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Editorial on the Research Topic
Immunological aspects of emerging and re-emerging zoonoses

Zoonoses, a group of diseases that are transmitted between animals and humans, are
considered as the most prevalent infections in humans (1). They present substantial global
health threats and continue to pose significant challenges to both the scientific community
and public health systems (2). Currently, approximately 60% of identified infectious
diseases and 75% of emerging infectious diseases originate from zoonotic sources (3).
Globally, zoonoses are estimated to be responsible for 2.5 billion cases of human illness and
2.7 million human deaths annually, with an additional 5 to 6 million individuals at risk of
contracting zoonotic infections (4). Emerging and re-emerging zoonoses are therefore
considered as major and global challenges for public health in terms of their profound
health impacts and economic burdens (5). Recently, the One Health approach has been
widely recommended to address the challenges of zoonoses (6, 7).

The current Research Topic consists of 9 publications including 6 original research
articles and 3 review articles, covering immune responses, immunodiagnostics and
immunotherapeutics of zoonoses, with the goal of improving the understanding of the
immunological facets of emerging and re-emerging viral zoonoses in this changing world.
This editorial aims to provide an overview of the contributing articles within this Research
Topic and highlight their significance in advancing our understanding of zoonotic diseases.

Coronaviruses are a large family of RNA viruses that may infect both humans and
animals (8). Coronavirus disease 2019 (COVID-19), caused by the coronavirus severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) (9), has been recognized as one of the
deadliest infectious diseases in human history responsible for millions of human fatalities
and trillions of economic losses (10, 11). A large number of studies have been therefore
conducted with the aim to provide insights into the containment of the COVID-19
pandemic worldwide (12). In the current Research Topic, five articles focus on COVID-19.
Jeon et al. found that increased interferon alpha 1 (IFNA1) and reduced interleukin (IL)-
12p40 were closely linked to persistent hyperinflammation in COVID-19 pneumonia
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patients. This suggests that the aberrant persistence of pulmonary
and systemic inflammation might be associated with long
COVID-19 sequelae. Serwanga et al. detected faster and stronger
anti-SARS-CoV-2 spike-directed IgG, IgM, and IgA antibody
responses in Ugandan asymptomatic COVID-19 patients
compared to those with mild symptoms during acute infections.
The Spike IgG antibody levels, peaking between 25 and 37 days and
persisting for 28 months, exhibited significantly greater and more
durable than nucleoprotein and receptor-binding domain (RBD)
IgG antibody levels. In addition, they found a significantly positive
correlation between Spike-and RBD-directed IgG antibody levels
until 14 months of SARS-CoV-2 infections, indicating significant
and persistent anti-spike immunity without RBD. Yang et al.
reviewed the immune response features of immunodominant
epitope-specific T cells targeting different SRAS-CoV-2 proteome
structures following SRAS-CoV-2 infections and COVID-19
vaccination, analyzed the heterogenous phenotypic characteristics
of SARS-CoV-2 specific T cells, and discussed the significant
implications of cross-reactivity of human coronaviruses,
SRAS-CoV-2 and variants of concern. Guan et al. generated two
Chinese national standard candidates for anti-SARS-Cov-2
neutralizing antibody traced to the WHO International Standard
according to the WHO manual for the establishment of national
secondary standards. These candidates facilitate the development
and potential application of COVID-19 vaccines in China.
Abdelaziz and colleagues generated a multi-epitope vaccine
(PanCoVac) that encoded the conserved T cell epitopes from all
structural proteins of coronaviruses. This vaccine was in vitro
processed and presented by HLA-A*0201, and immunization of
NILV-PanCoVac (PanCoVac cloned into a non-integrating
lentivirus vector at a single-low dose following infection with
ancestral SARS-CoV-2) resulted in the absence of COVID-19-like
symptoms and significantly reduced SARS-CoV-2 viral loads in
lung specimens in Roborovski dwarf hamsters. This protective effect
was observed at early stage (2 days post infection) after challenge
and was not dependent on neutralizing antibodies, suggesting that
PanCoVac may protect from severe disease caused by SARS-CoV-2
variants and future pathogenic coronaviruses. The great success of
COVID-19 messenger RNA (mRNA) vaccines, as evidenced by the
2023 Nobel Prize in Physiology or Medicine (13), urges the research
and development of novel RNA vaccines (14). Bai et al. summarized
the discovery, synthesis, biological functions and metabolism of
circular RNA (cirRNA), outlined the progress of cirRNA vaccine
research, and provided an overview of production process and
quality control of cirRNA vaccines.

Swine acute diarrhea syndrome coronavirus (SADS-CoV),
belonging to the alpha coronavirus family, is a newly discovered,
highly pathogenic coronavirus associated with acute diarrhea and
mass piglet deaths (15). Huang et al. found that the nonstructural
protein 5 of SADS-CoV remarkably suppressed Sendai virus (SEV)-
induced production of IFN-f and inflammatory cytokines TNF-a,
CXCL10, RIG-I, ISG15, RSAD2, ISG56, and IFIT3. In addition,
SADS-CoV nsp5 was found to target and cleave mRNA-decapping
enzyme la (DCP1A) via its protease activity to inhibit the IRF3 and
NE-xB signaling pathways in order to decrease IFN- and
inflammatory cytokine production. Moreover, a form of DCP1A
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with a mutation in the glutamine 343 residue showed resistance to
nsp5-mediated cleavage and exhibited enhanced capability in
suppressing SADS-CoV infection compared to wild-type DCP1A,
indicating the significance of SADS-CoV nsp5 as an
interferon antagonist.

Mpox (formerly known as monkeypox) is a zoonotic viral
disease caused by the mpox virus, primarily found in central and
western Africa (16). Nevertheless, a sudden outbreak of mpox
occurred, rapidly spreading across Europe, the Americas, and
subsequently affecting all six WHO regions since May 2022 (17).
To coordinate global efforts to address this challenge, WHO
declared the mpox outbreak a public health emergency of
international concern on July 23, 2022 in the context of the
COVID-19 pandemic (18). In this Research Topic, Niu et al.
summarized the origins and transmission routes of mpox virus,
as well as insights into the epidemiology, pathophysiology, clinical
manifestations, diagnosis, treatment and vaccines of mpox. This
synthesis offers a detailed understanding of this disease.

Tick-borne encephalitis virus (TBEV) is a neurotropic flavivirus
causing tick-borne encephalitis, which is associated with severe
neurological disease, long-term neurological sequelae or death (19).
Langat virus (LGTV), a naturally attenuated member of the TBEV
complex, has been found to be lowly virulent in humans and shares
a more than 80% amino acid homology with TBEV (20). Therefore,
LGTV has been attempted as a live attenuated vaccine for
prevention of TBEV infection (21, 22). In this Research Topic,
Kubinski et al., found that LGTV infection induced both cross-
reactive antibodies and T cells against TBEV in C57BL/6]JOlaHsd
(BL6) mice, and sera from LGTV-infected mice efficiently protected
from developing severe tick-borne encephalitis, while adoptive
transfer of T cells from LGTV-infected mice failed to provide this
protection; additionally, histopathology of infected mouse brain
specimens revealed a possible role of microglia and T cells in
inflammatory processes within the brain.

While significant progress has been made in understanding
immunological aspects of emerging and re-emerging zoonoses,
several challenges and future directions remain. Firstly, in the
context of viral zoonoses, including emerging variants, further
investigations are needed to elucidate the complex interplay
between viral pathogens and the immune system. Understanding
the mechanisms of immune evasion employed by these viruses may
inform the development of targeted countermeasures. Secondly, the
global deployment of effective vaccines remains a priority. Research
efforts are recommended to continue to focus on the development
of safe and efficacious vaccines against zoonotic diseases, with an
emphasis on rapid vaccine development platforms that respond
promptly to emerging threats. Lastly, ongoing surveillance,
comprehensive public health interventions, and international
collaborations are essential for early detection, containment, and
prevention of future zoonotic disease outbreaks.

In summary, this Research Topic offers a significant
contribution to our understanding of the immunological aspects
of emerging and re-emerging zoonoses. By elucidating the intricate
mechanisms underlying host-pathogen interactions, immune
responses, and immunopathology, these studies may provide
insights into the development of effective preventive and control
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interventions against emerging and re-emerging zoonoses. These
publications have received 26,022 views and 7,034 downloads. We
expect that the topic will help accelerate efforts toward the
containment of emerging and re-emerging zoonoses.
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Owing to the success of linear mRNA coronavirus disease 2019 (COVID-19)
vaccines, biopharmaceutical companies and research teams worldwide have
attempted to develop more stable circular RNA (circRNA) vaccines and have
achieved some preliminary results. This review aims to summarize key findings
and important progress made in circRNA research, the in vivo metabolism and
biological functions of circRNAs, and research progress and production
process of circRNA vaccines. Further, considerations regarding the quality
control of circRNA vaccines are highlighted herein, and the main challenges
and problem-solving strategies in circRNA vaccine development and
quality control are outlined to provide a reference for circRNA vaccine-
related research.

KEYWORDS

circular RNA vaccines, research progress, production process, quality control, outlook

1 Introduction

Coronavirus disease 2019 (COVID-19) vaccines are currently the first vaccines to be
rapidly and successfully developed and applied through multiple technological routes
following the publication of a pathogenic sequence (1-4). These vaccines include
inactivated vaccines, recombinant protein vaccines, adenovirus vector vaccine and
mRNA-based vaccines, with the COVID-19 mRNA-based vaccines being the first-ever
approved mRNA vaccines (5, 6). Currently, approximately 40 mRNA vaccines are
undergoing clinical trials and 2 are commercially available. More than 4 billion doses of
mRNA vaccines have been administered globally, accounting for approximately one-
third of the total number of immunizations (7-9). mRNA vaccines not only induce high
levels of humoral immunity, but also elicit relatively strong cellular immune responses
(10-13). Owing to the rapidness and editability of the mRNA vaccine technology, it is
suitable for use as a vaccine platform to tackle emerging infectious diseases (14, 15).
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All of the aforementioned COVID-19 mRNA vaccines
possess a linear structure. At present, modified linear mRNA
molecules still have poor stability, which limits the amount of
protein that can be expressed (16-19). Besides linear RNAs,
circular RNAs (circRNAs) exist in nature. Such RNAs have a
single-chain closed-loop circular structure formed by covalent
bonds that results in greater stability in vivo compared with
linear RN As (20). circRNAs are also capable of protein encoding
and translation, which confers potential for vaccine
development (21). The successful development and application
of COVID-19 mRNA vaccines have prompted researchers to
explore the use of circRNAs for the development of higher-
stability nucleic acid-based COVID-19 vaccines. Recently,
several research teams successfully developed COVID-19
circRNA vaccines, which not only possess the advantages of
linear mRNA vaccines, but also boast a greater stability at a
range of temperatures and longer duration of protein expression
than self-formulated linear mRNA vaccines (22-24).
Accordingly, low doses of circRNA vaccines may be sufficient
for eliciting strong immune responses (22, 23). Researchers have
attempted to utilize the stability of circRNAs for the direct
synthesis of chimeric antigen receptor (CAR) T cells through
the introduction of CAR-expressing circRNA into T cells to
avoid the tedious process of producing CAR-T cells through T
cell isolation followed by engineering (25). Accordingly, some
researchers believe that circRNA vaccines may serve as powerful
tools for tackling future emerging major infectious diseases or
other frequent viral diseases, such as hepatitis B virus (HBV),
human herpes virus (HHV), Ebola virus (EBV), influenza A
virus (IAV) and human papillomavirus (HPV), and may be
developed into therapeutic vaccines for tumors (22-29).
Biopharmaceutical companies and research teams worldwide
have therefore diverted considerable attention and research
efforts to the development of circRNA vaccines. In this review,
we aimed to summarize the research progress and formulation
process for circRNA vaccines and highlight the considerations
and outstanding issues in the quality control of RNA vaccines to
provide a reference for future circRNA vaccine-related research.

2 Discovery of circRNAs

In 1971, virus-like molecules that can invade plants and
cause plant death were discovered by researchers in a study on
potato spindle tuber disease and given the name “viroids.”
Unlike viruses, viroids are single molecules that lack a protein
coat (25, 30). Sanger et al. first described viroids as single-
stranded covalently closed circRNA molecules in 1976 (31). In
1979, Hsu and Coca-Prados discovered the presence of circRNA
molecules without free flanking ends in HeLa cells using electron
microscopy; this was the first reported observation of circRNA
molecules in eukaryotic cells (32). The invention of the
polymerase chain reaction (PCR) technique in 1985 led to a

Frontiers in Immunology

10.3389/fimmu.2022.1091797

surge in research interest in linear RNA. As a result, only little
attention was paid to circRNAs and some researchers believed
that circRNAs were merely byproducts of linear RNAs; this led
to the stagnation of circRNA-related research. In the early 1990s,
sporadic studies identified and characterized circRNAs
generated from endogenous RNAs (25). The published reports
indicated that the non-polyadenylated RNA with scrambled
exons produced from non-canonical splicing (“scrambled
exons”) are covalently closed circular RNAs, such as the
specific circularization of EST-1 gene transcripts (25, 33-36).

In the following years, a few studies proposed mechanisms
by which these molecules could be generated, such as the
hypothesis that inverted repeats are necessary for Sry
circularization (37-39). And additional circular RNAs could
be produced from the rat cytochrome P450 2C24 gene, the
human cytochrome P450 gene and others (37, 38). In 2006,
researchers discovered the presence of circular transcripts in
Drosophila melanogaster (40). Beginning in about 2010, with the
rapid development of RNA sequencing and bioinformatics
techniques, studies involving the combined use of such
techniques revealed the presence of diverse and highly
conserved circRNAs in different organisms, such as humans,
mice, plants, Cryptococcus, zebrafish, and protists, which led to
an explosion in circRNA research (41-50). In 2015, circRNAs
capable of protein encoding and translation were first reported
(51). From 2017 onward, the extensive application of modern
molecular biological experimental techniques to evaluate
circRNAs enabled the validation of various circRNAs
previously discovered through RNA sequencing and
bioinformatics studies (52-57). In 2018, researchers
successfully synthesized circRNAs capable of protein
expression, which may be applied to vaccine development
(58). In 2022, some research teams embarked on studies on
COVID-19 circRNA vaccines and therapeutic vaccines for
tumors or genetic diseases (Figure 1) (22, 23, 59, 60). With the
continuous increase in the depth of circRNA research, circRNAs
have been found to play important roles under certain
physiological and pathological conditions, and are capable of
protein expression, which might enable their incorporation into
vaccines (61-64). Therefore, circRNAs have gradually become
an area of great interest in molecular biology and other related
fields of research (65, 66).

3 In vivo metabolism and functions
of natural circRNAs

3.1 Synthesis of circRNAs

To date, RNAs have been recognized to be circularized in
vivo by back-splicing and exon skipping, with back-splicing
potentially being more prevalent owing to its seemingly more
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frequent observations than exon skipping (67). RNA
circularization by back-splicing refers to the inverse ligation of
the downstream 5 splice donor site to the upstream 3 splice
acceptor site after the emergence of breakpoints in RNA.
Thereafter, certain intron sequences undergo alternative
splicing, which ultimately leads to the generation of circRNA
(21). Two widely accepted models of RNA circularization exist,
lariat-driven circularization and direct back-splicing
circularization. Lariat-driven circularization involves exon
skipping events and intron escaping from debranching while
direct back-splicing circularization involves Cis-elements-
RNA
circularization by exon skipping refers to the process in which

mediated and Trans-factors-mediated events.

circularization occurs following the splicing of exons together
with introns (67). The published studies revealed that different
breakpoint locations contribute to the diversity of circRNAs, and
different types of circRNAs are generated by the random
combination of exons, introns, intergenic regions, or non-
transcribed regions through back-splicing (41, 67).

CircRNAs are generally classified into four main types based
on differences in sequence combination: (1) Exonic circRNAs
contain only exons, account for more than 80% of all identified
circRNAs, and can be generated by lariat-driven circularization
or direct back-splicing circularization. Base-pairing between the
two flanking introns, which contain reverse complementary
sequences, brings together a downstream 5’ ss and an
upstream 3’ ss and facilitates back-splicing reactions to
produce circular RNAs. (Figure 2A); (2) Exonic-intronic
circRNAs, which are generated by exon-skipping
circularization, harbor flanking intron sequences at the offside
of core exons that should generally be spliced; therefore, exonic-
intronic circRNAs are referred to as eiciRNAs or retained-intron
circRNAs (Figure 2B); (3) Intronic circRNAs are also produced
by a the intron escaping from debranching of lariat-derived
mechanism relying on a consensus guanine (G)- and uracil (U)-
rich domain near the 5’ splice site of pre-mRNA and a cytosine
(C)-rich domain near the breakpoint. Intriguingly, the GU-rich
domain can protect the C-rich domain from branching or
degrading, thus generating stable circRNAs or so-called
intron-derived circRNAs (Figure 2C); and (4) tRNA intronic
circRNAs. For tRNA intronic circRNAs, pre-tRNAs are cleaved
by the tRNA splicing endonuclease (TSEN) complex, and the
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exons and introns resulting from cleavage are ligated to form
tRNA intronic circRNAs (Figure 2D) (41, 67-69).

According to the published studies, factors, such as sequence
characteristics, protein regulators, and transcription stage, can
affect the efficiency of back-splicing circularization (25, 41, 67).
Indeed, beyond cis-elements, a number of RNA-binding
proteins (RBPs) were found to actively modulate circular RNA
biogenesis. Longer flanking intronic elements harboring several
complementary or repeat sequences may contribute to higher
circularization efficiency (25). Different splicing-associated
proteins also exert different effects on circularization efficiency.
For instance, adenosine deaminase acting on RNA-1 (ADAR1)
suppresses RNA circularization (70).

3.2 Biological functions of circRNAs

According to several studies, circRNAs exist in various types
of tissues in different species and possess multiple biological
functions, such as the regulation of gene transcription and
protein encoding (69, 71-74). CircRNAs also play important
roles in the regulation of physiology and the occurrence,
progression, and outcomes of a diverse range of diseases (75, 76).

3.2.1 Regulation of gene transcription

Researchers have reported that circRNAs can bind to the
DNA of host genes to form DNA: RNA hybrids known as R-
loops, which affect DNA replication, transcription, and post-
damage repair. For instance, circSEP3 (derived from exon 6 of
SEPALLATA3) causes transcriptional termination through R-
loop formation with ¢SMARCA5 (derived from exon 15 of
SMARCAS5) (77). circRHOTI recruits Tat-interactive protein
60 kDa (TIP60) to the nuclear receptor subfamily 2 group F
member 6 (NR2F6) promoter, thereby promoting cell
proliferation, migration, and invasion in hepatocellular
carcinoma through the induction of proto-oncogene
expression (78).

3.2.2 "Sponging” effect

Natural circRNAs exhibit a “sponging” effect toward
microRNAs (miRNAs). For instance, circHIPK3 (derived from
exon 2 of homeodomain interacting protein kinase 3 (HIPK3))

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1091797
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Bai et al. 10.3389/fimmu.2022.1091797

A B
Breakpoint Breakpoint Breakpoint Breakpoint Breakpoint Breakpoint
\ N 7N 7 \ 7
\ / \ ’ \ / \ /
N / N / \ / N /
Intron 1
Broakpoint Exon-skipping \)
VAN —_—
’ \\ Back splicing *~ A
—_— N Y- o Circular RNA (Exon 1+2+ Intron 1)
v /’ \\ ’
AN > Circular RNA (Exon 1) N
Breakpoint
c Breakpoint
& .
& %, ! X
& K \
&,
\ /
\ /r Back splicin
v g
S Circular RNA (Exon 1+2)

Lariat-driven circularization
_—

Circular RNA (Intron 1)

Back splicing D tRNA splicing
_—> endonuclease complex
_—

Circular RNA (Exon 1+2+3)

Breakpoint - - - (> -
Circular RNA (tRNA)

/
Breakpoint tRNA

F DNA splint

E n BrCN/ EDC O YN T4 RNA ligase

Linear RNA precusor Circular RNA Linear RNA precusor Circular RNA

I/ Il group intron splicing O
Intron —_—

¥ Circular RNA

Intron_fi
'\\ Linear RNA precusor -~
AN Breakpoint -
FIGURE 2
In vivo and in vitro (artificial) RNA circularization methods. (A—D) /n vivo RNA circularization methods: (A) Exonic circRNA; (B) Exonic-intronic
circRNA; (C) Intronic circRNA; (D) tRNA intronic circRNA; (E, F) In vitro (artificial) RNA circularization methods: (E) Chemical synthesis; (F)
Ligation by T4 RNA ligase; (G) Intron self-splicing. BrCN, cyanogen bromide; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GOI, gene

of interest.
can bind to miR-124 and inhibit its activity, thereby preventing circRNA, circBART2.2, after infecting host cells, which can be
miR-124 from inhibiting human cell proliferation (79); and recognized by the RIG-I receptor of the cells (82). Thereafter,
circHIPK2 regulates astrocyte activation by targeting miR124- RIG-I receptor activation occurs, enabling antiviral effects
2HG (80). Studies have indicated that circRNAs may exhibit a through subsequent activation of the downstream interferon
sponging effect toward proteins. Y-box binding protein-1 (Ybx1) signaling pathway. Another study found that circRNAs were not
is a transcription factor of many genes and its significant recognized by the RIG-I receptor after N6-methyladenosine
overexpression is associated with poor outcomes and the (m6A) methylation, which serves as one of the mechanisms by
recurrence of various common tumors. According to which viruses evade host immune responses (83-85).
researchers, circNfix can bind to Ybxl and the E3 ubiquitin
ligase, Nedd4l, which promotes their interactions and induces 3.2.4 Protein translation
Ybx1 degradation (81). In 2015, the ability of circRNAs to encode and translate

proteins was first discovered in the fruit fly. This key finding

3.2.3 Protein activation through provided a theoretical basis for the subsequent development of
complex formation circRNA vaccines (51, 67). Several studies have reported that

Many types of molecules in the host organism participate in circRNAs translate their encoding proteins via internal
the biological processes of host-virus interactions. A previous ribosomal entry site (IRES)-mediated or m6A-induced
study revealed that the Epstein-Barr virus (EBV) produces the ribosome engagement site (MIRES)-mediated translation
Frontiers in Immunology frontiersin.org
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initiation instead of 5” cap-dependent translation initiation (41,
67, 84). IRESs are RNA elements that recruit ribosomes to an
internal region of mRNA for the initiation of translation, and
can promote ribosome assembly and initiate translation through
the recruitment of different trans-acting factors (21). IRESs are
utilized for translation by many types of circRNAs, including
circMbl and circFGFRI (81). MIRES-mediated translation
initiation involves the occurrence of m6A methylation at one
or more sites in RNA, which enables the recruitment of eIF4G2
for the initiation of translation. For instance, circE7, which is
encoded by human papillomaviruses (HPVs) and localized to
the cytoplasm, contains m6A modifications and performs E7
oncoprotein translation (86). Another study reported that m6A
modifications enhance IRES-mediated circZNF609 translation
efficiency (87).

3.3 CircRNA degradation

The stable closed-loop structure of circRNAs protects them
from cleavage by exoribonucleases (67). Therefore, circRNAs are
less easily degraded via routine RNA degradation pathways and
are resistant to cleavage by the exoribonuclease RNase R in the
short term (88). It is more stable than linear RNA, which is the
natural advantage of circRNA vaccine development. Nevertheless,
circRNAs are still degradable by certain means, including
endonucleases. In a previous study, double-stranded RNA
(dsRNA) or polyinosinic: polycytidylic acid (poly (I:C)) was
found to activate the endonuclease, RNase L, in vivo, causing
the global degradation of circRNAs (69). The ATP-dependent
RNA helicase, upstream frameshift 1 (UPF1), and the
endonuclease, G3BPI1, can identify circRNAs with complex
secondary structures and induce their degradation (67).
circRNAs may undergo m6A modification, which is recognized
by the m6A reader protein, HRSP12. Consequently, HRSP12 may
interact with the RNase P/MRP endonuclease complex to induce
circRNA degradation (89). Notably, circRNAs can be degraded by
the endonuclease, RNase H, through targeting by specific primers
and probes. The complementary binding of miR-671 to the
circRNA CDRlas sequence also induces AGO2-mediated
circRNA degradation (52).

4 Research progress on
circRNA vaccines

Prior to 2015, researchers had only observed the presence of
non-protein-encoding circRNAs in organisms. The discovery of
circRNAs capable of protein encoding and translation in the
fruit fly in 2015 provided a theoretical basis for research and
development of circRNA vaccines. With the continuous increase
in the depth of circRNA-related research, three methods for the
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artificial preparation of circRNAs have emerged: (1) Chemical
synthesis: cyanogen bromide (BrCN) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) induces covalent
bond formation between the 5’-terminal phosphate and 3’-
terminal hydroxyl groups of linear RNAs to produce
circRNAs. The occurrence of side reactions, such as the
formation of 2’-5’ phosphodiester bonds during the
circularization reaction, is a limitation of this approach.
Further, chemical bonds in RNA oligomers are usually less
effective than those in DNA analogs (Figure 2E); (2) Ligation
by T4 RNA ligase: a linear RNA molecule can be circularized
through the covalent bonding of a 5’-terminal monophosphate
to a 3’-terminal hydroxyl group under the effects of T4 RNA
ligase. However, the circularization reaction can only occur
under conditions of a single phosphate at the 5 terminus. As
RNA synthesized in vitro using T7 RNA polymerase contains a
5’-triphosphate terminus, two phosphate groups must be
removed before circularization of the synthesized linear RNA.
Presently, RNA 5" pyrophosphohydrolase (RppH) is used for the
direct removal of the 8 and y phosphates (Figure 2F); (3) Intron
self-splicing: group I and II introns can perform RNase
functions, enabling self-splicing of linear RNA molecules
to form circRNAs without assistance from other
enzymes (Figure 2G).

In 2015, researchers constructed a single exon minigene
containing split GFP, and found that the pre-mRNA indeed
produces translatable circRNA through efficient back-splicing in
human and Drosophila cells (51). In 2018, researchers
synthesized circRNAs encoding the enhanced green
fluorescent protein (EGFP) using the group I intron splicing
circularization method with IRES-mediated translation
initiation. This synthesis led to the successful expression of
EGFP in 293T cells. Surprisingly, the circRNAs could perform
continuous expression for up to 168 h, whereas expression by
self-formulated mRNAs only lasted for 48 h. Currently reported
artificially synthesized protein-expressing circRNAs have mainly
been produced through intron splicing or ligation by T4 RNA
ligase, with the constituent elements being different for the two
circularization methods (Figure 3) (58).

Wei et al. recently developed a circRNA vaccine against the
original COVID-19 strain by adopting the group I intron
splicing RNA circularization method with IRES-mediated
translation initiation, and using lipid nanoparticles (LNPs) as
delivery systems. In mice separately immunized with doses of 10
pg/animal and 50 pg/animal, the serum neutralizing antibody
titers at 5 weeks post-boost were approximately 10° and 10°,
respectively, with relatively strong Thl immune responses
elicited by both doses. When a challenge experiment using the
original viral strain was performed after monkeys had received
two doses of the vaccine at a dose of 100 pg/animal, the
immunization group was found to have a significant decrease
in viral load in the lungs, degree of lung injury, and number of
infiltrating inflammatory cells in the lungs. The technology
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Methods currently used to formulate circRNA vaccines.

(A) Circularization by intron splicing; (B) Ligation by T4 RNA
ligase. GOI, gene of interest.

platform was subsequently utilized to generate a circRNA
vaccine against the COVID-19 Delta variant, which was used
for the immunization of mice at a dose of 10 pg/animal. At 7
weeks post-boost, the serum neutralizing antibody titer was
approximately 10* against the Delta variant, and reached
approximately 10°° with the Omicron BA1 variant, thereby
demonstrating the broad-spectrum activity of the vaccine. The
formulated circRNA vaccine also had a greater stability than
linear mRNA vaccines at 4°C, 25°C, and 37°C. Another COVID-
19 circRNA vaccine prepared using the T4 RNA ligase method
also displayed a certain level of immunogenicity in mice (22).

Seephetdee et al. adopted the group I intron splicing method
for RNA circularization to formulate a COVID-19 circRNA
vaccine using the spike (S) protein of the original COVID-19
strain as the antigen-binding construct and including multiple
mutations (including K417N, L452R, T478K, E484K, N501Y,
and D614G). Mice administered two immunizations of the
vaccine at a dose of 5 pig/animal exhibited certain neutralizing
activity against the Alpha, Beta, Delta, and Omicron variants and
pseudoviruses. IFN-y responses were also elicited in T cells (23).

Wang et al. formulated a COVID-19 circRNA vaccine using
the group II intron splicing method for RNA circularization.
When used for mice immunization, the vaccine elicited strong
RBD-specific memory B cell responses and balanced Th1/Th2
cellular immune responses. The serum IgG titer of mice
immunized with the circRNA vaccine was 10-fold that of mice
immunized with a linear mRNA vaccine. Further, the circRNA
vaccine exhibited good neutralizing activity against pseudo-
SARS-CoV-2 and effectively blocked the binding of three types
of receptor-binding domain (RBD) mutants (wild type, Delta,
Omicron) to the hACE2 receptor on 293T cells. The COVID-19
circRNA vaccine could perform continuous expression in cells
for 6 days, while expression by the self-formulated mRNA
vaccine only lasted for 2 days (24).

The use of the T4 dt intron splicing method for RNA
circularization causes the generation of “splicing scar”
sequences, with different sequence lengths leading to different
topological structures. A study revealed that differences in the
constituent elements and compositions of circRNAs affected the
translation efficiency, with vector topological structure,
untranslated region (UTR), and IRES playing the most critical
roles (26, 59). Through the experimental comparison of different
splicing scar, 5UTR, 3’UTR, and IRES sequences, the circRNA
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constructed using a 50 nt-long splicing scar sequence and the
elF4G-recruiting aptamer Apt-eIF4G sequence as the 5UTR,
full-length HBA1 sequence as the 3’'UTR, and wild-type iCVB3
sequence as the IRES exhibited a considerable increase in
translation efficiency and could perform continuous protein
expression for up to 7 days in 293T cells. In contrast, the
linear mRNA vaccine only achieved 3 days of continuous
protein expression, with lower expression than that of the
circRNA vaccine. The studies described above demonstrate
that circRNA vaccines not only possess stronger
immunogenicity, but also express proteins for a longer
duration than self-formulated linear mRNA vaccines (90).
Accordingly, stronger immune responses may be elicited by
circRNA vaccines when administered at lower doses (22, 90).

The circRNA vaccines translated into proteins via IRES-
mediated translation pathway. Similar to the linear mRNA
vaccines, the circRNA vaccines are also translated into
proteins in bodies to induce the robust humoral and effective
cellular immunity, among which liposome and others could play
the role in vaccine adjuvants. Some studies indicated that
circRNA vaccines could continue to translate into proteins
longer than the linear mRNA vaccines and even up to about 7
days (22, 58, 90). The mechanism might be that closed
characteristics of circular RNAs theoretically prevent them
from degradation by exonucleases that typically degrade linear
RNAs from either 5 or 3’ end (69). However, there is no
research on how the circRNA vaccines degrades in bodies, and
it may also be degraded via microRNA-mediated, m6A-
mediated, RNase L-mediated, or other degradation pathways
of biogenesis circRNAs.

Compare with peptide vaccines, inactivated virus vaccines
and recombinant protein vaccines, circRNA vaccines could
effectively induced the T cell immunity (22, 23). DNA vaccines
have to come into the nucleus to be transcribed in mRNA, which
leads to some risk for our bodies, whereas circRNA vaccines do
not (1, 8). The published studies indicated that circRNA vaccines
could continue to translate into proteins for a longer time
compared with linear mRNA vaccines, suggesting that it has
the better stability (24, 26, 90).

There are some obviously different between the circRNA and
the linear mRNA vaccines. For example, the circRNAs and the
linear RNAs have different degradation approaches in vivo (25,
67). In additional, the circRNA vaccines mainly uses the IRES
mediated-translation pathway, while linear mRNA vaccines use
the 5°cap (m7GpppN) structure mediated-translation pathway.
Thus, the circRNA and the linear mRNA vaccines translate into
proteins via different transcription initiation complexes
involving in different initiation factors (91-94). The obvious
difference is that the circRNA vaccines do not require any
modification because the annular structure is not easily
degraded by exoribonuclease, whereas the linear mRNA
vaccines need the pseudouridine modification, the 5’cap
structure and the 3’poly(A) structure (7, 8, 22, 24).

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1091797
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Bai et al.

