NK-92MI
medium (MEM-a with 12.5% (v/v) FBS, 12.5% (v/v) heat inactivated horse serum, 11

uM BME, 2 uM folic acid, and 20 uM inositol. To determine the expression of CAR or to
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sort S309-CAR-NK-92MI cell line, cells were stained with anti-CD56 and anti-human

IgG(H+L) F(ab’), fragment.

Primary NK cell expansion from peripheral blood

Human blood related work was approved by the Rutgers University Institutional Review
Board (IRB). Lymphocyte Separation Medium (Corning) was used to isolate PBMCs
from the buffy coats purchased from New York Blood Center. To expand human primary
NK cells, 5 x10° cells of isolated PBMCs were cocultured with 10 x10° cells of 100 Gy-
irradiated 221-mIL21 cells in 30 mL RPMI 1640 media (Corning) supplemented with
10% (v/v) FBS, 2 mM L-Glutamine (Corning), 100 U/mL Penicillin-Streptomycin, 200
U/mL IL-2 (PeproTech), and 5 ng/mL IL-15 (Peprotech) in a G-REX 6 Multi-well
culture plate (Wilson Wolf) at 37°C under 5% (v/v) CO,. Media were changed every 3 —
4 days. An automated cell counter (Nexcelom Bioscience, Lawrence, MA, USA) was
used to count the total cell numbers. The NK cell purity was determined by staining cells

with anti-CD56 and anti-CD3 followed by flow cytometry analysis.

Transduction of expanded NK cells with S309-CAR

The transduction procedure was previously described, briefly, 293T cells were
transfected with a combination of SFG-S309, PegPam3, and RDF. S309-CAR retrovirus
was harvested after 48-72 hours, filtered, and transduced to Day 4 of expanded primary
NK cells in a 24-well plate coated with 0.5 pg/ml of RetroNectin. Transduced cells were
harvested and transferred to a G-Rex well in 30 mL RPMI 1640 media supplemented

with 10% (v/v) FBS, 2 mM L-Glutamine, 100 U/mL Penicillin-Streptomycin, 200 U/mL
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IL-2 (PeproTech), and 5 ng/mL IL-15 (Peprotech). Media were changed every 3 — 4 days
up to 21 days. Cells were stained for CD56, CD3, and anti-human IgG (H+L) F(ab’)>
fragment for the determination of NK cell purity and CAR expression, followed by flow

cytometry analysis.

S309-CAR and RBD binding assay

To evaluate the binding activity of CR3022-CAR to RBD domain of SARS-CoV-2 S,
S309-CAR or NK-92MI (5 x 10°) cells were incubated with 5 pg of His-gp70-RBD
recombinant protein (a gift from Dr. Abraham Pinter) in DPBS buffer (0.5 mM MgCl»
and 0.9 mM CacCl, in PBS) in for 30 minutes on ice. Cells were washed twice with PBS,
stained with anti-His in FACS buffer (0.2% FBS in PBS) for 30 minutes on ice and then
washed twice again with PBS. Cells were then stained with goat anti-mouse (IgG1)
secondary antibody in FACS buffer for 30 minutes on ice, washed twice with PBS, and

analyzed by Flow Cytometry.

S309-CAR and pseudotyped SARS-CoV-2 S viral particles binding assay
S309-CAR, NK-92MI, and 293T-hACE2 (5 x 10°) cells were first equilibrated with BM
binding media (complete RPMI-1640 containing 0.2% BSA and 10 mM HEPES pH 7.4).
Due to the non-specific binding to the S309-CAR of our secondary antibody, cells were
first blocked with anti-human IgG(H+L) F(ab’), fragment for 30 minutes on ice in BM
and washed thrice with PBS. Full-length recombinant S protein (Acrobio systems), and
S1 subunit recombinant protein (a gift from Dr. Abraham Pinter) were diluted with BM

