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Suggested edit: SARS-CoV-2infection can induce multisystem inflammatory syndrome
in children, which resembles superantigen-induced toxic shock syndrome. Recent
work has suggested that the SARS-CoV-2 spike (S) protein could act as a superantigen
by binding T cell receptors (TCRs) and inducing broad antigen-independent T cell
responses. Structure-based computational modeling identified potential TCR-binding
sites near the S receptor-binding domain, in addition to a site with homology to
known neurotoxins. We experimentally examined the mechanism underpinning this
theory—the direct interaction between the TCR and S protein. Surface plasmon
resonance of recombinantly expressed S protein and TCR revealed no detectable
binding. Orthogonally, we pseudotyped lentiviruses with SARS-CoV-2 S in both
wild-type and prefusion-stabilized forms, demonstrated their functionality in a cell
line assay, and observed no transduction, activation, or stimulation of proliferation
of CD8" T cells. We conclude that it is unlikely that the SARS-CoV-2 spike protein

engages nonspecifically with TCRs or has superantigenic character.

SARS-CoV-2 | superantigen | T cell receptor

The scope and severity of the COVID-19 pandemic prompted a global effort to
understand the mechanisms of disease (1). Understanding the etiology of multisystem
inflammatory syndrome in children (MIS-C) and long-term sequelae associated with
COVID-19 are of particular importance. Recent observations noting similarities between
MIS-C and toxic shock syndrome elicited by bacterial superantigens led to the hypothesis
that the SARS-CoV-2 spike (S) glycoprotein could act as a superantigen by directly
binding T cell receptors (TCRs) (2). Structure-based computational modeling suggested
the existence of potential TCR-binding sites near the S receptor-binding domain and
the cleavage site between subunits S1 and S2, with the latter epitope on S resembling
staphylococcal enterotoxin B (SEB), a known superantigen. Other potential TCR bind-
ing sites were also identified, including a site with homology to known neurotoxins.
Modeling and sequence analyses work reaffirmed the TCR binding hypothesis (3-5),
and recent work exploring the link between MIS-C and SARS-CoV-2 infection in
children theorized activation by a viral superantigen (6). Further commentary has even
raised the possibility of a link between the proposed TCR interaction and severe acute
hepatitis in children (7). The potential serious clinical consequences have led investigators
to urge experimental investigations into potential superantigen-like behavior of
SARS-CoV-2 S (4, 7).

Bacterial superantigens, including SEB, are small proteins that cross-link germline-encoded
VB regions of TCRs with class I MHC proteins in an antigen-independent fashion, triggering
nonspecific TCR signaling by bringing T cells and antigen-presenting cells in direct proximity
(8). The large size of the S protein relative to the TCR and MHC protein and the existence
of multiple TCR binding sites would suggest different mechanisms for a S protein-based
superantigen. Some TCRs, notably Y8 TCRs, bind intact, non-MHC proteins (9). In limited
contexts, & TCRs can have a similar capability, such as ap TCRs identified in mice deficient
for class I and class I MHC proteins and the CD4/CD8 coreceptors demonstrate binding
to the cell adhesion protein CD155 (10, 11). Other proteins, such as antibodies, have been
developed to interact with TCRs in an antigen-independent way (12). To date, however, there
has been no experimental evidence of interactions between coronavirus S proteins and TCRs
or direct activation of T cells by SARS-CoV-2 S. On the contrary, experimental data recently
demonstrated that, unlike SEB, SARS-CoV-2 S does not stimulate inflammatory cytokine
production in Jurkat cells and peripheral blood CD4" T cells (13). Considering the serious
clinical consequences that would be associated with S protein superantigen-like behavior, we
sought to determine whether SARS-CoV-2 S detectably binds the TCR or broadly activates
T cells.
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Significance

Early in the severe acute
respiratory syndrome coronavirus
2 (SARS-CoV-2) pandemic, severe
multisystem inflammatory
responses were observed in
children. Symptoms of this
condition resembled superantigen
poisoning, which results in
indiscriminate T cell activation via
antigen-independent binding of
superantigens to T cell receptors
(TCRs). Sequence similarities
between the SARS-CoV-2 spike
protein and a bacterial
superantigen led to the hypothesis
that the spike protein could act as
a superantigen. Although
supported by structural modeling,
this hypothesis has not yet found
direct experimental support.
Here, we studied the potential
interaction of the spike protein
with TCRs. With orthogonal
biochemical and biological
methods, we did not detect a
spike-TCR molecular interaction.
We conclude that it is unlikely
that the SARS-CoV-2 spike protein
engages nonspecifically with TCRs
or has superantigenic character.
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Results