5 Overview of the circRNA vaccine
production process

At present, the industrial production of circRNA vaccines is
not mature, and most of them are in the stage of small-scale
research. Reference can be made to the linear mRNA vaccine
production process. The main differences are the cyclization
process and the removal of associated impurities. Industrialized
production of circRNA vaccines may be realized by the following
process: (1) Synthesis of linear RNA molecules through in vitro
transcription using plasmids as templates; (2) RNA
circularization; and (3) Vaccine encapsulation using delivery
systems, such as LNPs. Therefore, the acquisition of high-quality
plasmids is of primary importance (90). The industrialized
production process of plasmids is currently at a near-mature
stage and consists of steps, such as fermentation, bacteria
harvesting, lysis, clarification, ultrafiltration and concentration,
and chromatographic purification. During the chromatographic
purification step, the addition of different types of packing
materials enables the removal of RNA, trace impurities, and
endotoxins to obtain high-purity supercoiled plasmids. The
obtained plasmids are subsequently subjected to single
restriction endonuclease cleavage for linearization and
chromatography for enzyme and salt removal. Linear RNA
molecules are synthesized via in vitro transcription.
Subsequently, the DNA template in the reaction products is
removed using DNase I and the RNA product is purified by
ultrafiltration. The linear RNA molecules are then subjected to
circularization, which is a critical step in the circRNA vaccine
preparation process. Currently, the intron splicing method holds
the greatest promise for use as the circularization method in
industrialized circRNA vaccine production as the addition of
enzymes is not required. Ligation by T4 RNA ligase can also be
used in industrialized circRNA production; however, its RNA
circularization efficiency is significantly lowered during the
circularization of RNA molecules with sequence length > 2000
bp. Furthermore, additional processes are required for the
removal of T4 RNA ligase. By comprehensively considering
various factors, ligation by T4 RNA ligase is identified to be
less suitable for RNA circularization in industrialized production
than intron splicing. Products of the circularization reaction
include impurities, such as linear RNA precursors and spliced
RNA sequences. The removal of linear RNA precursor molecules
that had not been successfully circularized is a difficult problem
faced by circRNA vaccine production due to the similarity of
molecular weights between linear RNA precursors and the
corresponding circRNA molecules. Researchers have reported
the use of chromatography for the removal of linear RNA
precursor molecules and other impurities from the
circularization products (22). In the laboratory-scale
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production stage, high-performance liquid chromatography
(HPLC) or RNase R digestion may be attempted for the
removal of linear RNA precursors and other impurities (22,
24). However, RNase R is currently not suited for use in large-
scale production due to its high cost. As the enhancement of
RNA circularization efficiency leads to a reduction in impurity
content, increasing circularization efficiency may be a feasible
approach for the simplification of the purification process. A
previous study demonstrated that RNA circularization efficiency
could be effectively enhanced during the performance of
circularization in a buffer solution with final concentrations of
50 mM Tris-HCL, 10 mM MgCl,, and 1 mM DTT at a pH of 7.5
(58). Finally, the circRNAs are encapsulated in delivery systems,
such as LNPs, and subsequently subjected to filling and capping
to form the final vaccine product (Figure 4). Of note, the
circRNA vaccine formulation process does not require the
addition of a 5 cap and 3’ poly(A) tail or the removal of
enzymes from reaction products (22).

6 Considerations for the quality
control of circRNA vaccines

Presently, two COVID-19 linear mRNA vaccines have
already been marketed; however, the quality control processes
for these vaccines are relatively mature. The World Health
Organization (WHO) issued a guidance document on
regulatory considerations regarding the evaluation of the
quality, safety, and efficacy of messenger RNA vaccines for the
prevention of infectious diseases (95-97). Further, the U.S.
Pharmacopeial Convention (USP) developed the Analytical
Procedures for mRNA Vaccine Quality, and the Center for
Drug Evaluation (CDE) of the China National Medical
Products Administration (NMPA) published the Guiding
Principles on Pharmaceutical Research Techniques for
Prophylactic COVID-19 mRNA Vaccines (trial) (98, 99).
Considering the characteristics of circRNA vaccines, existing
guidance documents for mRNA vaccines, other types of
vaccines, and nucleic acid therapeutics may serve as reference
for the formulation of circRNA vaccine quality control processes
(Supplementary Material Table 1) (22, 24, 90, 96-103).

CircRNAs are dependent on IRES or m6A modifications for
translation initiation. Owing to their unique closed-loop
structures, circRNAs are resistant to degradation via routine
pathways, which eliminates the need for 5" cap and 3’ poly(A)
tail structures in the RNA molecules used to formulate circRNA
vaccines (22, 23). Therefore, 5 cap- and 3’ poly(A) tail-related
quality control is not required for circRNA vaccines.

Quality control items emerging from core quality attributes
(CQAs) related to the unique characteristics of circRNA
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vaccines must be emphasized. Circularization rate is the most
important CQA of circRNA vaccines and has been measured by
capillary electrophoresis (CE) and high-performance liquid
chromatography (HPLC) in previous studies (22, 24). The
accuracy of circRNA sequences should also be measured based
on sequencing methods. However, the process for circRNA
vaccines differs from that of linear mRNA vaccines as
circRNAs require endonuclease cleavage for loop opening
prior to sequencing (22, 24). During the RNA circularization
process, single-stranded RNA (intronic sequences) may become
detached and a portion of the linear RNA precursors ultimately
remain uncircularized. Researchers have reported the use of CE
and HPLC for determining circRNA vaccine purity (22). If
ligation by T4 RNA ligase is adopted for the preparation of
circRNAs, quality control of the residual T4 RNA ligase content
of the vaccine product must also be performed, which can be
measured by the enzyme-linked immunosorbent assay (ELISA).
When RNase R is used for the removal of linear RNA precursor
molecules, quality control is also required for residual RNase R
content, which can also be measured by ELISA. Currently,
specific antigen-antibody binding methods, such as ELISA, are
adopted to measure the residual double-stranded RNA (dsRNA)
content of mRNA vaccines, with the anti-dsRNA J2 antibody
being mainly used (104, 105). However, studies that aim to
determine whether circRNAs can directly bind the anti-dsRNA
J2 antibody or interfere with the binding of anti-dsRNA ]2
antibody to dsRNA have not been reported. Therefore, sample
applicability studies must be performed before the adoption of
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ELISA to measure the residual dsRNA content of circRNA
vaccines (104-106).

7 Outlook of circRNA vaccines

CircRNA vaccines may serve as a powerful tool for tackling
future emerging major infectious diseases or frequent viral
diseases and may be developed into therapeutic vaccines for
tumors. Biopharmaceutical companies and research teams
worldwide have therefore diverted considerable attention and
research efforts to the development of circRNA vaccines.
Currently, research on circRNAs remains in the preclinical
stage due to various issues in research and development,
production, quality control, and safety. Recently, researchers
proposed that a blueprint for quality by digital design (QbDD) to
support rapid RNA vaccine process development,
manufacturing and supply (107). Accordingly, the QbDD
concept should be incorporated into circRNA vaccine
development, production, and quality control (108). The
development and validation of new circRNA vaccine-related
methods should be based on specific requirements stipulated in
the General Chapter <1220> “The Analytical Procedure
Lifecycle” recently released by the USP and the ICH Q2
“Validation of Analytical Procedures” and Q14 “Analytical
Procedure Development” draft guidelines published by the
International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (ICH), for
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which public comment is currently being sought. Further, an
analytical target profile (ATP), risk analysis and identification,
confirmation of CQAs, experimental design, process control,
and in-use monitoring are required (108-113).

Future directions for the various aspects of circRNA vaccines
are as follows:

Research and development: linear mRNA vaccines exhibit a
“self-adjuvant” effect (4, 16, 106). The excess or deficiency of
such effect is unfavorable for the induction of high levels of
humoral immunity and effective cellular immunity. CircRNAs
can activate the RIG-I and PKR cellular signal transduction
pathways, which also provides a self-adjuvant effect (82, 88, 114-
116). Therefore, the design and optimization of circRNA
vaccines to activate the self-adjuvant effect to an appropriate
degree are essential for enhancing vaccine efficacy. RNA
circularization is a key stage in the circRNA vaccine
formulation process, with circularization efficiency being a
major determinant of vaccine production capacity, and high
circularization efficiency being beneficial to the subsequent
purification process (117). The design and optimization of the
constituent elements and compositions of circRNA vaccines or
development of novel RNA circularization methods are effective
approaches for enhancing circularization efficiency. According
to the published research, excessive RNA sequence length affects
circularization efficiency. Therefore, during the design and
optimization of target fragment length, care must be taken to
avoid affecting the immunogenicity of the target protein or RNA
circularization efficiency (90). CircRNA vaccines differ from
mRNA vaccines as they possess a loop structure, and different
target sequences may exhibit different conformations. Such
characteristics of circRNAs may affect the RNA circularization
efficiency and require adequate exploration during the research
and development stage. Intron sequences play a key role in the
RNA circularization reaction. Therefore, the optimization of
intron sequences is a necessary step in the vaccine development
stage (90). Exon length affects the efficiency of circularization by
group I intron self-splicing, which also necessitates the
optimization of exon sequence length during vaccine
development. The selection of effective IRES structural
elements is of great importance as it is a major determinant of
protein translation by circRNA vaccines (24, 51, 58). Recently, it
was reported that DeepCIP, the world’s first CircRNA IRES
prediction tool, could predict the IRES that are more suitable for
CircRNAs, so that CircRNAs can be adapted to different
scenarios, such as vaccines and antitumor therapy (118).
CircRNAs require delivery systems for encapsulation to form
vaccines. LNPs currently serve as the main delivery system for
circRNAs. The development of targeted LNPs may potentially
contribute to the enhancement of vaccine protection effects.
Alternatively, research efforts can be devoted to the development
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of novel and more effective delivery systems that can replace
LNPs. For instance, some earlier studies have explored the use of
exosomes and ferritin as delivery systems (119, 120).

Production: Attempts can be made to optimize the reaction
conditions to achieve enhanced circularization efficiency. Under
laboratory conditions, a re-execution of the circularization step
with circularized RNA contributes to higher circularization
efficiencies. Therefore, the development of a recircularization
process and the incorporation of such process into vaccine
production can be attempted (58). The similarity in molecular
weight between circRNAs and the corresponding linear RNA
precursor molecules poses difficulties for the elimination of
linear RNA precursors from the vaccine product during the
purification process. Currently, chromatography is mainly
adopted for purification; however, there is a lack of reports on
whether its purification effects are sufficient to meet
production needs.

Quality control: As mentioned earlier, the molecular weights
of circRNAs are similar to those of the corresponding linear
RNA precursor molecules. Consequently, the two types of RNA
molecules exhibit close peak appearance times during CE or
HPLC to determine the RNA circularization rate. Accordingly, it
is difficult to effectively distinguish between the two (22, 24).
Further optimization of experimental conditions should be
performed to satisfy the requirements for measurement.
National and regional reference standards for dsRNA may also
be needed in the future, with factors, such as dsRNA base
sequences, sequence length, number of phosphate groups at
the 5°-terminus and base modifications taken into
comprehensive consideration in the reference standard
preparation process.

Safety: Organisms contain an abundance of circRNAs that
play important roles in regulating gene transcription, expression,
and cellular signal transduction pathways, with certain circRNAs
capable of protein expression (80, 121). Whether exogenous
circRNAs cause disruptions to the biological functions of
naturally occurring circRNAs in the body is unknown.
Residual linear RNA precursor molecules may cause stronger
adverse reactions due to activating the excessive innate immune
response. circRNA vaccines contain residual dsRNA content. As
the occurrence of myocarditis after vaccination with mRNA
vaccines has been reported to be associated with dsRNA residual
in the vaccines (122), further research is required to ascertain
whether circRNA vaccines may cause myocarditis.
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Elevated IFNA1 and suppressed
IL12p40 associated with
persistent hyperinflammation in
COVID-19 pneumonia
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Introduction: Despite of massive endeavors to characterize inflammation in
COVID-19 patients, the core network of inflammatory mediators responsible for
severe pneumonia stillremain remains elusive.

Methods: Here, we performed quantitative and kinetic analysis of 191 inflammatory
factors in 955 plasma samples from 80 normal controls (sample n = 80) and 347
confirmed COVID-19 pneumonia patients (sample n = 875), including 8 deceased patients.

Results: Differential expression analysis showed that 76% of plasmaproteins (145
factors) were upregulated in severe COVID-19 patients comparedwith moderate
patients, confirming overt inflammatory responses in severe COVID-19
pneumonia patients. Global correlation analysis of the plasma factorsrevealed
two core inflammatory modules, core | and Il, comprising mainly myeloid cell and
lymphoid cell compartments, respectively, with enhanced impact in a severity-
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dependent manner. We observed elevated IFNALl and suppressed [L12p40,
presenting a robust inverse correlation in severe patients, which was strongly
associated with persistent hyperinflammation in 8.3% of moderate pneumonia
patients and 59.4% of severe patients.

Discussion: Aberrant persistence of pulmonary and systemic inflammation might
be associated with long COVID-19 sequelae. Our comprehensive analysis of
inflammatory mediators in plasmarevealed the complexity of pneumonic
inflammation in COVID-19 patients anddefined critical modules responsible for

severe pneumonic progression.

KEYWORDS

COVID-19, SARS-CoV-2, pneumonia, inflammation, IFNa, IL-12p40

Introduction

Coronavirus disease 2019 (COVID-19), caused by respiratory
infection with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has spread worldwide with a disastrous impact on humankind.
Currently, there have been more than 607 million infections globally,
leading to over six million deaths due to acute respiratory distress
syndrome (ARDS) as of September 2022 (https://covid19.who.int/).
The pathogenesis of SARS-CoV-2-induced pneumonia is rather
heterogeneous depending on clinical stage and may occur in two
phases. First, the initial viral phase is characterized by viral replication
resulting in direct virus-mediated tissue damage. Second, the extent of this
damage response may sequentially determine the complex
immunopathogenesis causing a local and systemic inflammatory
response that can persist even after viral clearance (1, 2). Therefore, an
optimal combination of antiviral and anti-inflammatory therapies may be
required to prevent severe pneumonic progression and disease mortality
in a stage- and severity-dependent manner (3). Further studies
incorporating the impact of direct viral damage and sequential
immunopathogenesis might be required to identify the best targets for
early intervention and severity-specific treatment of COVID-19 since we
have alimited understanding of key driving initiators of severe pulmonary
inflammation and long COVID syndrome, also known as post-acute
sequelae of SARS-CoV-2 infection.

In this study, we performed extensive quantitation of 191 proteins
involved in various innate and adaptive immune responses and
inflammation in plasma samples collected longitudinally from 347
confirmed COVID-19 pneumonia patients with well-defined clinical
information and an additional 80 uninfected normal subjects. Plasma
proteomics may reflect the integrated landscape of pulmonary and
systemic inflammation in COVID-19 patients. Systemic analysis of
kinetic changes and correlation according to disease stage and severity
may also hold the promise of revealing causal relationships among the
various inflammatory mediators. In addition, we confirmed their
primary cellular sources based on single cell RNA (scRNA) sequencing
data sets from lung autopsy and respiratory specimens. These results
enabled us to define key inflammatory modules of molecular and cellular
components involved in severe pneumonic progression, deduce their
functional and causal relationship with stronger correlation power, and
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provide important insights into underlying mechanisms of driving
effectors in severe COVID-19 patients in the context of relevant
clinical outcomes. Therefore, our study may present key prognostic
predictors required for biomarker development of effective therapeutics
as well as advanced criteria for selecting patients for intensive care.

Materials and methods

Study design, patient information, and
ethics statement

We enrolled 80 uninfected volunteers without respiratory disease and
347 SARS-CoV-2 PCR-positive patients admitted to Chungnam
National University Hospital (Daejon, Republic of Korea), Seoul
Medical Center (Seoul, Republic of Korea), and Samsung Medical
Center (Seoul Republic of Korea). COVID-19 patients were categorized
based on WHO severity definitions (https://covid19.who.int/) (4).
General information on the baseline characteristics of the study
participants included in this study are summarized in Table 1.
Peripheral blood was collected in ethylenediaminetetraacetic acid
(EDTA) tubes during hospitalization and centrifuged to collect plasma
within 24 h after collection. Then, plasma samples were stored at -80°C
before analysis. Lung autopsy samples were obtained from six deceased
COVID-19 patients. Experiments conformed to the Declaration of
Helsinki principles, and written informed consent was obtained from
all donors or their legal guardians prior to the study. The clinical research
was approved by the institutional review boards of Chungnam National
University Hospital (IRB no.: CNUH 2020-12-002-008), Seoul Medical
Center (IRB no.: SEOUL 2021-02-016), Samsung Medical Center (IRB
no.: SMC-2021-03-160), Seoul National University Hospital (IRB no.: C-
1509-103-705), and the Korea National Institute of Health (IRB no.:
2020-09-03-C-A).

Multiplex immunoassay of plasma proteins
To identify the differentially regulated plasma factors depending on

COVID-19 disease severity, 350 plasma factors (Supplementary Table
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TABLE 1 Demographics and baseline characteristics of COVID-19 patients.

Variables Normal Control (N = 80) COVID-19 p-value***

Total (N = 347) Moderate (N = 315) Severe (N = 32)

WHO severity Grade 4 (N = 280) Grade 6-9 (N = 24)

Grade 5 (N = 35) Grade 10 (N = 8)

Sex, N (%) 0.791
male 40 (50.0%) 188 (54.0%) 171 (54.1%) 17 (53.1%)
female 40 (50.0%) 159 (46.0%) 144 (45.9%) 15 (46.9%)
Age, year <0.0001
mean + SD. 45.6 £ 16.9 535+ 17.6 52.0 £ 17.3 68.1 £ 13.5
range 21-78 19-92 19-92 36-91
BMI, kg/m2 0.091
mean + SD. 24.0 £ 3.6 242 +39 242 +39 234+43
range 17.0-31.0 12.4-39.4 12.4-39.4 15.9-31.2
Comorbidity, N (%)
Hypertension 18 (22.5%) 113 (32.7%) 94 (29.9%) 19 (59.4%) 0.0012
Diabetes 7 (8.8%) 78 (22.5%) 60 (19.1%) 18 (56.3%) <0.0001
Cardiovascular ds. 2 (2.5%) 21 (6.1%) 16 (5.1%) 7 (21.9%) 0.1814
Respiratory ds. 0 (0.0%) 14 (4.0%) 10 (3.2%) 4 (12.5%) 0.0159
Kidney ds. 0 (0.0%) 13 (3.8%) 11 (3.5%) 2 (6.3%) 0.1474
Other chronic ds.* 1(1.3%) 31 (9.0%) 26 (8.3%) 5 (15.6%) <0.0001
Treatment, N (%)
Antibiotics 56 (16.2%) 44 (14.0%) 12 (37.5%)
Antiviral drugs 44 (12.7%) 23 (7.3%) 19 (59.4%)
Corticosteroids 73 (21.1%) 43 (13.7%) 30 (93.8%)
Other therapies** 101 (29.2%) 93 (29.6%) 8 (25%)
Time from onset to O2 therapy, Days
mean + SD. 7.1+40 74+ 3.6 6.7 + 44
range 1-18 1-18 1-18

*neoplasia, chronic liver ds., or dementia.
**Immune plasma, monoclonal antibodies, anticoagulant, or Pyramax.

**One-way ANOVA was used to estimate p-values for significant difference in demographic features among normal control, moderate, and severe groups.

S1) from 20 plasma samples (10 from 3 moderate patients and 10 from 5
severe patients) were screened by quantitative immunoassays using a
total of 21 multiplex panels according to the manufacturers’ instructions
via a multiplex assay service (Koma Biotech., Seoul, Republic of Korea).
Four types of commercially available kits were used for measurement
(Supplementary Table S1). The MILLIPLEX MAP Human Complement
Magnetic Bead Panel 2 (Millipore, Burlington, MA, USA) included Clgq,
C3, C3b/iC3b, C4, complement factor B, complement factor H, and
properdin. The MILLIPLEX MAP Human Sepsis Magnetic Bead Panel 3
(Millipore) included elastase 2, lactoferrin, NGAL, resistin, and
thrombospondin-1. Magnetic Luminex Performance Assay multiplex
kits (R&D Systems, Inc. Minneapolis, MN, USA) were used for TGF-f31-
3. Magnetic Luminex Screening Assay multiplex kits (R&D systems, Inc.)
included all the other factors measured in this study. Assay plates were
read with a Luminex 100/200TM analyzer (ThermoFisher, Waltham,
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MA, USA). For quantification for each factor, the supplied standard
proteins were used, and a standard curve was drawn by the best fit
algorithm using MasterPlex QT 2010 software (MiraiBio, Hitachi, CA,
USA). We used detection limit values of non-detected factors below the
detection range (Supplementary Table S2). Based on the screening
results, 191 plasma factors were selected for further studies
(Supplementary Tables S3).

Lung tissue preparation, H&E staining, and
scRNA sequencing

Lung autopsy samples obtained from deceased patients were

immediately fixed in 10% formalin or immersed in RNAlater
solution (ThermoFisher) for paraffin embedding or scRNA
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sequencing, respectively. Paraffin-embedded lung tissue samples were
prepared as previously reported (5). Briefly, the tissues that were fixed
overnight were dehydrated and defatted by immersing in ethanol and
xylene sequentially and treated with melted paraffin (58-60°C).
Paraffin-embedded tissues were cut at a thickness of 4 um and
stained with hematoxylin and eosin (H&E). Lung pathology was
evaluated and analyzed by two experienced pathologists under a light
microscope (BX-53, Olympus, Tokyo, Japan). For scRNA sequencing,
lung tissues were dissociated into single cells by chopping with a blade
and were incubated in RPMI1640 containing 1 mg/ml Collagenase IV
(ThermoFisher) and 0.1 mg/ml DNase I (Worthington, Columbus,
OH, USA) at 37°C for 30 min. Lung single cells were filtered by nylon
mesh and 70 pm cell strainers (Falcon) and centrifuged at 1,000 x g
for 5 min. After RBC lysis, cell counts and viability were measured
with a Countess 3 Automated Cell Counter (ThermoFisher), and
20,000 live cells were used to generate gel beads-in-emulsion (GEMs)
by using the Chromium Single Cell 5" Library and Gel Bead Kits v.1
and a Chromium Controller (10x Genomics) according to the
manufacturer’s instructions, as we previously reported (6). After
GEM-RT incubation and cDNA amplification, the cDNA quality
and concentration were analyzed and calculated using an Agilent
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and
scRNA sequencing was performed using the NextSeq 550 platform
(Ilumina, San Diego, CA, USA).

Bioinformatics of scRNA-seq and
statistical analysis

The raw sequencing data for scRNA-seq were processed with
CellRanger (version 3.1.0) (7). Reads were aligned to the combined
genome of human (GRCh38, Ensembl) and SARS-CoV-2
(ASM985889v3, NCBI). The feature-barcode matrices were
generated using the CellRanger count. The cells of the feature-
barcode matrices were filtered by the numbers of expressed genes
and the mitochondrial-to-total gene count ratio. The filtered feature-
barcode matrices were used to create Seurat (version 4.1.1) objects (8).
The Seurat objects were normalized using the SCTransform
algorithm. To align the cells originating from different samples,
3,000 highly variable genes from each sample were selected.
Anchors representing a similar biological state across samples based
on the overlap in their nearest neighbors were sought, and samples
were aligned based on the top 20 canonical correlation vectors. The
aligned samples were scaled, and principal component analysis (PCA)
was conducted. The cells were clustered by unsupervised clustering
(0.2 resolution) and visualized by UMAP. To identify marker genes,
upregulated genes in each cluster relative to the other clusters were
selected on the basis of the Wilcoxon rank sum test implemented in
Seurat FindAllMarkers function with >0.25 log fold change compared
with other clusters and a Bonferroni-adjusted P < 0.05. By manual
inspection, the 17 different clusters were assigned to 13 cell types.

Unsupervised clustering of samples, patients, or plasma factors
was performed using the k-means algorithm. The optimum number
of clusters was determined by using silhouette coefficient analysis in
NBClust and factoextra packages (R package Version 1.0.7.). Before
data visualization, each feature was scaled and centered as a z score
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using the scale function in R software. Multiple group comparisons
were performed using the two-tailed Mann—Whitney test or Kruskal
—Wallis test. Spearman’s correlation test was performed using the
corrplot package in R software. For visualization, heatmaps and dot
plots were generated using the ComplexHeatmap (9) and ggplot2
packages, respectively. Correlation plots were generated with the
corrplot package by only showing correlations with p < 0.05 and
ordered by hierarchical clustering. Core I and core II in the global
correlation network are indicated based on hierarchical clustering
results in the correlation plot.

Gene ontology and pathway
enrichment analysis

Plasma factors were considered to be expressed differentially if there
were significant differences (p < 0.05) in comparison among the NC
group, moderate group (grades 4 and 5), and severe group (grades 6~10).
These differentially expressed proteins were subjected to gene set
enrichment analysis to assess the biological function related to
COVID-19 severity. Enrichment analysis of GO biological pathways
and hallmark gene sets was performed using the clusterProfiler (10) and
enrichR (11) packages of R statistical software (R core team, 2020),
respectively. Enriched terms were visualized using ggplot2 (12).

Linear mixed model analyses

Demographic and baseline characteristics were expressed as the
mean with standard deviation and range for continuous variables and
frequencies with percentages for categorical variables. Differences
among group severities in plasma factors were assessed with
independent samples t test or Wilcoxon rank sum test according to
their normality. In addition, if the results of group comparison were
statistically significant, pairwise multiple comparison with Bonferroni
correction was applied. We performed hierarchical clustering with all
plasma factors to distinguish biologically distinct subgroups with a
distance-based algorithm. A linear mixed model was used to
investigate the periodically measured plasma factor changes over
time, adjusting for age and sex. Statistical analysis was conducted
using SAS 9.4 software (SAS system for Windows, version 9.4; SAS
Institute, Cary, NC, USA) and the R package (version 4.2.1, R Core
Team, 2020; R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/).

Quantitation of viral loads

Real-time reverse transcription-polymerase chain reaction (RT-PCR)
assays for the detection of SARS-CoV-2 were performed according to the
manufacturer’s instructions (Kogenebiotech, Seoul, Republic of Korea) (5).
Total RNA was obtained from nasopharyngeal and throat swab (upper
respiratory tract) and sputum (lower respiratory tract) samples. Primer
sets targeting the E and RARP genes of SARS-CoV-2 were used with a
cutoff cycle threshold (Ct) value higher than 38 cycles.
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Results

Patient characteristics

The baseline characteristics of the confirmed COVID-19 patients
included in this study are summarized in Table 1 and Figure 1A. The
uninfected normal control (NC) group included 80 sex- and age-
matched individuals who provided 80 plasma specimens. A total of

Moderate COVID-19 (M) Severe COVID-19 (S)
Normal Control
(NC) M4 M5 Survived Deceased
i *W W I.| I.| I.| @W
Groups Normal control| Moderate COVID-19 Severe COVID-19
Severity .
(WHO grade 0 4 (M4) 5 (M5)| 6~9 (survived)| 10 (deceased)
Patients no. 80 280 35 24 8
Sex M (n) 40 151 20 15 2
F(n) 40 129 15 9 6
Age (mean + SD) 456+ 169|50.7 £ 6.9 63.4 £ 160 6351123 81950
Sample no. 80 598 147 105 25
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FIGURE 1

Overt inflammatory responses associated with severe COVID-19 pneumonia. (A) Overview of the study cohort. (B) Unsupervised hierarchical clustering
of 191 plasma factors measured by multiplexed immunoassay presented four separated clusters, C1-C4. The plasma samples are arranged according to
COVID-19 severity (M: moderate pneumonia, S: severe pneumonia) and the collection days post-symptom onset (DPS). Eighty plasma samples collected
from uninfected volunteers (NCs) are also included. The heatmap shows z scores and clustering determined using correlation and average linkage.

(C) Bubble plots show the relative fold change in the average level of each plasma factor in comparison with indicated patient groups. The statistical
significance in difference among the subject groups was calculated with the Mann—Whitney test or Kruskal-Wallis test. (D) Gene Ontology (GO) and
hallmark gene set-based enrichment analyses of differentially regulated plasma proteins among NCs and COVID-19 patients present representative
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347 hospitalized patients with confirmed COVID-19 pneumonia
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NPHS1, CCL24, CD40LG,
GZMA,  IL36B,  IL7,
NECTIN4, IL15, SELP, IL25,
EGF, TGFB1, ANGPT1,
PDGFA, DKK1, CCL11,
CXCL6, CXCL2, CSFIR,
ENPP2, GPNMB, A2M,
IFNAT, TNFSF10, C1Q, MIA,
IFNL3, IL11, IL13, IL10,
TNFSF14, CXCL9, MMPS,
MPO, VWF, CCL4, G5,
AMBP, CCL26, CEACAMI,
IL6R, OSM, ICAM1, 133,
IL17A, CXCL1, CSF3, C2,
€9, FURIN, PCSK9, ERBB3,
IL5, IL4, NTF4, PF4,
SERPINC1

c1(60)

AOC3, LUM, MMP2,
MUC16, GDF15, IL4R,
TIMP1, SDC1, IL18,
LGALS9, CD274, LGALS3,
IL1RL1, MB, CHI3L1,
IGFBP1, THBS2, ANGPT2,
REG3A, TNFRSF13B,
CCL3, MMP9, TGFA,
$100A9, RETN, PTX3,
SFTPD, $100A12, MUC1,
SPP1, PLAUR, IL6, CD163,
SERPINA10, CCL23,
CCL18, SERPINB3,
CXCL13, CCL2, IL1RN,
CSF1, CXCL10, IL23A,
CXCL11, CLEC11A, ESM1,
VCAM, CD14, TNFSF13B,
LRG1, LBP, LGALS3BP,
LEP, FLT1, HGF, ALDH1A1,
MIF, FCER2, IGFBP4,
IGFBP2, CFD, B2M, KLK8,
TNF, KITLG, TFF3, FABP4,
WFDC2, FSTL3, LCN2,
TREM1, TNFRSF10B, F3,
THBD, TNFRSF17, CCL14,

c2(mn)

COL1A1, MCAM, ANGPTL3,
LIF, SELL, FASLG, CCL22,
ADAMTS13, TGFB2, CFP,
AHSG, SERPINA4, BDNF,
MADCAM1, FAP, CNTNT,
ERBB2, DPP4, KIT

c3(19)

IFNB1, THPO, IL12pd0,
TNFSF11, NRG1, GZMB,
PRL, PECAM1, TSLP,
CX3CL1, CXCL5, PLAU,
IL12p70, MMP3, IFNG,
MMP12, IL1B, MBL2, VEGF,
TNFSF13, PDGFD, CCLS,
FGF2, FLT3LG, CCL19,
MMP13, IL8, BMP10, MICA,
IL31, 12, IL1A, CSF2,
CXCL12, GH1

c4(35)
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vasopressors; 9, severe COVID-19 treated with mechanical
ventilation [pO,/FiO, < 150] and vasopressors, dialysis, or
extracorporeal membrane oxygenation; and 10, deceased patients)
(https://covid19.who.int/) (4). The moderate group with grade 4 (M4)
or 5 (M5) COVID-19 included 280 and 35 patients, respectively. The
severe COVID-19 group with grades 6 to 10 (S6 ~ S10) included 32
patients, with 8 deceased patients due to fatal ARDS. The NC,
moderate, and severe COVID-19 groups had similar proportions of
male and female patients, but the age distribution in the severe group
(mean * S.D.: 68.1 + 13.5) was older than those in the NC (45.6 +
16.9) and moderate groups (52.0 + 17.3). The severe group presented
a significantly higher proportion of comorbidities, such as
hypertension and diabetes, than the NC and moderate groups
(Table 1). All patients were recruited before July 2021 and were not
immunized with the COVID-19 vaccine before infection.

First, we investigated the potential association of disease severity
with viral loads in respiratory secretions (13). The overall viral loads
in the upper (nasopharyngeal swab specimens) and lower (sputum
specimens) respiratory tract samples were not significantly different
between the moderate and severe groups (Supplementary Figure S1A-
C). When we assessed the potential effect of age on viral dynamics,
overall viral loads tended to be similar among the patient groups
regardless of age (old: 260, young: <60) and severity (Supplementary
Figure S1C), even though older patients in the M4 group showed
significantly higher viral loads than older patients in the severe group,
especially based on lower respiratory tract specimens.