to appropriate concentrations. Filtered Pseudotyped SARS-CoV-2 S was used
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immediately following filtration without further dilution. Pseudotyped SARS-CoV-2 S,
or 1 ng of full-length recombinant S protein, or 1 pg of S1 subunit recombinant protein
was added to designated wells of a 96-well V bottom plate. The plate was centrifuged at
600 x g for 30 minutes at 32°C, and subsequently incubated at 37°C at 5% CO- for 1
hour. Cells were washed twice with PBS, stained with anti-S1 (SinoBiological) in FACS
buffer (2% FBS in PBS) for 30 minutes on ice and washed thrice with PBS. Cells were
then stained with goat anti-rabbit secondary antibody in FACS buffer for 30 minutes on

ice, washed thrice with PBS, and analyzed by Flow Cytometry.

Flow cytometry analysis

Cells were stained and washed as previously described. Cells were analyzed on a FACS
LSRII or an LSR Fortessa flow cytometer (36). PMT voltages were adjusted and
compensation values were calculated before data collection. Data were acquired using

FACS Diva software (36) and analyzed using FlowJo software (36).

CD107a degranulation assay

The CD107a degranulation assay was described previously?®. Briefly, NK-92MI or S309-
CAR-NK-92MI or CR3022-CAR-NK-92MI cells (5 x 10%) were cocultured with 1 x

105 293T-hACE2, 293T-hACE2-RBD, A549, or A549-Spike cells in the presence of
GolgiStop (BD Biosciences) in a V-bottomed 96-well plate in complete RPMI-1640
media at 37°C under 5% CO; for 2 hours. The cells were harvested, washed, and stained
for anti-CD3, anti-CD56, and anti-CD107a for 30 minutes, and analyzed by flow

cytometry.
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Intracellular cytokine assay

Effector cells were cocultured with target cells in 5:1 ratio at 37°C under 5% CO- for 4
hours in the presence of GolgiStop. Cells were then collected and stained for anti-CD3,
anti-CD56, and anti-human IgG(H+L) F(ab’), fragment in FACS buffer for 30 minutes on
ice. Cells were then permeabilized in the dark for 20 minutes on ice and were subsequently
washed and stained for anti-TNF-a and anti-IFN-y in permeabilization wash buffer for 30

minutes on ice prior to analyzing by Flow Cytometry.

Cr3! release assay

To evaluate the cytotoxic activity of CAR-NK cells, the standard 4-hour Cr°! release
assay was used. Briefly, target cells were labeled with Cr>! at 37°C for 2 hours and then
resuspended at 1x10°/mL in NK-92MI culture medium with 10% FBS.

Then, 1x10* target cells were incubated with serially diluted CAR-NK or NK-92MI cells
at 37°C under 5% CO- for 4 hours. After centrifugation, the supernatants were collected
and transferred to a 96-well Luma plate and the released Cr>! was measured with a
gamma counter (Wallac, Turku, Finland). The cytotoxicity (as a percentage) was
calculated as follows: [(sample — spontaneous release) / (maximum release — spontaneous

release)] x 100.

Statistical analysis
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Data were represented as mean + SEM. The statistical significance was determined using
a two-tailed unpaired Student t test, a two-tailed paired Student t test, a one-way

ANOVA, where indicated. P < 0.05 was considered statistically significant.
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Figure and Figure legends:
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Figure 1: Generation of S309-CAR-NK-92MI cells.

(a) Plasmid construct of S309-CAR. The SFG retroviral vector contains the S309 single
chain antibody fragment (accession code 6WS6 on PDB), a human IgG1 CH2CH3 hinge
region, a CD28 transmembrane region, followed by the co-stimulatory CD28, 4-1BB, and
the intracellular domain of CD3{. (b) Determination of S309-CAR-NK expression by
flow cytometry. S309-CAR cells were collected and stained with anti-CD56 and CAR
F(ab)2 domain [IgG (H+L)] for flow cytometry. The cells were then sorted to achieve a
homogenous population of high CAR expression. (¢) Immunoprofiling of S309-CAR-