We first attempted to measure a direct molecular interaction
between recombinantly expressed, soluble versions of the S protein
and TCR. As has been noted, recombinant SARS-CoV-2 § is typ-
ically stabilized in a fashion that alters one of the predicted
superantigen-like TCR binding sites (5). However, other predicted
binding sites remain and are conserved between the S proteins of
SARS-CoV-2 and SARS-CoV. Indeed, predictive modeling suggests
strong TCR binding to both proteins, with the neurotoxin-like
region between Thr299 and Tyr351 predicted to have the second-
highest TCR affinity in SARS-CoV-2 S and the highest TCR affin-
ity in SARS-CoV S. We thus attempted to measure the interaction
between readily available recombinant SARS-CoV S and the TCR
using surface plasmon resonance (SPR), a commonly used biophys-
ical assay capable of detecting strong to weak molecular interactions.
We recombinantly expressed the T4H2 TCR, a well-characterized
HLA-A*02:01-restricted TCR that recognizes the gp100,, shared
tumor antigen (sequence ITDQVPESV) and variants (14). T4H2
uses TRBV19 and thus has the same P chain germline variable
sequence as the TCR used in computational modeling (2). The SPR

assay revealed clear binding of T4AH2 to the peptide/HLA-A*02:01
complex (Fig. 1 A and B), but no clear binding to SARS-CoV §
(Fig. 1C), although the S protein was recognized by recombinant,
soluble angiotensin-converting enzyme-2 (ACE-2) (Fig. 1D).
Since we could not validate the computational modeling with SPR,
we sought to examine protein interactions in a more native context,
addressing potential limitations with the preparation and analysis of
recombinant protein and permitting analysis of SARS-CoV-2 S
(Fig. 2 and SI Appendix, Fig. S1). We recently described a lentiviral
pseudotyping-based assay that uses specific infection to detect inter-
actions between proteins displayed on the virus surface (including
SARS-CoV-2 § protein) and cell surface proteins including the TCR
(15). We created viruses pseudotyped with SARS-CoV-2 S protein
and the influenza virus M1 peptide GL9 (sequence GILGFVFTL)
presented by HLA-A*02:01 to test their interactions with cell-
expressed receptors. We also transduced TCR af- J76 Jurkat cells
with the JM22 TCR. JM22 recognizes GL)/HLA-A*02:01 and, like
the T4H2 TCR, also uses the putative S-binding TRBV19 (16).
Notably, computational studies employed the JM22 TCR in suggest-
ingTCRbindingtoSproteins(2). While GL9/HLA-A*02:01-displaying
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Fig. 1. Direct binding assays by SPR. (A) Reference-corrected SPR sensorgram for duplicate injections of increasing concentrations of the T4H2 TCR over a
gp100,04.,/HLA-A*02:01 surface. Positive responses after the start of the injections indicate binding. (B) Steady-state RU of the data in panel A vs. concentration
of injected TCR (circles). The solid line is a fit to a single site binding isotherm, indicating a K of 6.8 + 0.5 um. (C) As in panel A but increasing concentrations of
TCR over a SARS-CoV S-surface. The lack of a positive response after injection indicates a lack of detectable binding. Small negative responses with increasing
concentrations are attributable to the surface difference between the reference and experimental flowcell after coupling, resulting in more nonspecific binding
to the reference, as commonly seen in SPR when specific binding is not evident. The /nset shows responses vs. concentration as in panel B. (D) As in panel C, but
duplicate injections of 10 nM ACE-2 over S-coupled flowcell. The positive responses after the start of the injections indicate binding. Residual buffer mismatch
between the ACE-2 sample and the SPR running buffer led to a bulk refractive index shift of 345 RU upon injection, corrected for in the pre- and postinjection
signals. The uncorrected data are in the /nset, which still shows the binding of ACE-2 to the surface postinjection. For panels A, C, and D, off-scale injection start/
stop spikes in the data were edited for clarity. Data shown are one of two replicates, each with the same overall outcome.
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Fig. 2. SARS-CoV-2 displayed on lentivirus surface does not enable infection of T cells. Viruses pseudotyped with VSVG-mut and SARS-CoV-2 S (wild type and
prefusion-stabilized) infect ACE2-expressing Jurkat and CR3022 BCR-expressing Ramos cells and do not infect TCR-expressing Jurkat )76 cells JM22 and 1G4 TCRs)
or off-target VRCO1-expressing Ramos cells. Positive controls confirm the functionality of pseudotyped viruses and cell lines: GL9/HLA-A*02:01 virus for JM22 J76
cells and NYESO/HLA-A*02:01 virus for 1G4 )76 cells. Data shown as mean + SD for n = 3 technical replicates in addition to representative flow cytometry plots.
P-values calculated with a one-way ANOVA with Tukey's multiple comparisons correction. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

