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VACCINE NANOTECHNOLOGY FOR A BIOWEAPON

a2 United States Patent (10) Patent No.: US 9,539,210 B2
von Andrian et al. (45) Date of Patent: Jan. 10, 2017
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Y is polyalkylene glycol or polyalkylene oxide. In some
embodiments, X is PLGA, PLA or PGA. In some embodi-
ments, Z is absent.

In some aspects, a composition comprising a nanocarrier
comprising an immunostimulatory agent is pmwded In
some embodiments, the composition further comprises an
antigen and/or a targeting moiety. In some embodiments, at
least one of the antigen, targeting moiety, and immunos-
timulatory agent is conjugated to a water soluble, non-
adhesive polymer In some embodiments, at least one of the
antigen, targeting moiety, and immunostimulatory agent is
conjugated 1o a biodegradable polymer. In some embodi-
ments, at least one of the antigen, targeting moiety, and
immunostimulatory agent is conjugated to a biocompatible
polymer. In some embodiments, the biocompatible polymer
is a conjugate of a water soluble, non-adhesive polymer
conjugated to a biodegradable polymer. In some embodi-
ments, the antigen is a B cell antigen. In some embodiments,
the B cell antigen is not a T cell antigen. In some embodi-
ments, the nanocarrier further comprises a T cell antigen. In
some embodiments. the antigen is a T cell antigen.

In some aspects, a composition comprising a nanocarrier
comprising a small molecule, an immunostimulatory agent,
and a T cell antigen is provided.

In some embodiments. the small
molecule is a toxin. In some embodiments. the toxin is from

a chemical weapon. an agent of hlu.marl'are ora hafarcluus

environmental agent.
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Th'E ﬁﬂ}" h\TEﬂk hEhiﬂd COWD-IQ Vﬂﬂﬂ'iﬂES The 2P mutation might quite literally be the smalieat detsl that could make or break the firsy

genaration of COVID- vaceines. IS an sasy enough bveak to add during the early stagas of
vaccine design. And il successhil, 2P-based vacsinas may herald a new generation of vaccines
whase mokecular makaup s fine-tuned 1o craltl @ safer, stronger immune response.

Prepandemic coronavirus research by Jason McLellan and Barney Graham led to a trick for
stabilizing the prefusion form of spike proteins

by Ryart Crass
Semember 29, 2020 A verson of this siory appeared in Vebmme 98, lsue 38

Cradic Ouing-Lin Huah: Dourisry ol lass bl olsisa
lason Molellan hoding a 30 prnbed struciure of the SARS-CoW-Z splae probein

n Jan. 10, Chinese ssenlists uploaded the ganetic ssquencs of a novel coranavirus,

later named SARS-CoV-2, 10 an operracoess website, GanBank. The vinus had been

Enkied o a growing number af myslemous preumonia cases, and s rapid spread was
beginning lo raise alanms. & les hows later, Bamey Gralam woke up and saw the sequence.
Thaugh it was a Saturday, he got right to wirk.

Drarys befare, hiz lab at the US Matienal Instiute of Allesgy and Infectious DEegses (RWAD) had Ll L4
parinered with the biotesh eomparny Madema to design an experimental vaceine foe the wiras, which
causes the disease COVID-19 AN they"d nesded Lo starl was thal sequence. Report Analysis ©Karen Kingston
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Superantigenic character of an insert unique to
SARS-CoV-2 spike supported by skewed TCR repertoire
in patients with hyperinflammation

Mary Hongying Cheng® (", She Zhang® (", Rebecca A. Porritt®“(), Magali Noval Rivas™", Lisa Paschold”, Edith Willscher®,

Mascha Binder®, Moshe Arditi™~'20, and Ivet Bahar™'?

“Departmant of Computational and Systems Biology, School of Medidine, University of Pittsburgh, Pittsburgh, PA 15213; “Department of Pediatrics,
Division of Pediatric Infecticus Diseasas and Immunclogy, Cedars-Sinai Medical Center, Los Angeles, CA 90048; “Biomedical Sciences, Infectious and
Immunalogic Diseases Research Center, Cedars-Sinal Madical Center, Los Angelas, CA 90048; and “Department of Intarnal Medicine IV, Oncology!
Hematology, Martin Luther University Halle-Wittenberg, 06120 Halle (Saale), Germany

Contributed by lvet Bahar, June 29, 2020 (sent for review May 26, 2020; reviewed by Talal A Chatila, Ruth Mussinoy, and Celia A. Schiffer)