NK-92MI cells by flow cytometry. S309-CAR and the wildtype NK-92MI cells were
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stained with antibodies against different immunomodulatory receptors including CTLA4,
PDI1, NKG2A, NKG2C, NKG2D, NKp46, CD56, CD16, 2B4, DNAM-1, CD9%4,

KLRGI1, TIM3, LAG3, and TIGIT.
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Figure 2
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Figure 2: S309-CAR-NK-92MI cells bind to RBD domain of SARS-CoV-2 S protein

and pseudotyped SARS-CoV-2 viral particles. (a) Representative dot plots showing

the efficiency of S309-CAR binding to SARS-CoV-2-RBD. S309-CAR-NK-92MI or

parental NK-92MI cells were incubated with the RBD recombinant protein of SARS-

CoV-1 or SARS-CoV-2. (b) Generation of pseudotyped SARS-CoV-2 viral particles.

293T cells were transfected with various plasmids for 72 hours for the generation of

pseudotyped SARS-CoV-2 viral particles. (¢) Representative histogram showing S309-
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CAR-NK-92MI binds to the pseudotyped SARS-CoV-2 viral particles. S309-CAR-NK-
92MI, parental NK-92MI, or 293T-hACE2 (positive control) cells were incubated with
pseudotyped SARS-CoV-2 viral particles, S1 subunit, or full-length S recombinant
protein at 37°C for 1 hour. The experimental sample was performed in triplicates with
MFI = 13579 £ 251 (a.u.). (d) Quantitative data of the binding efficiency of S309-CAR-
NK-92MI cells to pseudotyped SARS-CoV-2 viral particles. The experimental sample
was performed in triplicates with binding efficiency of over 90%. Data represent mean +
standard error of the mean (SEM) of three independent experiments. Unpaired Student’s ¢

test was employed. ****p < 0.0001.
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Figure 3: Increased CD107a surface expression and killing activity of S309-CAR-

NK-92MI cells against 293T-hACE2-RBD and A549-Spike target cells. (a)

Generation of transient 293T-hACE2-RBD and stable A549-Spike cell lines. 293T-

hACE2 cells were transfected with RBD-containing plasmid for 48 hours. Transfected
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293T-hACE2-RBD cells were then harvested. For the generation of A549-Spike, 293T
cells were transfected with the retrovirus transfection system for 48 hours. The spike
retrovirus was filtered and transduced into A549 cells for an additional 48-72 hours. (b)
Representative dot plots showing the expressions of RBD or Spike in 293T-hACE2 or
A549 cells, respectively. 293T-hACE2-RBD and A549-Spike cells were stained with
anti-RBD and the expressions were confirmed by flow cytometry. The stable A549-Spike
cell line was then sorted to achieve high levels of spike expression. (¢) Quantitative data
of CD107a surface expression assay of S309-CAR-NK against 293T-hACE2-RBD or
A549-Spike cell lines. Briefly, S309-CAR-NK-92MI cells were cocultured with either
293T-hACE2-RBD cells, A549-Spike cells, stimulated with PMA/Ionomycin, or
incubated alone for 2 hours at 37°C. Cells were then harvested and stained for CAR

F(ab)2 domain [IgG (H+L)] and CD107a. Data represent mean £ SEM from two
experiments. (d) 4-hour standard Cr’! release assay of S309-CAR-NK-92MI and parental
NK-92MI cells against various target cell lines. 293T-hACE2-RBD, A549-Spike, and
HepG2 cell lines were used as target cells for S309-CAR-NK and NK-92MI.
Experimental groups were performed in triplicates. Error bars represent mean + SEM
from at least two independent experiments. Unpaired Student’s # test was used for both
panels (¢) and (d). ns p > 0.05, * p <0.05, ** p <0.01, *** p <0.001, and **** p <

