PLOS PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Wang CY, Peng W-J, Kuo B-S, Ho Y-H,
Wang M-S, Yang Y-T, et al. (2023) Toward a pan-
SARS-CoV-2 vaccine targeting conserved epitopes
on spike and non-spike proteins for potent, broad
and durable immune responses. PLoS Pathog
19(4): €1010870. https://doi.org/10.1371/journal.
ppat.1010870

Editor: Florian Krammer, Icahn School of Medicine
at Mount Sinai, UNITED STATES

Received: September 14, 2022
Accepted: March 6, 2023
Published: April 20, 2023

Copyright: © 2023 Wang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The detailed study
protocol is provided in S1 Appendix. All relevant
data are within the manuscript and its Supporting
Information files.

Funding: This study was supported by Taiwan
Centers for Disease Control (CDC) for the vaccine
clinical trials (2020-2021 annual subsidy donated
to non-government organizations for the research
and development of COVID-19 vaccine program);
and UBI Asia provided salary and overhead support

RESEARCH ARTICLE

Toward a pan-SARS-CoV-2 vaccine targeting
conserved epitopes on spike and non-spike
proteins for potent, broad and durable
immune responses

Chang Yi Wang'*, Wen-Jiun Peng', Be-Sheng Kuo', Yu-Hsin Ho', Min-Sheng Wang',
Ya-Ting Yang', Po-Yen Chang’, Yea-Huei Shen?, Kao-Pin Hwang®*

1 UBI Asia, Hsinchu, Taiwan, 2 StatPlus, Inc., Taipei, Taiwan, 3 Division of Infectious Diseases, China
Medical University Children’s Hospital, China Medical University, Taichung, Taiwan, 4 School of Medicine,
College of Medicine, China Medical University, Taichung, Taiwan

* cywang @ ubiasia.com

Abstract

Background

The SARS-CoV-2 non-Spike (S) structural protein targets on nucleocapsid (N), membrane
(M) and envelope (E), critical in the host cell interferon response and memory T-cell immu-
nity, are grossly overlooked in COVID vaccine development. The current Spike-only vac-
cines bear an intrinsic shortfall for promotion of a fuller T cell immunity. Vaccines designed
to target conserved epitopes could elicit strong cellularimmune responses that would syner-
gize with B cell responses and lead to long-term vaccine success. We pursue a universal
(pan-SARS-CoV-2) vaccine against Delta, Omicrons and ever-emergent new mutants.

Methods and findings

We explored booster immunogenicity of UB-612, a multitope-vaccine that contains S1-
RBD-sFc protein and sequence-conserved promiscuous Th and CTL epitope peptides on
the Sarbecovirus N, M and S2 proteins. To a subpopulation (N = 1,478) of infection-free par-
ticipants (aged 18-85 years) involved in a two-dose Phase-2 trial, a UB-612 booster (third
dose) was administered 6—8 months after the second dose. The immunogenicity was evalu-
ated at 14 days post-booster with overall safety monitored until the end of study. The
booster induced high viral-neutralizing antibodies against live Wuhan WT (VNT5q, 1,711)
and Delta (VNTso, 1,282); and against pseudovirus WT (pVNTso 11,167) vs. Omicron BA.1/
BA.2/BA.5 variants (pVNTsg, 2,314/1,890/854), respectively. The lower primary neutralizing
antibodies in the elderly were uplifted upon boosting to approximately the same high level in
young adults. UB-612 also induced potent, durable Th1-oriented (IFN-y*-) responses (peak/
pre-boost/post-boost SFU/108 PBMCs, 374/261/444) along with robust presence of cyto-
toxic CD8* T cells (peak/pre-boost/post-boost CD107a*-Granzyme B*, 3.6%/1.8%/1.8%).
This UB-612 booster vaccination is safe and well tolerated without SAEs.
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Conclusions

By targeting conserved epitopes on viral S2, M and N proteins, UB-612 could provide
potent, broad and long-lasting B-cell and T-cell memory immunity and offers the potential as
a universal vaccine to fend off Omicrons and new VoCs without resorting to Omicron-spe-
cificimmunogens.

Trial registration

ClinicalTrials.gov ID: NCT04773067; ClinicalTrials.gov ID: NCT05293665; ClinicalTrials.
gov ID: NCT05541861.

Author summary

The Omicron variant of SARS-CoV-2 has swept the globe with a rapid succession of dom-
inating sublineages from BA.1, BA.2, to the current BA.5 with increasing infectivity and
antibody evasion. Concerningly, the non-Spike structure proteins that promote T-cell
immunity have been grossly overlooked in vaccine development. Looking beyond short-
interval boosters and Omicron-updated vaccines, a pragmatic approach to curbing ever-
emergent new mutants would be “universal (pan-SARS-CoV-2) vaccines” as exemplified
by UB-612, a multitope-vaccine armed with Spike (S1-RBD and S2) and non-Spike
(Nucleocapsid N and Membrane M) targets, allowing booster vaccination to elicit
broadly-recognizing and durable B-/T-cell memory immunity. Sequence-conserved Th/
CTL epitope peptides were designed from S2, N and M proteins to synergistically enhance
memory helper and cytotoxic T-cell immunity and RBD targeted B-cell immunity.

Introduction

The SARS-CoV-2 Omicron lineage has swept the globe with a rapid succession of dominating
subvariants from BA.1, BA.2 and to the current BA.5 that makes up more than 90% of infec-
tion cases with overriding edges in transmissibility and neutralizing antibody escape [1-7].
Relative to Delta variant, Omicron BA.1 does not require fusion co-receptor TMPRSS?2 for cell
entry; instead, it enters the cells through endosomes [8,9]. It infects upper bronchial cells and
proliferates much more efficiently; it does not foster cell syncytia nor erode lung-alveolar tis-
sues [8-14], thus causing lesser disease severity.

Omicron BA.1 is heavily mutated (Table 1), including more than 35 changes in S protein
[8,15-17]. Compared to 2 mutations associated with Delta at S1 receptor binding domain
(S1-RBD, residues 319-541), BA.1 and BA.2 share 12 mutations, with BA.1 and BA.2 each hav-
ing additional 3 and 4 unique ones, respectively, that confers BA.2 a higher immune evasion.
BA.4 and BA.5 have identical Spike protein. They differ from BA.2 by having additional muta-
tions at 69-70del, L452R, F486V and wild type amino acid at position Q493 [18] (Table 1)
within the Spike protein, contributing to their higher degree of immune escape than BA.2.

BA.2 exhibits a 1.3- to 1.5-fold higher transmissibility and a 1.3-fold immune evasion than
BA.1[16,19], consistent with the finding that BA.1-immune sera neutralizes BA.2 with lower
titers by a factor of 1.3 to 1.4 [20] and that BA.2 reinfection can occur after BA.1 [21]. BA.4/
BA.5 are more transmissible and resistant to BA.1/BA.2-immunity and monoclonal antibodies
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Table 1. The mutation sites on SARS-CoV-2 Spike (S), Envelope (E), Membrane (M), and Nucleocapsid (N) proteins on Delta and Omicrons®.

VoC® | Spike (S1-RBD residues at 319-541) E M N

Delta | T19R, G142D, A156-157, R158G, L452R, T478K, D614G, P681R, & D950N TOI | 182T D63G, R203M, & D377Y
Omicron | A67V, A69-70, T95I, G142D, A143, Y144del, A145, A211, L2121, +214EPE, G339D, R346K, $371L, | T9I | D3G, Q19E, & | P13L, A31-33, R203K, &
(BA.1) | S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, A63T G204R

Y505H, T547K, D614G, H655Y, N679K, N764K, D796Y, N856K, and Q954H, L969K, & L981F

Omicron | T191, L24S, A25-27, G142D, V213G, G339D, S371F, S373P, S375F, T,376A, D405N, R408S, K417N, | T9I | Q19E & A63T | P13L, A31-33, R203K, G204R,
(BA.2) | N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, N764K, & S413R
D796Y, N856K, Q954H, & L969K

Omicron | T191, L24S, A25-27, A69-70, G142D, V213G, G339D, S371F, S373P, S375F, T,376A, D405N, R408S, | T9I | Q19E & A63T | P13L, A31-33, P151S, R203K,
(BA.4) | K417N, N440K, L452R, S477N, T478K, E484A, 1486V, Q493, Q498R, N501Y, Y505H, D614G, G204R, & S413R
H655Y, N679K, N764K, D796Y, N856K, and Q954H, & L969K

Omicron | T191, L24S, A25-27, A69-70, G142D, V213G, G339D, S371F, S373P, S375F, T,376A, D405N, R408S, | T9I | D3N, Q19E, & | P13L, A31-33, R203K, G204R,
(BA.5) | K417N, N440K, L452R, $477N, T478K, E484A, L4386V, Q493, Q498R, N501Y, Y505H, D614G, A63T & S413R
H655Y, N679K, N764K, D796Y, N856K, and Q954H, & L969K

 Reported mutation sites on Spike, E, M, and N proteins [Refs: 15-18 and 44-47].

" Omicron BA.4 and BA.5 have identical mutation site profile on Spike protein, which are more related to BA.2 than BA.1. Among BA.2, BA.4 and BA 5, the between-
variant differences in mutation sites on S, E, M, and N proteins are marked in red.

© Except for N969K (on BA.1 through BA.5) and L981F (on BA.1) within Sgs;.9g4 peptide on the S2 spike protein, none of the other four designer epitope peptides
(Table 2) for UB-612 vaccine has an aa-residue that overlaps with the reported mutation sites on Spike, M, and N proteins.

https://doi.org/10.1371/journal.ppat.1010870.t001

[1,2]. While BA.2 vs. BA.1 [19] and BA.4/BA.5 vs. BA.2 [22] display greater cell-to-cell fusion,
they do not make infected people sicker nor change the fundamental pandemic dynamics.

Amongst double-vaccinated adults, the booster (third dose)-induced neutralization titers
against BA.4/BA.5 are notably lower than those against BA.1/BA.2 [3-5]; and, amongst
BA.1-infected adults, the immune sera can potently neutralize BA.1/BA.2, but showing weaker
responses against BA.4/BA.5 [6,22,23]. These suggest that booster vaccination or BA.1/BA.2
infection may not achieve sufficient immunity to protect against BA.4/BA.5 while reinfection
would not be uncommon.

Regardless of vaccination status or hybrid immunity, each reinfection would add risks of
mortality, hospitalization and other health hazards including burden of long COVID [24]. The
long COVID associated with Omicron [25-28] and pre-Omicron VoCs [26] has loomed large
from infections that didn’t require hospitalization [28]. Immunization with current EUA
approved vaccines could present only limited benefits to relieve long COVID [29,30].

While a booster 3"-dose of mRNA vaccines could compensate Omicron (BA.1)-induced
decrease in serum neutralizing antibodies (20- to 30-fold reduction), along with rates of hospi-
talization and severe disease (80-90% protection) [31-36], they offer less effective protection
against mild and asymptomatic infections (40-50% protection) [36]. Breakthrough infections

274 booster to adults

identified with high viral loads are common even after the fourth jab (
aged 18 and older) [37].

While development of composition-updated (variant-specific) vaccines has been strongly
advocated [38,39], a better strategy of “universal coronavirus vaccines” would be more
urgently needed [40] for robust, broad, and durable immunity. The currently authorized
Spike-only vaccines do not incorporate SARS-CoV-2’s non-Spike structure proteins of enve-
lope (E), membrane (M) and nucleocapsid (N), the regions critically involved in the host cell
interferon response and T-cell memory [41-43]. Oversight of non-Spike proteins as targets
could lead to an intrinsic shortfall for promotion of a fuller T cell immunity. Viral mutations
are also known to occur in E, M and N (Table 1) [15-18,44-47], the structure proteins that are
beyond recognition by current EUA-approved vaccines.
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In the present Phase-2 extension study, we affirm that a booster vaccination (third dose) by
UB-612, a multitope-vaccine which contains S1-RBD-sFc fusion protein enriched with five
rationally-designed promiscuous peptides representing sequence-conserved Th and CTL epi-
topes on the Sarbecovirus N, M and S2 proteins across all VoCs (Table 2); and a sixth idealized
universal Th peptide which serves as a catalyst in T cell activation [48] can induce potent,
broadly-recognizing, durable antibodies and T-cell immunity that offers potential as a univer-
sal vaccine to fend off Omicrons and new mutants.

Methods
Ethics statement

The study was conducted according to Study Protocol V-205 approved by Institutional Review
Board (IRB) at: China Medical University Hospital, Taipei Medical University, Far Eastern
Memorial Hospital, National Cheng Kung University Hospital, Chang Gung Medical Founda-
tion, Kaohsiung Medical University Chung-Ho Memorial Hospital, Tri-Service General Hos-
pital, Taipei Veterans General Hospital, Kaohsiung Veterans General Hospital, Changhua
Christian Hospital, and Taichung Veterans General Hospital. Written Informed Consent was
obtained from all the study participants. The Study Protocol, IRB approval letters, and
Informed Consent Form are provided in Supporting Information (S1-S3 Appendices).