Multisystem Inflammatory Syndrome in Children [MIS-C) associ-
ated with COVID-19 is a newly recognized condition in children with
recent severe acube respiratory syndrome coronavirus 2 (SARS-CoV-2)
infaction. These children and adult patients with severs hyperinflam-
mathon present with a constellation of symptoms that strongly reseim-
ble toxic shock syndrome, an escalation of the cytotoxic adaptive
immune response triggered upon the binding of pathogenic super-
antigens to T cell receptors (TCRs) and/or major histocompatibility
complex cass Il (MHCH) molecules. Here, using structure-based compu-
tational models, we demonstrate that the SARS-CoV-2 spike (5) ghyoo-
protein exhibits a high-affinity motif for binding TCRs, and may form a
ternary complex with MHCIL. The binding epitope on 5 harbors a se-
quence motif unigue to SARS-CoV-2 (not present in other SARS-related
coronavirusaes), which is highly similar in both sequence and structure
to the bacteral superantigen staphylococcal enteratoxin B. This intar-
action between the virus and human T cells could be strengthened by
a rare mutation (DE39Y/N/E) from a European strain of SARS-CoV-2.
Furthermore, the interfacial region includes selected residues from an
intercellular adhesion molecule (ICAM)-like motif shared between the
SARS viruses from the 2003 and 2019 pandemics. A neurotoxin-like
sequence motif on the receptor-binding domain also exhibits a high
tendency to bind TCRs. Analysis of the TCR repertoire in adult COVID-
19 patients demonstrates that those with severe hyperinflammatory
disease exhibit TCR skewing consistent with superantigen activation.
These data suggest that SARS-CoV-2 5 may act as a superantigen to
trigger the development of MIS-C as well as cytokine storm in adult
COVID-19 patients, with important implications for the development
of therapeutic approadches.

shock syndrome (TSS) (8, 9) (Table 1), rather than Kawasaki
disease (KD), due to marked demographic, clinical, and labora-
tory differences (6). Indeed, a recent uncontrolled retrospective
case study concluded that MIS-C is distinct from KD and KD
shock syndrome (10). The similarities to TSS and the association
of MIS-Cwith COVID-19 led us to hypothesize that SARS-CoV-2
may possess superantigenic fragments that induce an inflamma-
tory cascade and may also contribute to the hyperinflammation
and cytokine storm observed in severe adult COVID-19 patients
(3, 4). The question we raised is, does SARS-CoV-2 spike (S)
possess superantigenic fragments that could elicit such reactions
upon binding proteins involved in the host cell cytotoxic adaptive
immune response? Such a reaction was not observed in the SARS-
CoV pandemic of 2003 (SARS] hereafter). What is unique to
SARS-CoV-2, and how might recent mutations in SARS-CoV-2 5
have promoted such an increased virulence?

TSS can be caused by two types of superantigens (SAgs):
bacterial or viral. Bacterial SAgs have been broadly studied.
They include proteins secreted by Staphwococcus awreus and
Streptococcus pyogenes that stimulate massive production of

Significance

A hyperinflammatory syndrome reminisceant of toxic shock syn-
drome (T55) is observed in severe COVID-19 patients, including
children with Multisystem Inflammatory Syndrome in Children

(MIS-C). TS5 is typically caused by pathogenic superantigens stim-
ulating excessive activation of the adaptive immune system. We
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Analysis of NGS immunosequencing data from COVID-19 patients

Blood collection from 38 patients (42 samples) with mild/moderate COVID-19, and 8 patients (24
samples) with severe/hyperinflammatory COVID-19 was performed under institutional review
board approval number 2020-039. The patients and controls, and their immune repertoires, were
part of a previously published cohort (16). For details of NG5S data acquisition, please refer to our
earlier work (16). Only productive TRB rearrangements were used and all repertoires were
normalized to 20,000 reads. For the analyses, we used R version 3.5.1 for plotting of TRBV and TRBJ

gene usage as previously described (17, 18). Differences in principal component analysis were
studied by Pillai—-Bartlett test of MANOVA. To study TRBJ gene diversity, ] genes were extracted if