0.0001.
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Figure 4: Increased Killing activity of expanded S309-CAR-NKP'™2Y against A549-
Spike cell line. (a) Schematic representation of human S309-CAR-NKP™ expansion
system. Briefly, irradiated (100 Gy) 221-mIL21 feeder cells were cocultured with PBMC
supplemented with IL-2 and IL-15 on Day 0. In parallel, 293T cells were transfected with
the retrovirus packaging system to produce S309-CAR retrovirus that were then
transduced into the expanded PBNK cells in the presence of IL-2 and IL-15. S309-CAR-

NKPrimary cells were harvested on Day 7 and continued expansion for 21 days. (b)
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Representative dot plots of expanded primary NK cells and S309-CAR-NKPi™Y, The
purity of NK cells and the expression of CAR were monitored every 3-4 days. (¢)
Immunophenotyping of S309-CAR-NKP ™y cells using flow cytometry. Antibodies
against various immunomodulatory receptors including CTLA4, PD1, NKG2A, CD56,
CD16, 2B4, NKG2C, NKG2D, NKp46, DNAM-1, CD%4, TIGIT, KLRG1, TIM3, and
LAG3 were used to stain both primary NK cells and S309-CAR-NKPrmav_(d)
Quantitative data of cytotoxic activity of S309-CAR-NKP™Y against A549-Spike.
Briefly, expanded human S309-CAR-NKP™Y cells were blocked with anti-CD16 for 30
minutes and then anti-NKG2D for 30 minutes on ice. The target cells were labeled with
Cr’! for 2 hours prior to coculturing with S309-CAR-NKPmary cells for an additional 4
hours. The experiment was repeated at least twice. Error bars represent SEM. Unpaired

Student’s 7 test was used. ** p <0.01, *** p <0.001, and **** p <0.0001.
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Figure 5: S309-CAR-NK cells are superior to CR3022-CAR-NK cells. (a) Diagram of
S309 and CR3022 neutralizing antibodies binding to different epitopes of the SARS-
CoV-2 S protein. Both open and closed conformation states of SARS-CoV-2 S protein
are shown. S309 binding site is indicated in magenta and CR3022 binding site is
indicated in yellow. (b) Quantitative data of CD107a surface expression of both S309-
CAR-NK-92MI and CR3022-CAR-NK-92MI. Both transient 293T-hACE2-RBD and
stable A549-Spike cell lines were used as target cells. Error bars represent SEM from at
least two independent experiments. (¢) Comparison of killing activity of S309-CAR and
CR3022-CAR using the 4-hour Cr>! release assay. Effector cells were cocultured with
Cr’!-labeled target cells at 37°C for 4 hours. The assay was repeated for at least two times

per target cell line. (d) Expanded S309-CAR-NKP'™ has increased killing activity
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against A549-Spike cells than primary CR3022-CAR-NKPmay, Effector cells were
blocked with anti-CD16 and anti-NKG2D prior to coculturing with A549-Spike target
cells for 4 hours at 37°C. Data were pooled from three independent experiments.
Unpaired Student’s t test was employed for all panels. ns p > 0.05, * p <0.05, ** p <

0.01, *** p < 0.001, and **** p<0.0001.

41


https://doi.org/10.1101/2021.01.14.426742

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.14.426742; this version posted January 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 6
a C

Pseudotyped SARS-CoV-2 S o AB49 e AS49 |ns s
! —e AB549-Spike
e Pseudotyped SARS-CoV-2 S D614G g0 = AB49-Spike ns 80 ! |
. ) o AB49-Spike D614G -o- A549-Spike D614G
= FullHlength S recombinant protein z z
S1 subunit recombinant protein " 60 2 60
80 H 40 2 40
;\? _ns_ .g 'E
- 3 ]
Z,- 60+ ° & 20 & 20
% o Effector: Expanded PBNK o Effector: Primary CD19-CAR-NK
£ 404 - 1 ; T T T 1 t T T T T 1
(7] 5 0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25
2 ET ET
.'5 20 (=] ~ | a (=}
£ 811811818
o = N | = | -~ A549 - - A549 | "
01— —etgnn. R 0~ AB49-Spike | - g0 > AB49-Spike .
‘\4: ‘\4' _ -e AB549-Spike D614G _ -e- AB549-Spike D614G
M 2 S g
S o v 50 o &
1% & . 2
0(\ 6’5 > -
& 3 o 40 g 4o
¢ ¢ 5 5
{‘& 2 @
Q & 20 & 20
. Effector: Primary CR3022-CAR-NK o Effector: Primary S309-CAR-NK
00 05 10 15 20 25 00 05 10 15 20 25
E:T E:T
o Effector + A549 e Effector + A549
o Effector + A549-Spike o Effector + A549-Spike
* Effector + A549-Spike D614G » Effector + A549-Spike D614G
* PMA + ionomycin . * PMA + ionomycin
%
__ 150+ s 150~ —
X i 9 s
al 2 o
g 3
3 100 S 100
° K
= [
H z
£ 50+ Z 50+
=} L
- -
P e
0= 0=