Overt inflammatory responses associated
with severe COVID-19 pneumonia

To screen plasma factors differentially regulated according to the
disease severity of COVID-19, we performed quantitative immunoassays
using 21 multiplex panels detecting 350 plasma factors that are
functionally associated with various types of inflammation and
immune responses (Supplementary Table S1). In the pilot test, 20
plasma samples (10 from 3 moderate patients and 10 from 5 severe
patients) collected after symptom onset were analyzed (Supplementary
Table S2), and we selected 191 plasma factors (Supplementary Table S3),
namely, 60 factors showing significant differences between the samples
from the moderate and severe groups in the initial screening and 131
plasma proteins potentially associated with pulmonary and systemic
inflammation reported in previous studies (14-19). Plasma samples were
longitudinally collected from 347 COVID-19 patients 1~6 times at 3~7-
day intervals. Quantitative analysis of the 191 selected factors in 955
plasma specimens from 80 NCs (n=80 plasma samples) and 347
COVID-19 patients (1=875 plasma samples) was performed, and the
results are summarized in Figure 1B. Unbiased hierarchical clustering of
the Z-score trajectories of all the plasma factors demonstrated four clearly
separated major clusters (C1 ~ C4). C1 and C2 were generally elevated in
severe patients when compared to NCs and moderate patients, whereas
the C3 group tended to be decreased in severe patients (Figure 1C). The
C1 factors showed more persistent responses, but the C2 factors tended
to be decreased gradually at later stages. The C4 group factors presented
heterogeneous responses with fluctuations depending on disease severity
and course. A comparison of the overall mean values of the plasma

Frontiers in Immunology

10.3389/fimmu.2023.1101808

factors among the NC and patient groups revealed that 180 factors were
significantly and differentially regulated (Figure 1C). A comparison of the
mean values between the NC and COVID-19 groups revealed that 153
plasma factors were significantly and differentially regulated (128 factors
upregulated and 25 factors downregulated in COVID-19 patients). When
we performed linear mixed model analysis to assess significant differences
among the severity groups after adjusting for the age and sex of the
patients to further confirm the specific association of the plasma factors
with disease severity (Supplementary Table S4), 167 factors showed
significant differences between the NC and COVID-19 groups and
their time-dependent trajectories, even after adjusting for age and sex.
Differential expression analysis between the moderate and severe
COVID-19 groups indicated that 169 factors were significantly
upregulated (145 factors) or downregulated (24 factors) in plasma
from severe COVID-19 patients compared to moderate pneumonia
patients (Figure 1C). Even though most of the differentially expressed
plasma factors were gradually increased or decreased depending on
disease severity, it is noteworthy that several factors, including IL12p40,
GZMB, IFNG, MMP12, and IL1B, were significantly upregulated in the
M5 group compared with the NC, M4, or severe COVID-19
groups (Figure 1C).

The 180 differentially regulated plasma factors in the NC and
COVID-19 groups were subjected to Gene Ontology enrichment and
hallmark gene set enrichment analyses (20, 21). Even though our
quantitative assay was based on selected panels mainly related to
immune responses and inflammation, relative enrichment of specific
pathways was observed (Figure 1D). These included pathways
primarily involved in leukocyte chemotaxis, cell-cell adhesion,
response to bacterial molecules, T-cell activation, humoral immune
response, vascular development, extracellular matrix organization,
and epithelial-mesenchymal transition.

The kinetic responses of 170 plasma proteins showing significant
differences among the NC, M4, M5, and severe groups are presented
in Supplementary Figure S2. Kinetic changes in representative factors
involved in the enriched functional pathways showed significant
differences among the patient groups, as summarized in Figure 2.
For example, a type I interferon, IFNAI, presenting a significantly
higher response in severe COVID-19 patients, surged during the early
phase of symptom onset and gradually declined, whereas IFNL3, a
type III interferon, which was also significantly elevated in the severe
group compared with the moderate group, gradually increased in
severe patients during disease progression (Figure 2B). Other plasma
factors involved in inflammation (IL6, IL10, IL13, MPO, and LBP),
endothelial activation and coagulation (THBD, F3, VWF, PROS1, and
MMP8), T-cell homeostasis and activation (IL7, IL15, IL18, IL4, and
IL23A), and humoral response (IL4R, IL1RL1, IL33, TNESF13B, and
C9) were also significantly upregulated with various kinetic responses
(Figures 2D-G). These overt inflammatory responses associated with
severe disease progression were concomitantly presented with
elevated tissue damage responses, such as vascular development
(HGF, ENPP2, CHI3L1, THBS2, and ANGPT2), extracellular
matrix organization (MMP2, MMP3, MMP9, PTX3, and SPP1),
and epithelial mesenchymal transition (TGFB1, PLAUR, IGFBP2,
IGFBP4, and SDC1) (Figures 2H-]), suggesting the complexity of
dysregulated systemic inflammation potentially initiated from severe
pulmonary insults by SARS-CoV-2 infection (5, 22, 23).
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Cellular sources of plasma factors in the
inflamed lungs of COVID-19 patients

Histopathologic examination of the lungs of patients who died
due to COVID-19 revealed variable phases of diffuse alveolar damage
from the acute exudative phase to the proliferative and fibrotic phases
(Supplementary Figure S3). The pathologic findings from the lungs
included diffuse interstitial thickening, fibrosis, granulation tissue
formation and lymphoplasma cell infiltration with reactive type II
pneumocyte hyperplasia and hyaline membrane formation in the
alveolar wall. Occasional foci of macrophages, neutrophil infiltration
with seromucinous fluid or hemorrhage in alveolar spaces were also
observed. Focal pulmonary microthrombi or large vessel thrombi
were identified in some patients.

SARS-CoV-2 RNA was barely detected in our autopsy samples by
scRNA sequencing analysis, and 13 cell types were identified and
manually annotated (Supplementary Figure S4, S5A). Macrophages
were the predominant inflammatory cells, ranging from 47.9% to
78.7% of lung-infiltrating leukocytes. T cells were the second most
dominant cell type, comprising 4.2% to 28.1%, and neutrophils
accounted for 7.4~14.5% of the pulmonary leukocytes. NK and
NKT cells represented approximately 5.2% and 1.9% of the
pulmonary leukocytes, respectively, and B cells accounted for ~
1.1% (Supplementary Figure S5B). We also observed that 0.7~3.0%
of the leukocytes were mast cells in the lung autopsy samples from the
patients who died. Some notable differences between the NC and fatal
COVID-19 lungs were a relative decrease in NK cells in the patients
(0.5-9.7%, mean=5.7%) vs. controls (mean: 16.1%) as well as an
increase in macrophages (47.9-78.7%, mean=59.4%) and NKT cells
(0.2-4.5%, mean=1.9%) in COVID-19 patients vs. controls
(mean=43.7% and 0.4% for macrophages and NKT cells,
respectively), even though the differences were not statistically
significant. To further examine the respiratory leukocyte population
in COVID-19 patients, we utilized two public scRNA data sets based
on analyses of respiratory samples (nasopharyngeal and
bronchoalveolar lavage fluid samples) (Supplementary Figure S6A)
(24, 25). These included 9 NC sets and 36 COVID-19 samples from
28 patients (11 moderate and 17 severe patients, including 4 fatal
cases). The relative proportions of specific leukocyte populations in
the combined data set from COVID-19 patients revealed remarkable
reductions in NK (moderate: 12.8%, severe: 2.6%) and T (moderate:
11.3%, severe: 5.1%) cell populations in the severe COVID-19 group
compared to the moderate COVID-19 group (Supplementary Figure
S6B). In contrast, neutrophils were increased in severe patients
(30.1%) compared with moderate patients (19.5%). In addition,
NKT cells (moderate: 5.5%, severe: 6.9%), B cells (moderate: 2.6%,
severe: 3.7%), and macrophages (moderate: 48.2%, severe: 51.6%)
were slightly increased in the severe group compared with the
moderate group.

When we examined transcriptional expression of the plasma
factors in the scRNA data sets to identify the cellular sources of the
plasma proteins, we detected 180 transcripts among 191 factors in the
scRNA data sets from our lung autopsy samples or previously
deposited respiratory samples (24, 25). RNA transcripts for 124
plasma factors were detected in more than 10% of a specific cellular
type and are summarized in Supplementary Figure S5C, S6C.
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Global correlation map of 191 plasma
proteins in COVID-19 patients

To assess the potential associations of all 191 quantified proteins
with each other in COVID-19 patient plasma, we generated a global
correlation map (Figure 3). This consists of the pairwise correlation of
191 plasma factors in 875 patient samples (36,481 correlation
coefficients) that were subjected to unsupervised hierarchical
clustering (Figure 3A). This approach revealed 14,801 significantly
(p < 0.05) correlated pairs showing either positive (12,584 pairs) or
negative (2,217 pairs) correlations (Figure 3B). Among the
significantly correlated pairs, 195 pairs presented robust positive
correlation (Spearman’s r > 0.7), and 2,745 pairs displayed
moderate positive correlation (0.7 > Spearman’s r > 0.4), whereas
only 37 pairs showed moderate negative correlation (-0.7 <
Spearman’s r < -0.4). Based on the correlation coefficients and the
number of significant correlators of each plasma factor displaying
absolute Spearman’s r > 0.4, we generated a global correlation map
including 159 proteins (Figure 3C). We also annotated the primary
cellular sources of each factor, as shown in Supplementary Figure
S5C, S6C. The global correlation map presenting robust correlation
(Spearman’s r > 0.7 in red lines) highlighted two core modules, cores I
and II. The core I module comprised 23 plasma factors mainly derived
from macrophages (PTX3, MMP8, MPO, TIMP1, CD274, IL6,
ILIRN, TREMI, CXCL9, LGALS3, and MMP9), neutrophils (PTX3,
S100A9, MMP8, MPO, TIMP1, CD274, ILIRN, TREM1, MMP9, and
S100A12), epithelial cells (WFDC2, GDF15, SDC1, TNFRSF10B, F3,
LGALS3, LCN2, and FSTL3), and endothelial cells (IL6, FSTL3, and
THBD) (Figure 3C). The core II module included 12 proteins
primarily expressed in epithelial cells (IL7, IL36B, NECTIN4, and
CXCL6), NK(T) and T cells (GZMA, CD40LG, and IL3), and
fibroblasts (CCL11) (Figure 3C). The core I and II components
displayed robust and multiple correlations with each other and
significant correlations with approximately 170 factors on average,
suggesting a strong and wide functional relationship. In addition,
several core I factors, such as TIMP1, CD274, and IL6, were strongly
correlated with LRG1 and LBP derived from epithelial cells and
macrophages, respectively, as well as complement factors C2 and
C9. Components of core II also strongly correlated with PDGFA,
CXCL2, and TGFB1, which were primarily expressed in alveolar
epithelial cells and T cells, respectively. Notably, CCL4 derived from
NKT and T cells showed a strong positive correlation with several
components of the core I and core II networks, suggesting a
connective role between both inflammatory networks (Figure 3C).

We next examined changes in patterns of the correlation network
in each severity group to assess the impact of plasma factors according
to COVID-19 severity (Figure 4 and Supplementary Figure S7). The
total number of significant correlation pairs with absolute Spearman’s
r 2 0.4 gradually increased in a severity-dependent manner, and the
severe group presented 3,121 correlated pairs, whereas the M4 group
and M5 group had 1,576 and 2,086 significant correlated pairs,
respectively, suggesting stronger and more diverse functional
associations of the plasma factors during more severe disease
progression (Supplementary Figure S7B). The global correlation
map of the M4 and M5 groups (moderate pneumonia) with the
robust correlated pairs (absolute Spearman’s r > 0.7) included 39 and
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66 proteins, respectively (Figures 4A, B). The severe group presented
72 factors with robust correlations, and the number of significantly
(absolute Spearman’s r > 0.4) correlated pairs of robust correlators
(n=1,975) was drastically increased when compared with those of the
M4 (n=710) and M5 (n=1,191) groups (Figure 4C and Supplementary
Figure S7B). We observed that the number of robust correlators in the
core I module in the M5 (n=17) and severe (n=16) groups was higher
than that in the M4 group (n=9). In contrast, the robust correlators in
the core IT module seemed to be rather conserved regardless of disease
severity, but the number of significantly correlated pairs (absolute
Spearman’s r > 0.4) was increased, especially those of CXCLS6, IL15,
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GZMA, and NECTIN4. These results suggest that pneumonic
progression requiring oxygen supply (M5 and severe groups) might
be facilitated by more diverse inflammatory mediators in the core I
module, whereas critical pneumonic commitment requiring intensive
respiratory care (severe group) may be associated with enhanced
impact on other mediators by the members of the core IT module.
Additionally, several factors, such as ENPP2, C5, FASLG, VWF,
IFNAIL, and CSF1, newly appeared as robust positive correlators
strongly associated with more diverse plasma factors in the severe
group than in the moderate group (Figure 4C), also indicating their
enhanced impact on other plasma factors during severe pneumonic
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FIGURE 4

Enhanced correlation in quantity and quality among the plasma factors according to COVID-19 severity. Correlation maps of plasma proteins displaying
robust correlation power (absolute Spearman’s r > 0.7) in plasma samples from moderate (A) M4 and (B) M5 and severe patients (C) S are presented. The
circle size is proportionally adjusted depending on the number of significant correlators (absolute Spearman’s r > 0.4), and the color code of each
component is determined based on primary cellular source. All the correlated pairs with a Spearman’s r > 0.7 are linked by either pink (positive corr.) or
sky blue lines (negative corr.). (D) Representative correlation plots of the indicated plasma factors which show enhanced correlation power in quantity
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progression in COVID-19 patients. Consistently, we observed a
gradual increase in correlation power among the top correlators,
such as IL-15, CXCL6, FASLG, ENPP2, C5, and VWF, in the severe
group as the disease severity was aggravated (Figure 4D).
Furthermore, we noticed that IL12p40 and CX3CL1 displayed
strong positive correlations with each other but showed robust
negative correlations with other inflammatory mediators, such as
C5, ENPP2, CCL22, FASLG, CCL4, VWF, IL15, and CXCLS6, in the
severe patient group (Figure 4C, 5, and Supplementary Figure S8).
The degree of negative correlation of IL12p40 and CX3CL1 with
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inflammatory factors gradually increased depending on COVID-19
severity (Figure 5A, B), suggesting that suppression of IL12p40 and
CX3CL1 might be associated with enhanced inflammatory responses
driving critical pneumonic progression in patients. In addition,
IL12p40 was the top negative correlate of IFNA1 in the severe

correlation was gradually enhanced
severity (Figures 5C, D). IFNAI also

presented a robust positive correlation with CCL11, FASLG, and
IL23A in severe patients, and their correlation power was gradually
enhanced as COVID-19 severity increased.
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FIGURE 5

Robust inverse correlation of IL12p40 and CX3CL1 with various inflammatory mediators and IFNAL in severe COVID-19 patients. (A) Top 5 positive and
negative correlators of IL12p40 and CX3CL1 in NC and COVID-19 patients with various disease severities (M4 and M5: moderate pneumonia, S: severe
pneumonia). Upper factors are the best 5 positive correlators and lower mediators are the best 5 negative correlators of 1L12p40 and CX3CL1. The color
of each factor is annotated according to the value of their correlation coefficient; red and blue: robust correlation with absolute Spearman’s r > 0.7,
orange and sky blue: moderate correlation with 0.7 > absolute Spearman’s r > 0.4, and gray: no significant correlation (p > 0.05). (B) Representative
correlation plots of IL12p40 with C5 (upper panels) and CCL22 (lower panels). Spearman’s r and p value for each plot are presented. (C) Top 5 positive
and negative correlators of IFNAL in NC and COVID-19 patients with various disease severities (M4 and M5: moderate pneumonia, S: severe pneumonia).
Color code of each factor is applied as in (A, D). Representative correlation plots of IFNAL with I1L12p40 (upper panels) and CCL11 (lower panels).
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Association of elevated IFNA1 and
suppressed IL12p40 with hyperinflammation
in COVID-19 pneumonia

When we examined the plasma factors in the plasma samples or
patient data sets with average values from the moderate patients by
principal component analysis (PCA) and unbiased clustering, there
were two separate groups, MG1 (n=289, 91.7%) and MG2 (n=26,
8.3%) (Figures 6A, C, and Supplementary Figure S9). Interestingly,
MG?2 patient samples presented consistent elevation of a group of
plasma factors regardless of plasma collection time (Supplementary
Figure S9A). Even though this does not clearly differentiate the disease
severity, MG2 patients tended to present significantly higher levels of
inflammatory mediators than MG1 patients (Figure 6E) and
associated with more severe COVID-19 than MGI1 patients
(Figure 6F). Comparison of the mean values between MGI1 and
MG2 patients revealed that 155 plasma factors were significantly
and differentially regulated (145 factors upregulated and 10 factors
downregulated in MG2 patients) (Supplementary Table S5). Among
them, MMP8 (7.8-fold), CXCL1 (7.0-fold), PTX3 (6.4-fold), VWF
(5.0-fold), C1Q (4.9-fold), CXCL10 (4.8-fold), TNFSF14 (4.7-fold),
EGF (4.6-fold), MPO (4.6-fold), PDGFA (4.6-fold), CSF1 (4.6-fold),
SERPINCI (4.6-fold), and CSF3 (4.3-fold) in MG2 patients compared
to MG1 patients were upregulated by more than four times on average
(Figure 6C). In addition, IFNA1 was significantly elevated in MG2
patients by 2.8-fold compared with MG1 patients. In contrast,
IL12p40 (0.3-fold), KIT (0.3-fold), and CX3CLI1 (0.3-fold) were
significantly suppressed in MG2 patients compared with MGl
patients by more than 60% on average (Figure 6C).

PCA and blinded clustering of the plasma samples or patient data
sets with average values of the plasma factors from the severe group
also defined two patient groups, SG1 (n=13, 40.6%) and SG2 (n=19,
59.4%) (Figures 6B, D, and Supplementary Figure S10). The average
z-score distribution of plasma factors in SG2 patients was significantly
higher than that in SG1 patients, indicating more robust
inflammatory responses in SG2 patients than in SGI patients
(Figure 6E). It is notable that the average z-score distribution in
MG?2 patients was even higher than that of SGI patients, indicating
that a proportion of moderate patients (MG2) could present even
higher inflammatory responses than SG1 patients despite their lower
clinical severity (Figure 6E). Nevertheless, we observed no significant
difference in disease severity (Figure 6F) and patient age between the
two severe patient groups (Figure 6G). A comparison of the mean
values between SG1 and SG2 patients revealed that 102 plasma factors
were significantly differentially regulated (85 factors upregulated and
17 factors downregulated in SG2 patients) (Supplementary Table S5).
Among them, CXCL10 (4.3-fold), VWF (4.2-fold), PTX3 (3.7-fold),
EGF (3.6-fold), CSF1 (3.6-fold), C5 (3.6-fold), REG3A (3.3-fold),
CCL22 (3.3-fold), and IFNA1 (3.1-fold) in SG2 patients compared to
SG1 patients were upregulated by more than three times on average.
In contrast, IL12p40 (0.1-fold), THPO (0.2-fold), IFNG (0.3-fold),
CX3CL1 (0.3-fold), KIT (0.3-fold), MMP12 (0.4-fold), and MICA
(0.4-fold) were significantly suppressed in SG2 patients compared
with SG1 patients by more than 60% on average (Figure 6D).
Nonetheless, 14 factors, namely, IL18, WFDC2, HGF, VCAMI,
ANGPT2, GDF15, IL1RL1, MUC16, TGFA, CCL23, MMP7, SPP1,
PLAUR, and LGALS3, were consistently and significantly elevated in

Frontiers in Immunology

31

10.3389/fimmu.2023.1101808

the severe patients (SG1 and SG2) compared with the moderate
patients (MG1 and MG2) (Supplementary Table S5). Notably, the
majority of these factors were mainly derived from respiratory
epithelial cells (IL18, WFDC2, GDF15, MUCI16, TGFA, MMP7,
and LGALS3) and macrophages (IL18, SPP1, PLAUR, CCL23, and
LGALS3) (Figure 3C; Supplementary Figure S5C , S6C).

Discussion

The main target of SARS-CoV-2 in gas exchange units is type II
alveolar cells, which serve as progenitor cells for type I cells and
provide homeostatic repair mechanisms after injury. Hence, direct
viral damage to type II cells can significantly impair respiratory
function, often leading to severe pneumonic progression (26).
Higher viral loads may not be critically associated with severe
disease, as demonstrated by our current and previous studies (13,
27). Moreover, when we compared viral loads and kinetics in
respiratory samples from our COVID-19 cohort and more
pathogenic MERS-CoV-infected patients (mortality: 20.4%) during
the 2015 Korean outbreak (Supplementary Figure S1D, E) (28), viral
loads of SARS-CoV-2 in respiratory specimens generally peaked upon
symptom onset and rapidly declined thereafter, whereas MERS-CoV
loads peaked 4-10 days after symptom onset. There was no significant
difference in overall viral loads and kinetics in COVID-19 patients
depending on age and disease severity, but the viral loads of MERS-
CoV were significantly higher among non-survivors than among
survivors. Viral kinetics display more persistent replication with a
clear delay in the peak response approximately 12-14 days after
symptom onset in deceased MERS patients with older age
(Supplementary Figure S1D, E) (28). Viral kinetics in pathogenic
SARS-CoV-1 infections (mortality: ~10%) also show a peak response
approximately 10 days after symptom onset (29). These results clearly
indicate that more pathogenic CoVs, such as SARS-CoV-1 and
MERS-CoV, present more sustained viral replication in the
respiratory tracts of severe patients, with peak responses at
approximately the second week after symptom onset, and the
higher viral loads tend to be correlated with disease severity and
patient age. In contrast, viral loads of SARS-CoV-2 peaking upon
symptom onset declined rapidly as the disease and inflammation
progressed regardless of disease severity and patient age, strongly
suggesting that the degree of pathogenic inflammatory response
seems to be determined primarily by host factors rather than higher
viral loads.

Although previous studies have already reported massive
proteomic analysis in sera or plasma from COVID-19 patients by
mass spectrometry or proximity extension assays (16, 17, 30-34), our
current study used highly sensitive and multiplexed immunoassays to
measure precise concentration ranges in plasma. In addition, our
cohort included a relatively large patient size, focused only on
pneumonic patients with well-defined clinical scores and stages,
and analyzed the majority of inflammatory factors associated with
pulmonary and systemic inflammation reported in previous studies
(14-19). In differential expression analysis between the moderate and
severe COVID-19 groups, 169 factors out of 191 proteins were
significantly upregulated (145 factors) or downregulated (24
factors) in plasma from severe patients compared to moderate
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Heterogeneity of inflammatory responses in COVID-19 pneumonia patients. (A, B) PCA of plasma proteins in moderate (MG1 and MG2, (A) and severe
(SG1 and SG2, 9B) COVID-19 patients. Each dot represents 1 plasma sample or the mean value of a single patient. (C) Z-score heatmap with
unsupervised clustering of the mean concentrations of plasma factors defines the MG1 and MG2 groups of moderate COVID-19 patients. Representative

and severe patients (severe_mean) are shown in the left panel. (D) Z-score heatmap with unsupervised clustering of the mean concentration of plasma
factors defines the SG1 and SG2 groups of severe COVID-19 patients. Representative plasma proteins differentially expressed between the SG1 and SG2

the NC group, moderate groups (MG1 and MG2), and severe groups (SG1 and SG2). (F) Distribution of disease severity in the moderate groups (MG1 and
MG2) and severe groups (SG1 and SG2). (G) Age distribution in the moderate groups (MG1 and MG2) and severe groups (SG1 and SG2). Statistical
significance among the patient groups was calculated with the Kruskal-Wallis test (**p < 0.01, ***p < 0.001).
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patients (Figure 1C). These include a type I interferon, IFNA1, mainly
derived from activated macrophages, and various inflammatory
features of hyperinflammatory responses (IL6, IL10, IL13, MPO,
and LBP), chemokine responses (CXCL10, CXCL9, CXCL11, IL-8,
CCL4, CXCL13, CXCL2, CCL11, CXCL6, CCL2, CCL26, CCL19,
CCL18, CCL24, CCL14, PF4, and CCL23), endothelial activation and
coagulation (THBD, F3, VWF, PROSI, and MMPS8), T-cell
homeostasis and activation (IL7, IL15, IL18, IL4, and IL23A), and
humoral responses (IL4R, ILIRL1, IL33, TNFSF13B, and C9) as well
as elevated tissue damage responses, including vascular development
(HGF, ENPP2, CHI3L1, THBS2, and ANGPT?2), extracellular matrix
organization (MMP2, MMP3, MMP9, PTX3, and SPPI), and
epithelial mesenchymal transition (TGFB1, PLAUR, IGFBP2,
IGFBP4, and SDC1). These results suggest the complexity and
acute initiation of dysregulated systemic inflammation induced by
SARS-CoV-2 infection in patients with severe COVID-19. In
addition, our extensive correlation analysis of the plasma factors
together with scRNA sequencing data from lung autopsy and
respiratory samples further defined two core inflammatory
modules, cores I and II, and their primary cellular sources
(Figure 3C). The core I components were mainly contributed by
activated macrophages, neutrophils, epithelial cells, and endothelial
cells, whereas the core II network was primarily linked to activated
epithelial cells, NK(T) cells, and T cells. The quantity and quality of
correlation power tended to be increased in the core I and core II
networks in a severity-dependent manner (Figure 4), suggesting
enhanced complexity and functional interactions among leukocytes
and pulmonary parenchymal cells as viral pneumonia progresses (1,
2, 17, 25, 35). Considering the enhanced infiltration of neutrophils,
macrophages, and NKT cells into inflamed lung tissue but reduced
NK- and T-cell responses in severe COVID-19 patients compared
with moderate patients (Supplementary Figure S5B, S6B), our current
data implied a differential role of innate and adaptive immune cells in
pathological changes during disease progression via specific
expression and interactions among the key players of both core
modules. Of note, a substantial increase in the correlation power
and expression level of the core II network members involved in
NKT-cell homeostasis and effector function promoting both humoral
and cell-mediated immunity (36-38) may support the pathogenic role
of the NKT-cell population in severe inflammation, although the
specific contribution of their subpopulations to COVID-19 is still
controversial and needs to be verified (39). Moreover, the core I and II
modules were further associated with complement activation (5, 40)
and aberrant TGFB response (41), respectively, observed in severe
COVID-19 patients. Several inflammatory mediators, such as ENPP2,
C5, FASLG, VWF, and CSF1, additionally presented a more robust
correlation with the core inflammatory networks in the severe group
(Figure 4C), and these factors were reported as independent
significant indicators of severe COVID-19 in previous studies (1, 5,
42-44). We also observed that the plasma levels of several proteins
mainly derived from respiratory epithelial cells (IL18, WFDC2,
GDF15, MUC16, TGFA, MMP7, and LGALS3) and macrophages
(IL18, SPP1, PLAUR, CCL23, and LGALS3) were capable of
distinguishing moderate and severe COVID-19 significantly and
consistently regardless of the overall inflammatory status of the
patients (Supplementary Table S5); hence, the damaging response
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of pulmonary epithelial cells and dysregulated macrophage activation
might be critical determinants of severe pneumonic progression.
Interestingly, we noticed that IL12p40 and CX3CLI1 displayed
strong positive correlations with each other but showed robust
negative correlations with several core inflammatory modules, mainly
in the severe patient group (Figure 4C). In addition, molecular
signatures of cell-mediated immunity, such as IL12p40, IENG, and
GZMB, in the M5 group were specifically and significantly higher than
those in the NC, M4, and severe groups (Figure 1C and 2C), suggesting
their protective and pathogenic roles in moderate pneumonia. An
elevated IFNA1 response displayed a strong negative correlation with
IL12p40 and CX3CLI1, whereas it presented a robust positive
correlation with CCL11, FASLG, and IL23A, especially in severe
COVID-19 patients (Figure 5). This also suggested that an aberrant
type I IFN response during the acute phase of SARS-CoV-2 infection
may be associated with immune dysregulation and disease progression
in severe COVID-19 patients requiring extensive respiratory support.
Indeed, our current data using sensitive immunoassays of the plasma of
pneumonic COVID-19 patients support the pathogenic role of an acute
surge in the IFNAI response, at least in a proportion of severe
pneumonia patients and COVID-19 patients who died, even though
the specific role of type I and III interferons in severe COVID-19
progression s still controversial (45, 46). One of the striking features is
the heterogeneous phenotype of hyperinflammation associated with the
strong inverse correlation of IL12p40 and IFNAI observed in both
moderate and severe COVID-19 pneumonia patients (Figure 5 and 6).
Given that IL12p40 is a common subunit of IL12p70 (heterodimer of
IL12p35 and IL12p40) and IL23 (heterodimer of IL23p19 and IL12p40)
(47), it is also intriguing to see significant upregulation of both IL12p70
and IL23 in severe patients than in moderate subjects (Figure 1C). In
addition, IL12p40 presented significant negative correlation with both
IL12p70 and IL23 (IL23p19) in COVID-19 patients (Supplementary
Figure S11). Differential expression of these cytokine subunits may be
due to heterogeneity of their primary cellular resources (IL12p40 from
macrophages, IL12p35 and IL23p19 from non-hematopoietic epithelial
cells or endothelial cells, see Figure S5 and S6) and heterodimeric
interactions among various IL12 family cytokine subunits (47) during
COVID-19 inflammation. Even though the heterodimeric subunits of
IL-12 and IL23 are known to be simultaneously co-expressed in
activated myeloid cells, they can also assemble to form functionally
active heterodimers after secretion from different cell types via alternate
two-cell pathway (48). Further study on regulation mechanisms
governing the differential expression of various IL12 family cytokine
subunits might be required to define their specific role in COVID-19
inflammation. Nonetheless, enhanced IFNA1 and a suppressed
IL12p40 response strongly associated with persistent and overt
inflammatory responses were detected even in a proportion of
moderate pneumonia patients (8.3%, MG2) and in more than half
(59.4%, SG2) of severe COVID-19 patients. Therefore, this unexpected
reciprocal correlation of IFNAI and IL12p40, mainly expressed in
macrophages (Figure 4C), might also be strongly associated with the
heterogeneity of dysregulated inflammation in pneumonic COVID-19
patients. Given that the severity of illness during acute COVID-19 is
significantly but partially associated with long COVID-19 syndrome or
post-acute COVID-19 (49), further follow-up studies on the potential
linkage of post-acute COVID-19 with the overt inflammatory response
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associated with an inverse correlation of higher IFNA1 and lower
IL12p40 are needed. A recent review on long COVID-19 after
breakthrough SARS-CoV-2 infection also suggested that vaccination
before infection confers only partial protection in the post-acute phase
of the disease and emphasized the need for continued optimization of
strategies against post-acute syndrome even for people with
breakthrough infection (50).

A limitation of our study is the inclusion of plasma samples rather
biased toward moderate pneumonia cases (sample n=745) than severe
pneumonia cases (sample #=130), and all these samples were
obtained from unvaccinated patients with primary SARS-CoV-2
infection. The patients were also treated with various combinations
of antiviral drugs and corticosteroids depending on disease severity
during hospitalization. Therefore, further validation with a larger
scale of plasma specimens from clinically variable COVID-19
patients, even after vaccination or reinfection, is needed.
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Neutralizing antibody (NtAb) levels are key indicators in the development and
evaluation of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
vaccines. Establishing a unified and reliable WHO International Standard (IS) for
NtAb is crucial for the calibration and harmonization of NtAb detection assays.
National and other WHO secondary standards are key links in the transfer of IS to
working standards but are often overlooked. The Chinese National Standard (NS)
and WHO IS were developed by China and WHO in September and December
2020, respectively, the application of which prompted and coordinated sero-
detection of vaccine and therapy globally. Currently, a second-generation Chinese
NS is urgently required owing to the depletion of stocks and need for calibration to
the WHO IS. The Chinese National Institutes for Food and Drug Control (NIFDC)
developed two candidate NSs (samples 33 and 66—-99) traced to the IS according
to the WHO manual for the establishment of national secondary standards through
a collaborative study of nine experienced labs. Either NS candidate can reduce the
systematic error among different laboratories and the difference between the live
virus neutralization (Neut) and pseudovirus neutralization (PsN) methods, ensuring
the accuracy and comparability of NtAb test results among multiple labs and
methods, especially for samples 66-99. At present, samples 66—-99 have been
approved as the second-generation NS, which is the first NS calibrated tracing to
the IS with 580 (460-740) International Units (IU)/mL and 580 (520-640) IU/mL by
Neut and PsN, respectively. The use of standards improves the reliability and
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comparability of NtAb detection, ensuring the continuity of the use of the IS
unitage, which effectively promotes the development and application of SARS-
CoV-2 vaccines in China.

KEYWORDS

international standard (IS), national standard (NS), COVID-19, neutralizing antibody
(NtAb), traceability, live virus neutralization assay (Neut), pseudovirus neutralization

assay (PsN)

1 Introduction

The coronavirus disease 2019 (COVID-19) outbreak has caused
over 620 million confirmed infections worldwide and at least 6.5
million deaths (1). To effectively prevent and control the COVID-19
epidemic, the research and development of the COVID-19 vaccine
was rapidly conducted at an unprecedented global scale and
investment. Currently, 198 vaccines are in the preclinical stage, 169
have entered clinical trials, and 43 have been approved for market
application or emergency use (2, 3). Over 12 billion vaccine doses
have been administered worldwide (1). Thirteen vaccines have been
approved for market application or emergency use in China, and over
3.4 billion vaccine doses have been administered (3, 4). However,
owing to the continuous emergence of variants of concern (VOC) and
their immune escape ability, vaccine research and development has
shifted from the original prototype strain vaccine to the multi-
conjugate, multivalent, broad-spectrum, and pan-coronavirus
vaccines with prototype strains as one of the components (5-11).