Design of Phase-2 extension booster trial and oversight

Booster 3"-dose following the Phase-2 trial primary 2-dose series. We conducted a
booster vaccination study (n = 1,478) which was an extension arm of the Phase-2, placebo-
controlled, randomized, observer-blind, multi-center primary 2-dose study (S1A Fig)
[ClinicalTrials.gov ID: NCT04773067] in Taiwan with 3,844 healthy male or female adults
aged >18 to 85 years (S1B Fig) who received two intramuscular doses (28 days apart) of 100 pg
UB-612 or saline placebo. The objectives of the third-dose extension study were to determine
the booster-induced safety and immunogenicity after unblinding, 6 to 8 months after the sec-
ond dose.

The Principal Investigators at the study sites agreed to conduct the study according to the
specifics of the study protocol and the principles of Good Clinical Practice (GCP); and all the
investigators assured accuracy and completeness of the data and analyses presented. The pro-
tocol was approved by the ethics committee at the sites and all participants provided written
informed consent. Full details of the booster trial design, inclusion and exclusion criteria, con-
duct, oversight, and statistical analysis plan are available in the study protocol.

Trial procedures of safety and immunogenicity

Reactogenicity in the primary and booster series. The primary safety endpoints of the
Phase-2 primary series (Days 1-365) and extension booster trial (recorded until 14 days post-
booster and followed up study end) were to evaluate safety and tolerability. Vital signs were
assessed before and after each injection. After each injection, participants had to record solic-
ited local and systemic AEs in their self-evaluation e-diary for up to seven days while skin aller-
gic reactions were recorded in their e-diary for up to fourteen days. Safety endpoints include
unsolicited AEs reported for Days 1 to 57 in primary series and Days 1 to 14 in the booster
phase. The overall safety was followed until the end of this study. Complete details for solicited
reactions are provided in the study protocol.

Scope of immunogenicity investigation. The primary immunogenicity endpoints were
the geometric mean titers (GMT) of neutralizing antibodies against SARS-CoV-2 wild-type
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(WT, Wuhan strain), Delta, Omicron BA.1, BA.2 and BA.5 variants were explored. For WT
and Delta strains, viral-neutralizing antibody titers that neutralize 50% (VNT50) of live SARS--
CoV-2 WT and Delta variant were measured by a cytopathic effect (CPE)-based assay using
Vero-E6 (ATCC CRL-1586) cells challenged with SARS-CoV-2-Taiwan-CDC#4 (Wuhan
strain) and SARS-CoV-2-Taiwan-CDC#1144 (B.1.617.2; Delta variant). The replicating virus
neutralization test conducted at Academia Sinica was fully validated using internal reference
controls and results expressed as VNT5,. For WT, Omicron BA.1, BA.2, and BA.4/BA.5
strains, 50% of pseudovirus neutralization titers (pVNT5,) were measured by neutralization
assay using HEK-293T-ACE2 cells challenged with SARS-CoV-2 pseudovirus variants express-
ing the Spike protein of WT, BA.1, BA.2, or BA.4/BA.5 variants.

The secondary immunogenicity endpoints include anti-S1-RBD IgG antibody, inhibitory
titers against ACE2:RBDWT interaction, and T-cell responses assayed by ELISpot and Intra-
cellular Staining. The RBD IgG ELISA was fully validated using internal reference controls and
results expressed in end-point titers. A panel of 20 human convalescent serum samples from
hospitalized Taiwan COVID-19 patients aged 20 to 55 years were also tested for comparison
with those in the vaccinees. Human peripheral blood mononuclear cells (PBMCs) were used
for monitoring T cell responses (ELISpot and ICS). The constructs of the UB-612 vaccine
product, all bioassay methods and statistics are detailed in the Supporting Information (S1-
S8 Methods).

Results
Booster trial population

After unblinding of Phase-2 trial, 1,478 of the 3,844 healthy study participants who completed
the 2-dose primary vaccine series (28 days apart) of 100-ug UB-612 (SI1A Fig) were enrolled to
receive an additional 100-pg booster 3"-dose at 6 to 8 months after the second shot. The
booster vaccinees were followed for 14 days to evaluate safety and immunogenicity. The vast
majority of participants were of Taiwanese origin, with two groups aged 18-65 years (76%)
and 65-85 years (24%) (S1B Fig).

Reactogenicity and safety

No vaccine-related serious adverse events (SAEs) were recorded; the most common solicited
AEs were injection site pain and fatigue, mostly mild and transient (S2 Fig). The incidence of
solicited local AEs slightly increased at post-booster (S2A Fig), mostly pain at the injection site
(mild, 54%; moderate, 7%). The incidence of skin allergic reaction at post-booster was similar
to post-dose 2 reported earlier [48] (S2B Fig). Fatigue/tiredness, muscle pain, and headaches
that belonged to solicited systemic AEs were mostly mild (S2C Fig). Overall, no safety concerns
were identified with UB-612 booster across age groups.

Durable Th1 cell responses by ELISpot

Vaccinees’ peripheral blood mononuclear cells (PBMCs) were collected for evaluation of Inter-
feron-y" (IFN-y")-ELISpot. On Day 57 (28 days post—2nd dose), IFN-y SFU (Spot Forming
Unit)/10° cells under stimulation with RBD+Th/CTL peptide pool (Fig 1A) increased from the
baseline 1.0 to a high peak at 374 SFU/ 10° cells [48], which maintained robust at 261 (70%) at
pre-boosting (6-8 months post-2"¢ dose) and rose to 444 SFU 14 days post-booster. Together
with the insignificant low levels of the IL-4" ELISpot responses in the primary 2-dose series
observed earlier [48] and post-booster in the present report, UB-612 vaccination as both
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Pre-boost (D220) 32 261.46[98.62-424.3] 4437 [237.4-650.0]
Booster (D234) 32 181.7 [59.59-303.8] 317.4[147.5487.2]
-4 Preimmune (D1) 83 0.3133 [0.4199-1.508] 0.1928[0.0503-0.3353]
2™ Dose (D57) 83 13.6[219.2-529.5] 7.253[4.436-10.07]
Pre-boost (D220) 32 41.23[98.62-424.3] 9.958(2.98-16.94]
Booster (D234) 32 83.79[59.59-303.8] 31.9[14.72-49.07]
CDA'IFN-y Preimmune (D1) 83 0.06814 [0.06814-0.2493] 0.0732 [0.02544-0.121]
2™ Dose (D57) 83 0.2493 [0.1432-0.3555] 0.1646[0.0991-0.2301]
Pre-boost (D220) 32 0.1402 [0.08075-0.19997] 0.05169 [0.03048-0.0729]
Booster (D234) 32 0.1038[0.05672-0.1509] 0.04876 [0.02142-0.07609]
CD4'IL-2 Pre-it {D1) 83 0.09019[0.04425-0.1361] 0.09856 [0.03659-0.1605]
2™ Dose (D57) 83 0.8171[0.5237-1.11] 0.552 [0.3561-0.7479]
Pre-boost (D220) 32 0.2993 [0.2031-0.3956] 0.172[0.1108-02332]
Booster (D234) 32 0.3637 [0.2475-0.48] 0.2807 [0.1918-0.3697]
CDA'IL-4 Pre-immune (D1) 83 0.01177 [0.00561-0.01793] 0.01843 [0.002197-0.03465]
2™ Dose (D57) 83 0.04304 [-0.008863-0.09494] 0.008271[0.002921-0.01362]
Pre-boost (D220) 32 0.1928 [-0.06545-0.451] 0.01613 [ 0.08264]
Booster (D234) 32 0. 0000157-0.0116] 0.002844 [-0.0005942-0.006282]
CD8'IFN-y Preimmune (D1) 83 0.03588 [0.02347-0.0483] 0.08451[0.0263-0.1427]
2™ Dose (D57) 83 0.3047 [0.1347-0.4747] 0.2411[0.1178-0.3645]
Pre-boost (D220) 32 0.05993 [0.02582-0.09403] 0.02552 [0.01149-0.03954]
Booster (D234) 32 0.06317 [0.02797-0.09836] 0.02937 [-0.001768-0.06051]
CD8'IL-2 Pre-it (D1) 83 0.03053 [0.01437-0.0467] 0.06046 [0.03206-0.08886]
2™ Dose (D57) 83 0.5089 [0.1854-0.8325] 0.495 [0.2261-0.7639]
Pre-boost (D220) 32 0.2132[0.1211-0.3053] 0. 0.1567]
Booster (D234) 32 0.1493[0.07133-02272] 0.08853[0.05089-0.1262]
CD8'CD107a"GranzB* Pre-it (DY) 83 0.07294[0.009911-0.136] 0.8768 [0.6076-1.146]
2™ Dose (D57) 83 3.629[2.523-4.735] 2.171[1.602-2.741]
Pre-boost (D220) 32 1.83[0.8334-2.827] 0.3674[0.07955-0.6552]
Booster (D234) 32 1.831[1.045-2.617] 0.5745 [0.237-0.912]

Fig 1. UB-612 induced T cell responses measured by ELISpot and ICS analyses. T-cell responses to stimulation by
epitope peptides (RBD + Th/CTL or Th/CTL alone) were analysed with PBMCs collected from 83 vaccinees from
Immunogenicity group (n = 83) on Day 57 (28 days after 2™ dose); and from 32 vaccinees from the Immunogenicity
(n = 18) or Safety groups (n = 14) who joined the Phase-2 extension booster study to evaluate the T-cell responses in
PBMCs on Days 197 to 242 (pre-boosting days) and Days 211 to 256 (14 days post-booster third dose). T-cell
responses were measured by (A) ELISpot at 10-pg/mL per stimulator, in which the Spot-forming units (SFU) per
1x10° PBMCs producing IFN-y, IL-2 and IL-4 after stimulation with the RBD + Th/CTL peptide pool or the Th/CTL
peptide pool are expressed. The PBMC samples stimulated with Th/CTL+RBD were also evaluated for T cell responses
by (B) Intracellular Staining (ICS), by which the %CD4" T cells producing IFN-y, IL-2 and IL-4; and (C) %CD8" T
cells producing IFN-y, IL-2 and CD107a*Granzyme B in response to the stimulation by RBD+Th/CTL peptide pool
or the Th/CTL peptide pool are shown. (D) Summary of mean and 95% CI are presented for plots as shown in panels
(A) to (C). Horizontal bars indicate mean with 95% CI.

https://doi.org/10.1371/journal.ppat.1010870.9001
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primary series and homologous-boosting could induce pronounced Thl-predominant
immunity.

Similar IFN-y profiles were observed for those stimulated with Th/CTL peptide pool alone
(Fig 1A), which increased from the baseline 1.3 to a high peak at 322 SFU/10° cells on Day 57
[48], maintained at 182 SFU/10° cells (~57%) at pre-boosting and remained strong at 317
SFU/10° cells 14 days post-booster. T cell responses persisted robustly (60-70% of the high
peak at Day 57) long over 6-8 months.

These results indicate that UB-612 can induce a strong and durable IFN-y" T cell immunity
in the primary series, prompt a high level of memory recall upon boosting, and the fact that
the presence of Th/CTL peptides is essential and principally responsible for the bulk of the T
cell responses, while S1-RBD domain plays a minor role.

Robust CD4" and CD8" T cell activities by Intracellular Cytokine Staining
(ICS)

Along with high levels of ELISpot-based T cell responses, ICS analyses revealed again substan-
tial Th1-dominant %CD4" T cells producing IFN-y and IL-2, versus low level of IL-4 (Fig 1B).
Similar robust pattern was notable for %CD8" T cells producing IFN-y and IL-2 (Fig 1C).

Vaccine recipients also showed cytotoxic T-cell responses, including CD8" T cells express-
ing cytotoxic markers CD107a and Granzyme B (Fig 1C) as observed in the primary series,
accounting for a remarkable 3.6% of circulating CD8" T cells after re-stimulation with
S1-RBD + Th/CTL peptide pool, which persisted at a substantial 1.8% upon booster vaccina-
tion. Apparently, CD8" T cell responses persisted robustly (50% of the high peak at Day 57)
over 6-8 months as well. This suggests a potential of robust cytotoxic CD8" T responses in
favor of viral clearance once infection occurs.

Overview of B cell immunogenicity on antigenic and functional levels

Of the 871 Phase-2 study participants designated for Immunogenicity investigation, 302 par-
ticipants had their serum samples collected at pre-boosting and 14 days post-booster for anti-
genic assay by anti-S1-RBD IgG ELISA, and functional assays by ACE2:RBDvy 7 binding
inhibition ELISA and by neutralization against live SARS-CoV-2 wild-type Wuhan strain
(WT) by cell-based CPE method (S3 Fig). The results showed pronounced booster-induced
increase of antibody titers that bound to RBD and inhibit/neutralize ACE2 interaction by
respective 16- to 45-folds. These indicate that UB-612 booster vaccination could profoundly
enhance both antigenic and functional activities.

Neutralizing antibodies against WT, Delta, Omicron BA.1 and BA.2

Functional blockade was further investigated comparatively on the occasion when Omicrons
BA.1 and BA.2 dominate the pandemic scene. First, with limited available, affordable sources
of viral variants, we investigated immune sera from 41 study participants across all age groups
(18-65 years, n = 26; 65-85 years, n = 15). Neutralization measured using live virus, UB-612
booster elicited a neutralizing titer (VNT5,) against WT at 1,711 versus Delta variant at 1,282
(Fig 2A), representing a 1.3-fold reduction (GMFR, Geomean Fold Reduction). There was no
significant age-dependent neutralization effect between young adults (18-65 yrs.) and the
elderly (65-85 yrs.) with respect to either anti-WT or anti-Delta VNT5, levels (Fig 2B), with a
modest 1.2- to 1.7-fold GMFR of anti-Delta relative to anti-WT level.