viruses efliciently infected the JM22-expressing J76 cells, matching
our previous data (15), no signal above baseline was noted when
JM22-expressing J 76 cells were exposed to viruses displaying SARS-
CoV-2 S protein. The same SARS-CoV-2 S protein viruses were able
to infect Jurkat cells expressing the ACE2 receptor as well as Ramos
cells expressing a surface-bound version of the antibody CR3022,
which is known to recognize SARS-CoV-2 S protein (17), demon-
strating that the S protein was functionally displayed on the virus
surface. Negative control Jurkat and Ramos lines did not show
infection.

Finally, we examined SARS-CoV-2 S-mediated activation and
proliferation of primary human T cells (Fig. 3). We mixed CD8"
T cells from three donors with pseudotyped virus and assessed
T cells for activation after 24 h and transduction and proliferation
after 7 d. CD3/CD28 Dynabeads and viruses pseudotyped with an
anti-CD3 Fab and the costimulatory receptor CD80 were used as
positive controls. Cells exposed to CD3/CD28 DynaBeads or
anti-CD3/CD80-pseudotyped virus displayed an increase in CD25
and CDG9 expression within 24 h as well as strong proliferation.

PNAS 2024 Vol.121 No.31 2406615121

While anti-CD3/CD80-pseudotyped viruses transduced CD8"
T cells, viruses pseudotyped with the prefusion-stabilized (18) or
wild-type SARS-CoV-2 S did not activate, transduce, or stimulate
proliferation of T cells, including cells expressing TCRs containing
TRBV5-6, TRBV14, or TRBV13, three TCRV regions specifically
hypothesized to interact with SARS-CoV-2 S (TRBV14 shown in
Fig. 3 and ST Appendix, Fig. S1) (2).

Discussion

Collectively, our results fail to show any direct interactions between
TCRs and S proteins via orthogonal methods. We therefore con-
clude that it is unlikely that SARS-CoV-2 can operate as a broadly
activating T cell superantigen and that this mechanism is unlikely
to be the direct cause of MIS-C or pediatric severe acute hepatitis.
Computational tools to predict protein structures and interactions
are rapidly evolving and easily deployed, particularly with the
introduction of Al methods (19, 20). However, accurate predic-
tion of novel molecular interactions is still a particular challenge,
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Fig. 3. SARS-CoV-2 displayed on lentivirus does not infect cells or induce T cell activation or proliferation. (A) Activation and infection of CD8" T cells by VSVG-mut
pseudotyped viruses, measured as GFP expression on day 7 and CD69/CD25 expression on day 2 postisolation, respectively. Wild type and prefusion-stabilized SARS-
CoV-2 S-pseudotyped virus do not transduce or activate CD8" T cells by pseudotyped viruses. CD3/CD80-VSVmut virus vs. all viruses: ****P < 0,0001, ***P < 0.001,
**p <0.01; P>0.99 (n.s.) for all pairwise comparisons of SARS-CoV-2 S, prefusion-stabilized SARS-CoV-2 S, and A2-NYESO viruses. P values determined by one-way
ANOVA with Tukey’s multiple comparisons correction. (B) SARS-CoV-2 S-pseudotyped viruses do not activate, transduce, or stimulate proliferation of CD8" T cells,
inclusive of cells using TRBV14. Data shown as mean + SD of n = 3 biological replicates, each consisting of n = 3 technical replicates, with representative flow plots.

including for TCRs (21-23), highlighting that experimental

validation remains crucial for modeled data.

Materials and Methods

Media and Cells. HEK293T(ATCC CRL-3216) were cultured in DMEM (ATCC) sup-
plemented with 10% fetal bovine serum (FBS; Atlanta Biologics) and penicillin-
streptomycin (Gibco). Jurkat (ATCC TIB-152), J76 cells, and Ramos cells (ATCC
CRL-1596) were cultured in RPMI-1640 (ATCC) supplemented with 10% FBS and
penicillin-streptomycin. J76 cells were a gift from M. Heemskerk, Leiden University
Medical Center, The Nederlands, and M. Davis, Stanford University, Stanford, CA).
TCR-and BCR-expressing cell lines were generated as previously described (15).
ACE2-expressing cells were generated by lentiviral transduction of Jurkat cells with
lentivirus produced with a pHIV-hACE2-EGFR followed by cell sorting.