The level of neutralizing antibodies (NtAb) is an important
indicator of vaccine effectiveness (12-14) and a key indicator in the
study of treatment and population seroepidemiology. The accuracy,
comparability, and reliability of the test results are of great
significance for vaccine development, production, and application
(15). At present, the commonly used detection methods mainly
include the live virus neutralization (Neut) and pseudovirus
neutralization (PsN) methods (16-18). Between them, the
traditional Neut method is the internationally recognized gold
standard, but it requires the use of live virus and live cells, which
needs to be carried out in a level three biosafety laboratory, and is
greatly affected by many influencing factors, such as the detection of
virus strains, cells, other living matrices, and personal subjective
judgment (19). Although the PsN method has a short detection
cycle, high biological safety, and objective detection results, it also
requires using live cells and artificially constructed pseudovirus (19).
Importantly, it is difficult to compare the effectiveness of vaccines in
different clinical trials due to the use of different testing methods and
laboratories, which has become a key challenge in the management of
the COVID-19 pandemic for the World Health Organization (WHO)
and regulatory agencies worldwide. Especially in the case of the global
development of COVID-19 vaccines with the use of multi-technology
routes, involvement of multiple centers, rapid synchronous
development, and clinical evaluation (20), the timely establishment
of accurate and reliable NtAb standards for COVID-19 vaccines is of
great importance.
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Therefore, China’s NIFDC and WHO invited experts to establish
the first National Standard (NS) for the COVID-19 neutralizing
antibody (No. 280034-202001) and the first WHO International
Standard (IS) for anti-SARS-CoV-2 immunoglobulin (Coded: 20/
136) in September and December 2020, respectively (21, 22). The
NtAb potencies were 1000 units/mL and 1000 International Units
(IU)/mL, respectively. These two standards were expected to
guarantee and promote the effective evaluation of COVID-19
vaccines, which was known to be the principal role of the WHO
and Chinese national regulations in the prevention and control of the
COVID-19 epidemic. At present, the inventory of the first NS in
China is about to be depleted. To meet the needs of vaccine research,
development, and application in China, and trace the Chinese
national standards to IU and ensure the unity of IU worldwide, the
research and development of the new generation of standards is
imminent. In 2021, the Chinese National Institutes for Food and
Drug Control (NIFDC) in conjunction with other companies and
institutes prepared two candidates using the convalescent plasma and
immunoglobulin of patients with COVID-19 collected before April
2021, respectively. After homogeneity and stability research, nine
relevant laboratories in China were invited to conduct a collaborative
calibration study, and a NS with calibrated tracing to IS was
established. This study describes the results of cooperative
calibration and traceability of the Chinese NS to the IS, to provide
uniform and coordinated global standards for the promotion of
vaccine research, development, production, and application in China.

2 Materials and methods
2.1 Materials and ethics statement

Thirteen plasma samples from COVID-19 convalescent patients
collected before April 2021 and one batch anti-SARS-CoV-2
immunoglobulin (Lot: 20200905) were generously provided by
Sinopharm Wuhan Plasma derived Biotherapies Co., Ltd. All
donors gave informed consent for the use of their plasma.

2.2 Production and tests of the candidates
Candidate 1 (Lot:202102) was a frozen preparation of a pool of

plasma from 13 individuals infected with one of the early 2021 SARS-
CoV-2 isolates. After heat-inactivation for 30 min at 56°C and
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defibrination, the pooled plasma was aseptically aliquoted in glass
DIN ampoules, each containing 0.2 mL, which were sealed and
cryopreserved at -35°C. The Candidate 1 preparation was also
tested for markers of known blood-borne virus infections (HBsAg,
HIV-1/HIV-2 antibody, HCV antibody, and syphilis antibody) and
was found to be negative.

Candidate 2 is a freeze-dried preparation of anti-SARS-CoV-2
immunoglobulin, which was prepared by the company according to
the immunoglobulin manufacturing process (Lot: 20200905). It was
aseptically aliquoted in glass DIN ampoules, each containing 0.5 mL,
and lyophilized, sealed, and cryopreserved at -35°C.

The absolute NtAD titers of candidates 1 and 2 were 1650 and 566
detected by the PsN method, respectively, with good homogeneity
(geometric coefficient of variation [GCV] between samples: 24% and
33%, respectively). The stabilities of the two candidates were assessed
using an accelerated thermal degradation study. The ampoules of the
two candidates were stored at different temperatures: -35 (baseline),
+4, 420, and +37°C for two weeks and one month. The potencies
relative to the -35°C baseline were calculated. Real-time data on the
degradation of candidate 1 and 2 samples showed no loss of potency
for up to a month and performed well in terms of stability
(Supplementary Figure 1).

2.3 Collaborative calibration study

2.3.1 Samples and virus

The collaborative study sample consisted of 10 samples, as
summarized in Supplementary Table 1 (coded 10, 11, 22, 33, 44, 55,
66, 77, 88 and 99, respectively). Sample 11 was the first WHO
International Standard for anti-SARS-CoV-2 immunoglobulin
(coded 20/136), purchased from NIBSC (20). Sample 22 was the
first national standard of China for anti-SARS-CoV-2
immunoglobulin (Lot 280034-202001) and was stored in our unit
(19). Sample 99 was a duplicate of sample 66 (candidate 1). Sample 33
(candidate 2; Lot: 20200905) was provided by NIFDC. Samples 10 and
44 were SARS-CoV-2-negative healthy human serum. Samples 55 and
77 were convalescent sera from two donors infected with SARS-CoV-
2 provided by the Boya Biopharmaceutical Group Co., Ltd., with
lower or higher titers, respectively. Sample 88 was a pool of sera from
COVID-19 recovered patients collected in Guangzhou Laboratory
with sequence-confirmed infection with the Delta variant.

The methods used by the participants were in-house Neut, and
PsN assays. The PsN assay used a non-replicative vesicular stomatitis
virus (VSV)-based pseudotype virus provided by the NIFDC and
commercial company.

2.3.2 Participants

Nine laboratories with NtAb detection experience agreed to
participate in the study, including Jiangsu Provincial Center for
Disease Control And Prevention, Sinovac Life Science Co., Ltd.,,
Guangzhou Laboratory, Institute of Medical Biology, Chinese
Academy of Medical Sciences, Wuhan Institute of Biological
Products Co., Ltd., Institute of Biotechnology, Academy of Military
Medical Sciences, Beijing Institute of Biological Products Co., Ltd., the
Division of HIV/acquired immunodeficiency syndrome (AIDS) and
Sexually Transmitted Virus Vaccines, and the Division of Blood
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Products, NIFDC. All laboratories were referred to by a code

number from one to nine, randomly allocated.

2.3.3 Collaborative calibration study

The NIFDC organized this collaborative study. Participants were
requested to test the study samples using their established methods,
including Neut and PsN assays, for the detection of antibodies against
the wild-type (WT) SARS-CoV-2 and Delta variant.

The Neut assay, for the detection of anti-SARS-CoV-2 antibodies,
is a cytopathic effect-based microneutralization assay (23). The PsN
method was performed according to Nie et al. (24). The participants
were asked to perform three independent assays for each challenged
strain on different days. At least eight dilutions were suggested for
each assay for each sample, and at least four wells were set for each
dilution in parallel.

2.4 Statistical methods

The raw data were submitted to the NIFDC. The end-point titer
of each sample was calculated from the 50% inhibitory dilutions
(IDsp) provided by the participants using the NIFDC biostats
software. To be calibrated by the WHO IS, the relative potency of
each sample against the WHO IS was calculated by taking the end-
point titer ratio of sample/WHO IS in same assay and multiplying
assigned value of the first WHO IS (1000 IU/mL). All log-transformed
data were analyzed using a probit model. Model fit was assessed using
analysis of variance. Variabilities between laboratories and assays are
expressed using GCV. The calculation and analysis software used
included Microsoft Excel 2016 (Microsoft corporation, USA, 2016),
NIFDC Biostat 1.0 (NIFDC, China,2019), and JMP 13(SAS Institute,
Cary, NC, 1989-2016).

3 Results

3.1 Collaborative calibration and
feedback data

Nine Chinese labs with experience in testing SARS-CoV-2 NtAb,
including two national vaccine quality control laboratories, one
national laboratory, one disease prevention and control agency,
four vaccine manufacturers, and one research institute participated
in this collaborative calibration study. All labs returned results
according to requirements. The Neut method was adopted by six
laboratories, and the PsN method was adopted by four laboratories. In
each method, three independent and effective tests were performed on
all samples using the WT and Delta strains, respectively.

The geometric mean titer (GMT) results for all samples from the
nine laboratories are presented in Figure 1. The assay results for all
laboratories showed the same trend. All the results of the negative
samples (Nos. 10 and 44) were negative, and the coincidence rate was
100%. Among the eight positive samples, negative results for samples
55 and 77 were found among some Neut-Delta detection assays from
three laboratories. The 2/3, 3/3, and 3/3 negative results for sample 55
were obtained in Lab4, Lab8, and Lab6, respectively. The 2/3 negative
results for sample 77 were obtained in Lab4. The remaining six
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samples tested positive. Statistical analysis showed that all the data
met the validity of the model. In total, 480 results using the Neut
method (WT, Delta) and PsN method (WT, Delta) were analyzed
using the Grubbs test. All the results had no outliers at the 5%
significance level; therefore, all data were included in the
subsequent analyses.

3.2 Intra-assay and inter-assay variability

The relative potencies of the coded duplicate samples of candidate
standard 1 (samples 66 and 99) were used to assess intra-assay
variability and are shown in Supplementary Figure 2. For the Neut
assay, relative potencies ranged between 0.5 and 2.0 in 93% of cases
challenged with both the WT and Delta strains, with the exception of
one result in Lab5 and Lab9 (each challenged with the WT strain) and
one result in Lab4 and Lab5 (each challenged with the Delta strain). For
PsN, the relative potencies ranged between 0.5 and 2.0 in 100% of cases
challenged with both the WT and Delta strains. The results showed a
good level of intra-assay precision among the participating laboratories,
with better precision in the PsN method (Supplementary Figure 2).

Inter-assay variability, as illustrated by the between-assay GCV's
in Supplementary Table 2, ranged from 0% to 105.7% (4.0-fold
difference in the results obtained for sample 33 by Lab6) for the
Neut assay challenged with the WT strain, and ranged from 0% to
163.3% (5.3-fold difference in the results obtained for sample 33 by
Lab8) for the Neut assay challenged with the Delta strain. For the PsN
assay, the inter-assay variability ranged from 3.2% (1.1-fold difference
in the results obtained for sample 66 by Lab3) to 78.6% (3.1-fold
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difference in the results obtained for sample 55 by Lab3) when
challenged by WT, and from 5.3% (1.1-fold difference in the results
obtained for sample 66 by Labl) to 79.5% (3.1-fold difference in the
results obtained for sample 33 by Lab3) when challenged with the
Delta strain, respectively. Good inter-assay variability was found for
both the Neut and PsN assays among the participating laboratories.
Better intra-assay variability was also found in the PsN method
compared with that in the Neut method, consistent with the
performance of these methods.

3.3 Collaborative calibration results

The test results of each laboratory of the two candidate standards
(samples 33 and 66-99) were subjected to statistical and frequency
distribution analyses. As shown in Figure 2, when challenged with the
WT strain, the GMTs of the Neut method for samples 33 and 66-99
were 133 (86-205) and 194 (157-238), respectively. The GMT of the
PsN method were 641 (468-878) and 1512 (1287-1776), respectively.
The frequency distribution shows that the peak pattern of samples
66-99 is more symmetrical and sharper than that of sample 33.
Statistically, both were normally distributed (P>0.05).

When challenged with the Delta strain, the GMTs of the Neut
method for samples 33 and 66-99 were 62 (41-94) and 186 (152-
227), respectively, whereas those of the PsN method were 289 (227-
368) and 1889 (1695-2106), respectively. Statistically, the results of
samples 33 and 66-99 were also normally distributed (P>0.05), but
the result distribution peak of the Neut method challenged with the
Delta strain was not as symmetric and sharp as that of the WT strain.
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Histograms showing the distribution of the endpoint titer (IDsq) for
two candidate national standards (samples 33 and 66—-99) across
laboratories. (A) Sample 33, (B) Samples 66—-99. Each box represents
the endpoint titer for each assay, labelled with the laboratory code
number (1-9), and followed by one independent assay (a—f), indicating
the assays. The live virus neutralization assay (Neut) and pseudovirus
neutralization assay (PsN) results using the wild-type (WT) strain or
Delta variant are shown side by side.

3.3.1 Inter-laboratory variability

To assess the effect of test results calibrated by samples 33 and 66—
99 from different laboratories, the neutralization relative titers (RT)
for each sample were expressed relative to samples 33 and 66-99 in
each assay, respectively.

For the neutralizing results detected using the WT strain, the
GCV of the endpoint titer for each sample between all participants
were 64-148% and 36-115% in the Neut and PsN methods,
respectively (Table 1). Relative to sample 33, the GCV of RT/33
among all participants decreased to 34-94% and 12-55% using the
Neut and PsN methods, respectively. Relative to samples 66-99, the
GCV of RT/66-99 among all participants decreased to 29-88% and
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7-54%, respectively. Samples 33 and 66-99 effectively reduced the
variability among different laboratories. Samples 66-99 were more
effective than sample 33 in reducing the inter-laboratory GCV and
could reduce the difference in the detection of all samples (including
Delta convalescent serum, sample 88).

For the neutralizing results detected using the Delta variant, the
GCV of the endpoint titer among all participants were 33-167% and
18-65% in the Neut and PsN methods, respectively (Table 1). Relative
to sample 33, the GCV of RT/33 for all participants decreased to 57—
149% and 19-55% for the Neut and PsN methods, respectively.
Relative to sample 66-99, the GCV of RT/66-99 for all participants
decreased to 38-175% and 5-69%, respectively. It is suggested that
when challenged with the Delta variant, the use of samples 33 and 66-
99 can only reduce the detection difference of some samples and even
lead to an increase in the inter-laboratory difference of most samples.
The results indicate that the two candidates are not suitable for the
Neut and PsN methods using the Delta variant.

3.3.2 Inter-method variability

To assess the effects of candidates 33 and 66-99 on different
detection methods, the correlation between the two methods before
and after calibration, and the GMT ratio (GMT Neut method/GMT
PsN method) were analyzed.

3.3.2.1 Correlation

First, as shown in Figure 3, the endpoint titers, RT/33, and RT/
66-99 were used to express the detection results challenged by WT
strain. The correlation P values of the Neut and PsN methods were
0.0103, 0.0175, and 0.0246, and the r values were 0.8728, 0.8898, and
0.8690, respectively. When challenged with the Delta variant, the
correlation P values of the endpoint titers, RT/33, and RT/66-99 were
0.0125, 0.0278, and 0.0363, respectively, whereas the r values were
0.8626, 0.8607, and 0.8402, respectively. The results expressed by the
endpoint titers showed that there was a significant correlation
between the results of the two methods (P < 0.05) whether it is the
WT strain or Delta variant, and the r values were between 0.86 and
0.87, both of which were well correlated. When samples 33 or 66-99
were used to calibrate the methods, the P value between the two
methods was still <0.05, and the r value was between 0.84 and 0.89.
This result indicates that the calibration does not change the
correlation between the Neut and PsN methods, and that the
correlation is still good.

3.3.2.2 GMT difference

To visualize the difference in GMT between the two methods, the
GMT Rate of Neut/PsN (Rate yp) for each sample was calculated for
WT and Delta strain detection, respectively (Table 2). When the WT
strain was used, the Rate N/P of the endpoint titer was a 4.3-12.4-fold
difference between the Neut and PsN methods. After calibration of
samples 33 and 66-99, the Rate y,p decreased to 0.9-2.6- and 0.6-1.6-
fold, respectively. When the Delta variant was used, the Rate yp of the
endpoint titer was 4.0-16.7-fold between Neut and PsN method.
Calibrated by samples 33 and 66-99, the Rate N/P dropped to 0.7-
3.6- and 0.4-1.6-fold, respectively. This indicates that regardless of
the WT or Delta variant, the application of samples 33 and 66-99
effectively reduced the variability between the Neut and PsN methods,
especially for samples 66-99.
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TABLE 1 Geometric Coefficients of Variation (%, GCV) of endpoint titer and relative titers against sample 33 or samples 66—99 across all participants.

Sample Code
Challenge Virus Assay type %, GCV
55 66
Endpoint 93 86 132 74 86 148 64 70
Neut RT/33 94 47 / 48 55 34 49 54
RT/66-99 88 29 55 53 / 80 31 /
WT
Endpoint 46 115 67 56 36 100 70 52
PsN RT/33 51 55 / 27 39 49 12 51
RT/66-99 7 54 39 51 / 42 43 /
Endpoint 40 167 107 33 69 73 111 90
Neut RT/33 95 57 / 88 142 71 149 148
RT/66-99 43 175 143 50 / 110 38 /
Delta
Endpoint 28 65 20 48 25 50 23 18
PsN RT/33 23 55 / 43 24 35 19 22
RT/66-99 18 54 24 69 / 27 5 /

Green represents lower GCV of relative titers than that of endpoint titers, and red represents higher GCV of relative titers than that of endpoint titers.
To assess the suitability of samples 33 and 66-99, the neutralization relative titers (RT) for each sample were calculated relative to samples 33 and 66-99 in each assay. The GCV of the endpoint titer,
RT/33, and RT/66-99 among all participants was statistically analyzed to reflect variability between different laboratories. WT, wild-type; PsN, pseudovirus neutralization assay; Neut, live virus

neutralization assay.
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TABLE 2 Endpoint titer, RT/33, RT/66—99 between the Neut and PsN assays.

10.3389/fimmu.2023.1107639

Challenge Endpoint titer RT/33 RT/66-99
Virus
Samples Neut PsN Neut/ Neut PsN Neut/ Neut PsN Neut/
code assay assay PsN assay assay PsN assay assay
WT strain 11 335 2632 7.8 2530 4105 1.6 1732 1741 1.0
22 111 1367 12.3 839 2133 2.5 574 905 1.6
33 133 641 48 / / / 684 424 0.6
55 23 117 5.1 172 182 1.1 118 74 0.6
66-99 194 1512 7.8 1461 2358 1.6 / / /
77 89 1103 124 670 1721 2.6 459 730 1.6
88 176 764 43 1326 1192 0.9 908 506 0.6
Delta Variant 11 185 2765 14.9 2980 9573 32 997 1464 1.5
22 29 478 16.7 461 1654 3.6 154 253 1.6
33 62 289 47 / / / 335 153 05
55 13 52 4.0 252 180 07 60 25 04
66-99 186 1889 10.2 2988 6539 22 / / /
77 21 337 15.9 341 1168 34 114 179 1.6
88 224 1467 6.6 3600 5077 1.4 1205 776 0.6

Green represents lower values of RT/33 or RT/66-99 between the Neut and PsN assays than that of the endpoint titer.
To visualize the difference in GMT between the two methods, the GMT Rate of Neut/PsN (Rate N/P) for each sample was calculated for WT and Delta detection, respectively. WT, wild-type; PsN,

pseudovirus neutralization assay; Neut, live virus neutralization assay.

When challenged with the WT or Delta variant, samples 66-99
reduced the Rate N/P between the two methods to 0.6-1.6-fold or
0.4-1.6-fold. The results confirmed the consistency and comparability
of the test results between the Neut and PsN methods.

3.4 Calibration to the WHO IS

3.4.1 Candidate standards

In this study, the endpoint titers of samples 33 and 66-99 were
converted to IU relative to the endpoint titer of the WHO IS. All
experimental data were analyzed for normality and homogeneity of
variance. The results showed that the IU data of samples 66-99 were
all distributed normally using the Neut and PsN methods. There was
no significant difference in the geometric mean between the two
methods (P=0.9733), but the dispersion degree of the Neut method
was greater than that of the PsN method (Figure 4A). According to
the weighted statistical analysis, the calibrated value of samples 66-99
traceability to WHO IS was 580 (460-740) IU/mL and 580 (520-640)
IU/mL in the Neut and PsN methods, respectively. Nevertheless, a
significant difference in the geometric mean of sample 33 was found
between the two methods (P=0.0314, Figure 4B), which led to the
assignment not being merged. Therefore, the calibrated values for
sample 33 were 400 (320-490) TU/mL and 240 (190-310) IU/mL for
the Neut and PsN methods, respectively.

3.4.2 First Chinese NS for SARS-CoV-2 NtAb
As the first NS in China was established before the WHO IS, it
was not traceable to the first-generation international standard
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through collaborative calibration. At the same time, to clarify the
quantitative value relationship between the NS and the first
generation of NS established, the first NS was also traceable to the
WHO IS based on this collaborative calibration. After the sample 22
results were converted to IU by the WHO IS, there was also a
significant difference between the two methods (P=0.0239,
Figure 4C), and the values could not be combined. Therefore, the
weighted method was adopted for statistical analysis. The traceability
values of sample 22 were 330 (280-390) [U/mL and 520 (410-660)
IU/mL for the Neut and PsN methods, respectively.

4 Discussion

In December 2020, the WHO Expert Committee on Biological
Standardization (ECBS) approved the first WHO International
Standard for anti-SARS-CoV-2 immunoglobulin (20/136, 250 IU/
ampoule) (22). To harmonize the wide range of methods used
globally, a pool of convalescent plasma from 11 COVID-19 patients
(NIBSC code 20/136) was evaluated as a candidate IS in a
collaborative study. The results showed that 20/136 could effectively
demonstrate a decrease in %GCV value among laboratories using
different methods, thus addressing the lack of standards for many
methods worldwide, and providing a globally unified value for the
harmonization and coordination of the detection of COVID-19
antibodies. However, owing to the wide variety of viral targets and
classes of immunoglobulin for binding antibodies, an IU could not be
assigned for the first WHO IS. The standard was recommended as a
comparator; to avoid confusion between the quantification of binding
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and neutralizing activity, the binding antibody unit (BAU) was
introduced (16, 25). At the same time, owing to the extensive
demand for IS, the WHO also encourages and supports countries
or regions worldwide to develop and apply secondary standards,
which not only ensures that the limited IS can be used to maintain the
stability and sustainability of quantity traceability but also meets the
great demand for vaccines and the related research and development
of drugs worldwide. For this purpose, the “WHO manual for the
preparation of reference materials for use as secondary standards in
antibody testing”, and the “WHO manual for the establishment of
national and other secondary standards for antibodies against
infectious agents focusing on SARS-CoV2” were issued, which raise
the requirements for the development of standards, collaborative
calibration, statistical analysis, and assignment, and guide the
development and application of national secondary standards
systematically globally (26).

10.3389/fimmu.2023.1107639

As early as September 2020, the Chinese NIFDC established the
first generation of China’s national NtAb standard (NS-1st, No.
280034-202001, 1000 U/mL) before the establishment of the WHO
IS, which was prepared from Chinese COVID-19 convalescent
plasma (19). Collaborative calibration was carried out by 11
laboratories, including the national quality control laboratory,
which confirmed that the first generation of NS could effectively
reduce the differences in NtAb detection among laboratories,
achieving improvements in the accuracy and comparability of NtAb
detection among different laboratories and products. The
establishment of this standard has played a key role in ensuring the
research and development of vaccines and antibodies in China.
However, at that time, it could not be traced back to the WHO IS.

For this reason, in 2021, as one of the national quality control
laboratories in China and the WHO CC, the NIFDC prepared two
candidate standards (lot No. 1 and lot No. 2: CS from COVID-19
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FIGURE 4

Statistical analysis for the neutralizing antibody potencies of samples 66-99, 33, and 22, and calibration to the international standard. (A) Samples 66-99;
(B) Sample 33; (C) Sample 22. A normal distribution analysis of the neutralizing antibody potencies of samples 66—-99, 33, and 22 was carried out. One-
way analysis of variance was used to analyze the variance between the live virus neutralization assay (Neut) and pseudovirus neutralization assay (PsN).
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convalescent plasma or immunoglobulin, respectively) in accordance
with the WHO guidelines and the requirements for the development of
reference materials in the Chinese Pharmacopoeia (25-29). This
collaborative study included nine laboratories with extensive
experience in COVID-19-NtAb detection in China. In total, 10
samples, including three candidate standards (batch number 2 and
repeatedly set batch number 1), one first NS, two negative healthy
human sera, two WT convalescent sera with different titers, and one
Delta convalescent serum, were jointly calibrated to the first WHO IS.
The results showed that samples 66-99 could effectively reduce the
difference between laboratory tests of all samples (including Delta sera)
for the WT strains. The GCV value of the Neut method and the PsN
method reduced from 64-148% and 36-115% to 29-88% and 7-54%,
respectively. At same time, under the premise of ensuring a good
correlation between the Neut and PsN methods (P <0.05, r = 0.8690 for
WT; P <0.05, r =0.8402 for Delta), the difference between these two
methods could also reduce significantly by standardization with
samples 66-99. The ratio for the GMT Neut/PsN method decreased
to 0.6-1.6 fold different and 0.4-1.6 fold different from 4.3-12.4 times
and 4.0-16.7 times on challenge with the WT strain and Delta variant,
respectively. It has been indicated that samples 66-99 can significantly
reduce the difference between Neut and PsN methods, and effectively
ensure the consistency and comparability of the detection results.

Measurement traceability is the core of reference for material
development. To ensure the accuracy and reliability of the
measurement value, the WHO specifically documented in the
preparation manual of secondary standards and clearly proposed
that the calibration value of the secondary standard should include
measurement uncertainty (MU), which can be expressed by the 95%
confidence limit, and MU should contain requirements for method
specificity (27, 28). According to the WHO’s requirements, the test
results of samples 66-99 in each test were calibrated to IU/mL
according to the test results of the WHO IS in the same test, and
the distribution and mean value tests were conducted using the X
fitting Y modeling, showing that there was no significant difference
(P=0.9733) between the two methods for sample 66-99, but the
dispersion degree was different. Following statistical analysis, the
values were 580 (460-740) IU/mL and 580 (520-640) IU/mL for
the Neut and PsN methods, respectively. However, there was a
significant difference between the two methods in terms of the first
NS (sample 22) in China (P=0.0239). The assigned values were 330
(280-390) IU/mL and 520 (410-660) IU/mL. The candidate
standards and the first-generation NS were traced to the WHO IS
with methodically specific research based on statistical analysis at this
collaborative calibration, which not only ensures the traceability
accuracy and reliability of secondary standards but also clarifies the
quantity relationship between new standards and the first NS,
ensuring the smooth connection of new standards.

In summary, the secondary standards established by regions or
countries are key to ensuring the correct application of WHO IS for
practical NtAb detection. Calibration accuracy and property
consistency with WHO IS are key to ensuring that the quantity value
of the WHO IS is correctly transferred to the working standard, so that
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the WHO IS can play an accurate role. However, the development of
secondary standards is usually ignored and there are few specific
research reports on the calibration and traceability of antibodies.
According to the “WHO manual for the preparation of reference
materials for use as secondary standards in antibody testing” and the
“WHO manual for the establishment of national and other secondary
standards for antibodies against infectious agents focusing on SARS-
CoV?2”, the first national standard traceable to the WHO IS, which is
the China NS (No. 280034-202102, sample 66-99), was established
through collaborative calibration with 580 (460-740) IU/mL and 580
(520-640) TU/mL, respectively, and will be used for the quantitative
detection of COVID-19 NtAb (Neut and PsN method). This standard
effectively reduced the inter-laboratory detection error of all samples for
the WT strain. More importantly, through collaborative calibration
research, it was verified that it can significantly reduce the system error
between the two methods for the first time without affecting their
correlation, suggesting that the application of this standard can
effectively ensure comparability and consistency of the detection
results between the two methods. As a national quality control
laboratory, the NIFDC has also established a robust and reliable
COVID-19 NtAb analysis method based on the analytical quality by
design (AQbD) and entire life cycle concepts, which can effectively
reduce the random error of detection method. The combined
application of this method and the secondary standard can achieve
the goal of ensuring accurate, comparable, and stable detection of
COVID-19 NtAb, and build a scientific foundation for effectively
overcoming the challenge of comparing the effectiveness of the
COVID-19 vaccine among WHO and regulators around the world.
Unfortunately, this standard did not significantly reduce inter-
laboratory differences in the Delta strain. Meanwhile, the Omicron
and other VOC were not included in this research because of time
constraints. In the future, we will pay more attention to the research on
the WHO IS, continue research on secondary reference materials for
NtAD against Omicron and new emerging VOC variants, and provide
sufficient, reliable, and traceable WHO IS reference materials for the
research of new vaccines and immune strategies.
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Introduction: Naturally attenuated Langat virus (LGTV) and highly pathogenic
tick-borne encephalitis virus (TBEV) share antigenically similar viral proteins and
are grouped together in the same flavivirus serocomplex. In the early 1970s, this
has encouraged the usage of LGTV as a potential live attenuated vaccine against
tick-borne encephalitis (TBE) until cases of encephalitis were reported among
vaccinees. Previously, we have shown in a mouse model that immunity induced
against LGTV protects mice against lethal TBEV challenge infection. However,
the immune correlates of this protection have not been studied.

Methods: We used the strategy of adoptive transfer of either serum or T cells
from LGTV infected mice into naive recipient mice and challenged them with
lethal dose of TBEV.

Results: We show that mouse infection with LGTV induced both cross-reactive
antibodies and T cells against TBEV. To identify correlates of protection,
Monitoring the disease progression in these mice for 16 days post infection,
showed that serum from LGTV infected mice efficiently protected from
developing severe disease. On the other hand, adoptive transfer of T cells from
LGTV infected mice failed to provide protection. Histopathological investigation
of infected brains suggested a possible role of microglia and T cells in
inflammatory processes within the brain.

Discussion: Our data provide key information regarding the immune correlates
of protection induced by LGTV infection of mice which may help design better
vaccines against TBEV.
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1 Introduction

Flaviviruses are closely related RNA viruses that are capable of
causing a spectrum of life-threatening diseases in humans. These
include arthropod-borne disease-causing viruses such as tick-borne
encephalitis virus (TBEV), dengue virus (DENV), Zika virus
(ZIKV), Japanese encephalitis virus (JEV), yellow fever virus
(YFV) and West Nile virus (WNV) (1). The single positive-
stranded genomic RNA of flaviviruses encodes a single
polyprotein which is cleaved into three structural proteins (capsid
(C), envelope (E) and membrane (M)) and seven non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) (2).
Natural infection and vaccination with currently licensed
inactivated whole TBEV vaccines evoke potent host immune
responses against viral antigens. Interestingly, immune responses
against flaviviruses were shown to cross-react with closely and
distantly related viruses within this family (1, 3, 4). Cross-reactive
immunity can either be protective or may contribute to disease
enhancement (5-8). Serological analysis has identified antigenically
related flaviviruses and grouped them into distinct serocomplexes
(9). For instance, sera from individuals vaccinated against TBEV
were shown to neutralize naturally attenuated Langat virus (LGTV),
Kyasanur forest disease virus, Alkhurma virus and Powassan virus
reminiscent of their grouping into the TBEV serocomplex (3).
TBEV and LGTV share greater than 80% amino acid identity in
the E protein (10). In humans, TBEV infections are mostly
asymptomatic or lead to mild symptoms such as fever and
headache. However, after several weeks, some patients develop
tick-borne encephalitis (TBE) which may be life-threatening and
lead to lifelong disabilities. In the early 1970s, LGTV was used as a
candidate live-attenuated vaccine against TBEV infection in certain
highly endemic areas of Russia. This was considered highly effective
until encephalitis incidence of about 1:10000 was reported among
vaccinees (10, 11). Consequently, the use of LGTV-based live
vaccines has been discontinued. Currently, two formalin-
inactivated whole TBEV vaccines (European strains) are used in
Europe (12, 13). For effective prevention of TBE, manufacturers
recommend administration of booster doses at three to five year
intervals. However, data presented in a recent report suggests that
these vaccines are still effective even when the booster intervals are
extended to 10 years (14). Nevertheless, vaccine failures and
breakthroughs have been reported in endemic areas and is a
serious matter of concern (14-18). In contrast, the ability of live
viral vaccines to induce both humoral- and cell-mediated immune
responses, is highly appreciated. To further explore the potential of
future candidate live attenuated TBE vaccines, a better
understanding of the cross-immunity against TBEV induced by
LGTYV infection is important. In the present study, we dissected the
contributions of cross-reactive antibodies and T cells in providing
protection against lethal TBEV infection by adoptively transferring
either serum or T cells from LGTV infected donor mice into naive
recipient mice. To this end, we have monitored disease progression,
virus replication and histopathology in organs of mice challenged
with TBEV upon LGTV infection.
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2 Material and methods

2.1 Ethical statement

All animal experiments were conducted in strict compliance
with European guidelines (EU directive on animal testing 2010/63/
EU) and German Animal Welfare Law. The study protocol was
approved by the Lower Saxony State Office for Consumer
Protection and Food Safety (approval no. 33.8-42502-04-19/3259).