As to Omicron BA.1 and BA.2 subvariants, when they sequentially dominated the pan-
demic scene, neutralization effects were measured by using pseudovirus for WT and Omicron
subvariants. UB-612 booster elicited high neutralizing titers against WT at pVNT5, of 6,245;
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65-85 15 5240[3391- 8095] 905 [553.4- 1480] 5.8 0.0003
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18-85 41 6245[4926-7918] 985 [768.4- 1262] 6.3 <0.0001
Pseudovirus 18-65 26 6911[5150-9273] 1190[883.2- 1602] 5.8 <0.0001
65-85 15 5240[3391- 8095] 710[459.7-1097] 74 <0.0001

Fig 2. Viral-neutralization effects of UB-612 booster vaccination against wild type, Delta, Omicron BA.1 and
BA.2 variants. Viral-neutralizing titers against SARS-CoV-2 wild-type, Delta, Omicron BA.1, and BA.2 variants were
investigated during the infection pandemic that BA.1/BA.2 dominated. Serum samples from 41 participants (n = 27 for

18-65 years;

n = 14 for 65-85 years) collected at 14 days post-booster were subjected to a live virus or pseudovirus-

luciferase neutralization assay. (A) Live virus assay for Wuhan wild type WT vs. Delta for all ages and (B) live virus
assay for WT vs. Delta for young adults and the elderly. (C) Pseudovirus assay for WT vs. BA.1 for all ages and (D)
Pseudovirus assay WT vs. BA.1 for young adults and the elderly. (E) Pseudovirus assay for WT vs. BA.2 for all ages and
(F) Pseudovirus assay WT vs. BA.2 for young adults and the elderly. The 50% viral-neutralizing antibody geometric
mean titers (GMT, 95% CI) were measured, VNT5, for live virus and pVNTs,. Statistical analysis was performed by the
Student’s t-test (ns, p>0.05; ****, p<0.0001). No significant difference is notable between the two age groups in
neutralization effect against WT, Delta, BA.1, and BA.2.

https://doi.org/10.1371/journal.ppat.1010870.9002

versus that against BA.1 at 1,196, representing a 5.2-fold reduction (Fig 2C); and versus against
BA.2 at pVNT5, of 985, representing a 6.3-fold reduction (Fig 2E). There was no significant
age-dependent booster-induced neutralization effect between young adults (18-65 yrs.) and
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the elderly (65-85 years) with respect to either anti-WT or anti-Omicron pVNT5, level (Fig
2D and 2F). Both age groups showed a 5.0- to 7.6-fold reduction for anti-BA.2 relative to anti-
WT. By all accounts compared with BA.1, booster vaccination exhibits only a minor 1.2-fold
lower neutralizing activity against BA.2.

Neutralizing antibodies against WT, Omicron BA.1, BA.2, and BA.5

During the time when the pandemic was dominated by the ongoing BA.5 subvariant, we tested
samples from 12 participants from the two groups (18-65 years, n = 7; 65-85 years, n = 5),
with neutralization titers measured using pseudovirus. UB-612 booster elicited neutralizing
titers of pVNT's, against WT/BA.1/BA.2/BA.5 at 11,167/2,314/1,890/854 (Fig 3A), representing
a 4.8-/5.9-/13-fold reduction, respectively, relative to the anti-WT level. There was no statisti-
cally significant difference in age-dependent neutralization effect between young adults and
the elderly within each of anti-WT/-BA.1/-BA.2/-BA.5 pVNTs5, levels (Fig 3B-3D). By all
accounts compared with BA.2, booster vaccination exhibits only a modest 2-fold lower neu-
tralizing activity against BA.5.

Potent, durable and correlative viral-neutralization and ACE2:RBDvt
binding inhibition

We explored the correlation between viral-neutralizing activity (VNTs5,) and receptor binding
inhibition (ACE2:RBDvy) using immune sera from 87 participants available on Day 1 (pre-
dose), Day 57 (28 days post-2"® dose), Day 220 (pre-boosting, 6 to 8 months post-2"¢ dose),
and Day 234 (14 days post-booster) which showed a high post-booster VNTsj, titer of 738 (Fig
4A), a 17-fold increase over the pre-boosting (titer 44) and a 7-fold increase over the levels of
both Day 57 (titer 104) and the human convalescent sera, HCS (titer 102).

In addition, a pronounced post-booster functional antibody-mediated inhibition of ACE2:
RBDy binding inhibition was also observed at a high titer (expressed in standard-calibrated
antibody concentration) of 198 ug/mL (Fig 4B), a ~57-fold increase over both the pre-boosting
titer of 3.5 ug/mL and the Day 57 of 3.5 ug/mL, and a profound 140-fold over the HCS titer of
1.4 pg/mL. With increased monitoring time, the results again demonstrated that UB-612
induces a durable neutralizing antibody titer level, observed between Day 57 (post-2"¢ dose)
vs. Day 220 (pre-boosting), which represents a 42% retainment for VNT5 (titer, 104 vs. 44)
against live WT virus (Fig 4A) and a 88% retainment for ACE2:RBDyyr (ug/mL, 4.0 vs. 3.5)
binding inhibition (Fig 4B).

The inhibition of ACE2:RBDyyr binding on ELISA correlates well with anti-WT (Fig 4C)
and anti-Delta VNT5, (Fig 4D) findings, both showed a similar high correlative Spearman’s
rank correlation coefficients (r = 0.795 and 0.828, respectively). A lesser but significant correla-
tion were also observed for ACE2:RBDyyt binding inhibition and anti-Omicron BA.1 and
anti-BA.2 pVNT5, with Spearman’s correlation coefficients of r = 0.565 (Fig 4E) and r = 0.602
(Fig 4F). A lower yet substantial correlation was also noted with anti-BA.5 pVNTs5, when only
12 sample points were available for regression analysis (Fig 4G).

High neutralizing-titer correlation between pseudovirus and live virus
assays

The design of pseudovirus assay is based on contact with Spike protein only, while a live virus
contains both Spike and non-Spike proteins that may behave differently in neutralizing
strength. It is of high interest to address the issue as to whether an easier practice of pseudo-
virus assay could reflect the outcome from a live virus neutralization assay associated with UB-
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Fig 3. Comparative viral-neutralization effects against wild type strain, Omicron BA.1, BA.2, and BA.5 variants. At
the SARS-CoV-2 pandemic when the Omicron BA.5 variant dominates, viral-neutralizing titers against wild-type,
Omicron BA.1, BA.2, and BA.5 variants were measured using pseudovirus assay for comparison. Serum samples from 12
participants (n = 7 for 18-65 years; n = 5 for 65-85 years) collected at 14 days post-booster were subjected to
pseudovirus-luciferase neutralization assay. (A) Wuhan wild type WT, BA.1, BA.2, and BA.5 for study participants of all
ages, (B) WT vs. BA.1 for young adults and the elderly, (C) WT vs. BA.2 for young adults and the elderly, and (D) WT vs.
BA.5 for young adults and the elderly. The 50% viral-neutralizing antibody geometric mean titers (GMT, 95% CI) were
measured, pVNTs,. Statistical analysis was performed by the Student’s t-test (ns, p>0.05; ****, p<0.0001). No significant
difference is notable between the two age groups in neutralization effect against WT, BA.1, BA.2, and BA.5.

https://doi.org/10.1371/journal.ppat.1010870.g003
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Fig 4. Functional correlations between ACE2:RBDyyt binding inhibition and viral-neutralization against Delta,
Omicron BA.1, BA.2, and BA.5. Of 871 participants enrolled in the Phase-2 primary 2-dose series and grouped for
Immunogenicity investigation, serum samples from 87 participants who had received a booster 3*-dose of 100 ug UB-
612 were collected at Day 1 (pre-dose 1), Day 57 (28 days post-dose 2), Day 220 (pre-booster between Days 197 to 242),
Day 234 (14 days post-booster between Days 211 to 256). HCS from 20 SARS-CoV-2 infected individuals were also
included for comparative testing by two functional assays: (A) viral-neutralizing titer (VNT5,) against live wild-type
Wuhan strain (WT) by CPE method; and (B) the antibody concentration calibrated with an internal standard for
ACE2:RBDyyr binding inhibition by ELISA. The correlations are explored between the two function assays, i.e., ACE2:
RBDyyr binding inhibition ELISA and the viral-neutralizing titers against the live virus (VNTS5, for original wild-type
and Delta strains) or the psuedovirus (pVNTs, for Omicron BA.1 strain). The RBDyyt stands for the RBD binding

protein domain bearing amino acid sequence of the original SARS-CoV-2 wild-type (WT) Wuhan strain. The
correlations were explored for (C) ACE2:RBDyyr inhibition vs. anti-WT VNTs,, (D) ACE2:RBD+yr inhibition vs. anti-
Delta VNTS5, (E) ACE2:RBDyyr inhibition vs. anti-Omicron BA.1 pVNTs, (F) ACE2:RBDyy inhibition vs. anti-
Omicron BA.2 pVNTs5, and (G) ACE2:RBDyy inhibition vs. anti-Omicron BA.5 pVNTs,. The correlation coefficients

were evaluated by Spearman r with 95% CI. Statistical analysis was performed with the Student’s t-test (ns, p>0.0

L kokok
55 77,

Pp<0.001; ****, p<0.0001). (H) Summary of geometric mean titer (GMT) and 95% CI are presented for plots as shown

in panels (A) and (B).

https://doi.org/10.1371/journal.ppat.1010870.9004
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Fig 5. Functional correlations between pseudovirus and live virus neutralizing titers, pVNT5, and VNT5, against
Wild-type and Delta strains. The correlations between two viral-neutralizing titer assays against pseudo-virus
(pVNTs5p) and live-virus (VNTS5,) are explored. This case was only available from UB-612 vaccinees participated in the
Phase-1 trial, whose serum samples were collected from primary series and booster vaccination and subjected to both
neutralization assays against Wuhan wild-type virus (WT) and Delta strain. The correlation coefficients were evaluated
by Spearman r with 95% CI.

https://doi.org/10.1371/journal.ppat.1010870.9005

612 vaccination. It was found that the two viral-neutralizing titer assays against pseudo-virus
(pVNTSsp) and live-virus (VNT5g) are highly correlated, as exemplified by the assays against
Wuhan wild-type virus (WT) with a Spearson r = 0.9517 (Fig 5A) and that against Delta strain
presents a Spearson r = 0.9041 (Fig 5B).

Discussion

The present Phase-2 UB-612 booster vaccination, proven safe and well tolerated without con-
cerns of SAEs (S2 Fig), induces potent memory T cell immunity (Fig 1) that synergizes recalled
B cell immunity with striking cross-neutralizing antibodies against WT, Delta and Omicrons
(Figs 2 and 3). Of notable clinical interest, the booster uplifts a lower neutralizing antibody
titer in the elderly [48] to a high level close to that in young adults regardless of viral mutant
status (Figs 2 and 3). In addition, blockade of S1-RBD binding to ACE2 receptor correlates
well with viral neutralization (Fig 4). Thus, the UB-612 vaccine platform, due to broadly recog-
nizing conserved Th/CTL epitopes on Spike and non-Spike proteins, can maintain a target
plasticity without much mutational distortion within the RBD domain of the target B immu-
nogen. The present report reveals five salient findings.

Firstly, on the magnitude of pseudovirus-neutralizing titer (pVNT5,/IDs,) against Omi-
crons, UB-612 booster appears to implicate a competitive edge by contrast (Table 3) over other
EUA approved vaccines using different platforms. While the rank order of pVNT5, against
Omicrons BA.1/BA.2/BA.5 trends downward (Fig 3A) and UB-612 booster combats the most
contagious BA.5 with a 13-fold reduction relative to anti-WT titer, its anti-BA.5 pVNTsj, titer
of 854 represents a substantially high neutralizing activity. In contrast, an anti-BA.5 pVNTs5,
titer of 582 was reported for NVX-CoV2373 [49], 378 for mRNA-1273 [7], 360 for BNT162b2
[2,3], 75 for CoronaVac [6] and 43 for AZD1222 [2] (Table 3). All available anti-BA.5 pVNTS5,
values account for approximately an 8.4- to 21-fold reduction. There is a stark vaccine plat-
form-dependent difference in the anti-BA.5 potency.

High anti-WT/anti-BA.1 pVNTs, titers of 12,778/2,352 for UB-612 were first observed in
our Phase-1 booster vaccination study [48] (S4B Fig). As to “anti-WT vs. anti-BA.1 vs. anti-
BA.2,” UB-612 booster exhibits a combined pVNTs, value profile of 6,254-12,778 vs. 1,196
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Table 3. Viral-neutralizing antibody titers assessed by pseudotyped virus neutralization assay (pVNTsq and IDs,)
against SARS-CoV-2 wild-type (WT) and Omicron BA.1, BA.2, and BA.5 subvariants upon homologous boosting.