Figure 6: S309-CAR-NKPrmary cells can also target SARS-CoV-2 D614G variant. (a)
Quantitative data of the binding efficiency of S309-CAR-NKP" ™ to pseudotyped
SARS-CoV-2 and D614G variant viral particles. (b) Intracellular cytokine productions of
various effector cells. Briefly, effector cells were cocultured with A549, A549-Spike, or
A549-Spike D614G for 4 hours at 37°C. Cells were then stained for surface markers and

permeabilized prior to staining for intracellular cytokines. Data were acquired by flow
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cytometry and the values were normalized with the PMA + ionomycin group (positive
control). Data were pooled from at least two independent experiments. (¢) Expanded
S309-CAR-NKPim™ has increased killing activity against A549-Spike and A549-Spike
D614G cells compared to CR3022-CAR-NKP My Effector cells were blocked with anti-
CD16 and anti-NKG2D prior to coculturing with A549-Spike or A549-Spike D614G
target cells for 4 hours at 37°C. Data were pooled from two independent experiments.
Unpaired Student’s t test was employed for panel a. One-way ANOVA was used for
panels b and c¢. Post-hoc paired Student’s t test was employed after one-way ANOVA. ns

p>0.05, *p<0.05, ** p<0.01, *** p <0.001, and **** p<0.0001.
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Supplementary Table 1: Plasmid construction

Construct | Primer name Primer sequence
name
pSFG-
SARS-

CoV-2 S SFG-SARS-CoV- | 5°-GTCGA CGCAC TGGAC ACCTT TTAAA ATAG-3’

pSFG-
SARS-
CoV-2S | SFG-SARS-CoV- | 5’-GGTTA TGGTC GTTGG TCCAC CGG-3’
D614G 2-S D614G .Rev

2-S Rev
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Supplementary Figure 1
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Supplementary Figure 1: CAR expression of S309 and CR3022 in NK-92MI cell line
confirmed by flow cytometry. (a) Flow cytometric analysis of S309-CAR-NK-92MI
and CR3022-CAR-NK-92MI. Parental NK-92MI was used as a control. Cells were
stained for goat anti-human IgG (H+L). The CAR expression is comparable between
S309-CAR and CR3022-CAR, at 88.7% and 95.4%, respectively (b) Offset flow
cytometric profile of S309-CAR-NK-92MI and CR3022-CAR-NK-92MI. The CAR
expression is between 10and 10° mean fluorescence intensity (MFI) for both S309-CAR
and CR3022-CAR. Data are representative of at least two independent experiments.
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Supplementary Figure 2
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Supplementary Figure 2: Confirmation of pseudotyped SARS-CoV-2 D614 and
SARS-CoV-2 G614 viral particles production. Briefly, produced SARS-CoV-2
pseudovirus was used to infect 293T-hACE2 cells. After 48-72 hours, 293T-hACE2 cells
were collected to detect SARS-CoV-2 S viral particles by flow cytometry. Intracellular or
surface staining was performed with anti-RBD in permeabilization wash buffer or FACS
buffer, respectively, for 30 minutes. Cells were then washed and stained for goat anti-

rabbit AF488 prior to flow cytometry analysis.
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