2.2 Mice

Female, 4-10 weeks old C57BL/6JOlaHsd (BL6) mice were
purchased from Envigo RMS GmbH and were housed under
pathogen-free conditions at the animal facility of the University
of Veterinary Medicine Hannover, Foundation, in individually
ventilated cages type Sealsafe Plus GM500 or IsoCage N
Biocontainment system (Tecniplast) for the entire duration of the
experiment. All mice were subjected to two weeks of habituation
and acclimatization before they were taken into the experiments.
Sterilized food pellets and water were provided ad libitum.

2.3 Viruses and cell culture

LGTV strain TP21 was obtained from Helmholtz Centre for
Infection Research, Department of Molecular Immunology,
Brunswick, Germany. Viral stocks were generated in VeroE6 cells
and infectious virus titer was determined according to method
described by Reed and Muench and expressed as tissue culture
infectious dose 50% (TCID50) (19). TBEV strain Neudoerfl was
provided by the Department of Microbiology of the German Armed
Forces, Munich, Germany. Virus propagation and determination of
titer by TCID50 assay were done in A549 cells. VeroE6 cells were
grown in Eagle’s minimum essential medium (EMEM, Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin (Pen/Strep), 1% GlutaMAX ™" and 20 mM
HEPES. A549 cells were cultured in F-12 Nut Mix (1X) +
GlutaMAX-I (GibcoTM) containing 10% FBS, 1% Pen/Strep, 1%
GlutaMAX' " and 20 mM HEPES. Cells were stored at 37°C/5%
CO,. All cell lines and viral stocks were tested negative
for mycoplasma.

2.4 LGTV immunogenicity study

Six- to eight-week-old BL6 mice (n=6 per group) were
inoculated subcutaneously (s.c.) with 1.4x10* TCID50 LGTV
TP21 in 100 pl PBS or PBS only. At 28 days post infection (dpi),
mice were bled by retrobulbar sinus puncture under isoflurane
induced anesthesia and blood was collected in MiniCollect® CAT
Serum Sep Clot Activator tubes (Greiner Bio-One GmbH). To
obtain sera, blood was kept for 30 min at room temperature (RT)
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and centrifuged at 3000xg for 10 min. Subsequently, mice were
euthanized by cervical dislocation and spleens were collected.
Single-cell suspensions from mouse spleens were prepared by
using cell strainers and erythrocyte lysis was performed using
ACK Lysing buffer (GibcoTM). Subsequently, cells were
resuspended in RPMI 1640 (1X) (GibcoTM) + 10% FBS + 1% Pen/
Strep + 5 mM f3-mercaptoethanol (R10F) for further use.

2.5 Adoptive transfer experiments

Donor mice (n=5 per group) were immunized by administering
PBS or LGTV as described above. At 28 dpi, sera and spleens were
collected from these mice. Sera from respective groups were pooled
before transferring into naive recipient mice. Similarly, splenocytes
from each group were pooled and CD3" T cells were isolated using
the autoMACS® Pro Separator (Miltenyi Biotec B.V. & Co. KG)
with the mouse Pan T Cell Isolation Kit II (Miltenyi Biotec B.V. &
Co. KG). Ten to twelve weeks old naive recipient mice (n=5 per
group) either received 200 ul of serum or 2.53x10” CD3" T cells
intraperitoneally (i.p.). After 4 h, recipient mice were challenged s.c.
with 5.4x10° TCID50 TBEV Neudoerfl (100 ul). Following TBEV
challenge infection, mice were monitored daily for a period of 16
dpi. Mice that developed clinical signs were given certain scores as
per the information provided in the scoring sheet (Supplementary
Table S1). Based on the clinical score attained, the humane
endpoint (HEP) was determined and those mice that reached
HEP were sacrificed. All other mice were monitored until 16 dpi
(study endpoint) and subsequently euthanized. At sacrifice, serum
was collected as described above. Left hemisphere of the brain,
spinal cord and spleen were collected in PBS, homogenized with a
stainless-steel bead by using the TissueLyser II (Qiagen) with 30 Hz
for 1 min and stored at -80°C.

2.6 Virus neutralization assay

LGTV and TBEV virus neutralizing antibody titers (VNT) in
serum of control and LGTV infected mice were determined by
using virus neutralization assay (VNA) on VeroE6 and A549 cells,
respectively, with 80% confluence. Sera was heat-inactivated for 30
min at 56°C and 2-fold serial dilutions were prepared in infection
medium (same as growth medium but with 2% FBS). Serum
dilutions were mixed with 100 TCID50 of LGTV TP21 or TBEV
Neudoerfl and incubated for 1 h at 37°C/5% CO,. Serum-virus mix
was added to VeroE6 or A549 cells and incubated at 37°C/5% CO..
Read-out based on presence/absence of cytopathic effect (CPE) was
done after 5-6 days. VNT100 was determined as the reciprocal of
the highest serum dilution where no CPE was visible.

2.7 Luciferase immunoprecipitation
systems assay

Luciferase immunoprecipitation systems (LIPS) assay was
performed as described previously (20). Briefly, supernatants
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containing TBEV-specific fusion proteins (C, prM, E-DIII, NS1,
NS3-DIII, NS4b) or fusion protein without insert (secNLuc,
control) were incubated with 1:100 dilution of heat-inactivated
mouse serum. Luminescence was measured using the microplate
reader infinite 200Pro (Tecan) with Tecan i-control software
(version 2.0.10.0, Tecan). Average of triplicate measurements was
determined and data was expressed as log;o relative light units
(RLU). Luminescence values higher than the average of negative
samples plus five-times the standard deviation are
considered positive.

2.8 Ex vivo restimulation of splenocytes

Short peptide oligomers (15-mers with 11 amino acid overlaps)
spanning the entire C, E, NS1, NS3 and NS5 proteins of TBEV
Neudoerfl (UniProtKB: P14336) were synthesized (= 75% purity,
GenScript Biotech Corp). Lyophilized peptides were reconstituted
in DMSO (Hybri—MaxTM, Sigma-Aldrich) and peptide pools were
generated as described in Supplementary Table S2. Concentration
of each peptide in the pool was adjusted to 10 pg/ml and was used at
final concentration of 1 pg/ml. Splenocytes (0.5-1x10° cells/well)
were restimulated with respective peptide pools. Negative controls
were treated with DMSO or R10F. Positive controls were treated
with mixture of 30 ng/ml Phorbol 12-myrisate 13-acetate (PMA;
Cayman Chemical) and 0.5 pug/ml Ionomycin (Cayman Chemical).

2.9 IFN-y ELISpot assay

Splenocytes (5x10° splenocytes/well) restimulated as described
above were tested for IFN-y producing cells using mouse IFN-y
ELISpot Plus kit (Mabtech). For positive control (PMA/ionomycin
stimulation), only 5x10* splenocytes/well were used. The assay was
carried out according to manufacturer’s instructions. Following
overnight incubation with respective peptide pools at 37°C/5%
CO,, plates were stained, developed and scanned using the
ImmunoSpot® S6 Ultimate Reader (Cellular Technology
Limited). ImmunoSpot® software (version 7.0.20.1, Cellular
Technology Limited) was used for counting spots and data
analysis. IFN-y spots per 10° splenocytes were calculated and
duplicate measurements were averaged. After subtraction of
negative control, data were shown as IFN-y spot-forming cells
(SFC)/10° splenocytes.

2.10 Flow cytometry analysis

Following restimulation of splenocytes with respective peptide
pools (as described above) for 6 h at 37°C/5% CO, T cells were
further characterized by performing intracellular cytokine staining
and flow cytometry. To block cytokine secretion from activated T
cells, Brefeldin A (10 pg/ml, Sigma-Aldrich) was added to the
medium for the final 4 h of restimulation. Cells were stained with
LIVE/DEAD " Fixable Near-IR Dead Cell Stain Kit for 633 or 635
nm excitation (InVitrogenTM) for 20 min in the dark. Fc blocking
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was done with anti-Mouse CD16-CD32 (Clone: 93) for 15 min at
RT. Surface staining using anti-Ms CD3e FITC (Clone: 145-2C11),
anti-Ms CD4 PE (Clone RM4-5) and anti-Ms CD8a PerCP-
Cyanine5.5 (Clone: 53-6.7) was done for 20 min at 4°C in the
dark. After fixation and permeabilization with BD Cytofix/
CytopermTM (BD Biosciences) for 20 min at 4°C in the dark,
intracellular staining using anti-Ms IFN- y APC (Clone: XMG1.2)
and anti-hu/ms Granzyme B BV421 (Clone: QA18A28,
BioLegend®) was performed for 30 min at 4°C in the dark.
Finally, cells were resuspended in PBS and acquired by BD LSR
Fortessa X-20 (BD Biosciences) using BD FACSDiva (version 9.0,
BD Biosciences). All antibodies were purchased from
eBioSciences' (InvitrogenTM) unless otherwise stated. Data
analysis was performed by FlowJo' " software (version 10.8.1,
BD Biosciences).

2.11 Determination of infectious virus titers

A 1:10 serial dilution of serum or organ homogenate (free of cell
debris) was prepared in A549 infection medium (same as growth
medium but with only 2% FBS) and transferred to approximately
80% confluent A549 cells. After 5-6 days at 37°C/5% CO,, TCID50
values for individual samples were determined by CPE-based read-
out as described above. Detection limit for each organ titration was
defined as lowest homogenate dilution (10") divided by the average
of respective organ weights.

2.12 RNA isolation and real time
quantitative reverse transcription PCR

Total RNA of serum (pre-diluted 1:10 in A549 medium) or
organ homogenate (free of cell debris) was isolated using QIAmp®
Viral RNA Mini Kit (Qiagen) according to manufacturer’s manual.
For detection of TBEV RNA, real time quantitative reverse
transcription (RT)-PCR using One-Step RT-PCR Kit (Qiagen)
was performed based on the protocol established by Schwaiger
and Cassinotti (21) with few modifications. To determine TBEV
RNA copies, a dilution row of TBEV Neudoerfl RNA standard was
used. The standard was kindly provided by Stefanie Becker
(Institute for Parasitology and Research Center for Emerging
Infections and Zoonoses at University of Veterinary Medicine
Hannover, Foundation). As negative control, AVE buffer instead
of sample was used. Real time quantitative RT-PCR was performed
in duplicates using AriaMx Real-time PCR System (Agilent
Technologies) with Agilent Aria software (version 1.5, Agilent
Technologies). Cq values were converted into log;, TBEV copies/
ml or gram tissue, respectively, according to the standard curve.

2.13 Histology

For histopathological analysis, the right hemisphere of the brain
and the gastrointestinal tract were collected and fixed in
ROTI®Histofix 4% (4% formaldehyde, Roth) for a minimum of
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48 h. Two longitudinal sections of the brain and representative
sections of duodenum, jejunum, ileum, caecum, colon and rectum
of all mice were embedded in paraffin wax followed by cutting 2-3
pm thick sections using a microtome. Sections were stained with
hematoxylin and eosin (H&E).

2.14 Histological evaluation

H&E stained sections of brain and intestine were analyzed using a
semiquantitative scoring system. Ten different regions of the brain
including olfactory bulb, cerebral cortex, basal forebrain,
hippocampus, thalamus, hypothalamus, midbrain, pons, medulla
and cerebellum were investigated applying six scoring categories.
Scores were generated for each evaluable brain region separately.
Meninges, perivascular as well as vascular inflammation, vascular
lesions including perivascular edema, hemorrhage and fibrinoid
necrosis, microgliosis characterized by hyperplasia and/or
hypertrophy of microglia/macrophages as well as cellular necrosis
characterized by karyorrhexis, karyolysis, pyknosis and triangularly
shaped, hyperosinophilic and shrunken neurons were evaluated using
a scoring system detailed in Supplementary Table S3. Duodenum,
jejunum, ileum, caecum, colon and rectum were scored using five
different categories. Hypercellularity/inflammatory infiltrates within
the lamina propria of the tunica mucosa were evaluated. Additionally,
plexus submucosus and plexus myentericus ganglia were each scored
regarding necrosis of ganglion neurons characterized by karyorrhexis,
karyolysis and pyknosis, hyperosinophilia and shrinkage of neurons
as well as inflammatory infiltrates/hypercellularity (for detailed
scoring system see Supplementary Table S4).

2.15 Immunohistochemistry

Immunohistochemistry (IHC) was performed as described
previously (22) applying the avidin-biotin-peroxidase (ABC)
complex method and using antibodies for the detection of TBEV
(anti-TBEV E protein clone 1493, Matthias Niedrig, mouse
monoclonal), T cells (anti-CD3, Agilent Dako, Cat.No. A0452,
rabbit polyclonal), B-lymphocytes (anti-CD45R, BD Bioscience,
Cat.No. 553085, rat monoclonal), microglia/macrophages (anti-
ionized calcium-binding adapter molecule 1 (Ibal), Wako
Chemicals, 019-19741, polyclonal rabbit) and astrocytes (anti-glial
fibrillary acidic protein (GFAP), Dako Cytomation, Cat.No. Z0334,
rabbit polyclonal). Briefly, sections of brain and intestine were
dewaxed and rehydrated in a graded series of alcohol. For anti-
CD3, anti-CD45R and anti-Ibal antibodies, antigen retrieval was
achieved by boiling sections in citrate buffer (pH = 6) in a
microwave (800W) prior to blocking of unspecific binding sites.
For anti-TBEV and anti-GFAP antibodies, no pretreatment was
necessary. After overnight incubation of primary antibodies,
sections were incubated with the respective biotinylated secondary
antibodies for 45 min. The staining was visualized using chromogen
3,3’-diaminobenzidine tetrahydrochloride (DAB) and
counterstaining of nuclei with Mayer’s hematoxylin (Roth
C.GmbH & Co KG).
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2.16 Immunohistochemical evaluation

The immunohistochemical stains of brain and intestine with
TBEV, CD3, CD45R, Ibal and GFAP were analyzed using a
semiquantitative scoring scheme. No infiltration with CD45R-
positive B-lymphocytes and no altered staining for GFAP were
evident and therefore not included in further analyses. Detection
and distribution of TBEV-positive cells, CD3-positive T cells, and
Ibal-positive microglia/macrophages in the brain and intestinal
tissue sections were evaluated using the scoring system detailed in

Supplementary Table S5.

2.17 Statistical analysis

The immunogenicity and survival data were analyzed using
GraphPad Prism software (version 9.0.0, GraphPad Software Inc.).
For comparison of VNT100, LIPS and ELISpot data unpaired t-test
was used. Survival data are shown as Kaplan-Meier curves and were
analyzed by log rank test. Histopathological and IHC scorings were
analyzed using R (version 4.2, www.r-project.org) and described
using mean (median, minimum, maximum) per experimental
group. The effects of transfer group (CD3", Serum), treatment
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(control, LGTV) as well as the interaction of group and treatment
were first analyzed using non-parametric ANOVA (23). In case of
significant effects in the ANOVA, subsequent pairwise comparisons
between experimental groups were performed using Wilcoxon rank
sum tests. Raw p-values from the Wilcoxon tests were adjusted for
multiple testing within sets of scores related to the same organ
region using the method of Bonferroni-Holm. A p-value <0.05 was

considered significant

3 Results

3.1 Infection of mice with LGTV induces
cross-reactive antibodies against TBEV

Previously we have shown that s.c. administration of LGTV
protects mice against subsequent lethal challenge infection with
TBEV (24). In the present study, we aimed at defining the correlates
of protection induced by LGTV acting against TBEV. Sera collected
from control and LGTV infected mice at 28 dpi were tested for the
presence of virus neutralizing (VN) antibodies against LGTV and
TBEV. As expected, high titers of LGTV-neutralizing antibodies
were observed in LGTV infected mice (Figure 1A). Interestingly, the
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TBEV cross-reactive antibodies in the serum of LGTV immunized mice. Serum collected from control (s) or LGTV (A) infected mice (n=6) were tested
for their ability to block the infection of (A) LGTV (p = 0.0003) and (B) TBEV (p = 0.0029) in VeroE6 and A549 cells, respectively. The graphs show
the titer at which 100% virus neutralization is achieved (VNT1g0). LIPS assay with 1:100 dilution of serum detected antibodies against (C) domain Il of
the TBEV E protein (p = 0.0029) and (D) TBEV NS1 protein (p = 0.0214). Luciferase activity was measured in three independent experiments and is
displayed as mean values of log;o RLU. Luminescence values higher than the average of negative samples plus five-times the standard deviation
(dotted line) are considered positive. Median is shown in all graphs. *p<0.05, **p<0.01 and ***p<0.001.
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same sera also displayed considerable neutralizing activity against
TBEV, although the VN titers were 10-fold lower than those to
LGTV (Figure 1B). Using LIPS assay, we could demonstrate the
presence of cross-reactive antibodies against domain IIT of TBEV E
and NS1 proteins (Figures 1C, D).

3.2 LGTV specific T cells cross-react with
TBEV antigens

As for antibodies induced by LGTV infection, the LGTV
infection induced T cell response and its cross-reactivity to TBEV
antigens were analyzed. To this end, we restimulated splenocytes
from control and LGTV infected mice with 15-mer synthetic
peptide pools of C, E, NSI, NS3 and NS5 proteins of TBEV.

10.3389/fimmu.2023.1134371

These peptide pools were designed with 11 amino acid overlaps,
hence ensuring that none of the CD4" and CD8" T cell epitopes
were missed out. Frequencies of IFN-y producing effector T cells
were determined using IFN-y ELISpot. A high frequency of T cells
that specifically cross-reacted with epitopes within E, NS3 and NS5
proteins of TBEV was observed (Figure 2A). As indicated in
Figure 2A, the most prominent response was observed upon
restimulation with the peptide pool that encompasses the amino
acid (aa) sequence 205-419 of NS3 and the C terminal region
(aa673-903) of the NS5 protein. Furthermore, flow cytometric
evaluation of splenocytes revealed that CD4" T cells were the
major source of IFN-y producing cells more prominently in
response to NS3,05 419 and NS5¢73. 995 restimulation (Figure 2B).
Nevertheless, we could not detect CD8" T cell effectors in response
to the TBEV peptides restimulation.

A
* *% *k * * *kkk
» 300 — —_——— — —
Q e Ctrl
5
3 A A LGTV
c A
S 200 A
4 A
o A
]
S 1004 A
‘,8, 100 g
z ] 4 A 4 4
w
L oled-eold 84 on—eh ,§ > —ok .g ,é oh—o
Q & L & & o ) o o » & &
N P AT o F o
G E M SN HY P PP
AR ¥ N §
Peptide pool
B ctrl LGTV
7 3
5 CD4+ IFNg+ 5 CD4+ IFNg+
1073 o 1073 018
10* 4 10* 4
5 3 NS3205.419
10 10"
0 d 0d
6 -10 1034
% T 3' Ld T T 3 T Ty T :; T T T 3 Ty . T
v 400 0 10 10 10 400 0 10 10 10
*
z 5 CD4+ IFNg+ 5 CD4+ IFNg+
L] 107 0 10 0,31
v
10* 10* < S
3 q -8
e
> NS5673.903
10° 5 ) 10° 4
0 4 od
-10 10°4
T T T T — T
100 0 10 10 10 100 0 10 10 10
CD4 <PE> o

FIGURE 2

T cells induced by LGTV cross-react with TBEV antigenic peptides. (A) Splenocytes collected from control (s) or LGTV (A) infected mice (n=6) were

restimulated with TBEV-specific peptide pools and the frequency of IFN-y pr:

oducing cells were determined using IFN-y ELISpot assay. For statistical

analysis, unpaired t-test was used (E;_55: p = 0.0168; NS3;_515: p = 0.0038; NS3505-419: p = 0.003; NS3409-621: p = 0.0178; NS5, ,31: p = 0.023;

NS5673-903: P <0.0001) and the median is shown. (B) Flow cytometric analysi

s of splenocytes restimulated with TBEV peptide pools. Representative

FACS plots gated on live CD3" CD4" T cells show IFN-yin LGTV infected mice in response to TBEV NS3505.419 and NS5¢73.903 peptide pool

restimulation. *p<0.05, **p<0.01 and ****p<0.0001.
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3.3 Serum from LGTV protects mice
against TBEV challenge

We demonstrated that LGTV infected mice developed VN
antibodies that cross-react with TBEV. To determine if the cross-
reactive antibodies confer protection to mice against lethal TBEV
challenge, we adoptively transferred sera collected from control or
LGTYV infected mice into naive BL6 mice prior to TBEV exposure
(Figure 3; Supplementary Figures S1A, B).

Body weight loss and development of clinical signs were
assessed daily and mice were sacrificed when the HEP was
reached. Following TBEV challenge, the majority of mice (4 out
of 5) that had received control sera continuously lost weight

Blood —— Serum

LGTV TP21
Spleen —— CD3+

il

day 28

Donor
day 0

day0 4h day 16

Recipient

TBEV
Neudoerfl

Adoptive transfer

(serum or CD3+)
FIGURE 3
Schematic representation of adoptive transfer experiments. 6-8
weeks old control or LGTV infected donor mice (n=5) were
sacrificed at 28 dpi and the sera and spleens were collected. 200 pl
of pooled serum or 2.53x10” CD3* T cells from control or LGTV
infected mice were administered i.p. into 10-12 weeks old naive
recipient mice (n=5). After 4 h, these mice were challenged with
TBEV Neudoerfl (created with BioRender.com).
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(Figure 4A) starting from 6 dpi and did not recover thereafter
(Figure 4C). As the disease progressed, they displayed piloerection,
decreased activity, kyphosis and signs of abdominal discomfort.
These mice reached the HEP between 8-12 dpi and were
subsequently sacrificed. Major HEP determinant in most cases
was body weight loss reaching 20%. The one surviving mouse in
this group did not display any clinical signs of disease and remained
healthy until 16 dpi, which was the study endpoint. Contrarily, four
out of five mice from the group that received sera from LGTV
infected donors were completely protected and remained healthy
without any visible clinical signs until 16 dpi (Figures 4B, C). Only
one mouse in this group started losing weight at around 11 dpi and
reached the HEP at 13 dpi with severe signs of disease characterized
by extreme body weight loss, dulled fur with slightly hunched back,
reduced activity and neurological signs manifested as spinal ataxia.
Additionally, virus burden and distribution in the serum, spleen,
spinal cord and brain was determined in these mice. No infectious
virus was found in serum and spleen in any of these mice,
suggesting absence of viremia at the time of sacrifice (Figure 4D).
However, high TBEV infectivity titers were detected in the brain
and spinal cord of all mice that reached the HEP including the one
mouse that received serum from LGTV infected donors. TCID50
results confirm absence of infectious TBEV in brain and spinal cord
of the remaining four healthy recipient mice from the LGTV serum
group and one survivor from the control group (Figure 4D).
Detection of viral genome copies by real time quantitative RT-
PCR also yielded similar results with the exception of one survivor
in the LGTV serum recipient group where infectious TBEV was not
detected in TCID50 analysis but low levels of viral RNA (~10°
copies/gram tissue) could be found in the brain but not in the spinal
cord (Supplementary Figure S2). Similarly, viral genome copies but
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Immune serum from LGTV infected mice protects mice against subsequent TBEV challenge infection. Serum pooled from the respective group was
i.p. injected into recipient mice (n=5). Following TBEV challenge infection, body weight of mice that received (A) control serum or (B) LGTV immune
serum was monitored over a period of 16 dpi. Mice were taken out of experiment when the HEP was reached. (C) Survival curve plotted for the
recipient mice that received control serum (dotted line) or serum from LGTV infected mice (solid line). Significant difference was analyzed by log
rank test (p = 0.033). (D) TCID50 was performed on serum and tissue homogenates to determine the viral load in serum, spleen, brain and spinal
cord of control (¢) or LGTV (A) serum recipients collected at the day of sacrifice. Median values are shown. Mice that differed in their clinical state
from other mice in the control and LGTV serum recipient group are highlighted as rhombus shaped symbols. *p<0.05
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not infectious virus could be detected in spleen and brain of the only
survivor of the control serum recipient group. Overall, the results
further confirm that LGTV antibodies cross-react with TBEV
antigens and efficiently protect mice from lethal TBEV infection.

3.4 T cells from LGTV infected mice did
not confer protection against TBEV
challenge

To further investigate the contribution of T cells induced by
LGTV infection in protecting mice against TBEV infection, we
adoptively transferred CD3" T cells sorted from the spleens of either
control or LGTV infected mice into naive recipient mice prior to
TBEV challenge (Figure 3; Supplementary Figure S1C). Purity of
transferred T cells was determined by flow cytometry before
transfer and was approximately 97% (Supplementary Figure S3).
To ensure that the frequency of T cells actual reflected our
previously published vaccination-challenge experiments, we
transferred T cells isolated from five donor mice into five
recipient mice. Unexpectedly, all mice that received T cells either
from controls or from LGTV infected donors developed severe
illness and succumbed to infection between 10-13 dpi (Figure 5C).
Irrespective of the source of transferred T cells, the recipient mice
displayed weight loss starting 7 dpi and never recovered thereafter
(Figures 5A, B). Furthermore, the viral load in the brain and spinal
cord between these two recipient groups was similar (Figure 5D,
Supplementary Figure S2B) suggesting the inability of T cells to
control the ongoing infection in the absence of serum antibodies.
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3.5 Histopathological changes of the
central nervous system

The most striking histopathological changes observed in H&E
stained brain sections of affected mice comprised cellular necrosis,
microgliosis, perivascular inflammation and vasculitis in the brain
parenchyma mostly confined to the grey matter and including the
leptomeninx (Figures 6A-G). ANOVA for these parameters
resulted in significant interaction effects, meaning the effect of
LGTV treatment was inverse for CD3" and serum transfer. After
multiple testing adjustment, this interaction effect remained only
significant for “H&E brain cerebral cortex cellular necrosis”
(Supplementary Table S6). Affected brains displayed neuronal and
glial necrosis characterized by shrunken and hypereosinophilic cells
with karyorrhectic, karyolytic and pyknotic nuclei. Areas of necrosis
were accompanied by an increased number of activated microglia/
macrophages and T cells as well as neuronophagia. In addition,
inflammatory infiltrates were predominantly found perivascularly
and consisted mostly of lymphocytes, macrophages and scattered
neutrophils. Additionally, a fibrinoid, non-leukocytoclastic
vasculitis of small to medium sized blood vessels characterized by
loss of vascular wall integrity with an infiltration of the destructed
vascular wall with inflammatory cells was noticed.

All brain regions were scored according to the semiquantitative
scoring scheme (Supplementary Table S3) and revealed similar
findings. Therefore, three representative, consistently affected
brain regions (olfactory bulb, cerebral cortex and hippocampus)
were selected for more detailed analysis. Since statistical
significances displayed high variations across brain regions and
parameters, focus was set on these brain regions. Statistical scores as
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T cells from LGTV infected mice do not protect mice against subsequent TBEV challenge infection. CD3"* T cells purified from control or LGTV
infected mice (n=5) were i.p. administered into naive recipient mice (n=5). Following TBEV challenge infection, body weight of mice that received T
cells of (A) control or (B) LGTV infected mice was monitored over a period of 16 dpi. Mice were taken out when they reached the HEP. (C) Survival
curve plotted for the recipient mice that received control CD3* T cells (dotted line) or CD3"* T cells from LGTV infected mice (solid line). Significant
difference was analyzed by log rank test (p = 0.4389). (D) TCID50 was performed on serum and tissue homogenates to determine the viral load in
serum, spleen, brain and spinal cord of control (¢) or LGTV (A) CD3" T cell recipients collected at the day of sacrifice. Median values are shown
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H&E stained sections of cerebral cortex of one representative mouse from each group (A) CD3* T cell transfer from control donors; (B) CD3* T cell
transfer from LGTV infected donors; (C) serum transfer from control donors; (D) serum transfer from LGTV infected donors. In (A-C) signs of
inflammation with infiltration of damaged blood vessels with inflammatory cells (arrow, (A), (B)), perivascular inflammation as well as cell necrosis
(arrowhead and inserts) and microgliosis (blank arrowhead, (C)) are visible. In the cerebral cortex of the mouse that had received serum from LGTV
infected donors, no histopathological changes are observed (D). Scale bars: 20 um. (E-G) display box plots of the scoring values for “cellular
necrosis” (E), “perivascular inflammation” (F) and “microgliosis” (G) of cerebral cortex for each experimental group. Significant differences detected by
pairwise Wilcoxon rank-sum tests after non-parametric ANOVA and multiple testing adjustment are indicated by asterisks (* p < 0.05; ** p< 0.01).
Mice that differed in their clinical state from other mice in the control and LGTV serum recipient group are highlighted as rhombus shaped dots in

the box plots.

well as significant values for cerebral cortex and scoring categories
including H&E and immunohistochemical evaluation are depicted
in Figure 6; Supplementary Figure S4, S5 and Supplementary
Table S6.

In H&E stained sections, mice of the control-CD3", LGTV-CD3*
and control-serum groups displayed more severe histopathological
changes within the brain than mice that had received serum from
LGTV infected donors (Figure 6; Supplementary Figure S4).
Significant differences within the olfactory bulb for the scoring
categories microgliosis, cellular necrosis and vascular inflammation
were observed (Supplementary Figures S4A, C). The scores related to
cellular necrosis differed significantly between the LGTV-CD3" and
the LGTV-serum group (Supplementary Figure S4A; p = 0.008) as
well as the control-CD3" and the LGTV-serum group
(Supplementary Figure S4A; p = 0.018). A significant difference for
microgliosis was detected between LGTV-CD3" and LGTV-serum
group (Supplementary Figure S4C; p = 0.008). Vascular
inflammation scores differed significantly between control-serum
and LGTV-serum group (p = 0.048). Within the cerebral cortex,
mice from the LGTV-serum group displayed significantly lower
scores for cellular necrosis of cerebral cortex than mice from the
LGTV-CD3" group (Figure 6E; p = 0.008). Furthermore, scores of the
LGTV-serum group for microgliosis of cerebral cortex were
significantly lower in comparison to LGTV-CD3" (p = 0.008) and
0.048). Perivascular
inflammation of cerebral cortex scores were significantly different
between LGTV-CD3" group and LGTV-serum group (Figure 6F; p=
0.024). Overall, lowest scores were achieved by the group that had

control-serum group (Figure 6G; p

received serum from LGTV infected donors, although one mouse
that presented clinical signs from this group displayed
histopathological lesions in the brain (Figures 6E-G). In the
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hippocampus, a significant difference for microgliosis was observed
between LGTV-CD3" group and LGTV-serum group
(Supplementary Figure S4F; p = 0.008).

IHC using an antibody directed against the TBEV E protein
Figures 7A, D, G, ]) revealed the presence of high virus burden in
the brain of all mice that succumbed to TBEV infection (15/20)
irrespective of their treatment regimen (Figures 7A, D, G;
Supplementary Figures S5A, D). TBEV antigen was mostly found
in the cytoplasm of cells that appeared to be neurons according to
distribution and morphology. This is consistent with previous
findings (24). In four mice from the LGTV infected serum
recipient group, no TBEV E protein was detected
immunohistochemically. The only diseased mouse in this group
where the histopathological changes were evident also showed
positive immunoreactivity for TBEV E protein in the brain
(Figure 7M). This is supported by statistical analysis. Scores of
IHC-TBEV in the olfactory bulb differed significantly between the
control-CD3" and the LGTV-serum group (Supplementary Figure
S5A; p = 0.018). Additionally, the cerebral cortex ANOVA yielded
that IHC-TBEV scores were significantly higher in CD3" T cell
recipients than in serum recipients. Specifically, TBEV-IHC scores
of the LGTV-serum group were significantly lower than scores of
mice from LGTV-CD3" group (Figure 7M; p = 0.024).