Vaccines® Participants NeuAb assay WT Omicrons WT/Omicrons
(Homo-booster)* (No./Reference) (Method/Unit) (GMT)® BA.1/BA.2/BA.5 | BA.1/BA.2/BA.5
(GMT) (GMFR)
UB-612 (Ph-1) | (n = 45)/(ref. 48) PNA/pVNTs, 12,778 2,325/1993/ND 5.5/6.4/ND
UB-612 (Ph-2)° | (n =41)/(present) | PNA/pVNTs, 6,254 1,196/985/ND 5.2/6.3/ND
UB-612 (Ph-2)° | (n =12)/(present) | PNA/pVNTs, 11,167 2,314/1,890/854 4.8/5.9/13.0
BNT162b2 (n = 24)/(ref. 20) PNA/pVNTs5, 6,539 1066/776/ND 6.1/8.4/ND
BNT162b2 (n =19)/(ref. 2) PNA/pVNTs5, 4,122 1,116/1,113/360 3.7/3.7/11.5
BNT162b2 (n =27)/(xef. 3) PNA/IDs, 5783 900/829/275 6.4/7.0/21.0
NVX-CoV2373 | (n =48)/(ref. 49) PNA/IDs, 10,862 1,197/ND/582 9.1/ND/18.7
mRNA-1273 (n = 16)/(ref. 7) PNA/IDs, 4,679 945/780/378 5.0/5.9/12.4
MVC-COV1901 | (n = 15)/(Ref. 50) PNA/IDs, 1,280-640 | 160-80/ND/ND 8.7/ND/ND
CoronaVac (n =40)/(Ref. 6) PNA/pVNT5, 632 122/122/75 5.2/5.2/8.4
AZD1222 (n = 41)/(Ref. 2) PNA/pVNTs, 516 89/76/43 5.8/6.8/12
BBIBIP-CorV (n =75)/(ref. 51) PNA/pVNTs, 295 15/ND/ND 20.1/ND/ND

Abbreviation: PNA = pseudotyped virus neutralization assay; GMT = geometric mean titer; GMFR = geometric

mean fold reduction relative to WT; WT = wild type strain of SARS-CoV-2; Omicrons = Omicron subvariants BA.1/
BA.2/BA.5; ND = not determined. pVNTs, & IDsy = 50% neutralization GMT by pseudoviruss assay

# Vaccines reported of homologous booster (third dose) vaccination.

® GMTs against WT measured at 14 or 28 days post-booster third dose.

© UB-612—Pseudovirus assays conducted with sera of subset participants (Phase-2 booster extension study) when

Omicron infection were dominated sequentially by BA.2 and BA.5 subvariant.

https://doi.org/10.1371/journal.ppat.1010870.t003

2,325 vs. 985-1,993” (Table 3 and S4C Fig), which appear to be comparable to the respective
counterparts reported for NVX-CoV2373 [49], mRNA-1273 [7], BNT162b2 [2], yet appear to
be far greater than for MVC-COV1901 [50], CoronaVac [6], AZD1222 [2], and BBIP-CorV
[51]. All listed anti-BA.1/BA.2 pVNT5, values account for approximately a ~3.7- to 20-fold
reduction; and, relative to anti-BA.1/-BA.2, the overall anti-BA.5 pVNTsy is estimated to be
within 2- to 3-fold reduction.
Opverall, UB-612 booster appears to perform on a par with or to bear a competitive edge
over other vaccine platforms based on pseudovirus-neutralizing pVNT5, against Omicron
BA.1/BA.2/BA.5. From a comparative view of between-vaccine platforms, the magnitude of
viral-neutralizing strength would matter much more than a GMFR factor.
It should be noted that both pseudovirus pVNTsq discussed above (Table 3) and live virus
VNTS5, data to be discussed below (Table 4) have drawbacks as all assay methods by various
vaccine platforms are not uniformly comparable. No standardized neutralization methods
have been set to follow with. These data points are laid out for contrast, not for comparison
purpose (with statistics). Nonetheless, a solid trend of platform-dependent difference in viral-
neutralization potency is discernable.
Secondly, at the level of live virus-neutralizing titer (VNT5¢/ID5o/FRNTS5,) against Omicron
BA.1 and BA.2 (Table 4), UB-612 booster excels over other vaccine platforms. UB-612 booster
elicits an anti-W'T/anti-BA.1 titer profile of 6,159/670 [52], in contrast with 1,699/81.0 for
mRNA-1273 (7), 640-673/46.2-106 for BNT162b2 [7,35], and 723/57 for AZD1222 [53]. UB-
612’s anti-BA.1 titer of 670 far exceeds other vaccines by ~6- to 12-fold higher. It is important
to note that other vaccine platforms exhibit a low anti-BA.1 level at peak response (28 days
post-booster), which requires a fourth-dose (the 2" booster) to compensate the dwindling
neutralizing antibodies.
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Table 4. Viral-neutralizing antibody titers assessed by live virus neutralization assay (VNT5p, PRNTS5g, and
FRNTS5,) against SARS-CoV-2 wild-type (WT) and Omicron BA.1/BA.2 subvariants upon homologous boosting.

Vaccines® Participants NeuAb assay WT Omicrons WT/Omicrons
(Homo-booster)* (No./Reference) (Method/Unit) (GMT)® BA.1/BA.2 BA.1/BA.2

(GMT)® (GMFR)
UB-612 (n = 15)/(ref. 52) MNA/VNTs, 6,159 670/485 9.2/12.7
mRNA-1273 (n = 20)/(ref. 7) FRNT/IDsq 1659 81.0/ND 20.5/ND
BNT162b2 (n = 20)/(ref. 7) FRNT/IDs, 640 46.2/ND 13.3/ND
BNT162b2 (n = 30)/(ref. 35) PRNT/VNTs5q 673 106/ND 6.3/ND
AZDI1222 (n = 41)/(Ref. 53) FRNT/FRNTS5, 723 57.0/ND 12.7/ND

Abbreviation: MNA = Microneutralization assay; PRNT = plaque reduction neutralization test; FRNT = focus
reduction neutralization test; GMT = geometric mean titer; GMFR = geometric mean fold reduction relative to WT;
WT = wild type strain of SARS-CoV-2; Omicrons = Omicron subvariants BA.1/BA.2; ND = not determined. pVNTs,
& IDso = 50% neutralization GMT by live virus assay; VNTsg, ID5o & FRNT5q = 50% neutralization GMT by live
virus assay.

# Vaccines reported of homologous booster (third dose) vaccination.

® GMTs against WT measured at 14 or 28 days post-booster third dose.

https://doi.org/10.1371/journal.ppat.1010870.1004

In addition, UB-612 booster presents a substantially high anti-BA.2 live-virus titer VNT5,
at 485, which is even far greater than the anti-BA.1 titers observed with other vaccines. In light
of the true measure for neutralizing activity, the live virus assay would reflect better than the
pseudovirus assay, as the former stands for the combined anti-viral activity against both Spike
and non-Spike proteins, while the latter assay measures the strength against the Spike only.

Similar high neutralizing titers against live WT/Delta virus (VNT5,) have been noted earlier
for UB-612 in the Phase-1 booster study [48]. By contrast, the post-booster VNT'5, values
against WT/Delta ranged from the low-end 122/54 (CoronaVac) to the high-end 3,992/2,358
(UB-612) (S1 Table). In the present Phase-2 booster study, UB-612 reproduces a high anti-
Delta VNT5 at 1,282, only a 1.3-fold lower than the anti-WT live virus (Fig 2A).

Collectively, UB-612 booster performs on a par with or bears a competitive edge over other
vaccine platforms in viral-neutralization potency, either pseudovirus or live virus, against
Delta and Omicron BA.1, BA.2, and potentially the currently dominating BA.5.

Thirdly, UB-612 booster uplifts a lower viral-neutralizing titer generally associated with the
elderly to a level approximately the same as that in the young adults. No significant age-depen-
dent neutralization effect is evident between young adults and the elderly with respect to
humoral immune responses against WT/Delta/BA.1/BA.2/BA.5 (Figs 2B, 2D, 2F and 3B-3D).
This is of high clinical significance as elderly people, due to a decline in pathogen immunity,
do not respond to immune challenge as robustly as young adults and so have a reduction in
vaccine efficacy [54]. Thus, UB-612 as a primer or booster has a potential benefit not only for
the elderly but also for immunocompromised people in general.

Fourthly, the strong blockade of ACE2:RBDyy interaction (Fig 4B) correlates well with
viral-neutralizing VNTs, (live virus WT and Delta) and pVNT5, (pseudovirus BA.1) (Fig 4C-
4E). The positive functional correlation infers a substantial clinical efficacy against COVID-19.
Indeed, using models of S protein binding activities [55] and neutralizing antibodies [56], the
clinical efficacy of 2-dose primary immunization of UB-612 is predicted to be 70-80% and a
booster vaccination may lead to 95% efficacy against symptomatic COVID-19 caused by the
ancestral Wuhan strain [52]. The clinical efficacy protecting against infection of circulating
subvariants including the dominant BA.5 would await outcome of an ongoing Phase-3 trial
that compares UB-612 with authorized vaccines under homologous and heterologous boosting
[ClinicalTrials.gov ID: NCT05293665].
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The pronounced, broadly-neutralizing profiles illustrate one unique feature of UB-612, i.e.,
the serum neutralizing antibodies are directed solely at the critical receptor binding domain
(RBD) that reacts with ACE2. In contrast with the currently authorized full-length S protein-
based vaccine platforms, UB-612’s RBD-only design leaves little room in non-conserved sites
of S protein for viral mutation to occur and so may result in less immune resistance.

Thus, booster vaccination can prompt recall of high levels of parallel anti-WT neutralizing
VNTs5, (Fig 4A) and RBD-ACE2 binding inhibition antibodies (Fig 4B), and both functional
events are durable over Day 57 and Day 220 with a substantial 42%/88% retainment at 6
months or longer after the second shot. This is consistent with the long-lasting anti-WT
VNTS5, effect with a half-life of 187 days observed in the Phase-2 primary series, in which a
~50% retainment was observed at 6 months relative to the peak response [48].

Further, the finding that the UB-612 induced a 140-fold higher increase in blocking the
RBD:ACE2 interaction than by human convalescent sera (HCS) (Fig 4B) suggests that most of
the antibodies in HCS may bind allosterically to the viral spike (N- or C- terminal domain of
the S) rather than orthosterically to the RBD sites, which may include non-neutralizing anti-S
antibodies to cause unintended side effects or Antibody-Dependent Effect (ADE) event. This
warrants further investigation including sera from re-infections and breakthrough infections
from all vaccine platforms.

Fifthly, UB-612 booster induces potent, durable Th1-oriented (IFN-y*-) responses (peak/
pre-boost/post-boost SFU/10° PBMCs, 374/261/444) along with robust presence of cytotoxic
CD8" T cells (peak/pre-boost/post-boost CD107a"-Granzyme B*, 3.6%/1.8%/1.8%) (Fig 1).
Vaccines designed to produce a strong systemic T cell response targeting conserved nonmuta-
ble epitopes may prevent immune escape and protect against current and future viral variants
that causes COVID-19 [57,58]. Along the same vein of promoting T cell immunity, UB-612
armed with the pool of sequenced-conserved Th/CTL epitope peptides (52x3, M, and N)
(Table 2) has demonstrated to elicit a striking, durable Th1-predominant IFN-y* T cell
response in Phase-1 primary vaccine series that peaked at 254 SFU/10° cells and persisted with
a ~50% retainment over 6 months post-2nd dose (121 SFU/10° cells) [48].

The Phase-1 booster-recalled T cell immunity is consistent with an even higher 70% sus-
taining T cell immunity (peak 374 vs. pre-boost 261 SFU/10° cells) in the present Phase-2 pri-
mary series that surges to a 444 SFU/10° cells two weeks post-booster (Fig 1A and 1D), which
leads to a pronounced, durable cytotoxic (CD107a"-Granzyme B*) activity of CD8" T lympho-
cytes (CTL) with high frequency levels (1.8%-3.6%) (Fig 1C and 1F).

UB-612 booster appears to trigger far greater T cell responses than those produced by the
current Spike-only mRNA (BNT162b2) and adeno-vectored (ChAdOx1) vaccines [59]: e.g.,
the pre-boost/post-boost level of SFU/10° cells (related to Delta strain) under homologous
boosting for the 3-dose of ChAd/ChAd/ChAd were 38/45 and that of BNT/BNT/BNT were
28/82; and those under heterologous boosting were 42/123 for ChAd/ChAd/BNT and 36/108
for BNT/BNT/ChAd. For those currently licensed COVID vaccines, it is worthy to note that
the fourth vaccine jab (the 2" booster) does not increase T cell response [60]: e.g., the 28 days
post-3" dose/pre-4"™ dose/14 days post-booster level of SFU/10° cells (related to Delta strain)
for the 4-dose of ChAd/ChAd/BNT/BNT were 133/19/108 and that of BNT/BN'T/BNT/BNT
were 62/14/80.