Plasmid Construction. Peptides displayed by HLA-A*02:01 were encoded
as single-chain trimers in pHIV transfer plasmids as previously described (15).
The complete native SARS-CoV-2 S sequence and complete prefusion-stabilized
SARS-CoV-2 S (18) were synthesized as gBlocks (IDT) and cloned into the pMD2

https://doi.org/10.1073/pnas.2406615121

plasmid backbone. CR3022 and VRCO1 plasmids were generated as previously
described (15).

Lentiviral Vector Production and Purification. HEK293T cells were transiently
transfected with linear 25 kDa polyethylenimine (PEl; Santa Cruz Biotechnology)
ata 3:1 mass ratio of PEI to DNA. DNAand PEl were diluted in Opti-MEM (Thermo
Fisher), mixed, and incubated at room temperature for 15 min. The mixture was
then added dropwise to 70 to 80% confluent HEK293T cells. After 3 to 6 h, media
was changed to DMEM-HEPES (25 mM HEPES). The plasmid mass ratio of transfer
plasmid to psPAX2.1 to pMD2 envelope plasmid (if used) to VSVGmut or VSVwt
was 5.6:3:3:1 as previously described (15). SARS-CoV-2 S viruses were generated
with pMD2-S (envelope), pHIV-GFP (transfer), psPAX2.1, and VSVG-mut. For a
7225 flask and four plasmids, a total of 94.5 pg of DNA was used. If an envelope
plasmid was not required, 72 pg of DNA was used.

After 48 h, unconcentrated virus was collected, centrifuged for 5minat 300 g
to pellet debris, filtered (0.45 um polyethersulfone), and concentrated by ultra-
centrifugation for 90 min at 100,000 g at 4 °C.The supernatant was removed and
viral pellets were resuspended in Opti-MEM overnight at 4 °C. Concentrated virus
was aliquoted and stored at -80C until use. Prior to use, virus was thawed at 4 °C.

pnas.org
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Cell Line Transduction Assay. Single concentrated lentivirus and cells (Ramos,
J76,0r Jurkat) were mixed in the indicated amounts with 8 pg/mL diethylaminoethyl-
dextran (Sigma-Aldrich). After 24 h, an additional 0.5 of mediawas added. Cells were
analyzed by flow cytometry on a Cytoflex S after 48 h.

Primary Cell Activation, Proliferation, and Transduction Assay. Deiden-
tified peripheral blood mononuclear cells from healthy donors were obtained
from leukopaks purchased from Stem Cell Technologies. Cells were purified
using Ficoll-Paque PLUS (GE Healthcare) density gradient centrifugation
with SepMate tubes (Stem Cell Technologies) according to the manufactur-
er's instructions. Primary CD8" T cells were isolated using EasySep Human
CD8™ T Cell Enrichment kits (Stem Cell Technologies) and cultured in RPMI-
1640 (ATCC) supplemented with 10% FBS, penicillin-streptomycin, and
50 IU/mL recombinant human IL-2 (R&D Systems). Following isolation, cells
were immediately stained with CellTrace dye (Thermo Fisher) according to
the manufacturer's instructions (day 0). The T cells were rested overnight at
37C/5% CO,. On day 1, cells were treated with either concentrated lentivirus or
DynaBeads Human T-Activator CD3/CD28 (Thermo Fisher) ata 1:1 cell-to-bead
ratio. For lentivirus, a dose series of concentrated lentivirus was prepared and
cells were added with 8 pg/mL diethylaminoethyl-dextran (Sigma-Aldrich).
Concentrated lentiviruses displaying CoV-2 S, prefusion-stabilized S-2P
CoV-2 S, anti-CD3-CD80, and HLA-A2-NYESO were added. After 24 h (day 2),
cells were sampled to assess activation with anti-CD69 and anti-CD25 anti-
bodies (BioLegend) on a Cytoflex S flow cytometer. Cells were additionally
stained with V-region antibodies for TRBV5-6 (Vbeta5.2, Beckman Coulter),
TRBV14 (Vbeta16, Miltenyi Biotec), and TRBV13 (Vbeta23, Miltenyi Biotec).
On day 10, cells were analyzed for transduction (GFP expression) and prolif-
eration (CellTrace dye dilution) via flow cytometry. Cells were stained with
LIVE/DEAD fixable viability dye according to the manufacturer's instructions
on both days 2 and 10.

Flow Cytometry. Antibodies were used at the following dilutions from stock
concentrations: anti-CD69 (1:200), anti-CD25 (1:200), anti-TRBV5-6 (1:50),
anti-TRBV14(1:200), and anti-TRBV13(1:100). All flow analysis was completed
using a Cytoflex S flow cytometer. Unless otherwise noted, cells were stained with
antibodies for 20 min in FACS buffer (PBS + 0.1% BSAand 1 mM EDTA) followed
by two washes with FACS buffer prior to analysis via flow cytometry.