IHC for CD3 (Figures 7B, E, H, K) revealed that CD3" T cells
were infiltrating the perivascular space as well as the vascular wall of
affected brains (Figures 7B, E, H). The olfactory bulb showed
significant differences for CD3 immunoreactivity between
control-CD3" and LGTV-serum group (p = 0.036), between
LGTV-CD3" and LGTV-serum group (p = 0.008) and control-
serum and LGTV-serum group (Supplementary Figure S5B; p =
0.024). Furthermore, IHC-CD3 scores in the cerebral cortex of the
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FIGURE 7
IHC of cerebral cortex for TBEV (A, D, G, J), T cell marker CD3 (B, E, H, K) and microglia/macrophage marker Ibal (C, F, I, L) of one representative

mouse from each group (A—C): CD3* T cell transfer from control donors; (D—F): CD3" T cell transfer from LGTV infected donors; (G-I1): serum
transfer from control donors; (J—-L): serum transfer from LGTV infected donors). TBEV E protein is detectable in the cytoplasm of neurons in all mice
(A, D, G) except the mouse in the serum transfer group from LGTV infected donor mice (J). CD3-positive T cells are detectable in the vascular wall
as well as the perivascular space of affected mice (B, E, H), while no immunoreaction is visible in the mouse of the serum transfer from LGTV
infected donor mice (K). There is distinct increase in staining intensity and number of Ibal-positive microglia/macrophages indicating activation and
proliferation of microglia and/or proliferation/infiltration of macrophages in affected mice (C, F, 1) in comparison to the mouse of the serum transfer
group from LGTV infected donor mice in which microglia are normal-sized with fine processes (L). Scale bar (A, D, G, J, C, F, I, L): 50 pm; scale bar
(B, E, H, K): 20 ym. (M—-0) display box plots of the scoring values of IHC for TBEV (TBEV-IHC; (M), IHC for CD3 (Ibal-IHC; (N) and IHC for microglia/
macrophages marker Ibal (Ibal-IHC; (O) of cerebral cortex for each experimental group. Significant differences detected by pairwise Wilcoxon rank-
sum tests after non-parametric ANOVA and multiple testing adjustment are indicated by asterisks (* p < 0.05; ** p< 0.01). Mice that differed in their
clinical state from other mice in the control and LGTV serum recipient group are highlighted as rhombus shaped symbols in the box plots.
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LGTV-serum group were significantly lower than scores of mice
from LGTV-CD3" group (Figure 7N; p = 0.008).

THC for the microglia/macrophage marker Ibal (Figures 7C, F,
I, ) confirmed the presence of assumed microgliosis in brains with
histopathological changes described above characterized by
increased staining intensity and increased numbers of microglia/
macrophages (Figures 7C, F, I, Supplementary Figures S5C, F).
Statistical analysis revealed that IHC-Ibal (vascular/perivascular +
parenchymal) scores in the cerebral cortex of the LGTV-serum
group were significantly lower than scores of mice from the LGTV-
CD3" group (Figure 70; p = 0.016) and of mice from the control-
CD3" group (Figure 70; p = 0.032).

3.6 Severe gastrointestinal pathology
observed post TBEV challenge

Significant body weight loss (> 20%) following TBEV challenge
was a prominent characteristic in all mice that reached the HEP.
Analysis of H&E stained sections from duodenum, jejunum, ileum,
caecum, colon and rectum revealed ganglioneuritis of the myenteric
and submucosal plexus of varying degree in all groups except the
LGTV-serum recipient group (Figure 8). Neurons in injured ganglia
displayed signs of neuronal necrosis and furthermore, an
infiltration with inflammatory cells and/or hyperplasia of resident
immune cells was observed. After evaluation and scoring of all
intestinal regions, ileum, caecum and colon displayed consistent
alterations in affected mice and were therefore analyzed in more

10.3389/fimmu.2023.1134371

detail. Statistical results of the H&E as well as IHC scorings of the
region caecum are shown in Figures 8E, F, 9M-O; Supplementary
Figures S6, S7 and Supplementary Table S6. In detail, statistical
significances of ileum for plexus myentericus hypercellularity/
inflammation were observed between control-CD3" and control-
serum group (p = 0.048) and control-serum and LGTV-serum
group (Supplementary Figures S6A, B; p = 0.008).

Accordingly, TBEV E protein was detected by IHC in the
intestine of all groups (Figures 9A, D, G) except the LGTV-serum
group (Figure 9]). Viral antigen was localized cytoplasmically in
neurons of the plexus myentericus and submucosus. Specifically,
IHC-TBEV scores in the caecum of the LGTV-serum group were
significantly lower than scores of mice from the control-CD3"
group (Figure 9M; p = 0.048). IHC-TBEV scores of ileum and
colon are displayed in Supplementary Figures S7A, D.

IHC for the T cell marker CD3 revealed an infiltration of
affected ganglia with T cells in control-CD3", LGTV-CD3" and
control-serum mice (Figures 9B, E, H) and lacking infiltration in
LGTV-serum mice (Figure 9K). Significant differences for CD3-
THC of ileum were detected for plexus myentericus between control-
CD3" and LGTV-serum group (p = 0.024) as well as control-serum
and LGTV-serum group (p = 0.008) and for plexus submucosus
between control-serum and LGTV-serum group (Supplementary
Figure S7B; p = 0.024). In the caecum (Figure 9N), significant
differences for CD3-IHC scores in both plexus submucosus and in
the plexus myentericus were observed between control-CD3" and
LGTV-serum group (p = 0.008) as well as control-serum and
LGTV-serum group (Supplementary Figure S7E; p = 0.048).
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FIGURE 8

H&E stained sections of caecum of one representative mouse from each group (A) CD3* T cell transfer from control donors; (B) CD3* T cell transfer
from LGTV infected donors; (C) serum transfer from control donors; (D) serum transfer from LGTV infected donors). The plexus myentericus displays
varying degrees of ganglioneuritis in (A—C) (asterisk). No histopathological changes in the plexus myentericus of the mouse from the serum transfer
of LGTV infected donor group (D) are detectable. Scale bars: 20 um. (E, F) display box plots of the scoring values for plexus myentericus neuronal
necrosis (E) and plexus myentericus hypercellularity/inflammation (F) of caecum for each group. Mice that differed in their clinical state from other
mice in the control and LGTV serum recipient group are highlighted as rhombus shaped symbols in the box plots.
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FIGURE 9

IHC of caecum for TBEV (A, D, G, J), T cell marker CD3 (B, E, H, K) and microglia/macrophage marker Ibal (C, F, I, L) of one representative mouse
from each group (A—C) CD3" T cell transfer from control donors; (D—F) CD3* T cell transfer from LGTV infected donors; (G—I1) serum transfer from
control donors; (J—L) serum transfer from LGTV infected donors). TBEV E protein is detectable in the cytoplasm of neurons in the plexus
myentericus and submucosus in all mice (A, D, G) except the ones in the group of the serum transfer from LGTV infected donor mice (J).
Ganglioneuritis in affected mice is characterized by CD3-positive T cell infiltration in both plexus (B, E, H). No CD3-immunoreaction in the plexus of
the serum transfer from LGTV infected donor mice is detectable (K). In addition, an infiltration of plexus with Ibal-positive macrophages in affected
mice (C, F, 1) in comparison to mice of the group serum transfer from LGTV infected donor mice is detectable (L). Scale bars: 20 pm. (M—0) display
box plots of the scoring values of IHC for TBEV (IHC-TBEV; (M), IHC for CD3 (IHC-CD3; (N) and IHC for macrophage marker Ibal (Ibal-IHC; (O).
Significant differences detected by pairwise Wilcoxon rank-sum tests after non-parametric ANOVA and multiple testing adjustment are indicated by
asterisks (* p < 0.05; ** p< 0.01). Mice that differed in their clinical state from other mice in the control and LGTV serum recipient group are
highlighted as rhombus shaped symbols in the box plots.
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Additionally, there was an infiltration/increased number of Ibal-
positive cells (Figures 9C, F, I, ]) with significant differences of Ibal-
THC scores in the plexus myentericus of ileum between control-CD3"
and LGTV-serum group (p = 0.008), LGTV-CD3" and LGTV-serum
group (p = 0.048) and control-serum and LGTV-serum group
(Supplementary Figure S7C; p = 0.048). In the plexus myentericus
of caecum, significant differences between control-CD3" and LGTV-
serum group (p = 0.008) as well as LGTV-CD3" and LGTV-serum
group (p = 0.048) were observed (Figure 90). The Ibal-IHC scores of
colon differed significantly in the plexus myentericus between control-
serum and LGTV-serum group (p = 0.008) and in the plexus
submucosus between LGTV-CD3" and LGTV-serum group
(Supplementary Figure S7F; p = 0.048).

The fact that mice displaying ganglioneuritis together with
detection of TBEV E protein within neurons of ganglia and
inflammatory cell infiltration with T cells could represent another
factor leading to severe TBEV-associated disease in addition to
CNS pathology.

4 Discussion

Using a mouse model of TBEV infection, we demonstrated that
effectors of adaptive immunity induced upon LGTV infection are
cross-reactive with TBEV. Nevertheless, only transfer of serum but
not T cells from LGTV infected donor mice into naive recipient
mice protected against disease induced by subsequent TBEV
challenge. Our study defines antibodies as a major correlate of
protection induced by LGTV infection that protects against TBEV
infection and prevents the mice from developing severe disease.

Although safety concerns have been associated with LGTV
immunization in the past, as it is not fully apathogenic to
humans, it still indicates potential for live-attenuated virus
vaccines against TBE. Pre-existing immunity can either positively
or negatively influence the outcome of subsequent infection with a
heterologous flavivirus (1, 5, 7, 25, 26). Therefore, immune
correlates induced by LGTV infection in providing either
protective immunity or predisposing for more severe
pathogenesis of TBEV infection needs to be further investigated.

A close antigenic relationship among flaviviruses allows
antibodies induced against one virus to recognize and react with
similar epitopes of another virus. Although, cross-reactivity is more
pronounced among closely related members, there is evidence that
this can also happen among distantly related flavivirus. For
instance, a phylogenetic tree based on the amino acid sequence of
the E protein shows that TBEV is closely related to other tick-borne
virus such as Powassan virus and is distantly related to mosquito-
borne ZIKV and DENV. Yet, antibodies induced against TBEV has
been shown to cause slight enhancement of ZIKV infection in vitro
(4). Similarly, serology of human cohorts vaccinated against TBEV
and YFV show cross-neutralizing antibodies against Louping ill
virus, WNV and DENV (27). Furthermore, it has been shown that
immunity to YFV impairs the antibody response (5). Phillpotts and
colleagues screened several mouse antibodies raised against closely
related flaviviruses, including LGTV, and demonstrated antibody-
dependent enhancement (ADE) of TBEV infectivity in vitro (28).
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Similarly, cross-reactive antibodies induced by ZIKV may also lead
to enhancement of DENV infection (29). Since ADE to
heterologous infections is not uncommon among flavivirus
infections, we explored the effects of LGTV induced cross-reactive
antibodies on TBEV infection.

It was encouraging to see that four among five mice that passively
received immune serum from LGTV infected mice were completely
protected and did not show any signs of disease or increased virus
burden in the organs following lethal TBEV challenge. However,
qPCR detected small amount of viral RNA in one of the four
survivors from the LGTV serum recipient groups. This is in
accordance with our previous work where we also found TBEV in
the brain despite of protective immunity induced by prior LGTV
infection (24). It is likely that virus that escapes immune detection in
the periphery, enters and replicates within the CNS before the
resident glial cells combined with infiltrating immune cells clear the
infection. In contrast, viral RNA was detected in the spleen as well as
in the brain of the only surviving mice in the control serum recipient
group hinting at ineffective viral clearance from the periphery.
Furthermore, histopathological examination did not show severe
pathological lesions in the brain or gastrointestinal tract of
surviving mice. Only one mouse of the LGTV serum group
displayed histopathological lesions in the brain as well as TBEV-
positive immunoreactivity. However, this mouse did not show
significant pathological lesions within the gastrointestinal tract
(Figures 9E, F) and no TBEV-immunopositive reaction was
observed (Figures 9M). TBEV neutralizing antibody titers in sera
collected from LGTV infected mice were significantly lower as
compared to LGTV neutralization titers. However, this was
sufficient to block infection and prevent mice from developing
TBEV induced disease. Further screening of immune sera to
determine the specificity of these antibodies revealed that a
significantly high proportion of these antibodies is directed against
the epitopes located in domain III of the TBEV E glycoprotein and
the NS1 protein. This is in line with other studies showing that type
specific anti-E and anti-NS1 antibodies contribute to protection in
experimental models of TBEV and other flavivirus infections (30-33).
Therefore, it is noteworthy that anti-E and anti-NS1 antibodies
induced by LGTV infection may also be contributing to cross-
protective immunity against TBEV. Currently, it is unclear if cross-
reactive antibodies to other viral proteins such as C, prM, NS3 and
NS4 are also induced by LGTV as our LIPS screening was not able to
detect them in the immune sera (data not shown).

Like antibodies, T cell cross-reactivity for flaviviral antigens has
also been reported (34). Nevertheless, there is evidence that the
proportion of such cross-reactive T cells may be lower than what is
known for antibodies (35). Interestingly, we also observed that T
cells from LGTV infected mice recognized and responded to TBEV
antigens. Hence, we speculated that this translated into protective
immunity as shown for other flavivirus infections (8, 36). For
instance, CD4" and CD8" T cells primed against DENV are
capable of protecting mice against ZIKV infection (26, 37).
Similar cross-reactive immunity is also seen in humans
vaccinated against JEV and YFV, whose T cells responded to
DENV antigens (38). Nevertheless, in our experiments adoptive
transfer of T cells from LGTV infected donor mice failed to protect
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naive recipient mice from subsequent challenge with TBEV. Upon
further characterization by flow cytometry, we found that IFN-y
producing cells in response to NS3 and NS5 peptide pools
restimulation were CD4" T cells. We could not detect any effector
CD8" T cell response (IFN-y" and/or granzyme B") to any given
peptide pool restimulation. These observations are interesting and
could partly explain the inefficiency of T cell transfer from LGTV
infected mice to provide protection. Antigen-specific CD8+ T cells
are among the key effectors of cell-mediated antiviral immunity as
they recognize infected cells and prevent subsequent virus
replication. Their role is especially significant for intracellular
pathogens like viruses, which establish themselves in tissues and
are less accessible to antibodies (39). In the T cell recipient mice, the
absence of specific antibodies combined with the inability of LGTV
infection to prime for TBEV cross-reactive CD8" T cell responses
may have been responsible for the failure to prevent TBEV spread
into the CNS.

On the other hand, the effectors of CD4" T cells activate antiviral
mechanisms by other cells and may play a significant role in viral
clearance. Nevertheless, in CNS with less immune activity, increased
presence of T cells can also be detrimental and contribute to neural
tissue damage. Although we did not observe differences in the onset
and clinical progression of disease between recipient mice that
received T cells from control or LGTV infected donors,
histopathological observations indicate pronounced microgliosis and
cellular necrosis in all affected mice. Furthermore, presence of T cells
in the vascular and perivascular regions possibly hint at their
contribution in pathological neuroinflammatory processes in the CNS.

Another previously described key feature of this TBEV infection
model is gastrointestinal pathology in majority of affected mice (40).
This is most likely a consequence of ganglioneuritis in the plexus
myentericus and submucosus leading to dysfunctionality of the
gastrointestinal tract. Although histopathological evaluations
show increased presence of T cells in these areas, it is rather
inconclusive whether T cells contribute to neuronal necrosis. It
must be noted that mice start showing weight loss around 6 dpi
which also gives time to prime endogenous T cell repertoire. This
may be the reason why no significant differences were observed
between mice recipient of control serum, control CD3" T cells and
LGTV CD3" T cells.

Based on the information obtained from this and a previous
study (24), we conclude that LGTV-specific antibodies that
recognize TBEV antigens are main contributors of protection. On
the other hand, T cells in the absence of antibody-mediated virus
control may contribute to pathological changes. This could be vital
information for the future design of live vaccines against TBEV and
other closely related flavivirus infections.
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SUPPLEMENTARY FIGURE 1

TBEV cross-reactive antibodies and T cells of adoptively transferred serum
and T cells. Pooled sera from control or LGTV infected donor mice (n=5) were
tested for their ability to block the infection of (A) LGTV and (B) TBEV in
VeroE6 and A549 cells, respectively. The graphs show the titer at which 100%
virus neutralization is achieved (VNT100). (C) Splenocytes obtained from
individual control (¢) or LGTV (A) infected donor mice (n=5) were
restimulated with TBEV-specific peptide pools and the frequency of IFN-y
producing cells was determined using ELISpot assay. The median is shown.

SUPPLEMENTARY FIGURE 2

Viral load in the organs of serum and T cell recipient mice that were
challenged with TBEV. Real time quantitative RT-PCR was performed on
total RNA isolated from serum and tissue homogenates collected at day of
sacrifice of recipient mice which either received (A) serum or (B) CD3™ T cells
from control (s) or LGTV (A) infected donor mice and were subsequently
challenged with TBEV. The median is shown. Mice that differed in their clinical
state from other mice in the control and LGTV serum recipient group are
highlighted as rhombus shaped symbols

SUPPLEMENTARY FIGURE 3

Purity of adoptively transferred CD3* T cell pools. Flow cytometric analysis of
purified CD3* T cells from control (upper panel) and LGTV (lower panel)
donor groups prior to adoptive transfer to recipient mice. FACS plots are
gated on live CD3" T cells.

SUPPLEMENTARY FIGURE 4
Box plots of the hematoxylin and eosin (H&E) scoring values for “cellular
necrosis” (A, D), “perivascular inflammation” (B, E) and “microgliosis” (C, F) of
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SARS-CoV-2 epitope-specific T
cells: Immunity response feature,
TCR repertoire characteristics
and cross-reactivity
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Xiaoyun Yang?®*, Daxiang Chen®*, Yunhui Zhang®,
Nanshan Zhong™** and Zhongfang Wang>*
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Care Medicine, The First People’'s Hospital of Yunnan Province, Kunming, China, “State Key
Laboratory of Respiratory Disease & National Clinical Research Center for Respiratory Disease,
Guangzhou Institute of Respiratory Health, The First Affiliated Hospital of Guangzhou Medical
University, Guangzhou Medical University, Guangzhou, China

The devastating COVID-19 pandemic caused by SARS-CoV-2 and multiple
variants or subvariants remains an ongoing global challenge. SARS-CoV-2-
specific T cell responses play a critical role in early virus clearance, disease
severity control, limiting the viral transmission and underpinning COVID-19
vaccine efficacy. Studies estimated broad and robust T cell responses in each
individual recognized at least 30 to 40 SARS-CoV-2 antigen epitopes and
associated with COVID-19 clinical outcome. Several key immunodominant
viral proteome epitopes, including S protein- and non-S protein-derived
epitopes, may primarily induce potent and long-lasting antiviral protective
effects. In this review, we summarized the immune response features of
immunodominant epitope-specific T cells targeting different SRAS-CoV-2
proteome structures after infection and vaccination, including abundance,
magnitude, frequency, phenotypic features and response kinetics. Further, we
analyzed the epitopes immunodominance hierarchy in combination with
multiple epitope-specific T cell attributes and TCR repertoires characteristics,
and discussed the significant implications of cross-reactive T cells toward
HCoVs, SRAS-CoV-2 and variants of concern, especially Omicron. This review
may be essential for mapping the landscape of T cell responses toward SARS-
CoV-2 and optimizing the current vaccine strategy.
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1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) and multiple emerging variants or subvariants have caused a
persistent global coronavirus disease 2019 (COVID-19) pandemic
over the past three years, particularly devastating to elderly patients
with underlying diseases, and resulting in more than 6 million
COVID-19-related deaths (1-3). A characteristic feature of
COVID-19 is that the clinical manifestations vary widely in the
population, with some individuals presenting as asymptomatic or
mildly infected, while others become severe respiratory failure or
even death, but the mechanisms underlying this major difference
have not been fully elucidated (4, 5). Recent evidence demonstrated
that asymptomatic COVID-19 individuals have highly
multifunctional SARS-CoV-2-specific T cell responses (6, 7), and
coordinated and robust CD4+ and CD8+ T cell immunity are
associated with milder disease (8). It is therefore obvious that T cells
mediated protective immunity plays a critical role in controlling
SARS-CoV-2 infection, which relies on CD4+ T cells to secrete a
series of cytokines to support B cell-mediated antibody responses
and promote the function of innate immune cells, while CD8+ T
cells mediate direct antiviral function through killing infected host
cells by a variety of mechanisms (9, 10).

Activated T cells targeting different SARS-CoV-2 antigen
proteins were reported to be detected in up to 70% of acute and
convalescent COVID-19 individuals (11, 12). The magnitude of
CD4+ and CD8+ T cell response is closely related to almost all
SARS-CoV-2 proteins, but a few virus antigens [spike,
nucleocapsid, Membrane, non-structural proteins (nsp) 3, nsp4,
nspl2, nsp13, open reading frame (ORF)3a, ORF8] cover 80% of T
cell responses, suggesting a distinct immunodominant pattern (13).
However, previous studies involving T cell responses toward total
viral proteins rather than single epitopes after natural infection or
vaccination may underestimate or even obscure the T cell immune
characteristics (14). Recent studies of identification and
characterization of SARS-CoV-2-specific T cell epitopes covered
the most prevalent human leukocyte antigen (HLA) allelic variants
worldwide (14-38), reporting that CD4+ and CD8+ T cell
responses in each individual recognize at least 30 to 40 SARS-
CoV-2 antigen epitopes (13), and different epitopes-specific T cell
responses associate with COVID-19 disease severity and clinical
outcome (23). These studies mainly used multiple methodologies
such as enzyme-linked immunospot (ELISpot), intracellular
cytokine staining (ICS), activation induced marker (AIM) and
multimer staining for epitope identification, and single-cell RNA
or T cell receptor (TCR) sequencing analysis for more detailed
epitope-specific T cell information. Those critical studies provided
the outstanding opportunity for a deeper understanding of SARS-
CoV-2 immunodominant epitopes-specific T cells with the
responses abundance, magnitude, frequency, phenotypic feature,
kinetics, biological functions, TCR repertoire characteristics and
immunodominance hierarchy (Table 1), and were thus focused and
included in this review, while the literature only involving epitope
identification and validation without more comprehensive and in-
depth analysis was not the focus.
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Thus far, hundreds of COVID-19 vaccines are known to be
under development or have been approved to fight the pandemic.
Some of these vaccines have proven to effectively reduce disease
severity and mortality, suggesting a central role for vaccine-induced
T cell immunity in protecting against severe tissue damage (43, 44).
However, the continuous emergence of SARS-CoV-2 variants and
subvariants poses a great challenge to current COVID-19 vaccine
strategies (45). Those vaccines primarily focus on the SARS-CoV-2
spike glycoprotein that is highly immunogenic but susceptible to
mutations in viral variants, resulting in greatly compromised
protection from neutralizing antibody responses (46). Fortunately,
the SARS-CoV-2 immunodominant epitope regions recognized by
T cells and B cells have only minimal overlap, and awareness of this
is particularly critical in vaccine design (13, 47). Hence, future
vaccine strategies should cover more conserved immunodominant
T cell epitopes, which are less affected by mutations and thus can
induce broader and more efficient cross-protection against future
SARS-CoV-2 variants and subvariants (48). Considering these
challenges, this review focuses on characterizing the SARS-CoV-2
epitopes-specific T cells response feature and analyzing their TCR
repertoire characteristics and cross-reactivity, which are essential
for mapping the landscape of T cell responses mediated by SARS-
CoV-2 and optimizing the current vaccine strategy.

2 SARS-CoV-2 structure and its
T cell epitope

SARS-CoV-2 is a positive-sense RNA virus with large genome
approximately of 29,903 nucleotides in length (49). The SARS-
CoV-2 genome consists of 12 open reading frames (ORF) and
encodes 16 non-structural proteins (NSP1-16), 9 accessory proteins
(ORF3a-10) and 4 structural proteins including spike (S), envelope
(E), membrane (M) and nucleocapsid (N) (Figure 1) (50). The M, S
and E proteins on the surface of SARS-CoV-2 are embedded in the
lipid bilayer membrane, while the internal N protein encapsulates
viral RNA. Specifically, the S glycoprotein, composed of the S1
subunit and S2 subunit, is the main structure that mediates virus
entry into host cells. It recognizes and binds to the cell surface
receptor angiotensin-converting enzyme 2 (ACE2) through the
receptor binding domain (RBD) to mediate membrane fusion
reaction (51). The M protein can interact with multiple viral
proteins and is a critical structural component for coronavirus
assembly and formation (52). The E protein is the smallest
structural protein and plays multiple roles in SARS-CoV-2
pathogenesis, virus packaging and release (53). The N protein
directly binds to the viral RNA genome and assembles it into a
ribonucleoprotein complex by synergizing with the M protein (54).
In addition to structural protein components, 16 non-structural
proteins remain essential in the life replication cycle of SARS-CoV-
2. These nsps include various important enzymes and transcription
factors such as viral protease nsp5, RNA-dependent RNA
polymerase (RdRp) nspl2, helicase nspl3 and so forth (55). The
3’ end of the SARS-CoV-2 genome also encodes 9 accessory
proteins including ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORFS,
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TABLE 1 Summary of SARS-CoV-2 immunodominant epitopes information.
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Detailed information of epitope-specific T cells
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Epitope conservation was achieved by sequence alignment between the original SARS-CoV-2 strain and Omicron conducted by National Center for Biotechnology Information (NCBI, https://
www.ncbinlm.nih.gov/) and China National Center For Bioinformation (CNCB, https://ngdc.cncb.ac.cn/ncov/).

ORF9b, ORF9¢ and ORFI10. The functions of these accessory
proteins are not fully understood and may indirectly regulate
many viral biological processes (51).

The epitope is a critical region for host immune cells to
recognize a specific pathogen, also known as antigenic
determinant (56). The epitopes recognized by TCR are called T
cell epitopes, which are mainly peptides derived from protein
degradation. T cells recognize only peptide epitopes that bind to
specific class I or class II major histocompatibility complex MHC
molecules, also known as MHC restriction (57). MHC class I
restricted epitopes are usually 8 to 10 amino acid residues and are

presented to the surface of CD8+ T cells for recognition, while class
IT restricted epitopes are generally 13 to 17 residues and recognized
by CD4+ T cells (58).

SARS-CoV-2 genome is composed of a large 30-kb mRNA
fragment and encodes various structural and non-structural
proteins, thus no doubt that it has numerous T cell epitopes.
Over 2000 SARS-CoV-2-derived T cell epitopes have been
identified in a considerable number of previous studies, covering
almost all viral proteomic structures (59, 60). However, not every
SARS-CoV-2 protein epitope has the same immunodominance
hierarchy. The immunodominance of a specific SARS-CoV-2
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FIGURE 1

SARS-CoV-2 viral protein structure and genomic organization. (A) Schematic diagrams of the structural characteristics of SARS-CoV-2 as well as the
crystal structures of key structural proteins obtained from RCSB protein data bank (PDB). The spike protein binds to the cell surface ACE2 receptor
through the RBD. (B) Diagrammatic representation of SARS-CoV-2 genome contains 12 open reading frames (ORF) and encodes 16 non-structural
proteins (nspl-16), 9 accessory proteins (ORF3a-10) and 4 structural proteins. Crystal structures of Some key non-structural proteins are presented

as well. Created by BioRender.com.
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epitope usually refers to the recognition frequency and magnitude
by immune cells in a given HLA-type individual or population (27,
28, 59). The epitope immunodominance is determined by multiple
factors, including HLA binding affinity, TCR recognition of epitope
peptide-HLA complex, and naive T cell precursor frequency (61,
62). To date, numerous immunodominant and immunodominant
epitopes have been identified not only in SARS-CoV-2 structural
protein region, but also in the non-structural and accessory protein
regions that are not covered by current vaccination strategies.

3 Detection methods of SARS-CoV-2
specific T cell

With the advancement of immunology-related basic research,
the detection technologies for antigen-specific T lymphocytes are
also rapidly developing and improving. ELISpot and ICS are
classical techniques widely used to detect and enumerate activated
antigen-specific T cells secreting cytokines such as IFN-y or TNF-o
(63, 64). Both assays combined with SARS-CoV-2 overlapping
peptide pools or single epitope stimulation of peripheral blood
mononuclear cells (PBMCs) or tissue samples are widely used in the
detecting and identifying SARS-CoV-2 specific T cells, with the
advantage of high sensitivity (17, 22, 28, 65, 66). However, these
assays can only measure functional T cells with cytokine secretion,
which may underestimate the number of antigen-specific T cells,
and cannot isolate live cells for detailed molecular analysis (67, 68).
Based on some activation-related clusters of differentiation (CD) on
the T cells surface which is significantly upregulated after in vitro
stimulation, the detection technology AIM assay (57) was
developed. This assays play an important role in determining the
T cell responses targeting SARS-CoV-2 that allows to detect more
types of virus-specific T cell lineages and isolate live cells for multi-
parameter multi-information analysis (67). In studies using AIM
assay to detect SARS-CoV-2-specific T cells, there is wide variation
in the activation markers chosen, with commonly used markers
including CD154 (CD40L)+CD137+ OX40+ for CD4+ T cells and
CD69+CD137+ for CD8+ T cells (11, 13, 27, 69). However, cell
activation-based functional assays fail to detect non-functional viral
specific T cells, and the cellular phenotype is prone to change under
in vitro stimulation (31).

After nearly 25 years of development, the peptide-loaded major
histocompatibility complex (pMHC) tetramer technology has
become a key tool for the analysis of antigen-specific T cells,
allowing direct in vitro detection of SARS-CoV-2 epitope-specific
T cells and thus detailed exploration of the T cell response feature
induced by nature infection or COVID-19 vaccine (20, 22, 27, 70,
71). Tetramer technology utilizes the biotin-streptavidin system to
multimerize pMHC complexes, greatly improving the avidity and
stability between pMHC and TCRs for more easily detecting or
sorting for single epitope-specific T cell by flow cytometry (67).
Furthermore, tetramer-associated magnetic enrichment (TAME)
could be furtherly used to detect some rare SARS-CoV-2 epitope-
specific T cell populations (16, 18, 32). Notably, the development of
MHC class II tetramers is more difficult than the easier production
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of MHC class I tetramers. So, the analysis of epitope-specific CD4+
T cells is relatively limited compared to a large amount of data on
epitope-specific CD8+ T cells (67, 72). Recently, Mallajosyula and
his colleagues developed an improved multimeric T cell staining
reagent, spheromer, that each can display 12 pMHC complexes, and
reported that the staining and capture efficiency of SARS-CoV-2
epitope-specific T cells are higher than tetramer (23).

The advent of next-generation in-depth sequencing has
facilitated for more detailed downstream functional and
molecular characterization of single immune cell. Generally, bulk
RNA sequencing for TCR repertoires can only tell the usage
frequency of TCR alpha and beta chain, but could not correspond
to the paring and the individual functionality. single-cell RNA
sequencing (scRNA-seq) can be used to uncover the functional
diversity and dissect the heterogeneity of different epitope-specific T
cells based on tetramer or pentamer single cell sorted technique
(73), while single-cell T cell receptor sequencing (scTCR-seq) can
effectively obtain the paired TCRof} sequences and the diversity
information of clonal population, including clonotype, clonal
expansion and clone functionality (25). In general, it is
foreseeable that more detection, isolation and analysis techniques
for antigen- and epitope-specific T cells will continue to emerge in
the future, thereby clearing technical hurdles and facilitating the
comprehensive and in-depth research on cellular immunity toward
multiple pathogens, including SARS-CoV-2.