The lackluster booster-recalled T cell immunity seen with mRNA and adeno-vectored vac-
cines [59,60] may reflect the dwindling, weakened B cell humoral responses and clinical effi-
cacy. A booster 3'“-dose of mRNA vaccines could compensate the waning immunity and
reduce rates of hospitalization and severe disease, yet be less effective in protection against
mild and asymptomatic infections [31-36]. At the time of Omicron BA.1 on the rise, vaccine

3rd

effectiveness was seen reduced after booster (third dose) of mRNA vaccines in protection
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against COVID symptoms (45% at 10 weeks) [61] and hospital admission (55% at 12 weeks)
[62].

In two retrospective large cohort studies, the elderly (aged 260) receiving the fourth dose of
BNT162b2 (2°¢ booster) while BA.2 infection was dominant also showed a modest and tran-
sient efficacy against severe disease (~60-75% protection, relative to the 1° booster third dose)
[63,64], and the effectiveness against infection completely wanes after 8 weeks [63].

Breakthrough infection could occur after the fourth dose [37], in particular amid the circu-
lation of the dominant Omicron BA.5. The booster-compensated protection effectiveness
offered by mRNA vaccines could be blunted soon upon boosting. Incessant, short-interval
boosting with current mRNA vaccines could result in dwindling and weakened immune
responses against Omicrons [65], for mechanisms remained to be elucidated.

While a substitute of the fourth dose with mRNA-1273 can elevate T cell response to a level
of ~240 SFU/10° cells [60], the increased response level appears to be lower than those by UB-
612 at 261 SFU/10° cells pre-3"-dose boosting and at 444 SFU/10° cells 14 days post-booster
(third dose) (Fig 1). The UB-612 vaccine, designed to target multiple conserved epitopes on
both Spike and non-Spike proteins, could have underpinned the base for a fuller T cell
immunity.

The potential clinical significance of a striking T-cell immunity elicited by UB-612 vaccine
platform is supported by the development of a plain T-cell vaccine (CoVac-1) containing a six-
peptide backbone that, as a T-cell booster, triggered dramatic multifunctional CD4 and CD8
T-cell responses [66], which showed benefits to B-cell deficient, immunocompromised
patients who could not mount B-cell antibody responses. The facts that potent memory CD4
and CD8 T cell memory can protect against SARS-CoV-2 infection in the absence of immune
neutralizing antibodies [57,58,66] raises concerns over the fact that humoral antibody response
has long been used as a sole bridging metric of protective immunity [67], which lacks full
understanding of human post-vaccination immunity as antibody response is generally
shorter-lived than virus-reactive T cells [68-70].

Further, the SARS-CoV-2’s non-Spike structure E, M and N proteins are the regions criti-
cally involved in the host cell interferon response and T-cell memory [41-43]. These structural
proteins of virus’ main body when picked up by Antigen Presenting Cells (APC) and presented
as viral peptides would fall beyond recognition by the currently authorized vaccines that are
based on the outer spike protein only. Th1 cells help to stimulate B cells to make antibodies,
and they can morph as well into memory helper CD4" and cytotoxic CD8" T cells to provide a
long-lasting immune response [71]. UB-612’s booster-enhanced broader, durable B and T cell
immunity may make Omicron evasion less likely as the booster vaccination could behave
closer to the breadth of natural, infection-induced immunity.

While neutralizing antibodies can block ACE2:RBD interaction and protect against initial
infection, the non-Spike protein cross-reactive memory T cell immunity is essential for protec-
tion from severe disease and for long-term prevention against infection; and, as such, T cell
immunity should be recognized as a measure for long-term vaccine success [72-79]. The role
of T cells, in particular the recognition against non-Spike targets and the associated T cell
responses, has long been underestimated and overlooked from the outset of COVID vaccine
development.

The cross-reactive T cell responses can limit disease severity, reduce viral replication, and
limit the duration of illness, and these potential durable immune responses revealed by UB-
612 (Fig 1) would be a key component of a pan-SARS-CoV-2 vaccine. To what extent that vac-
cine booster-induced memory T cell immunity would contribute to vaccine effectiveness in
the clinic against COVID-19 infection of any degree, as a leading actor or a supportive cast,
has become a research subject of major clinical interest [80].
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Of additional clinical interest with strong T cell immunity is its function of viral clearance.
Persistent SARS-CoV-2 infections can contribute to long COVID as residual viable SARS-
CoV-2 particles, viral replication, viral RNA and viral spike protein antigens could sustain in
tissues of the convalescents [81-83]. As long COVID is found to be associated with a decline
in IFN-y-producing CD8" T cell [84], enhancing T cell immunity for clearance of residual sys-
temic infection (sustained viral reservoirs) could be a sensible strategy for prevention of long
COVID.

Facing the dwindling vaccine effectiveness and emergence of viral variants with higher
infectivity and immune evasion, development of composition-updated vaccines [38,39] or uni-
versal coronavirus vaccines [40] has been strongly advocated. To meet an urgent need and for
a long-term fight against new mutants, one would look beyond the practice of frequent short-
interval booster jabs and resist clinging to use of variant-specific (e.g., omicron-updated)
vaccines.

In fact, the recent bivalent vaccine mRNA-1273.214 (original wild-type Spike plus Omicron
BA.1 Spike) as the fourth dose (second booster) was found to result in only 1.7-fold higher
pseudovirus-neutralizing antibody titer (pVNT5,) against BA.5 as compared to that by the
original mRNA-1273 [85]. The extra modest anti-BA.5 gain of pVNTsy, titer by the bivalent
WT/BA.1 vaccine may not provide better protection efficacy against BA.5 infection.

Furthermore, bivalent WT/BA.5 mRNA vaccines (Pfizer and Moderna) at the 4" dose in
two studies have shown only 1.2 to 1.3-fold higher pVNT', neutralizing titer against BA.5 than
the original wild type [86,87]. And, the bivalent booster-induced T cell response remained
unchanged at a low level [87], relative to the original vaccine. These observations are in line
with the mechanism of Immune Imprinting [88] that tips the bulk of antibodies to react with
the first encounter wild-type strain or the initial vaccine type an individual exposed to, impli-
cating also that variant-specific vaccine would not perform better than thought.

Of interest to note, to enhance vaccine immunity, a T cell vaccine BNT162b4 targeting con-
served epitopes on non-Spike proteins, in combination with BNT162b5 BA.5-bivalent or
BNT162 BA.1-bivalent vaccine, is being developed [ClinicalTrials.gov ID: NCT05541861]. The
goal of the two vaccines in one shot is to deliver durable antibody and T-cell immune protec-
tion against severe disease and hospitalization for at least one year.

By and large, a pragmatic approach to curbing ever-emergent new mutants would be “uni-
versal (pan-Sarbecovirus) vaccines” targeting conserved nonmutable epitopes on Spike and
non-Spike proteins of coronavirus. In that sense, a shift of Spike-only vaccine design to a para-
digm by targeting conserved epitopes on both Spike and non-Spike proteins would be a work-
able option. To be competent for next-generation vaccines, conserved regions on non-Spike
proteins (membrane and nucleocapsid) to serve as immunogens may also contribute to the
development of pan-betacoronavirus vaccines [89].

By incorporation of five sequence-conserved Th/CTL epitope peptides [90] and a sixth ide-
alized universal Th peptide which serves as catalyst in T cell activation [48], the UB-
612-induced T cell immunity may enhance the clearance of the virally infected cells, regardless
of Omicrons or future mutants, as their mutation sites are not to overlap any of the amino acid
residues on the precision-designed S2, N, and M epitope peptides that are highly conserved (or
rarely mutate) across all VoCs (Table 2). By design, UB-612 could provide strong memory T
cell immunity that associates with potent, broadly-recognizing and durable live virus-neutral-
izing effect without resorting to Omicron-specific immunogens. Whether a strong, fuller and
broadly-recognizing T cell immunity could help with prevention/minimization of long
COVID warrants additional clinical research.

In summary, we have simultaneously characterized the booster-enhanced B- and T-cell
immunity in a large (N = 1,378) Phase-2 study, demonstrating UB-612 can elicit a fuller T cell
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immunity that comprehensively recognize Spike (S1-RBD and S2) and non-Spike structure N
and M proteins, which seeds the potential for viral clearance upon infection; and the induced
B cell responses would broadly neutralize all VoCs regardless of varying mutational epitope
locations. Our UB-612 multitope vaccine may serve as a universal vaccine primer and booster
to ward off all VoCs and future mutants, for which a US-FDA approved CEPI supported large-
scale Phase-3 trial has also been underway to further evaluate the concept of protection
efficacy.

Supporting information

S1 Fig. Flow of UB-612 Phase-2 primary 2-dose series with extension booster. The study
design of the Phase-2 primary 2-dose series (100 ug dose; 28 days apart) of UB-612; and the
extension study of booster vaccination [NCT04773067] conducted between Oct. 16, 2021 and
Apr. 16, 2022. (A) Of the primary series (n = 3,875), a total of 1,478 participants (aged at 18-85
years) were enrolled to receive the booster third-dose of 100 ug UB-612; (B) the characteristics
of the study participants in the primary and booster series.

(DOCX)

S2 Fig. Incidence of adverse effects in the Phase-2 primary 2-dose and extended booster
third-dose series. (A) Solicited local adverse reaction within 7 days after each vaccination. (B)
Skin allergic reaction within 14 days after each vaccination. (C) Solicited systemic adverse
reaction events 7 days after each vaccination (Doses 1 and 2 in the primary series; Dose 3 as a
booster)

(DOCX)

S3 Fig. Phase-2 immunogenicity overview (antigenic and functional) on homologous
boosting. Immunogenicity overview are presented in (A) antigenic S1-RBDyyr binding,
ACE2:RBDyyr binding inhibition, and anti-WT viral-neutralizing activity VNTs, and (B) the
summary of geometric mean titer (GMT) with 95% CI. A total of 302 participants (n = 208 for
aged 18-65 years; n = 94 for aged 65-85 years) received a booster 3"-dose. The serum samples
of 302 participants were collected at the indicted time points, Days 197 to 242 (the pre-booster
day) and Days 211 to 256 (14 days post-booster), and tested for neutralizing antibody levels
that inhibit 50% of live SARS-CoV-2 wild-type, expressed as VNT5, (WT, Wuhan strain)
(functional), the inhibitory titers against S1-RBD binding to ACE2 by ELISA, expressed as pg/
mL (functional), and anti-S1-RBD IgG antibody titers by ELISA (antigenic). Statistical analysis
was performed by the Student’s t-test (ns, p>0.05; **** p<0.0001).

(TTF)

$4 Fig. Viral-neutralizing titers against live SARS-CoV-2 wild type (Wuhan) and Delta
variant (VNTs5,), and pseudo SARS-CoV-2 wild type (Wuhan) and Omicron BA.1 and
BA.2 variants (pVNTS5,) after the booster third-dose in the Phase-1 trial*. Geometric mean
titers (GMT) at 50% viral-neutralization observed 14 days after the booster third-dose of 100-
ug administered at mean Day 286 (Days 255-316) after the primary 2-dose series (Days 0 and
28) of the 196-day Phase-1 trial. (A) In the participants of the 100-pg group (n = 18) with
healthy adults aged at 20-55 years, the post-booster VNTs,, titer reached at 3,992 against live
SARS-CoV-2 Wuhan wild-type, and at 2,358 against live Delta variant. (B) Similarly, unusually
high post-booster pVNT's, against Wuhan wild-type pseudovirus at 12,778, and at 2,325
against Omicron BA.1. (C) High post-booster pVNTs, against Omicron BA.2 as well. (D)
Summary of geometric mean titer (GMT) with 95% CI are presented for plots shown in panels
A—C. *Fig 4A and 4B adapted with permission from J. Clin. Invest. 2022;132(10):e157707.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010870  April 20, 2023 19/25


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s004
https://doi.org/10.1371/journal.ppat.1010870

PLOS PATHOGENS

Heading toward a pan-SARS-CoV-2 vaccine

https://doi.org/10.1172/JCI157707.
(TIF)

§1 Table. Comparison of post-booster viral-neutralizing antibody titers against SARS--
CoV-2 wild-type (WT) and Delta variant by vaccines from different platforms.
(DOCX)

S1 Methods. Vaccine product and placebo.
(DOCX)

$2 Methods. Viral-neutralizing antibody titers against SARS-CoV-2 wild-type and variants
by CPE based live virus neutralization assay.
(DOCX)

$3 Methods. Neutralizing titers against Omicron BA.1/BA.2/BA.5 by pesudovirus assay.
(DOCX)

S$4 Methods. Inhibition of RBD binding to ACE2 by ELISA.

(DOCX)

§5 Methods. Anti-S1-RBD binding IgG antibody by ELISA.
(DOCX)

S6 Methods. T cell responses by ELISpot.

(DOCX)

S7 Methods. ICS.

(DOCX)

S8 Methods. Statistics.

(DOCX)

S1 Appendix. Phase-2 study V-205 protocol.

(PDF)

S2 Appendix. Phase-2 study V-205 IRB approval letters.
(PDF)

S$3 Appendix. Phase-2 study V-205 ICF.