8

they were part of rearrangements containing TRBV rearrangements expanded in patients with
hyperinflammatory COVID-19. Frequencies of J gene families were summarized per repertoire and
plotted separately for each rearrangement. See Fig S7.
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Fig- 1. Binding of TCR to SARS-CoV-2 spike trimer near the "PRRA" insert
{4) Owerall and (8] close-up views of the complex and interfadal imteractions.
In A, the spike monomers are colored white, ice bluafgray, and spectrally
from blue (N-terminal demain) to red, all displayed in surface representa-
tion. The M and C termini and RED of the spectrally colored monomer, which
also binds the TCR, are labeled; for better visualization, the 5 trimer is oni-
ented such that its RBDs are at the bottom. TCR a- and f-chains are in red
and cyan ribbons. In 8, the segment SsssPPRARg:s induding the PREA insert
and the highly conserved cdleavage site RB85 s shown in van der ‘Waals
reprasentation (black labels); nearby COR residues of the TCR Vi domain are
labeled in bluafwhite. See additicnal information in 5 Appendix, Fig. 51.

mrrthe Enniutlnn of the Motif near PRRA Reveals Close Structural

i penera, as well as the neurotoxin-like regions from three
RABV strains (20) (Fig. 2I)). We further noticed that the same
segment bears close similarity to the HIV-1 glycoprotein gpl20 SAg
motif F164 to V174, This close sequence similarity to both bacterial
and viral SAgs, in support of the potential superantigenic character
of the stretch Y674 to R685 of SARS-CoV-2 §, directed us to

further an?hrme its local sequence and structure.
ur analysis led to an interesting sequence similarity between

the fragment T678 to Q690 of SARS-CoV-2 § and the SEB
superantigenic peptide T5uNKKKATVOELD 4 (Fig. 34). This

25256 | weheadprasorgioglidol0. 107 pRes 2000722117

mﬂlmmﬂmutﬂbapmﬁmpaﬂunufﬂmadjunnnganunuamda
However, combined broader sequence and structure analysis in
Fig. 3 A (Right) and B and C, reveals an even more compelling
feature: This putative SAg core is structurally consolidated by spatial
proximity to a conserved acidic segment, Eqg CDyes, which forms a
highly stable salt bridge with the polybasic segment PRRAR of
SARS-CoV-2 §, much in the same way as the salt bridge observed in
SEB (but not in SARS] 5), complemented by an asparagine shared
between SARS-CoV-2 S and SEB (but not SARS1 8), and the SAg
character may be conferred by this type of structural scaffolding,

We note that the SEB superantigen peptide Y, soNKEKEATV-
QELD ;; has been reported to bind CD28 (21), a TCR that pro-
vides costimulatory signals required for T cell activation and
survival. CD28 and TCRV domains share the same (immunoglob-
ulin, Ig) fold (Fig. 3E), and the binding mechanism shown in Fig. 18
could adapt, with minor rearrangements, to interactions with other
Ig-fold molecules including neutralizing antibodies. Because of the
homologous superantigenic segment of SEB binding CD28, we also
tested the potential binding of SARS-CoV-2 spike residues E661 to
R685 onto CD28. Our simulations indicated that the same segment
can equally bind to CD28, further supporting the strong propensity
of the fragment to stimulate T cell activation.

An ICAM-1<like Motif Shared between SARS1 and SARS-CoV-2 Spikes
interacts with TCRVx to Further Stabilize the 5-TCR Complex. The
existence of potential superantigenic, toxic, or intercellular ad-
hesion molecule (ICAM)-like fragments in SARS1 was thor-
oughly examined by Li et al. (23) following the 2003 pandemic.
This led to the identification of the nine sequence stretches in-
cluding three Botulinum neurotoxin type D or G precursors and
two motifs that are highly similar to ICAM-1. Comparative
analysis with SARS-CoV-2 § sequence revealed that seven of
these motifs are conserved (with >68% sequence identity) be-
tween SARS] and SARS-CoV-2 spikes (5! Appendix, Fig. 53).
Among them, the ICAM-1 (CD54)-like motif Y;7NENGTIT-
DAVDCALDPLSETKC;q also participates in the association
between the SARS-CoV-2 5 and offTCR. as shown in Fig. 4.
ICAM-1 involvement is critical to mediating immune and in-
flammatory responses. The observed interaction of the ICAM-
1-like motif of SARS-CoV-2 5 with TCR V1, in tandem with the
interaction of the above discussed putative 5Ag motif (around

Cheng et al.
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SARS-CoV-2 S Protein (674-685)
a-cobratoxin (Naja naja)
a-bungarotoxin

Rabies Virus G Protein (189-189)
a-cobratoxin (Naja kacuthia)
HIV-1 gp120 (164-174)
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