4 SARS-CoV-2 epitope-specific T cell
after natural infection

4.1 Nucleocapsid-derived
epitope-specific T cell

The nucleocapsid (N) protein is the most common CD4+ and
CD8+ T cell target after SARS-CoV-2 infection (65, 74) which
dominate the response magnitude, breadth and frequency (66), and
polyfunctional N-specific CD8+ T cell response significantly
associates with milder COVID-19 disease severity (28). Since N is
conserved between different SARS-CoV-2 variants, N specific CD4+
T cells may provide broad protections thus important for universal
vaccine against SARS-CoV-2 and even SARS-CoV. Tarke et al. and
Heide et al. showed N contained the CD4+ epitopes DQB1*06:02
restricted N261-275, DRB1*07:01 restricted N306-320 and
DRBI1*03:01 restricted N336-350 et al., giving a possibility about
N epitope-specific CD4+ T cells can become immunodominant in
certain HLA subtypes, however, whether these epitopes of N protein
can clonally expand and function in protection need to be further
investigated (13, 65). And it is more interesting to study whether N
specific T helper can only help anti-N antibody production, or they
can help anti-S and neutralizing antibodies generation. The HLA-
B*07:02 restricted N105-113 (SPRWYFYYL) epitope appears to be
the most immunodominant SARS-CoV-2 CD8+ T cell epitope to
date, and no mutations of this epitope have been observed in the
variants of concern. The immunodominant B7/N105+ cytotoxic T
cell responses exhibited highly functional avidity and antiviral
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efficacy to SARS-CoV-2 ancestral strain and multiple variants,
which is strongly associated with mild COVID-19 disease, and
maintained the long-lasting functional capacity up to 6 months
after infection (15, 16, 25). This suggests that N105 may be a
preferable target for future vaccine design or adoptive
immunotherapy (39, 40), especially against novel variants or
subvariants that are prone to S protein mutations and
neutralizing antibody escape. Two different views are presented
for the origin of the immunodominant B7/N105-specific CD8+ T
cell responses. Some studies suggest that they are pre-existing
immune cells induced by the previous cross-infection with human
coronaviruses (HCoVs). This is supported by evidence that SARS-
CoV-2-derived N105 has close amino acid homology to multiple
HCoVs (25), and N105-specific CD8+ T cells could medicate cross-
reactivity between beta-coronaviruses such as OC43 and HKU-1
which is driven by private TCR repertoire with TRBV27 biased use
and longer CDR3[} loops (19). Another more prevalent view
suggested that the high immunodominance of the N105 epitope
stems from the high precursor T cell frequency in unexposed
individuals rather than from cross-reaction with HCoVs. Nguyen
et al. used the ICS assay combined with the pMHC-I tetramer to
determine the mean frequency of B7/N105+ CD8+ T cells in the
peripheral blood of COVID-19 patients was 6.88x10 “*, while a high
precursor frequency of 3.00x107 was also observed in unexposed
individuals (25). Furthermore, analysis of B7/N105+CD8+ T cell
phenotypic profiles in different populations revealed that pre-
pandemic unexposed individuals exhibited a predominantly naive
T (Thaive CCR7+CD27+CD45RA+) cells phenotype, in contrast to
the central memory T (T, CCR7+CD27+CD45RA-) cells
dominant phenotype in infected patients. These observations
highly suggest that the high frequency of B7/N105+ CD8+ T cells
is composed of a naive precursor pool, rather than the cross-reactive
memory population formed by previous HCoVs exposure. Single-
cell TCR sequencing analysis revealed that CD8+ T cells targeting
the N105 epitope exhibit a diverse TCRof repertoire as well as
promiscuous TCRo-TCRf gene pairing, with no common
clonotype among individuals. This supports that T cells with
different clonotypes can respond to the N105 epitope, laying the
foundation for the high immunodominance hierarchy (19, 25).
The HLA-B*44:03 and HLA-B*40:01 restricted N322-330
(MEVTPSGTWL)-specific T cell response feature and TCR
repertoire signature have also been identified and characterized in
several recent studies (16, 20). Robust expansion of B44/N322-
specific CD8+ T cells elicited by SARS-CoV-2 infection occurred as
early as day 7 after symptom onset, in contrast to anti-
nucleocapsid-specific IgG which was not detected until 29 days
after symptom onset (16). B44/N322-specific memory CD8+ T cells
in COVID-19 convalescent individuals exhibit a high median
frequency of approximately 3.6x107, and remain functional
capacity of cytokine production (IFN-y and TNF) and
degranulation (CD107a) with a frequency of about 1x107° after
104 days post COVID-19 symptom onset, while the anti-S protein
IgG titer fell below the detection limit after 79 days post symptom
onset (16). These observations suggest that CD8+ T cell responses
targeting N protein-derived epitopes at least partly have a faster
immune response and long-term persistence after SARS-CoV-2
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infection. Similar to B7/N105+ CD8+ T cells, T cells targeting B40/
N322 bias use the TRBV27 gene fragment, with a difference that
B40/N322-specific T cell TCR repertoire exhibit a common TCRf
chain CDR3 motif TRBV27/TRBJ1-4 (20), indicating the selective
recruitment of epitope-specific T cells elicited by infection. The
immunodominant conserved epitopes B7/N105- and B44/N322-
specific CD8+ T cells have been generated from COVID-19
convalescents and utilized to develop adoptive immunotherapy,
exhibited robust functional capacity and cytotoxic potential against
different virus variants, which may have important clinical value for
immunocompromised patients with lethal infectious complications
(39). Other studies have also identified an immunodominant
epitope N361-369 (KTFPPTEPK) that can induce specific CD8+
T cell responses in 75% of COVID-19 convalescent individuals in
multiple global prevalent HLA allele variants including HLA-
A11:01, HLA-B44:01, and HLA-A03:01 (20, 21, 35, 41). This
epitope is reported to be highly immunogenic and can induce
robust anti-SARS-CoV-2 CD8+ T cell responses in a broad HLA
population. Consistent with previous studies, an immunodominant
epitope could bind to multiple HLA molecules thereby amplifying
the potential immunogenicity of the specific epitope region (13). In
addition, Rowntree et al. used TAME technology and found that the
magnitude of T cell responses against SARS-CoV-2 internal
epitopes (A3/N361, B7/N105, B40/N322, A1/ORFlal637) is
significantly higher than viral surface S proteins (A2/5269, A24/
§1208) in seroconverted children and adult, which may reflect the
differences in immunodominant pattern and immunodominance
hierarchy of different SARS-CoV-2 proteome epitopes (20).
Through TCR sequencing analysis, Hu et al. identified two
common TCR clonotypes presenting N361 antigen specificity,
with TCRP chain CDR3 sequences ASSRAGTGYNEQF and
ASSPSVYFEVSGANVLT, respectively. These 2 TCRs have
complementary recognition capacity and exhibit high functional
avidity against SARS-CoV-2 ancestral strain and multiple variants,
which has important clinical significance for current vaccine design
against future variants and subvariants (21).

4.2 Spike-derived epitope-specific T cell

The SARS-CoV-2 surface dominant antigen Spike is a key
component involving viral invasion. Spike-specific CD4+ T cell
responses mediate critical anti-SARS-CoV-2 immune effects and
associate with anti-RBD antibody titers suggesting that they are also
capable of supporting antibody responses (13). However, it is
noteworthy that the frequency and magnitude of Spike specific
CD8+ T cell responses after natural infection are seem to generally
lower than those of nucleocapsid (20), which may be related to the
immunogenicity difference of viral antigens. Recently, a wide range
of studies have focused on the immunodominant HLA-A*02:01
restricted S269-277 (YLQPRTFLL) epitope-specific CD8+ T cell
response feature and TCR repertoire characteristics (16, 17, 20, 25,
42). Detected by direct in vitro TAME, the mean frequency of A2/
$269-specific CD8+ T cells is approximately 1.65x10°° in healthy
pre-pandemic individuals (25), and 1.44x10° and 1.28x107 in the
COVID-19 acute and convalescent patients, respectively (17),
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suggesting that A2/5269-specific CD8+ T cells exhibit a certain level
of activation and expansion following natural infection, but
significantly lower than N protein-derived N105+CD8+ T cell
responses (25). The A2/S269+CD8+ T cells expressed multiple
cytotoxic granzymes/perforin, indicating their killing capacity and
activation status, but the similar level was also found on the total
CD8+ T cells (17). Transient activation of A2/5269-specific CD8+ T
cells in COVID-19 patients and T,y and stem cell-like memory T
(Tsem>» CCR7-CD27+CD45RA+) cells dominant naive memory
phenotypes in convalescents may further reflect the lower
immunodominance hierarchy (17). The suboptimal characteristics
of A2/S269+ CD8+ T cells may be derived from the low degree of
TCRof repertoire diversity, manifested as biased use of TRAV12
gene fragments (37, 42), public TRAV/TRA] pairing and CDR3o.
loop motif including TRAV12-1/TRAJ43 CVVNXXDMRF motif
(X represents any amino acid) and TRAV12-2/TRAJ30
CAVNXDDKIIF motif (25), which also suggests the essential role
of TCRo chain in recognizing this epitope. Although the TRBV
gene usage is less common, there remains a bias of TRBV7-9 (20,
37), which is quite distinct from the highly diverse TCR repertoires
of immunodominant B7/N105. Overall, the suboptimality of S269 is
reflected in multiple aspects, including the specific T cell responses
frequency, magnitude, biological function, phenotypic
characteristics and TCR repertoires feature.

In contrast, HLA-A24:02-restricted S protein-derived epitopes
$1208-1216 (QYIKWPWYI) and $448-456 (NYNYLYRLE) appear
to have higher immunodominance over A2/5269. Previous studies
using TAME readout showed that the detected frequencies of A24/
$448+ and A24/S1208+ CD8+ T cells in COVID-19 individuals are
about 6.30~7.71x10%, which was significantly higher than that of
unexposed controls of 8.44~9.50x10°%, suggesting that naive A24/
SARS-CoV-2 epitope-specific CD8+ T cells can strongly clone
expand about 7.5 folds following COVID-19 (18, 25). Notably,
the biological functions and association with COVID-19 disease
severity of A24/S1208- A24/S448-specific CD8+ T cells have not
been fully investigated, and therefore future research could focus
on. HLA stabilization assays and HLA-peptide complex
dissociation assays revealed that the high antigen sensitivity of
two A24/epitopes originated from different mechanisms (22). The
high recognition of A24/S1208-specific CD8+ T cells results from
the high binding stability of the epitope peptide S1208-1216 to
HLA-A24:02, while the high TCR affinity of A24/5448-specific CD8
+ T cells determines their high recognition with epitope S448-456
(22). Previous studies suggest that intrinsic properties of viral
epitopes such as MHC binding affinity and TCR recognition
capacity have critical impacts on shaping the immunodominance
hierarchy (59, 62). Furthermore, there also seems to be a
close relationship between epitope-reactive T cells TCRof
repertoire characteristics and epitope immunodominance and
immunoprevalence. Rowntree and colleagues revealed that A24/
S448- and A24/51208-specific CD8+ T cells have completely
different TCR repertoire profiles (18). For A24/S448+CD8+ T
cells, prominent gene segment usage (TRBV2/TRBJ2-7) and
common TCRP chain CDR3 motif XXXGYEQYF resulted in a
lack of TCRof plasticity similar to the subdominant A2/S269
epitope TCR repertoire. In contrast, the A24/51208+CD8+ T cells
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display a high degree of TCRof diversity among COVID-19
patients similar to B7/N105+ T cells, possibly reflecting their
higher immunodominance hierarchy. The highly diverse TCRo,3
repertoire can provide a wider range for the selection of high affinity
clonotypes for pMHC complexes. Thus, CD8+ T cells with high
TCR repertoire diversity can potentially produce a broader antiviral
immune response to SARS-CoV-2 ancestral strain and
variants (25).

A recent study using overlapping peptide pools stimulation and
ICS assay showed that CD4+ T cells targeting multiple SARS-CoV-
2 proteins produce a stronger immune response than CD8+ T cells
and may mediate greater antiviral immune protection (17).
These potent antiviral CD4+ T cell responses may be induced
by several immunodominant CD4+ T cell epitopes. Wragg
et al. recently identified an S protein-derived HLA-DRB1*15:01
restricted immunodominant CD4+ T cell epitope S751-767
(NLLLQYGSFCTQLNRAL) (27). The DR15/S751-specific CD4+
T cells frequency was detected by tetramer technique up to 1.36x10°
*in early convalescent patients from mild to moderate COVID-19,
which was 34-fold higher compared to uninfected individuals.
Although DRI15/S751-specific CD4+ T cells gradually declined
over time, they remain stable with a half-life of >377 days and
maintain a frequency of 3.8x107 in the late convalescent phase of
365-450 days after symptom onset. This is significantly longer than
the half-life of approximately 200 days of total SARS-CoV-2-
specific CD4+ T cells reported in previous studies (74), suggesting
that some immunodominant epitopes can potentially induce robust
and durable CD4+ T cell responses. TCR sequencing analysis
showed that the expression of the TRBV gene in DR15/S751+ T
cells displayed a skewed bias toward TRVB24-1, TRVB20-1 and
TRBV6-1, with a highly public CDR3B motif CSARRGTEAFF, but
the usage of TRAV gene was more diverse. Therefore, its TCR
specificity seems to be driven by the TCRP chain rather than the
TCRo. chain (27). However, due to the limited availability of MHC
class II tetramers, there are relatively few studies on SARS-CoV-2
epitope-specific CD4+ T cell responses, so future efforts should
focus on elucidating its critical role in antiviral immunity.

4.3 Other peptide epitope-specific T cell

The M protein is a prominent antigen among SARS-CoV-2
structural proteins, but studies have noted that the epitopes from
the M protein lack the strong binding capacity to HLA molecules.
Thus, it is generally agreed that the high immunogenicity
of the M protein comes from the highly expressed genome
rather than containing high-quality epitopes (13). The HLA-
A*24:02 restricted M198-206 is currently reported the most
immunodominant membrane-derived SARS-CoV-2 epitope, and
A24/M198-specific CD8+ T cell responses can effectively suppress
propagation of variants of concern including omicron strain and
associate with COVID-19 clinical severity (38), and thus it appears
to be a potential favorable target for next-generation vaccines or
adoptive immunotherapy. Notably, despite the low abundance of T
cell responses toward SARS-CoV-2 accessory and non-structural
proteins (13, 75), some of the early expressed viral proteins can still
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induce robust T cell immune responses (76). Using single epitope
peptide stimulation and IFN-y production assays, Schulien et al.
detected reactive CD8+ T cells toward a wide scope of SARS-CoV-2
proteins in 88.5% of COVID-19 individuals, mainly targeting
ORFlab region which may relate to the longer protein fragment
length and containing more prominent epitopes (16). Among them,
HLA-A*01:01 restricted immunodominant epitope ORFlab1637-
1646 (TTDPSFLGRY)-specific CD8+ T cells magnitude is
remarkably high that reaching up to 7%-25% of the total CD8+ T
cells after SARS-CoV-2 acute infection, which is significantly higher
than T cell responses induced by other protein-derived epitopes
such as S269, S1208, and comparable to immunodominant N105,
supporting the previous study that internal epitopes induce stronger
CD8+ T cell responses (20, 29, 33). Furthermore, AO1/ORF1lab1637
+ memory CD8+ T cells remain at a considerably high level with
functional IFN-y and TNF production within 5 months after
recovery from critical and severe COVID-19 disease (29, 33). The
TCR sequencing revealed that AO1/ORFlab 1637-specific CD8+ T
cells exhibit high TCR repertoires diversity and bias use of the
TRBV27 gene fragment same as the TCRP chain characteristics of
N105-specific T cells (19, 20). However, the specific role of the
TRBV27 gene fragment in T cells-mediated immune response
toward SARS-CoV-2 remains unknown. Remarkably, the
population with a given HLA typing seem to be more inclined to
present a certain SARS-CoV-2 antigenic epitope, such as the HLA-
A*01:01 molecule presenting ORF1ab1637 and the HLA-B*07:02
allele variant presenting the N105, thus inducing robust CD8+ T
cell responses that contribute to viral clearance and control of
disease severity. A limited number of studies have also investigated
other ORFlab- and some ORF3a-derived epitope-specific T cell
responses (16, 36). Ferretti et al. used an unbiased screening strategy
combined with the ELISpot assay and tetramer technique and
identified HLA-A*02:01 restricted immunodominant epitopes
A02/ORF1ab3886-3894 (KLWAQCVQL) and A02/ORF3al39-147
(LLYDANYFL) from COVID-19 patients PBMC, and observed that
patients with severe disease exhibited fewer tetramer+ T cells than
those with mild disease (36). TCR sequencing revealed that both
epitopes-specific T cells clonotypes enriched for TRAV gene
segments between most COVID-19 individuals, while TRBV gene
usage is less common, such as TRAV38-2/DV8 for A02/
ORF1ab3886-specific TCR clonotypes and TRAVS-1 for A02/
ORF3al39-147-reactive TCR clonotypes. This suggests that a
specific TCR Vo composition forms a structural feature that can
bind with high-affinity peptide-MHC, thereby supporting the
recognition of antigenic epitope (36). In addition to incorporating
the above epitopes into COVID-19 vaccine development, some
epitope-specific T cells have the potential to be used in
TCR-engineered T cell immunotherapy. For example,
immunodominant SARS-CoV-2 CD8+ HLA-A*03:01 restricted
ORF1 808-816 and HLA-A*01:01 restricted ORF3a 207-217
epitopes were recently found contain highly functional and
cytotoxic TCRs and mediating direct killing virus-infected cells
(34). Therefore, the information on the epitope-specific T cell TCR
repertoire summarized in this review may be of significant value for
future novel interventions toward SARS-CoV-2.
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5 SARS-CoV-2 epitope-specific T cell
following vaccination

Over the past three years, several COVID-19 vaccines have been
approved for emergency usage by the WHO and were broadly
vaccinated worldwide, proven to significantly reduce the
hospitalization risk and mortality, dramatically changed
vaccination strategies in response to COVID-19 pandemics (43,
44,77). These vaccines can effectively induce the production of anti-
S protein antibodies and poly-specific T cell responses (78).
However, studies noted that different vaccine platforms induce
different immune response types and intensity, with the
adenovirus-based vaccines can elicit a higher magnitude of S
protein-specific T cell responses, while mRNA vaccines produce
higher antibody titers (79). Optimized vaccine forms that include
multiple identified immunodominant T cell epitopes may benefit
populations with poor T cell responses induced by vaccination and
those with impaired antibody immunity.

Compared to previous studies on T cell responses toward SARS-
CoV-2 overlapping peptide pools, focusing on a single epitope
provides a more accurate picture of the breadth, magnitude, kinetics
feature and functional capacity of vaccine-induced T cell immunity
(14). M. Wragg et al. investigated vaccinees with multiple platforms
and found that DR15/S751-specific CD4+ T cells expanded
approximately 30-fold after the first vaccination in unexposed
individuals and further increased following second and booster
dose, and repeated vaccination can selectively expand high-avidity
T cell clones (27). Longitudinal analysis of the kinetics following
BNT162b2 vaccination revealed that rapid expansion of
immunodominant epitope DP04/5S167-180 (YVSQPFLM)-specific
and DR15/S751-specific CD4+ T cells occur as early as day 7 after
primary vaccination and peak at days 7-14 after the second dose,
maintaining predominantly effector memory phenotype for at least
200 days (26, 27). mRNA vaccine BNT162b2 can also elicit
functionally competent and long-lasting viral epitope-specific
CD8+ T cell responses targeting A01/S865, A02/5269, A03/S378,
A24/S448 and A24/S1208 with the peak frequency of ~3.6x10™* and
maintaining full function for at least 80-120 days (14, 22). These
observations suggest that COVID-19 vaccines, at least partially such
as BNT162b2, can effectively induce rapid, robust and long-lasting
immunodominant S protein epitope-specific CD4+ and CD8+ T
cell responses that play a critical anti-COVID-19 role. However,
only the low frequency and magnitude of subdominant DR15/S236-
specific CD4+ T cell responses were driven by the COVID-19
mRNA vaccine, suggesting that the current vaccination strategy
will result in the generation of heterogeneous T cell responses
against different viral epitopes (14, 27).

Follicular helper T (Tth) cells located in the germinal centers of
secondary lymphoid tissues are a specific subset of the CD4+ T cell
population that specializes in helping B cells and mediating
protective antibody production (80). A recent longitudinal follow-
up analysis demonstrated that the COVID-19 mRNA vaccine can
induce strong, persistent and high TCR clonal abundance of PD-1
+CXCR5+ DR15/S167-specific Tth cell responses in lymph nodes,
which maintain at high frequency >170-200 days, and were
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consistent with long-term survival germinal center B cell responses
(26). Furthermore, there is a subpopulation of CD4+ T cells with
similar phenotype and functional capacity to Tth cells in peripheral
blood named circulating follicular helper T (cTth) cells (41), which
are also strongly driven following COVID-19 vaccination. Activated
DR15/S751-specific cTth cells are rapidly generated at day 5 after
BNT162b2 of convalescent individuals, and subsequently remain in
circulation at a resting state for long period (27). The frequency of
tetramer+ cTth memory cells prior to vaccination was positively
correlated with neutralizing antibody titers after vaccination,
emphasizing the value of previously established Sike epitopes-
specific cTth cells in supporting antibody response recall after re-
antigen exposure (27).

Some studies demonstrated that there are many differences in
SARS-CoV-2 specific T cell immunity induced by different antigen
exposure patterns and orders such as COVID-19 vaccination,
natural infection, hybrid immunization or breakthrough infection
(14, 73). SARS-CoV-2-specific T cells in COVID-19 convalescent
individuals predominantly target non-spike protein epitopes,
whereas mRNA vaccinees exhibit a broad spike epitopes-specific
T cell response (81). The mRNA vaccination for those who
recovered from SARS-CoV-2 infection also led to the main
expansion of S-protein-specific T cells, whereas breakthrough
infections induce robust non-S-protein-specific T cell responses,
suggesting that current vaccine strategies tend to recruit Spike-
specific T cell population, whereas breakthrough infections increase
the diversity of T cell repertoire (73). However, in the context of the
constant mutation in the SARS-CoV-2 genome, especially the
emergence of the Omicron variant with a wide scope of
mutations in S protein epitopes. This should arouse public
vigilance that future vaccine regimens may need to incorporate
more SARS-CoV-2 proteomic epitopes, especially for
immunodominant epitopes that are highly conserved among
mutant strains.

6 Heterogenous phenotypic
characteristics of SARS-CoV-2
specific T cells

Although quite a lot of studies showed that T cells play
important role in COVID-19 recovery, the phenotype and the
functionality of SARS-CoV-2 specific T cells are not clear, so far,
some studies focus on the phenotype defined by CD137 and CD69
(AIM) for virus specific CD8+ T cells, and CD154 and CD137 for
CD4+ (11, 27), some studies sticked to the phenotype defined based
on IFN-y+ and TNF-a. (ICS) (15). However, Whether SARS-CoV-2
specific CD8+ T cells defined AIM is containing or overlapped with
those defined by ICS is unknown, and which one play more
important role is not clearly addressed. although both were
proved to combating against COVID-19 infection and can be
induced in vaccinees. To some extent, as known for its
heterogenicity, whether both can differentiate into similar
memory T cells subpopulation is also obscure. Here, we
summarize the heterogenicity of virus specific T cell in COVID-19.
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Among the memory T subpopulations, T, preserved long-
term specific immune memory to SARS-CoV-2 for rapid future
responses (9, 82). Ty, is capable for self-renewing and multilineage
differentiating to broad spectrum of anti-SARS-CoV-2 memory and
effector T cell population (83). Effector memory CD45RA T (Temras
CCR7-CD27-CD45RA+) cells are virus-experienced cells that re-
express the naive cell marker CD45RA, which were increased in
COVID-19 and correlate with milder disease (84). Many previous
studies have performed phenotypic characterization and subsets
division at the level of total SARS-CoV-2 specific memory T cells (8,
85), demonstrating that SARS-CoV-2-specific CD4+ memory T
cells were predominantly T, cells, whereas SARS-CoV-2-specific
CD8+ memory T cells were mainly Tey,, cells. However, epitopes-
specific memory T cells of the different immunodominance
hierarchy toward SARS-CoV-2 also appeared to display
convergent phenotypic feature, which are prevalent in both CD4+
and CD8+ T cells and exhibit differences from the total SARS-CoV-
2-specific T cells. For example, immunodominant epitope DR15/
§751+CD4+ and B7/N105+CD8+ memory T cells have similar
phenotype profiles exhibiting a stable T, phenotype (25, 27, 28),
while epitopes with slightly lower immunodominance, such as A24/
$448, A24/S1208 and A2/S269+CD8, their specific T cells have
similar phenotype patterns, displaying highly diverse memory T cell
phenotypes including Tem, Tsem> Temra and Thaive (18, 25, 31). In
contrast, the subdominant DR15/S236+CD4+ memory T cells
population exhibits a more T, memory phenotype profile in
COVID-19 convalescent patients (27). These memory phenotype
differences observed in recent studies may associate to the longevity
and biological function of epitope-specific T cells, thus affecting
their immunodominance hierarchy. Notably, the relationship and
potential mechanism still needs to be further validated by large
sample sizes cohorts and consistent time point comparison in
future, which may be of great value for multidimensional
decoding of virus epitopes.

Previous studies have reported a significant correlation between
different HLA allelic variants and COVID-19 disease severity and
clinical outcome (86, 87), while HLA type also seems to associate
with the phenotypic characteristics of restricted epitope-specific T
cells (16). Schulien et al. found that HLA-A restricted epitopes-
(A01/ORF3a207-215, A01/ORFlab4163-4172, A02/ORF3al39-
147) compared to HLA-B restricted epitopes- (B44/N322-330,
B44/ORF1ab3946-3954, B07/N105) specific CD8+ T cell more
bias to early differentiation of T, and effector memory 1 T
(Temi, CCR7-CD27+CD45RA-) cells subsets, and are highly
expressed with antigen recognition-related markers and low
expression of cell differentiation-related markers (16). This may
partially explain the effect of HLA allelic variants on the COVID-19
outcome by affecting the phenotypic and functional characteristics
of various restricted epitopes-specific T cells, thereby changing the
T cell immune responses of specific populations after SARS-CoV-
2 infection.

Furthermore, the phenotypic characteristics of SARS-CoV-2
epitope-specific T cells distinctly differed among patients with
different disease severity from mild or moderate, to severe and
critical disease. W. Nelson et al. using the combinatorial TAME
strategy analyzed two S-protein-derived epitopes- (S166-177 and
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$310-320) and two N-protein-derived epitopes- (N305-316 and
N329-340) specific CD4+ T cell responses in COVID-19 patients
with HLA-DRB1*07:01 allele, and found that the tetramer+ T cell
phenotypes differed between disease severity, with more CXCR3
+CCR4- Thl cells in mildly infected individuals and impaired
differentiation and formation of Thl-type CD4+ T cells in severe
COVID-19 patients (32). This observation is consistent with
previous reports that Thl cells profile plays a key role in effective
viral infection resolution and symptoms control, whereas Th2 and
Th17 cells are usually associated with more severely ill, possibly due
to the close association of lung immunopathology and ARDS,
respectively (8, 88, 89). For acute COVID-19 patients with the
critical disease, tetramer+CD8+ T cells lack polyfunctional cytokine
production, and exhibit high expression of inhibitory receptors and
gene expression profiles that limit T cell re-activation and migration
(29). Notably, the expression of inhibitory receptors such as PD-1 is
associated with T cell activation and function (31), whereas the co-
expression of multiple inhibitory receptors (NKG2A, LAG-3, CD-
95, and TIGIT) is the phenotypic marker of T cell dysfunction and
exhaustion and correlates with the more severe COVID-19 course
(30, 90). However, the distribution and contribution of SARS-CoV-
2 specific cTth cells in mild and severe infections are currently
controversial (32, 90).

Multiple studies have observed that the phenotypic
characteristics of SARS-CoV-2-specific T cells also exist
differences in different age groups (20, 25, 91). Analysis of the ex
vivo phenotype profiles of epitopes-specific T cells in seroconvert
children and adults infected with SARS-CoV-2 revealed that
tetramer+ CD8+ T cells of children mainly display naive
phenotypes such as Ty, or Thaive cells, while adults had a higher
frequency of effector memory populations (20). This difference may
arise from varying degrees of previous exposure to HCoVs and the
resulting antigen-experienced T cell differentiation (91). Moreover,
a recent study showed that in response to a specific SARS-CoV-2
epitope such as B7/N105, reactive CD8+ T cells in the elderly often
exhibit a highly heterogeneous Tiives Tems> OF Temra phenotype, in
contrast to the homogeneous phenotypic profile exhibited by adults,
which may associate with T cells in the elderly experienced age-
related dysregulated homeostatic proliferation or with previous
coronavirus infection (25).

7 Cross-reactivity of SARS-CoV-2,
variants of concern and HCoVs

Broad cross-reactive T cell responses targeting multiple SARS-
CoV-2 structural and non-structural proteins have been reported in
more than 50% of unexposed healthy individuals (11, 24, 92-95).
These immune responses may be derived from preexisting memory
T cells generated by previous HCoVs exposure and can cross-
recognize SARS-CoV-2. The six existing HCoVs include o
coronaviruses (HCoV-NL63, HCoV-229E) and B coronaviruses
(HCoV-0OC43, HCoV-HKU1, SARS-CoV, SARS-CoV-2, and
MERS-CoV). The highly conserved cross-reactive epitopes in
HCoVs and SARS-CoV-2 are shared in T cell immunity due to
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the presence of amino acid sequence homology (96, 97), and thus
induce long-term maintenance of cross-reactive cellular immunity
(93). Currently, the function and impact of preexisting cross-
reactive T cell responses in COVID-19 remain controversial, and
some researchers have pointed out that it may be a double-edged
sword (9, 98). The highly conserved immunodominant region
S811-831 (KPSKRSFIEDLLENKVTLADA) in SARS-CoV-2 and
multiple HCoVs contains multiple MHC class II-restricted CD4+
T cell epitopes (92, 99, 100). In this peptide region, S816-830 cross-
reactive CD4+ T cell responses are efficiently recruited to most
SARS-CoV-2-infected individuals and almost all mRNA vaccinees,
and positively correlate with S protein-neutralizing antibodies,
suggesting that coordinated cross-reactive immune responses may
play an important anti-SARS-CoV-2 role (92). Moreover, some
viral proteins are essential for the viral replication cycle, such as
RNA polymerase and helicase, are often highly conserved among
multiple coronaviruses and induce strong cross-reactive T cell
responses, which may become potential candidate targets for
future vaccine design. Swadling et al. and Le Bert et al. detected
specific CD8+ T cell responses targeting nsp7, nsp12 and nspl3 in
SARS-COV-2 unexposed individuals and exposed healthcare
workers and found that these cross-reactive T cells were rapidly
reactivated after virus exposure, producing anti-infective effect and
having the potential to induce abortive infection (94, 101).
Nesterenko et al. identified the SARS-CoV-2-derived nspl2
epitopes RQLLFVVEV and TMADLVYAL with extensive cross-
reaction to HCoVs. Their specific TCRs can target and eliminate
cells expressing viral RNA polymerase and associate with reduced
disease severity (24). These observations support the previous
findings that recent HCoVs infection or higher levels of cross-
reactive epitope-specific T memory cells appear to be associated
with a better COVID-19 clinical outcome (23, 92, 95). However,
several other studies have pointed out that HCoV-specific T cells
commonly have only low affinity against SARS-CoV-2 antigens
(102, 103). These low-affinity and low-functional cross-reactive T
cells prevent the formation of high-affinity T cell responses after
primary SARS-CoV-2 infection, thus negatively affecting efficient
antiviral immunity (98). In general, recall of preexisting cross-
reactive memory T cells can produce a rapid early antiviral immune
response, which, although not sufficient to prevent SARS-CoV-2
infection, may modulate COVID-19 disease severity or modulate
vaccination responsiveness resulting in a faster or stronger
vaccine response.

In the context of continually accruing mutations in the SARS-
CoV-2 genome, many emerging viral variants such as Omicron and
subvariants, which has been globally prevalent in the last two years,
are able to generate immune escapes against the ancestral strain,
thus greatly increasing the number of breakthrough infection cases.
However, T cell immune responses elicited by prior infection or
COVID-19 vaccines are greatly preserved and can cross-recognize
variants of concern (VOCs) from Alpha to Omicron (104-107).
These T cell immune responses are associated with efficient viral
clearance and milder disease severity, which is clearly distinct from
the severely impaired SARS-CoV-2-specific B cell responses and
neutralizing antibody function (108). Based on HLA
polymorphisms, each individual recognizes a group of unique T
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cell epitopes estimated to be at least 30-40 SARS-CoV-2 antigen
epitopes, including approximately 19 CD4+ T cell epitopes and 17
CD8+ T cell epitopes (13). At the population level, roughly 80% of
the memory T cells elicited by natural infection or vaccination can
cross-react with different SARA-CoV-2 variants, and <30% of the T
cell responses are lost when identifying common VOCs (105, 106).
Therefore, future new variants or subvariants are unlikely to escape
this extensive T cell immunity from the individual and population
levels. Previously established memory T cells also have extensive
immune coverage and cross-recognition capacity against the
Omicron variant, mainly targeting conserved immunodominant
epitopes including B7/N105, B40/N322, A3/N361, A24/S1208,
DPB4/S167, A24/M198, A1/ORFlal637, thus playing a critical
role in limiting the transmission and pathogenesis of Omicron.
However, it is worth noting that some epitopes mutations in the
RBD region of the Omicron proteome such as N440K mutation
(8751-765) will reduce the binding affinity to HLA molecules (109,
110), and some mutations in the accessory protein regions such as
A1708D mutation (ORF1ab1707-1716) and I2230T mutation
(ORF1ab2230-2238) will impair the activation of CD8+ T cells
(111). Under the influence of multiple mutations in critical
epitopes, approximately 21% of individuals showed reduced T cell
responses against Omicron (112), suggesting that some individuals
target non-conserved epitopes resulting in limited T cell immunity.
Thus, the constant evolution of SARS-CoV-2 forced vaccine design
to focus on S protein sequences that were unaffected by epitope
mutations, or to select more conserved immunodominant epitopes.
Predicting future circulating variants is a major challenge for
vaccine strategies that would otherwise lead to reduced efficacy
of vaccination.