(PDF)

Acknowledgments

The sponsor UBI Asia co-designed the trial and coordinated interactions with contract Clini-
cal Research Organization (CRO) StatPlus staff and regulatory authorities. The CRO took
charge of trial operation to meet the required standards of the International Council for
Harmonization of Technical Requirements for Pharmaceuticals for Human Use and Good
Clinical Practice guidelines. The Independent Data Monitoring Committee (IDMC) oversaw
the safety data and gave recommendations to the sponsor. The interim analysis was done by
the CRO StatPlus. We thank all the trial participants for their dedication to these trials; the
investigation staff at China Medical University Hospital, Taipei Medical University Hospital,
Far Eastern Memorial Hospital, National Cheng Kung University Hospital, Linkou Chang
Gung Memorial Hospital, Kaohsiung Chang Gung Memorial Hospital, Kaohsiung Medical
University Hospital, Tri-Service General Hospital, Taipei Veterans General Hospital, Kaoh-
siung Veterans General Hospital, Changhua Christian Hospital and Taichung Veterans

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010870  April 20, 2023 20/25


https://doi.org/10.1172/JCI157707
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010870.s016
https://doi.org/10.1371/journal.ppat.1010870

PLOS PATHOGENS

Heading toward a pan-SARS-CoV-2 vaccine

General Hospital for their involvement in conducting the trial; and members of the IDMC for
their dedication and guidance.

Special thanks are also extended to the clinical associates from StatPlus, Inc and UBI Asia;
the CMC task forces from UBI Asia, United BioPharma, Inc. and UBI Pharma, Inc; team
members at Institute of Biomedical Sciences, Academia Sinica for the live virus neutralization
assay; and team members at the RNAi Core Facility, Academia Sinica for the pseudovirus neu-
tralization assay. All health convalescent sera were supplied by Biobank at the National Health
Research Institutes (NHRI), Taiwan.

Finally, thank Dr. Chuwan-chuen King for critical review of the manuscript; and colleagues
from UBI Asia Hui-Kai Kuo, Wan-Yu Tsai, Han-Chen Chiu, Kuo-Liang Hou, Hope Liu, and
Jennifer Cheng for their technical support and data collection. Special administrative support
by Jalon Tai, Liang Kai Huang, Peter Hu and Fran Volz from the UBI group are also acknowl-
edged with gratitude.

Author Contributions

Conceptualization: Chang Yi Wang.

Formal analysis: Wen-Jiun Peng, Ya-Ting Yang, Po-Yen Chang, Yea-Huei Shen.
Investigation: Yu-Hsin Ho, Min-Sheng Wang,.

Methodology: Chang Yi Wang, Wen-Jiun Peng, Kao-Pin Hwang.

Writing - original draft: Be-Sheng Kuo.

Writing - review & editing: Chang Yi Wang, Be-Sheng Kuo.

References

1. Shrestha LB, Foster C, Rawlinson W, Tedla N, Bull RA. Evolution of the SARS-CoV-2 omicron variants
BA.1 to BA.5: Implications for immune escape and transmission. Rev Med Virol. 2022;e2381. https://
doi.org/10.1002/rmv.2381 PMID: 35856385

2. Tuekprakhon A, Nutalai R, Dijokaite-Guraliuc A, Zhou D, Ginn HM, Selvaraj M, et al. Antibody escape
of SARS-CoV-2 Omicron BA.4 and BA.5 from vaccine and BA.1 serum. Cell. 2022; 185:2422—2433.
https://doi.org/10.1016/j.cell.2022.06.005 PMID: 35772405

3. Hachmann NP, Miller J, Collier AY, Ventura JD, Yu J, Rowe M, et al. Neutralization escape by SARS-
CoV-2 Omicron subvariants BA.2.12.1, BA.4, and BA.5. N Engl J Med. 2022; 387:86—88. https://doi.
org/10.1056/NEJMc2206576 PMID: 35731894

4. QuP, Faraone J, Evans JP, Zou X, Zheng YM, Carlin C, et al. Neutralization of the SARS-CoV-2 Omi-
cron BA.4/5 and BA.2.12.1 subvariants. N Engl J Med. 2022; 386:2526—2528. https://doi.org/10.1056/
NEJMc2206725 PMID: 35704428

5. Bowen JE, Addetia A, Dang HV, Stewart C, Brown JT, Harkey WK, et al. Omicron spike function and
neutralizing activity elicited by a comprehensive panel of vaccines. Science. 2022; 377:890-894.
https://doi.org/10.1126/science.abq0203 PMID: 35857529

6. Cao, YisimayiA, Jian F, Song W, Xiao T, Wang L, et al. BA.2.12.1, BA.4 and BA.5 escape antibodies
elicited by Omicron infection. Nature. 2022; 608:593-602. https://doi.org/10.1038/s41586-022-04980-y
PMID: 35714668

7. Lyke KE, Atmar RL, Islas CD, Posavad CM, Szydlo D, Chourdhury RP, et al. Rapid decline in vaccine-
boosted neutralizing antibodies against SARS-CoV-2 Omicron variant. Cell Rep Med. 2022; 3:100679.
https://doi.org/10.1016/j.xcrm.2022.100679 PMID: 35798000

8. Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, Furnon W, et al. SARS-CoV-2 Omicron is an
immune escape variant with an altered cell entry pathway. Nat Microbiol. 2022; 7:1161-1179. https://
doi.org/10.1038/s41564-022-01143-7 PMID: 35798890

9. Peacock TP, Brown JC, Zhou J, Thakur N, Newman J, Kugathasan R, et al. The SARS-CoV-2 variant,

Omicron, shows rapid replication in human primary nasal epithelial cultures and efficiently uses the
endosomal route of entry. bioRxiv. 2022;2022.01.083 https://doi.org/10.1101/2021.12.31.474653.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010870  April 20, 2023 21/25


https://doi.org/10.1002/rmv.2381
https://doi.org/10.1002/rmv.2381
http://www.ncbi.nlm.nih.gov/pubmed/35856385
https://doi.org/10.1016/j.cell.2022.06.005
http://www.ncbi.nlm.nih.gov/pubmed/35772405
https://doi.org/10.1056/NEJMc2206576
https://doi.org/10.1056/NEJMc2206576
http://www.ncbi.nlm.nih.gov/pubmed/35731894
https://doi.org/10.1056/NEJMc2206725
https://doi.org/10.1056/NEJMc2206725
http://www.ncbi.nlm.nih.gov/pubmed/35704428
https://doi.org/10.1126/science.abq0203
http://www.ncbi.nlm.nih.gov/pubmed/35857529
https://doi.org/10.1038/s41586-022-04980-y
http://www.ncbi.nlm.nih.gov/pubmed/35714668
https://doi.org/10.1016/j.xcrm.2022.100679
http://www.ncbi.nlm.nih.gov/pubmed/35798000
https://doi.org/10.1038/s41564-022-01143-7
https://doi.org/10.1038/s41564-022-01143-7
http://www.ncbi.nlm.nih.gov/pubmed/35798890
https://doi.org/10.1101/2021.12.31.474653
https://doi.org/10.1371/journal.ppat.1010870

PLOS PATHOGENS

Heading toward a pan-SARS-CoV-2 vaccine

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Shuai H, Chan JFW, Hu B, Chai Y, Yuen TTT, et al. Attenuated replication and pathogenesis of SARS-
CoV-2 B.1.1.529 Omicron. Nature. 2022; 603:693-699.

Halfmann PJ, Lida S, lwatsuki-Horimoto K, Maemura T, Kiso M, et al. SARS-CoV-2 Omicron virus
causes attenuated disease in mice and hamsters. Nature. 2022; 603:687—692. https://doi.org/10.1038/
s41586-022-04441-6 PMID: 35062015

Abdelnabi R, Foo CS, Zhang X, Lemmens V, Maes P, Slechten B, et al. The omicron (B.1.1.529)
SARS-CoV-2 variant of concern does not readily infect Syrian hamsters. Antiviral Res. 2022;
198:105253. https://doi.org/10.1016/j.antiviral.2022.105253 PMID: 35066015

Bentley EG, Kirby A, Sharma P, Kipar A, Mega DF, Bramwell C, et al. SARS-CoV-2 Omicron-B.1.1.529
variant leads to less severe disease than Pango B and Delta variants strains in a mouse model of
severe COVID-19. bioRxiv 2021;2021.12.30. https://doi.org/10.1101/2021.12.26.474085.

Hui KPY, Ho JCW, Cheung M-C, Ng K-C, Ching RHH, Lai K-L, et al. SARS-CoV-2 Omicron variant rep-
lication in human bronchus and lung ex vivo. Nature. 2022; 603:715-720. https://doi.org/10.1038/
541586-022-04479-6 PMID: 35104836

Abbas Q, Kusakin A, Sharrouf K, Jyakhwo S, Komissarov AS. Follow-up investigation and detailed
mutational characterization of the SARS-CoV-2 Omicron variant lineages (BA.1, BA.2, BA.3 and
BA.1.1). bioRxiv. 2022;2022.02.25 https://doi.org/10.1101/2022.02.25.481941.

Chen J, Wei G-W. Omicron BA.2 (B.1.1.529.2): High potential to becoming the next dominating variant.
J Phys Chem Lett. 2022; 13:3840-3849. https://arxiv.org/abs/2202.05031.

Viana R, Moyo S, Amoako DG, Tegally H, Scheepers C, Althaus CL, et al. Rapid epidemic expansion of
the SARS-CoV-2 Omicron variant in southern Africa. Nature. 2022; 603:679-686. https://doi.org/10.
1038/s41586-022-04411-y PMID: 35042229

Tegally H, Moir M, Everatt J, Giovanetti M, Scheepers C, Wilkinson E, et al. Emergence of SARS-CoV-
2 Omicron lineages BA.4 and BA.5 in South Africa. Nat Med. 2022. https://doi.org/10.1038/s41591-
022-01911-2 PMID: 35760080

Yamasoba DY, Kimura |, Nasser H, Morioka Y, Nao N, Ito J, et al. Virological characteristics of SARS-
CoV-2 BA.2 spike. Cell. 2022; 185:2103-2115.

Yu J, Collier ARY, Rowe M, Mardas F, Ventura JD, Wan H, et al. Neutralization of the SARS-CoV-2
Omicron B.1 and BA.2 variants. N Engl J Med. 2022; 386:1579-1580.

Stegger M, Edslev SM, Sieber RN, Ingham AC, Ng KL, Tang MHC, et al. Occurrence and significance
of Omicron BA.1 infection followed by BA.2 reinfection. medRxiv. 2022;2022.02.29. https://doi.org/10.
1101/2022.02.19.22271112.

Kimura |, Yamasoda D, Tamura T, Nao N, Suzuki T, Oda Y, et al. Virological characteristics of the
SARS-CoV-2 Omicron BA.2 subvariants, including BA.4 and BA.5. Cell. 2022; 185:3992—-4007. https://
doi.org/10.1016/j.cell.2022.09.018 PMID: 36198317

Khan K, Karim F, Ganga Y, Bernstein M, Jule Z, Reedoy K, et al. Omicron BA.4/BA.5 escape by BA.1
infection. Nat Comm. 2022; 13:4686. https://doi.org/10.1038/s41467-022-32396—-9

Bowe B, Xie Y, Al-Aly Z. Acute and postacute sequela associated with SAR-CoV-2 reinfection. Nat.
Med. 2022; 28:2398—-2405.

Philips S, William AA. Confronting our next national health disaster—long-haul covid. N Engl J Med.
2021; 385:577-579. https://doi.org/10.1056/NEJMp2109285 PMID: 34192429

Mehandru S, Merad M. Pathological sequelae of long-haul COVID. Nat Immunol. 2022; 23:194—-202.
https://doi.org/10.1038/s41590-021-01104-y PMID: 35105985

Long COVID: the elephant in the loom. Lancet Diabetes Endocrinol. 2022; 10:297 https://doi.org/10.
1016/S2213-8587(22)00111-5.