Recombinant Protein Production. Variants of the gp100,,, peptide were
commercially synthesized at >80% purity (Genscript); variants used were the
previously studied position 2 methionine (gp100,44.,) and position 2 norleu-
cine (gp100,09.,) peptides (14). Recombinant T4H2 TCR and the peptide/
HLA-A*02:01 complexes were purified as previously described (14) Briefly, TCR
a- and p-chains, the HLA-A*02:01 heavy chain, and f3,-microglobulin (g,m)
were expressed as inclusion bodies in Escherichia coli and were dissolved in 6 M
guanidine, 10 mM sodium acetate, 10 mM EDTA, pH 4.2 following purification.
For refolding, TCR o and P chains were rapidly diluted into 50 mM Tris-HCl
(pH 8.3),2.5 M urea, 6.3 mM cysteamine, 3.7 mM cystamine, 2 mM EDTA, and
0.2 mM PMSF. HLA-A*02:01 heavy chain and B,m in a 1:1 molar ratio were
rapidly diluted into 100 mM Tris-HCI (pH 8.3), 400 mM L-arginine, 6.3 mM
cysteamine, 3.7 mM cystamine, 2 mM EDTA, and 0.2 mM PMSF with 30 mg/mL
peptide. TCR and peptide/MHC were incubated in refold buffers for 12 h at
4°Cfollowed by dialysis against 10 mMTris-HCI (pH 8.3) for 48 h.The TCR and
peptide/HLA-A*02:01 complexes were purified by anion exchange followed
by size-exclusion chromatography. Recombinant SARS-CoV S (catalog no.
10683-CV, lot no. DOXT0121071) and human ACE-2 (catalog no. 933-ZN, lot
no.FIU620051) were obtained lyophilized from R&D systems and reconstituted
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11727-11734(2020).
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in phosphate-buffered saline per the manufacturer's instructions. Prior to use
samples were buffer exchanged into 10 mM HEPES (pH 7.4), 150 mM NaCl,
3 mM EDTA, and 0.005% surfactant P-20 (HBS-EP) and used without further
purification.

SPR. SPR experiments were performed using a Biacore T200 instrument (GE
Healthcare). All proteins were buffer exchanged into HBS-EP running buffer prior to
measurements; the TCRwas exchanged chromatographically; due to limited sample,
ACE-2 was exchanged using microcentrifugal filters with a 10,000 kD molecular
weight cutoff. S protein and peptide/HLA-A*02:01 were immobilized on a CM5
Series S sensor chip (Cytiva) via amine coupling to RUs of approximately 300 for S
protein and 3,000 to 4,000 for peptide/HLA-A*02:01. Increasing concentrations of
TCR were injected as indicated at a flow rate of 5 ul/min. ACE-2 was injected at a
concentration of 10 nM at a flow rate of 5 ul/min after TCR injections. Experiments
were performed at 25 °C with a blank activated/deactivated flow cell as a reference.
All'injections were repeated twice and are shown as blank-subtracted responses.
The binding affinity between the TCR and peptide/HLA-A*02:01 was determined
by fitting reference corrected steady-state values (taken approximately 5 s prior to
the end of the injection) to a single site binding isotherm. Both datasets were fit
simultaneously; reported error is the SE from the fit. Despite multiple centrifugal
buffer exchanges, the ACE-2 sample retained a mismatch with the HPS-EP running
buffer, resulting in an additional bulk refractive index shift after injection. This was
determined from the negative deflection after the immediate start of association
phase, and for Fig. 1D, the resulting correction of 345 RU was applied to the pre-and
postinjection signals, leaving the reference-corrected binding response unaltered.
The SPRdatain Fig. 1 are one of two replicates with the same overall outcome, except
the replicate for TCR binding to peptide/HLA-A*02:01 used the gp100,,., pePtide,
yieldinga Ky of 8 = 2 pm.

Statistical Analysis. Graphs and statistical analyses were generated using
GraphPad Prism (version 9) and OriginPro 2024. Data are shown as mean = SD
as indicated in figure legends, except where indicated. Statistical tests are
described in figure legends. P values < 0.05 were considered statistically
significantand are reported in figures and figure legends. Data fitting for the
T4H2 TCR K,y was performed with OriginPro 2024. Flow cytometry data were
analyzed with FlowJo (version 10.8.1).

Data, Materials, and Software Availability. All study data are included in the
article and/or S Appendix.
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