Powell A. Hints of a long COVID wave as Omicron fades. Specialists seek answers for patients who
can’t shake symptoms. The Harvard Gazette. 2022;2022.02.14 https://news.harvard.edu/gazette/story/
2022/02/harvard-experts-expect-new-wave-of-long-covid-cases/

Ledford H. How common is long COVID? Why studies give different answers. Nature. 2022; 606:852—
853. https://doi.org/10.1038/d41586-022-01702-2 PMID: 35725828

Al-Aly Z, Bowe B, Xie Y. Long COVID after breakthrough SARS-CoV-2 infection. Nat Med. 2022;
28:1461-1467. https://doi.org/10.1038/s41591-022-01840-0 PMID: 35614233

Pajon R, Doria-Rose NA, Shen X, Schmidt SD, O’Dell S, McDanal C, et al. SARS-CoV-2 omicron vari-
ant neutralization after mMRNA-1273 booster vaccination. N Engl J Med. 2022; 385:1088—1091. https://
doi.org/10.1056/NEJMc2119912 PMID: 35081298

Gruell H, Vanshylla K, Tober-Lau P, Hillus D, Schommers P, Lehmann C, et al. mMRNA booster immuni-
zation elicits potent neutralizing serum activity against the SARS-CoV-2 Omicron variant. Nat Med.
2022; 8:477-480. https://doi.org/10.1038/s41591-021-01676-0 PMID: 35046572

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010870  April 20, 2023 22/25


https://doi.org/10.1038/s41586-022-04441-6
https://doi.org/10.1038/s41586-022-04441-6
http://www.ncbi.nlm.nih.gov/pubmed/35062015
https://doi.org/10.1016/j.antiviral.2022.105253
http://www.ncbi.nlm.nih.gov/pubmed/35066015
https://doi.org/10.1101/2021.12.26.474085
https://doi.org/10.1038/s41586-022-04479-6
https://doi.org/10.1038/s41586-022-04479-6
http://www.ncbi.nlm.nih.gov/pubmed/35104836
https://doi.org/10.1101/2022.02.25.481941
https://arxiv.org/abs/2202.05031
https://doi.org/10.1038/s41586-022-04411-y
https://doi.org/10.1038/s41586-022-04411-y
http://www.ncbi.nlm.nih.gov/pubmed/35042229
https://doi.org/10.1038/s41591-022-01911-2
https://doi.org/10.1038/s41591-022-01911-2
http://www.ncbi.nlm.nih.gov/pubmed/35760080
https://doi.org/10.1101/2022.02.19.22271112
https://doi.org/10.1101/2022.02.19.22271112
https://doi.org/10.1016/j.cell.2022.09.018
https://doi.org/10.1016/j.cell.2022.09.018
http://www.ncbi.nlm.nih.gov/pubmed/36198317
https://doi.org/10.1038/s41467-022-32396%26%23x2013%3B9
https://doi.org/10.1056/NEJMp2109285
http://www.ncbi.nlm.nih.gov/pubmed/34192429
https://doi.org/10.1038/s41590-021-01104-y
http://www.ncbi.nlm.nih.gov/pubmed/35105985
https://doi.org/10.1016/S2213-8587(22)001115
https://doi.org/10.1016/S2213-8587(22)001115
https://news.harvard.edu/gazette/story/2022/02/harvard-experts-expect-new-wave-of-long-covid-cases/
https://news.harvard.edu/gazette/story/2022/02/harvard-experts-expect-new-wave-of-long-covid-cases/
https://doi.org/10.1038/d41586-022-01702-2
http://www.ncbi.nlm.nih.gov/pubmed/35725828
https://doi.org/10.1038/s41591-022-01840-0
http://www.ncbi.nlm.nih.gov/pubmed/35614233
https://doi.org/10.1056/NEJMc2119912
https://doi.org/10.1056/NEJMc2119912
http://www.ncbi.nlm.nih.gov/pubmed/35081298
https://doi.org/10.1038/s41591-021-01676-0
http://www.ncbi.nlm.nih.gov/pubmed/35046572
https://doi.org/10.1371/journal.ppat.1010870

PLOS PATHOGENS

Heading toward a pan-SARS-CoV-2 vaccine

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Planas D, Saunders N, Maes P, Guivel-Benhassine F, Planchais C, Bauchrieser J, et al. Considerable
escape of SARS-CoV-2 Omicron to antibody neutralization. Nature. 2022; 602:671-675.

Nemet |, Kliker L, Lustig Y, Zuckerman N, Erster O, Cohen C, et al. Third BNT162b2 Vaccination Neu-
tralization of SARS-CoV-2 Omicron infection. N Engl J Med. 2022; 386:492—494. https://doi.org/10.
1056/NEJMc2119358 PMID: 34965337

Muik A, Lui BG, Wallisch A-K, Bacher M, Muhl J, Reiholz J, et al. Neutralization of SARS-CoV-2 Omi-
cron by BNT162b2 mRNA vaccine-elicited human sera. Science 2022; 375:678-680. https://doi.org/10.
1126/science.abn7591 PMID: 35040667

Hansen C, Schelde A, Moustsen-Helm |, Embor H-D, Eriksen R, et al. Vaccine effectiveness against
infection and COVID-19-associated hospitalization with the Omicron (B.1.1.529) variant after vaccina-
tion with the BNT162b2 or mRNA-1273 vaccine: A nationwide Danish cohort study. Research Square.
2022;2022.03.30. https://doi.org/10.21203/rs.3.rs-1486018/v1

Regev-Yochay G, Gonen T, Gilboa M, Mandelboim M, Indenbaum V, Amit S, et al. Efficacy of a fourth
dose of Covid-19 mRNA vaccine against omicron. N Engl J Med. 2022; 386:1377—-1380. https://doi.org/
10.1056/NEJMc2202542 PMID: 35297591

Marks P, Cavaleri M. ICMRA COVID-19 Omicron variant workshop. 2022;2022.01.12. https://www.
icmra.info/drupal/en/covid-19/12january2022.

lacobucci G. Covid-19: Focus should be on new vaccines rather than boosters, says WHO. BMJ. 2022;
376. https://doi.org/10.1136/bmj.0108.

Morens DM, Taubenberger JK, Fuci AS. Universal coronavirus vaccine—An urgent need. N Engl J Med.
2022; 386:297-299.

Bojkova D, Widera M, Ciesek S, Wass MN, Michaelis M, Cinatl J. Reduced interferon antagonism but
similar drug sensitivity in Omicron variant compared to Delta variant SARS-CoV-2 isolates. Cell Res.
2022; 32:319-321.

Xu D, Biswal M, Neal A, Hai R. Devil's tools: SARS-CoV-2 antagonists against innate immunity. Curr
Res Virol Sci. 2021; 2:100013. https://doi.org/10.1016/j.crviro.2021.100013.

Zhang Q, Chen Z, Huang C, Sun J, Xue M, Feng T, et al. Severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) Membrane (M) and Spike (S) proteins antagonize host type | Interferon Response.
Front Cell Infect Microbiol. 2021; 11:766922. https://doi.org/10.3389/fcimb.2021.766922 PMID:
34950606

Kannan SR, Spratt AN, Sharma K, Chand HS, Byrareddy SN, Singh K. Omicron SARS-CoV-2 variant:
Unique features and their impact on pre-existing antibodies. J Autoimmunity. 2022; 126;102779. https://
doi.org/10.1016/j.jaut.2021.102779 PMID: 34915422

Luna N, Munoz M, Ramirez AL, Patino LH, Castaneda SA, Ballesteros N, et al. Genomic diversity of
SARS-CoV Omicron variant in South American countries. Viruses. 2022; 14:1234. https://doi.org/10.
3390/v14061234 PMID: 35746705

Suratekar R, Ghosh P, Niesen MJM, Donadio G, Anand P, Soundararajan V, et al. High diversity in
Delta variant across countries revealed by genome-wide analysis of SARS-CoV-2 beyond the spike
protein. Mol Syst Biol. 2022; 18;e10673. https://doi.org/10.15252/msb.202110673 PMID: 35156767

Xia S, WangL, Zhu Y, LuL, Jiang S. Origin, virological features, immune evasion and intervention of
SARS-CoV-2 Omicron sublineages. Signal Transduction Targeted Ther. 2022; 7:241. https://doi.org/
10.1038/s41392-022-01105-9 PMID: 35853878

Wang CY, Hwang K-P, Kuo H-K, Peng W-J, Shen Y-H, Kuo B-S, et al. A multitope SARS-CoV-2 vac-
cine provides long-lasting B-cell and T-cell immunity against delta and omicron variants. J Clin Invest.
2022; 132:e157707. https://doi.org/10.1172/JCI157707. https://doi.org/10.1172/JCI1157707 PMID:
35316221

Bhiman JN, Richardson S|, Lambson BE, Kgagidi P, Mzindle N, Kaldine H, et al. Novavax NVX-
COV2373 triggers potent neutralization of Omicron sublineages. Sci Rep. 2023; 13:1222. https://doi.
org/10.1038/s41598-023-27698-x PMID: 36681693

Hsieh S-M, Chang S-C, Cheng H-Y, Shih SR, Lien CE. Durability and immunogenicity of neutralizing
antibodies response against omicron variants after three doses of subunit SARS-CoV-2 vaccine
MVCCOV1901: An extension to an open-label, dose escalation phase 1 study. Infect Dis Ther. 2022;
11:1493-1504.

Yu X, WeiD, XuW, LiY, Li X, Zhang X, et al. Reduced sensitivity of SARS-CoV-2 Omicron variant to
antibody neutralization elicited by booster vaccination. Cell Discov. 2022; 8:4. https://doi.org/10.1038/
s41421-022-00375-5 PMID: 35034952

Guirakhoo F, Wang S, Wang CY, Kuo HK, Peng WJ, Liu H, et al. High neutralizing antibody levels
against Severe Acute Respiratory Syndrome Coronavirus BA.1 and BA.2 after UB-612 vaccine booster.
J Infect Dis. Jiac241 (2022). https://doi.org/10.1093/infdis/jiac241.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010870  April 20, 2023 23/25


https://doi.org/10.1056/NEJMc2119358
https://doi.org/10.1056/NEJMc2119358
http://www.ncbi.nlm.nih.gov/pubmed/34965337
https://doi.org/10.1126/science.abn7591
https://doi.org/10.1126/science.abn7591
http://www.ncbi.nlm.nih.gov/pubmed/35040667
https://doi.org/10.21203/rs.3.rs-1486018/v1
https://doi.org/10.1056/NEJMc2202542
https://doi.org/10.1056/NEJMc2202542
http://www.ncbi.nlm.nih.gov/pubmed/35297591
https://www.icmra.info/drupal/en/covid-19/12january2022
https://www.icmra.info/drupal/en/covid-19/12january2022
https://doi.org/10.1136/bmj.o108
https://doi.org/10.1016/j.crviro.2021.100013
https://doi.org/10.3389/fcimb.2021.766922
http://www.ncbi.nlm.nih.gov/pubmed/34950606
https://doi.org/10.1016/j.jaut.2021.102779
https://doi.org/10.1016/j.jaut.2021.102779
http://www.ncbi.nlm.nih.gov/pubmed/34915422
https://doi.org/10.3390/v14061234
https://doi.org/10.3390/v14061234
http://www.ncbi.nlm.nih.gov/pubmed/35746705
https://doi.org/10.15252/msb.202110673
http://www.ncbi.nlm.nih.gov/pubmed/35156767
https://doi.org/10.1038/s41392-022-01105-9
https://doi.org/10.1038/s41392-022-01105-9
http://www.ncbi.nlm.nih.gov/pubmed/35853878
https://doi.org/10.1172/JCI157707
https://doi.org/10.1172/JCI157707
http://www.ncbi.nlm.nih.gov/pubmed/35316221
https://doi.org/10.1038/s41598-023-27698-x
https://doi.org/10.1038/s41598-023-27698-x
http://www.ncbi.nlm.nih.gov/pubmed/36681693
https://doi.org/10.1038/s41421-022-00375-5
https://doi.org/10.1038/s41421-022-00375-5
http://www.ncbi.nlm.nih.gov/pubmed/35034952
https://doi.org/10.1093/infdis/jiac241
https://doi.org/10.1371/journal.ppat.1010870

PLOS PATHOGENS

Heading toward a pan-SARS-CoV-2 vaccine

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Dejnirattisai W, Huo J, Zhou D, Zahradnik J, Supasa P, Liu C, et al. Omicron-B.1.1.529 leads to wide-
spread escape from neutralizing antibody responses. Cell. 2002; 185:467—484.

Bartleson JM, Radenkovic D, Covarrubias AJ, Furman D, Winer DA, Verdin E. SARS-CoV-2, COVID-
19 and aging immune system. Nature Aging. 2021; 1:769-782.

Goldblatt D, Fiore-Gartland A, Johnson M, Hunt A, Bengt C, Zavadska D, et al. Towards a population-
based threshold of protection for COVID-19 vaccines. Vaccine. 2022; 40;306—315. https://doi.org/10.
1016/j.vaccine.2021.12.006 PMID: 34933765

Cromer D, Steain M, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. Neutralising antibody titres
as predictors of protection against SARS-CoV-2 variants and the impact of boosting: a meta-analysis.
Lancet Microbe. 2022; 3:e52—61. https://doi.org/10.1016/S2666-5247(21)00267-6 PMID: 34806056

Reynold S. T cells protect against COVID-19 in absence of antibody response. NIH Research Matters.
June 7, 2022. https://www.nih.gov/news-events/nih-research-matters/t-cells-protect-against-covid-19-
absence-antibody-response.

Kingstad-Bakke B, Lee W, Chandrasekar SS, Gasper DJ, Salas-Quinchucua C, Cleven T, et al. Vac-
cine-induced systemic and mucosal T cell immunity to SARS-CoV-2 viral variants. PNAS. 2022; 119:
2118312119, https://doi.org/10.1073/pnas.2118312119 PMID: 35561224

Munro APS, Janani L, Cornelius V, Aley PK, Babbage G, Baxter D, et al. Safety and immunogenicity of
seven COVID-19 vaccines as a third dose (booster) following two doses of ChAdOx1 nCov-19 or
BNT162b2 in the UK (COV-BOOST): a blinded, multicentre, randomised, controlled, phase 2 trial. Lan-
cet. 2021; 398:2258-2276. https://doi.org/10.1016/S0140-6736(21)02717-3 PMID: 34863358

Munro APS, Feng Shuo, Janani L, Cornelius V, Aley PK. Babbage G, et al. Safety, immunogenicity,
and reactogenicity of BNT162b2 and mRNA-1273 COVID-19 vaccines given as fourth-dose booster fol-
lowing twp doses of ChAdOx1 nCoV-19 or BNT162b2 and a third dose of BNT162b2 (COV-BOOST): a
multicentre, blinded, phase 2, randomized trial. Lancet Infect Dis. 2022; 21:1131-1141.

Andrew N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al. Covid-19 vaccine effectiveness
against the Omicron (B.1.1.529) variant. N Engl J Med. 2022; 386:1532—1546. https://doi.org/10.1056/
NEJMoa2119451 PMID: 35249272

Tartof SY, Slezak JM, Puzniak L, Hong V, Xie F, Ackerson BK, et al. Durability of BNT162b2 vaccine
against hospital and emergency department admissions due to the omicron and delta variants in a large
health system in the USA: a test-negative case—control study. Lancet Respir Med. 2022; 10:689-699.
https://doi.org/10.1016/S2213-2600(22)00101-1 PMID: 35468336

Bar-On YM, Goberg Y, Mandel M, Bodenheimer O, Amir O, Freedman L, et al. Protection by a fourth
dose of BNT162b2 against Omicron in Israel. N Engl J Med. 2022; 386:1712-1720. https://doi.org/10.
1056/NEJMo0a2201570 PMID: 35381126

Magen O, Waxman JG, Makov-Assif M, Vered R, Dicker D, Herman MA, et al. Fourth dose of
BNT162b2 mRNA Covid-19 vaccine in a nationwide setting. N Engl J Med. 2022; 386:1603—1614.
https://doi.org/10.1056/NEJMo0a2201688 PMID: 35417631

Pratt E. Why a 4th covid-19 shot likely won’t provide more protection. Healthline. January 17, 2022.
https://www.healthline.com/health-news/why-a-4th-covid-19-shot-likely-wont-provide-more-protection.

Heitmann JS, Bilixh T, Tandler C, Nelde A, Maringer Y, Marconato M, et al. A COVID-19 peptide vac-
cine for the induction of SARS-CoV-2 T cell immunity. Nature. 2022; 601:617—622. https://doi.org/10.
1038/s41586-021-04232-5 PMID: 34814158

Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. Neutralizing antibody levels
are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat Med. 2021;
27;1205-1211. https://doi.org/10.1038/s41591-021-01377-8 PMID: 34002089

Chen J, Liu X, Zhang X, Lin Y, Liu D, Xun J, et al. Decline in neutralizing antibody responses, but sus-
tained T-cell immunity in COVID-19 patients at 7 months post-infection. Clin Translat Immunol. 2021;
10:e1319. https://doi.org/10.1002/cti2.1319 PMID: 34336207

Hellerstein M. What are the roles of antibodies versus a durable, high quality T-cell response in protec-
tive immunity against SARS-CoV-2? Vaccine. 2020; 6:100076. https://doi.org/10.1016/j.jvacx.2020.
100076 PMID: 32875286

Channappanavar R, Fett C, Zhao J, Meyerholz D, Perlman S. Virus-specific memory CD8 T cells pro-
vide substantial protection from lethal severe acute respiratory syndrome coronavirus infection. J Virol.
2014; 88:11034—11044. https://doi.org/10.1128/JVI.01505-14 PMID: 25056892

McKenzie H. T cells: the forgotten warrior in the COVID-19 battle. BioSpace. July 28, 2021. https://
www.biospace.com/article/adaptive-biotechnologies-measures-t-cell-potential-of-j-and-j-covid-19-
vaccine/

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010870  April 20, 2023 24/25


https://doi.org/10.1016/j.vaccine.2021.12.006
https://doi.org/10.1016/j.vaccine.2021.12.006
http://www.ncbi.nlm.nih.gov/pubmed/34933765
https://doi.org/10.1016/S2666-5247%2821%2900267-6
http://www.ncbi.nlm.nih.gov/pubmed/34806056
https://www.nih.gov/news-events/nih-research-matters/t-cells-protect-against-covid-19-absence-antibody-response
https://www.nih.gov/news-events/nih-research-matters/t-cells-protect-against-covid-19-absence-antibody-response
https://doi.org/10.1073/pnas.2118312119
http://www.ncbi.nlm.nih.gov/pubmed/35561224
https://doi.org/10.1016/S0140-6736%2821%2902717-3
http://www.ncbi.nlm.nih.gov/pubmed/34863358
https://doi.org/10.1056/NEJMoa2119451
https://doi.org/10.1056/NEJMoa2119451
http://www.ncbi.nlm.nih.gov/pubmed/35249272
https://doi.org/10.1016/S2213-2600%2822%2900101-1
http://www.ncbi.nlm.nih.gov/pubmed/35468336
https://doi.org/10.1056/NEJMoa2201570
https://doi.org/10.1056/NEJMoa2201570
http://www.ncbi.nlm.nih.gov/pubmed/35381126
https://doi.org/10.1056/NEJMoa2201688
http://www.ncbi.nlm.nih.gov/pubmed/35417631
https://www.healthline.com/health-news/why-a-4th-covid-19-shot-likely-wont-provide-more-protection
https://doi.org/10.1038/s41586-021-04232-5
https://doi.org/10.1038/s41586-021-04232-5
http://www.ncbi.nlm.nih.gov/pubmed/34814158
https://doi.org/10.1038/s41591-021-01377-8
http://www.ncbi.nlm.nih.gov/pubmed/34002089
https://doi.org/10.1002/cti2.1319
http://www.ncbi.nlm.nih.gov/pubmed/34336207
https://doi.org/10.1016/j.jvacx.2020.100076
https://doi.org/10.1016/j.jvacx.2020.100076
http://www.ncbi.nlm.nih.gov/pubmed/32875286
https://doi.org/10.1128/JVI.01505-14
http://www.ncbi.nlm.nih.gov/pubmed/25056892
https://www.biospace.com/article/adaptive-biotechnologies-measures-t-cell-potential-of-j-and-j-covid-19-vaccine/
https://www.biospace.com/article/adaptive-biotechnologies-measures-t-cell-potential-of-j-and-j-covid-19-vaccine/
https://www.biospace.com/article/adaptive-biotechnologies-measures-t-cell-potential-of-j-and-j-covid-19-vaccine/
https://doi.org/10.1371/journal.ppat.1010870

PLOS PATHOGENS

Heading toward a pan-SARS-CoV-2 vaccine

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Cruickshank S. COVID: why T cell vaccines could be the key to long-term immunity. The Conversation.
January 12, 2022. https://theconversation.com/covid-why-t-cell-vaccines-could-be-the-key-to-long-
term-immunity-174494

Bertoletti A, Le Bert N, Qui M, Tan AT. SARS-CoV-2-specific T cells in infection and vaccination. Cell
Mol Immunol. 2021; 18:2307—2312. https://doi.org/10.1038/s41423-021-00743-3 PMID: 34471260

Altman JD. T cells in COVID-19 —the kids are all right. Nat Immunol. 2022; 23;647-649. https://doi.org/
10.1038/s41590-022-01190-6 PMID: 35449417

Swadling L M. K. Maini MK. T cells in COVID-19 —united in diversity. Nat Immunol. 2020; 21:1307—
1308. https://doi.org/10.1038/s41590-020-0798-y PMID: 32895541

Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, et al. Broad strong memory CD4 and CD8 T cells
induced by SARS-CoV-2 in UK convalescent individual following COVID-19. Nat Immunol. 2020;
21:1336-1345.

Moss P. The T cellimmune response against SARS-CoV-2. Nat Immunol. 2022; 23:186—-193. https://
doi.org/10.1038/s41590-021-01122-w PMID: 35105982

Chudleigh H. 60 scientists sign letter petitioning FDA for T cell recognition. BioSpace. Apr. 22, 2022.
https://www.biospace.com/article/60-scientists-sign-letter-petitioning-fda-for-t-cell-recognition/

Kundu R, Narean JS, Wang L, Fenn J, Lillay T, Fernandez ND, et al. Cross-reactive memory T cells
associated with protection against SARS-CoV-2 infection in COVID-19 contacts. Nat Comm. 2022;
13:80. https://doi.org/10.1038/s41467-021-27674-x.

Kent SJ, Khoury DS, Reynaldi A, Juno JA, Wheatley AK, Stadler E, et al. Disentangling the relative
importance of T cell responses in COVID-19: leading actors or supporting cast? Nat Rev. 2022;
22:387-397. https://doi.org/10.1038/s41577-022-00716-1 PMID: 35484322

Jacobs JJL. Persistent SARS-2 infections contribute to long COVID-19. Med. Hypotheses. 2021;
149:11508. https://doi.org/10.1016/j.mehy.2021.110538 PMID: 33621843

Cheung CCL, Goh D, Lim X, Tien TZ, Lim JCT, Lee JM, et al. Residual SARS-CoV-2 viral antigens
detected in Gl and hepatic tissues from five recovered patients with COVID-19. Gut. 2022; 71:226—-229.
https://doi.org/10.1136/gutjnl-2021-324280 PMID: 34083386

Goh D, Lim JCT, Ferendez SB, Lee JN, Joseph CR, Neo ZW, et al. Case report: Persistence of residual
antigen and RNA of the SARS-CoV-2 virus in tissues of two patients with long COVID. Front Immunol.
2022; 13:939989. https://doi.org/10.3389/fimmu.2022.939989

Peluso MJ, Deitchman AN, Torres L, Lyer NS, Munter SE, Nixon CC, et al. Long-term SARS-CoV-2-
specific immune and inflammatory responses in individuals recovering from COVID-19 with and without
post-acute symptoms. Cell Rep. 2021; 36:109518. https://doi.org/10.1016/j.celrep.2021.109518 PMID:
34358460

Chalkias S, Harper C, Vrbicky K, Walsh SR, Essink B, Brosz A, et al. A bivalent Omicron-containing
booster vaccine against Covid-19. N Engl J Med. 2022; 387:1279-1291. https://doi.org/10.1056/
NEJMo0a2208343 PMID: 36112399

Wang Q, Bowen A, Valdez R, Gherasim C, Gordon A, Liu L, et al. Antibody response to Omicron BA.4/
BA.5 bivalent vaccine booster shot. N Engl J Med. 2023; 388:567-569.

Collier AY, Miller J, Hachmann NP, McMahan K, Liu J, Bondzie EA, et al. Immunogenicity of the BA.5
Bivalent mRNA vaccine booster. N Engl J Med. 2023; 386:6. https://doi.org/10.1056/NEJMc2213948
PMID: 36630611

Wheatley AK, Fox A, Tan H-X, Juno JA, Davenport MP, Subbarao K, et al. Inmune imprinting and
SARS-CoV-2 vaccine design. Trend Immunol. 2021; 42:956—-959. https://doi.org/10.1016/}.it.2021.09.
001 PMID: 34580004

Wherry EJ, Barouch DH. T cell immunity to COVID-19 vaccines. Science. 2022; 377:821-822. https:/
doi.org/10.1126/science.add2897 PMID: 35981045

Wang CY, Lin F, Ding S, Peng W-J. Designer Peptides and Proteins for the detection, prevention and
treatment of Coronavirus Disease, 2019 (COVID 19). WO2021/168305A1. International Publication
date August 26th, 2021 (Priority Data: 62/978,596 February 19th, 2020; 62/990,382 March 16th, 2020,
63/027,290 May 19th 2020; 63/118,596 November 25th, 2020).

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010870  April 20, 2023 25/25


https://theconversation.com/covid-why-t-cell-vaccines-could-be-the-key-to-long-term-immunity-174494
https://theconversation.com/covid-why-t-cell-vaccines-could-be-the-key-to-long-term-immunity-174494
https://doi.org/10.1038/s41423-021-00743-3
http://www.ncbi.nlm.nih.gov/pubmed/34471260
https://doi.org/10.1038/s41590-022-01190-6
https://doi.org/10.1038/s41590-022-01190-6
http://www.ncbi.nlm.nih.gov/pubmed/35449417
https://doi.org/10.1038/s41590-020-0798-y
http://www.ncbi.nlm.nih.gov/pubmed/32895541
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1038/s41590-021-01122-w
http://www.ncbi.nlm.nih.gov/pubmed/35105982
https://www.biospace.com/article/60-scientists-sign-letter-petitioning-fda-for-t-cell-recognition/
https://doi.org/10.1038/s41467-021-27674-x
https://doi.org/10.1038/s41577-022-00716-1
http://www.ncbi.nlm.nih.gov/pubmed/35484322
https://doi.org/10.1016/j.mehy.2021.110538
http://www.ncbi.nlm.nih.gov/pubmed/33621843
https://doi.org/10.1136/gutjnl-2021-324280
http://www.ncbi.nlm.nih.gov/pubmed/34083386
https://doi.org/10.3389/fimmu.2022.939989
https://doi.org/10.1016/j.celrep.2021.109518
http://www.ncbi.nlm.nih.gov/pubmed/34358460
https://doi.org/10.1056/NEJMoa2208343
https://doi.org/10.1056/NEJMoa2208343
http://www.ncbi.nlm.nih.gov/pubmed/36112399
https://doi.org/10.1056/NEJMc2213948
http://www.ncbi.nlm.nih.gov/pubmed/36630611
https://doi.org/10.1016/j.it.2021.09.001
https://doi.org/10.1016/j.it.2021.09.001
http://www.ncbi.nlm.nih.gov/pubmed/34580004
https://doi.org/10.1126/science.add2897
https://doi.org/10.1126/science.add2897
http://www.ncbi.nlm.nih.gov/pubmed/35981045
https://doi.org/10.1371/journal.ppat.1010870