8 Prospectives

Albeit we accumulate various related studies into this review, in
COVID-19 T cell immune filed, there are still a few questions
remain to be answered in future. How the SARS-CoV-2 epitope-
specific T cell responses were initiated, especially under different
circumstance such as vaccinations, infections, vaccination-infection
and infection-vaccination patterns, and how these cells rapidly
response after several encountering antigen. And after multiple
antigen training, whether those epitope-specific T cell multiple-
functionality can be improved, whether the starting of epitope-
specific T cell induction are different in mild and severe COVID-19
patients, especially under severe situation, and how antigen cross-
dressing play in stimulating T cell response.

After epitope-specific T cell responses generated, it is still not
known how those T cells differentiate into memory phase, do they
correspondingly differentiated between immunodominant and
subdominant epitopes, and did they have similar TCR clonal
expansion and have similar functionality characteristics? And
what host factors drive the clonal expansion, even divided the T
cell response between activation and exhaustion. Notably, what role
of these epitope-specific T cell responses in the cytokines storm
generation, inhibition in early phase or loosen T activation induced
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overaction. More importantly, how epitope-specific T cells interact
with B cell biology, is especially need to study in future. It will be
related to the question whether epitope-specific T cells can be
further divided into epitope specific Treg, and as mentioned in
previous text, whether N, M or ORF specific CD4+ T cells can help
anti-S or neutralizing antibodies generation. Additionally, more
studies should be carried on the longevity and location of epitope-
specific memory T cells, whether COVID-19 can generated T
residential memory in lung tissue, how they keep regeneration,
whether they could rapidly response secondary COVID-19
infection should be addressed in the future. Notably, while SARS-
CoV-2-specific CD8+ T cell epitopes restricted by multiple
predominant HLA-I have been well investigated, CD4+ T cell
epitopes specific T cell responses have been understudied which is
partly due to the limitations in reagents for class-II multimers.
However, considering the critical role of CD4+ T cells in anti-SARS-
CoV-2, future studies should pay more attention to this issue and
balance this research gap.

Finally, what need for greater vigilance is the immune escape
caused by SARS-CoV-2 genome mutation poses a great threat to the
current vaccine effectiveness. Most of the immunodominant
epitopes covered in this review have been confirmed to be highly
conserved, and specific T cell response toward these epitopes can
cross-recognize the multiple SARS-CoV-2 variants especially for
Omicron (Table 1). Therefore, future vaccine regimens could
incorporate those critical epitopes to improve the efficacy and
longevity. When considering the inclusion of these epitopes in
vaccine development, the issue of HLA restriction is indeed a
concern, one way to overcome HLA limitations, we can constitute
a peptide pools, to cover more different global frequent HLA-
restricted SARS-CoV-2 immunodominant epitopes in vaccine
design, and then combined with novel nanoparticles-based
vaccine delivery, thus inducing a broad immune response that
covering wider HLA alleles. Second way to constitute conserved
SARS-CoV-2 proteins into viral vector or combining with special
adjuvants, which can stimulate strong T cells targeting to SARS-
CoV-2 proteins when viral vector-based vaccine replicated in vivo.
Ideally, it will be great to design a live attenuated SARS-CoV-2
vaccine therefore contains all viral proteins, which contains all T cell
epitopes and no matter HLA subtypes.
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Rapid, early, and potent
Spike-directed IgG, IgM, and IgA
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mildly symptomatic COVID-19 in
Uganda, with IgG persisting

for 28 months
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Introduction: Understanding how spike (S)-, nucleoprotein (N)-, and RBD-
directed antibody responses evolved in mild and asymptomatic COVID-19 in
Africa and their interactions with SARS-CoV-2 might inform development of
targeted treatments and vaccines.

Methods: Here, we used a validated indirect in-house ELISA to characterise
development and persistence of S- and N-directed IgG, IgM, and IgA antibody
responses for 2430 SARS-CoV-2 rt-PCR-diagnosed Ugandan specimens
from 320 mild and asymptomatic COVID-19 cases, 50 uninfected contacts,
and 54 uninfected non-contacts collected weekly for one month, then
monthly for 28 months.

Results: During acute infection, asymptomatic patients mounted a faster and
more robust spike-directed 1gG, IgM, and IgA response than those with mild
symptoms (Wilcoxon rank test, p-values 0.046, 0.053, and 0.057); this was more
pronounced in males than females. Spike IgG antibodies peaked between 25 and
37 days (86.46; IQR 29.47-242.56 BAU/ml), were significantly higher and more
durable than N- and RBD IgG antibodies and lasted for 28 months. Anti-spike
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seroconversion rates consistently exceeded RBD and nucleoprotein rates. Spike-
and RBD-directed IgG antibodies were positively correlated until 14 months
(Spearman’s rank correlation test, p-values 0.0001 to 0.05), although RBD
diminished faster. Significant anti-spike immunity persisted without RBD. 64%
and 59% of PCR-negative, non-infected non-contacts and suspects, exhibited
baseline SARS-CoV-2 N-IgM serological cross-reactivity, suggesting undetected
exposure or abortive infection. N-1gG levels waned after 787 days, while N-IgM
levels remained undetectable throughout.

Discussion: Lower N-1gG seroconversion rates and the absence of N-IgM
indicate that these markers substantially underestimate the prior exposure
rates. Our findings provide insights into the development of S-directed
antibody responses in mild and asymptomatic infections, with varying degrees
of symptoms eliciting distinct immune responses, suggesting distinct pathogenic
pathways. These longer-lasting data inform vaccine design, boosting strategies,

and surveillance efforts in this and comparable settings.

KEYWORDS

SARS-CoV-2 antibody persistence, Spike and RBD, nucleoprotein, mild and
asymptomatic COVID-19, IgG, IgM, IgA, Uganda

Introduction

In 2019, a new human coronavirus illness (COVID-19) caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) appeared, sparking a serious public health crisis. By
September 2022, there were 613,410,796 COVID-19 cases,
including 6,518,749 deaths, and 12,659,951,094 vaccine doses
administered (https://covid19.who.int, accessed September 29,
2022). Of these, 9,327,413 cases and 174,509 deaths occurred in
sub-Saharan Africa (SSA), revealing a considerably lower impact in
SSA (1). Several hypotheses were proposed to explain this lesser
disease burden, including a younger demographic structure in SSA
(2), less testing, undercounting of deaths, genetic predispositions,
and cross-reactive immunity against previous coronaviruses. Pre-
existing cross-reactive immune responses have been reported in
many geographical locations (3-6) and in some cases were
significantly higher in SSA than in other continents (4), probably
due to the high sequence homology between SARS-CoV-2 and the
common coronaviruses in SSA. Such cross-reactive immune
responses to other coronaviruses were linked to a decreased
likelihood of COVID-19 disease severity in the United States (7),
but not in other regions, such as SSA (8-10).

The Spike (S) protein of SARS-CoV-2 is composed of the S1 and
S2 subunits. A receptor-binding domain (RBD) within the S1 subunit
interacts with human host cells expressing ACE2 receptors to promote
viral entry (11). Antibodies against RBD block virus interaction with
the host cell receptors, thus providing protection (12). Accordingly,
antibodies directed against the S protein, particularly the RBD, are
critical targets for developing vaccines and therapeutics (13-15) due to
their positive associations with viral neutralisation titres (16-19). On
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the other hand, the Nucleoprotein serves as the primary target in many
serosurveillance test systems, and serological responses to N infer prior
SARS-CoV-2 exposure (20-22).

It is essential to examine the dynamics of humoral immune
responses to SARS-CoV-2 to infer protective immunity and
determine vaccination-induced immunity. However, the dynamics
of the anti-SARS-CoV-2 antibody response and persistence after
infection are still debatable and have primarily been studied in the
context of more severe disease, which is uncommon in African
patients. While antibody persistence was associated with severe
disease, comparable seropositivity was reported between
symptomatic and asymptomatic individuals in some contexts (23,
24) but not in others (25). Mild COVID-19 disease has been linked
to a weaker humoral response, raising fears of faster waning of
immunity. Severe disease has been associated with longer
persistence of humoral immunity for 12 months post-infection
(26, 27). Some populations have shown delayed onset of S-IgG and
IgM, making early serological screening less significant (28).
Median anti-Spike titres in symptomatic and hospital-admitted
cases are significantly higher than in asymptomatic participants,
persisting for at least one year. There is a need to establish the
dynamics of antibody development in SSA settings where the
disease impact has been distinctively different.

It is vital to monitor changes in S-, RBD-, and N-directed IgM, IgG,
and IgA levels in sub-Saharan Africa to guide diagnostic strategies,
public health policy, and immunological correlates pertinent to vaccine
formulation. Multiple viral proteins (29, 30) elicit prompt and long-
lasting immunity that persists for several months (31-33). SARS-CoV-
2-directed S- and N-IgG, -IgM, and -IgA antibody profiles have guided
inference of the serological response to COVID-19 and provided
insight into the relevance of targeting the Spike-protein for vaccine
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design (34, 35). Using data from European cohorts, mathematical
modellers predicted the persistence of functional Spike and RBD-
directed antibodies 465 days post-infection and faster decay of N-
directed antibodies, providing data that inform vaccination and
serosurveillance strategies (36). Nevertheless, there is limited
knowledge on the development, kinetics, and profile of immune
responses to the milder and asymptomatic COVID-19 epidemic that
primarily occurred in the African setting. Geographically relevant data
is needed to inform vaccination, diagnostic and surveillance strategies
in this setting.

On March 21, 2020, Uganda confirmed her first COVID-19
case in a returning traveller, prompting a countrywide lockdown to
prevent further spread, except for cargo truck drivers and vital
front-line professionals required to safeguard the economy and
combat the epidemic, respectively. All inbound cargo truck drivers
were mandated to undergo cross-border PCR testing for COVID-
19, and all detected cases were quarantined in designated referral
hospitals until viral clearance was confirmed by PCR. This approach
allowed for possibility of assembling a cohort of newly infected
PCR-confirmed COVID-19 cases to profile the local immune
response to the epidemic. Consequently, we examined the profile,
timing, durability, specificity, seroconversion rates, and targets of
humoral immunity to SARS-COV-2 over 28 months in PCR-
confirmed COVID-19 convalescent participants with or without
re-exposure, as well as the influence of gender and symptom status
on induced antibody responses.

Materials and methods
Study design and population

A prospective cohort of rt-PCR-confirmed SARS-CoV-2
positive, slightly symptomatic, and asymptomatic participants and
rt-PCR-confirmed negative, exposed, and unexposed persons was
established. The cohort was established in response to the
mandatory requirement for the purposive sampling of all
incoming travellers for COVID-19 PCR positivity, while the rest
of the country as under lock down. All PCR-positive cases were
subjected to mandatory isolation at Masaka and Entebbe Referral
Hospitals until they were deemed PCR-negative. Participants were
recruited through regional referral hospitals in Entebbe and
Masaka, which served as COVID-19 isolation and treatment
centres at the start of the Ugandan outbreak. Available hospital
records from the participant’s admission were used to obtain
participant-related health information. Access to participant-
related health information was only possible through available
hospital admission records. When possible, an acute blood
sample was obtained to assist the COVID-19 care team in
obtaining a complete blood count (CBC) report. In some cases,
records of conditions such as hypertension, diabetes, and asthma
were also collected to better understand the participants’ health
status. Participants were chosen because they were under
mandatory isolation for COVID-19 after a positive rt-PCR result
was detected during a national sampling for SARS-CoV-2. During
sample collection, the most prevalent circulating variants were

Frontiers in Immunology

10.3389/fimmu.2023.1152522

A23.1 and Delta. Dates of infection (Day 0) were calculated using
the initial rt-PCR-confirmed COVID-19 diagnosis and, if available,
the date of the first hospitalization. Participants were contacted
weekly for the first month, then monthly for the next 28 months.
Volunteers reflected typical hospital admissions at the time,
consisting of a spectrum of mild and largely asymptomatic
illnesses with a one-day median gap between PCR and admission
dates (IQR, 1-3). During the follow-up, we gathered participant
demographics, clinical complaints, and complete blood counts.

Negative controls included specimens collected between 2012
and 2017, prior to the outbreak. PCR-negative suspects (SUS) and
non-cases (NC) recruited simultaneously at the outbreak’s onset
were utilized to establish baseline cross-reactivity. The suspects
were PCR-negative individuals isolated due to past close interaction
with a PCR-verified COVID-19 case. Participants who had no
known prior contact with a COVID case were categorized as
“non-cases.” Suspects were followed on days 0, 4, 7, 14, 20, 21,
and 28 between June 10, 2020, and November 5, 2020, while non-
contacts were tracked for 35 days on days 0, 7, 14, 21, 28, and 35
days after the initial PCR, between June 17, 2020, and September 21,
2020. All study procedures were approved by the Research and
Ethics Committee of the Uganda Virus Research Institute (GC/127/
833) and the Uganda National Council for Science and Technology
(HS637ES). Participants gave their written informed consent to take
part in the study. Between May 11, 2020, and May 24, 2022, 320
participants aged 14-87 years (median 31, IQR [25-37]) were
recruited and followed for up to 837 days (median 155, IQR [58-
277]). Two individuals lacked age information: 245 were males and
75 were females. 47 were symptomatic, 192 were asymptomatic, and
81 did not have admission information. A maximum of three
symptoms were recorded per individual; 15, 19, and 13
participants, respectively, exhibited one, two, and three
symptoms. The most common symptoms were cough, fever, and
headache, as shown in Table 1.

Study specimens

The median duration between diagnosis and the collection of
the first plasma sample from 320 patients was one day (IQR 1 to 3).
A total of 2,430 plasma samples were analysed. Overall, 225/320
(70%) participants had at least four longitudinal samples, allowing
studies of the development and persistence of antibody responses
against SARS-CoV-2, regardless of re-infection. In addition, we
assessed fifty non-contacts (NC) and fifty-four suspects (SUS).

Conventional in-House ELISA for detection
of anti-SARS-CoV-2 binding antibodies

Spike-, RBD-, and N-directed IgG, IgM, and IgA antibodies
were quantified using an in-house ELISA adapted from Pickering
et al. (37), optimized and validated for use in this largely
asymptomatic or mildly symptomatic COVID-19infected
population (38). Briefly, 96-well flat-bottomed medium-binding
plates (Greiner Bio-One, #655001) coated with 50 pl of N-, RBD-,
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TABLE 1 Summary of recorded admission symptoms.

Cough 17
Fever 16
Headache 16
Runny Nose 11
Sore Throat 8
Chest Pain 5
Shortness of Breath 3
General Weakness 2
Flu 2
Loss of Smell 2
Severe Abdominal Pain 2
Sneezing 1
Mild Headache 1
Blocked Nostrils 1
Loss of Taste 1
Chills 1
Feels hotter 1
Sharp Pain Around Arm 1
Slight Cough 1
Total 47

The table shows the frequency of symptomatic participants per registered symptom at the
time of initial admission among the 47 symptomatic participants.

or S-Protein antigens based on the wildtype prototype strain (R&D
Systems #10474-CV-01M, #10549-CV-01M) at three pg/ml (0.15ug
per well) in PBS were incubated overnight at 4°C. The plates were
then washed 5x with 0.01M PBS containing 0.05% Tween 20 (PBS-
T) with a BioTek 405 TS microplate washer and blocked with PBS-T
containing 1% BSA (Sigma, #A3803) for 1 hour at RT. Heat-
inactivated (56°C for 30 mins) plasma/serum samples diluted at
1:100 in PBS-T with 1% BSA were added in duplicate and incubated
for 2 hours at RT. Following five washes with PBS-T, horseradish
peroxidase-conjugated, goat anti-human IgG (y-chain specific,
Sigma, #A0170, 1:10,000 dilution), IgM (u-chain specific, Sigma,
#A6907, 1:1,000 for S and 1:5000 for N), or IgA (oi-chain specific,
Sigma, #A0295, 1:1,000 dilution) detection antibodies in PBS-T
containing 1% BSA was added for 1 hour at room temperature
(RT). Pre-determined negative and positive plasma samples,
monoclonal antibodies, CR3009 (2ug/ml) for N or CR3022
(0.1pg/ml) for S and included two sets of duplicate blank wells as
controls. Finally, the wells were washed and dried by tapping on
absorbent paper towels. 50 ul of 3,3’,5,5'-Tetra-methyl benzidine
(TMB) substrate (Sera Care, #5120-0075) was then added for 3
minutes, followed by 50 pl of 1M Hydrochloric acid (Sera Care
#5150-0021) to stop the reaction. We read the plates at 450nm with
a BioTek ELx808 microplate reader using the BioTek GEN5
software. Blank well OD values were subtracted from those in
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specimen wells to obtain the net response. Receiver operator
characteristic (ROC) analysis derived cut-offs for S-, RBD-, and
N-directed IgG, IgM, and IgA optical densities were 0.432, 0.356,
0.201(S protein), 0.214, 0.350, 0.303 (RBD), and 0.395, 0.229, 0.188
(N protein), respectively, as described elsewhere (38).

Estimating binding 1gG, IgM, and IgA
antibody concentrations

We diluted 10 mg/ml of purified human IgG (Sigma, #12511)
and 5 mg/ml of purified IgA (Sigma, #12636) commercial standards
to 4.52 and 2 mg/ml, respectively, subjected them to seven 10-fold
serial dilutions ranging from 1000 to 0.001 ng/ml and incubated
them together with the test samples. Purified human IgM (Sigma, #
18260) was reconstituted from 10 to 1 mg/ml and subjected to seven
5-fold serial dilutions ranging from 1000 to 0.06 ng/ml. Standards
were incubated in wells pre-coated with 50ul of anti-human kappa
and lambda capture antibodies (Southern Biotech, #2060-01,
#2070-01, 1:1 ratio, diluted 1:500). The OD450 values of the
standards were used to create a non-linear, 4-parameter logistic
(4-PL) modelled standard curve using the BioTek GEN5 software.
The best linear range fit of the different standard curves was used to
extrapolate antibody concentrations, which were then corrected for
the associated dilution factor. Concentrations less than the
detection limit were assigned a value of 0 ng/ml.

Serological inference for reinfection after
primary SARS-CoV-2 infection

Reinfections are typically identified through viral genomic
sequencing of nasopharyngeal swab samples (39). Here, self-
reports were used to detect possible reinfections, since all the
cases we recruited as incident cases. Others have used varied
methods to differentiate reinfection from initial infection (40, 41).
One macaque study showed a 7.6-fold rise in N-IgG antibody as
indicative of reinfection (21), while a human West Africa study
suggested a 7-fold rise (20); similar titre rises were also observed in
studies from high-income settings (42, 43). Our serological data
from two SARS-CoV-2 reinfected patients with rt-PCR
confirmation showed an 11-fold rise in N-IgG antibody
concentration after reinfection. Then, to strongly suggest the
absence of reinfection, we applied a stricter threshold of no more
than a 2-fold increase in N-IgG antibody concentration.
Consequently, 24 individuals were assumed to have never been
infected again, and 127 individuals were presumed to have been re-
infected during the follow-up period.

Serological inference for vaccination after
primary infection

Exactly one year after reporting the first COVID-19 case,

Uganda launched its first COVID-19 mass vaccination program
on March 10, 2021, using the AstraZeneca (AZN) vaccine and
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initially targeting front-line staff. Consequently, specimens taken
before March 10, 2021, or around 10 months of this cohort follow-
up, are deemed vaccine naive. Immunization was subsequently
validated using vaccination certificates and, if missing, serological
data. Using available full-dose AZN serological data from nine
participants, we calculated a fold-rise in S-IgG ranging from 3.7 to
255.8 ng/ml (median 21.1; IQR: 9.3-31.1; mean 45.3; 95% CI; 15-98)
from baseline before the first vaccination to 14 days post-boost. We
then used a stricter threshold of a 2-fold rise or less in S-IgG to
denote the lack of vaccination uptake. Accordingly, 12 participants
with less than a 2-fold rise in S-IgG across the follow-up period were
classified as never having been vaccinated.

Missing data management

Antibody concentrations over the assay’s upper detection limit
were serially titrated to achieve optimum titres, and those below
detection were given a value of 0 ng/ml. Samples lacking categorical

variables were excluded from analyses of those categories, and “n
was stated in the corresponding figure and table.

Statistical analysis

Concentrations, and optical densities of S-, N-, and RBD-
directed IgG, IgM, and IgA antibodies were measured over time.
From categorical data, proportions were derived using descriptive
analyses, while summary statistics were derived from continuous
variables. Using box plots and Wilcoxon rank sum tests, ODs and
concentrations by gender and symptoms were compared. Using
Spearman’s rank correlation test, correlations between continuous
variables were estimated. Individual profile plots were calculated to
visualize the progression of antibodies for each subject. Due to the
imbalanced nature of the specimen time points, locally weighted
scatterplot smoothing (LOWESS) analysis was used to visualize the
average antibody evolutions across time. Statistical and graphical
displays were generated using R Version 4.1, STATA Version 15,
and GraphPad Prism Version 9.40; p-values 0.05 were deemed
statistically significant.

Results
Baseline clinical chemistry and comorbidities

Baseline comorbidity data was captured for 62 subjects. Diabetes
(1), HIV+ (1), hypertension (1), and peptic ulcer disease (1) were
identified as comorbidities in four participants. There was no
statistically significant difference between antibody levels in
participants with comorbidities and those without. Baseline CBC
parameters were assessed in 71 participants and there was no
significant difference between SARS-CoV-2 PCR-positive and
negative individuals. However, given the small sample size and lack
of baseline data for more participants, no definitive conclusions can be
drawn as to whether or not comorbidities had an effect on antibody
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levels in this study. This analysis lacked the power to detect any
significant differences between those with and without comorbidities.

Males and asymptomatic cases had higher
early Spike-directed antibodies

Since the initial data were collected on a weekly basis, we first
evaluated the antibody formation profiles during the acute period, then
examined the first two months to determine the cohort peak of the
primary IgG response, and then reported the overall durability. Using
434 specimens collected from 202 people with a median age of 31
between 10 June 2020 and 27 September 2021, the first month of S- and
N-directed IgG, IgM, and IgA antibody profiles were established. (IQR
25-37 years). The age of one of the 202 participants with first-month
specimens was unavailable; 148 (73.27%) were males, 31 (15.35%)
reported minor symptoms, and 138 (68.32%) were asymptomatic. In
this group, 33 individuals who lacked admission symptom reports were
eliminated from the analysis by symptoms.

A Wilcoxon rank sum test to stratify early antibodies by gender
revealed that the median S-IgM and N-IgG concentrations tended
to be greater in men than in females, with p-values of 0.032 and
0.022, respectively, as seen in Figure 1A. Males’ concomitant high
anti-Spike IgM and anti-N antibody concentrations indicate an
early antigenic load-driven antibody response. S-IgG concentration
was considerably greater in asymptomatic individuals than in
symptomatic participants, with a p-value of 0.046 (3820; IQR
1300-12875 vs. 2120; IQR 977-7322 ng/ml [71.63; IQR 24.35-
241.16 BAU/ml vs. 39.71; 18.30-137.13 BAU/ml]). Spike-directed
IgM ODs, which are suggestive of the early antibody response, were
shown to be greater in asymptomatic than in mildly symptomatic
participants (0.373 vs. 0.146; p-value 0.053; Figure 1B). These
findings suggest that rapid, early, and potent Spike-directed IgG,
IgM, and IgA antibody responses are characteristic correlates that
distinguish asymptomatic COVID-19 from COVID-19 with
moderate symptoms. This emphasises the need for prompt
induction of Spike-directed antibodies to control the progression
of COVID-19 disease.

Baseline Spike cross-reactivity in PCR-
negative contacts and non-contacts
was low

Among 89 patients evaluated at baseline (days 0-6), Spike-
directed IgG, IgM, and IgA seroconversion rates increased from
57.3%, 66.3%, and 42.7% to 88%, 66%, and 34%, by week 5 post-
infection, respectively (Figure 2A). During the first month of the
epidemic, S-IgG, -IgM, and -IgA antibody concentrations in cases
were 20, 21, 10, 7, 2, and 3-fold higher than in NC and SUS,
respectively. Some NC and SUS participants had detectable cross-
reactive anti-Spike IgG and IgM antibodies at baseline (day 0).
Three (6.38%) and seven (14.89%) of the 47 NC with baseline
specimens revealed baseline cross-reactive S-IgG and -IgM
antibodies. In contrast, only one (9.09%) and two (18.18%) of the
eleven SUS cross-reacted, with no significant difference between
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Early Spike and Nucleoprotein-directed antibodies by gender and symptoms. Figure 1 illustrates SARS-CoV-2-specific antibody responses
throughout the first month of infection using the Wilcoxon rank sum test. The optical densities and concentrations (ng/ml) of Spike- and
Nucleoprotein-directed IgG, IgM, and IgA antibodies are compared, stratified by gender (A) and symptoms (B). P-values less than or equal to 0.05

were regarded as statistically significant.

NCs and SUS. There were no cross-reactive anti-Spike IgA
responses at baseline, Figure 2B.

Baseline N-IgM cross-reactivity in PCR-
negative participants was high

Nucleoprotein-directed IgG, IgM, and IgA seroconversion rates
were 55.1%, 30.3%, and 25.8% among 89 infected patients assessed
at baseline (days 0-6), respectively; and these rates increased to 74%,
32%, and 28% five weeks later. As anticipated, N-IgG and N-IgA
antibodies at baseline were significantly higher in patients than in
controls. Anti-N IgM levels were suboptimal and comparable across
infected and uninfected individuals (Figure 3A). Among 47 NCs
with day 0 specimens, cross-reactive Nucleoprotein-directed IgG (n
= 13; 27.66%), IgM (30; 63.84%), and IgA (1; 2.13%) antibodies
were present at baseline. Five (22.7%), thirteen (59.1%), and three
(13.6%) of the eleven SUS participants had IgG, IgM, and IgA cross-
reactivity at baseline, respectively. As demonstrated in Figure 3B,
baseline -IgG and -IgM cross-reactivity with the Nucleoprotein was
more prevalent among NCs than the Spike, Fisher exact test (p-
values 0.006 and 0.00001, respectively). The unusual SARS-CoV-2
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Nucleoprotein-specific cross-reactivity among certain SARS-CoV-2
PCR-negative individuals implies probable undiagnosed exposure
at the outbreak’s onset.

Robust anti-Spike IgG was rapidly elicited,
while IgM and IgA waned early

LOWESS analysis was used to describe the chronologies of the
first month of S- and N-directed IgG, IgM, and IgA antibodies in
434 samples collected from 202 individuals with a median age of 31
(IQR: 25-37 years) between June 10, 2020, and September 27, 2021.
One individual had missing age information, 148 (73.27%) were
males, and 54 (26.73%) were females. In terms of clinical
presentation, 31 (15.35%) patients had moderate symptoms at the
time of admission, 138 (68.32%) had no symptoms, and 33
(16.33%) had no symptoms reported at the time of admission.
IgM and IgA were temporary and peaked early in the infection,
alongside steadily rising IgG, which quickly surpassed IgM and IgA
on the seventh day. Spike-directed IgM peaked at 8-12 days with a
median concentration of 1229 (IQR 535-3752 ng/ml) equivalent to
45.27 (IQR; 19.82-138.44BAU/ml), while IgA peaked at 7-10 days
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Anti-Spike antibody responses during the first month of infection. Individual subject patterns of Spike-directed IgG, IgM, and IgA antibody responses

throughout the first 35 days of primary infection are shown in Figure 2. SARS-CoV-2 cases with PCR diagnosis of infection are compared with PCR-

negative uninfected contacts (SUS) and non-contacts (NCs). (A) compares medians and interquartile ranges for antibody optical densities at 450 nm

and concentrations (ng/ml) among cases, NC, and SUS individuals using box plots and the Kruskal-Wallis test. Profiles of spike-directed IgG, IgM, and
IgA optical densities and concentrations are shown in (B) as spaghetti plots, with the graphs stratified by exposure and PCR-confirmed infection

status. P-values less than or equal to 0.05 are regarded as statistically significant;

IgM, and S-1gA were 0.432, 0.459, and 0.226, respectively.

xp < 0.0001. Optical Density (OD) threshold values for S-1gG, S-

with a median concentration of 1162 (IQR 289-2572 ng/ml)
equivalent to 221.77 (IQR; 55.24-490.87 BAU/ml) and decreased
at 19 days. For the Nucleoprotein, IgG surged above the cut-off after
three days and subsequently increased for the duration of the
month. For the duration of the first month, both IgM and IgA
levels remained below the threshold (Supplementary Figure 1).

Considering the Spike-directed antibodies in the first two
months of infection, IgM started higher than IgG, gradually
dropped, and waned at 59 days. S-IgG overtook IgM by 4.5
days, reached its peak between 25 and 37 days (4612; 1569-
12947 ng/ml [86.38; 29.47-242.57 BAU/ml]), then began to
decline while continuing to be over the cut-off. Regarding the
Nucleoprotein, IgG levels were consistent until day 36 (1801.9;
543.5-7926.9 ng/ml), after which they declined for the
remainder of the research period. In contrast, N-IgM
remained below the cut-off throughout the duration of the
research (Supplementary Figure 2).
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Spike antibodies dominated and persisted
longer than Nucleoprotein antibodies

The overall chronology of induced S- and N-directed antibodies
across 837 days (IQR 60-287) of follow-up was then evaluated.
During the period from 11 May 2020 to 20 October 2022, 2,498
specimens obtained from 320 patients were analysed. Participants’
ages ranged from 14 to 87 (median: 31; interquartile range: 25-37),
with 245 men, 75 females, 47 symptomatic, 192 asymptomatic, and
81 having no symptom reports. Based on a twofold increase in N-
and S-IgG to infer reinfection and vaccination, respectively, 24
people were presumptively not reinfected, and 12 participants were
neither reinfected nor vaccinated over the course of this
investigation. Using an 11-fold increase in N-IgG concentration,
127 participants were presumed to have been reinfected.

Regardless of reinfection or immunization status, Spike-directed
IgG peaked between 25 and 37 days and was greater and more durable
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Anti-Nucleoprotein antibody responses during the first month of infection. The Nucleoprotein-directed antibodies throughout the first month of
infection are summarised in Figure 3. Comparisons are made between PCR-negative, uninfected suspected contacts (SUS), uninfected non-contacts,
and SARS-CoV-2 infected patients (NCs). IgG, IgM, and IgA antibody optical densities at 450 nm and concentrations (ng/ml) are compared using box
plots and the Kruskal-Wallis test for cases, NC, and SUS participants (A). Individual anti-spike IgG, IgM, and IgA antibody profiles are shown as
spaghetti plots in (B), stratified by exposure to infection and PCR-confirmed infection status from the first date of PCR or admission. Significant P-
values are those that are less than or equal to 0.05; otherwise, they are not significant (ns); ns p > 0.05, xp < 0.05, * x % x p < 0.0001. The respective
IgG, IgM, and IgA cut-off values for the nucleoprotein were 0.454, 0.229, and 0.225.

than N-IgM. From 500 days on, there was an apparent increase in IgG
(11524; 2453-32438 ng/ml [215.91; 46.032-607.61 BAU/ml]),
presumably owing to downstream reinfections and vaccines, as well
as the large confidence interval due to the few final data sets.
Concurrently, IgM levels gradually decreased and faded after 59 days
(Figure 4A). Initial IgG levels were stable among the 127 reinfected
participants, with OD values more than the threshold. Throughout the
study, IgG gradually increased at 500 days, but S-IgM decreased at 56
days (Figure 4B). There was a quick increase in IgG levels among the 24
people who were never reinfected; IgG levels surpassed IgM after just
three days, peaked between 125 and 138 days (5236; IQR 3218-10185
ng/ml [98.15; 60.35-190.84 BAU/ml]), and subsequently steadily
decreased. At 122 days, S-IgM levels declined and faded (Figure 4C).
For the 12 individuals who were never vaccinated or reinfected, IgG
exceeded IgM by five days, peaked between 64 and 69 days (4665;
interquartile range [IQR]: 4665-4665 ng/ml [87.37; 87.37-87.37 BAU/
ml]), and subsequently fell progressively during the remainder of the
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follow-up period. Contrarily, S-IgM decreased 358 days after the first
infection (Figure 4D).

Considering the Nucleoprotein, IgG levels were initially high,
then declined and finally disappeared by day 698, whereas N-IgM
levels remained undetectable throughout (Supplementary
Figure 3A). The mean N-IgG level among the 127 reinfected
participants was 1012 (interquartile range [IQR] 305.5-2880 ng/
ml [11.87; 3.64-33.55 BAU/ml]) after 245 days, and subsequently it
remained stable at that level for the remainder of the research. For
the duration of the study, N-IgM never exceeded the threshold
(Supplementary Figure 3B). Among the 24 people who were never
reinfected, N-IgG levels were highest between days 75 and 95
(5816.5; 2309.8-10046.6 ng/ml [67.84; 27.0-117.13 BAU/ml]), and
then gradually declined over the next 295 days (Supplementary
Figure 3C). N-IgG levels in 12 people who were never re-infected or
vaccinated dropped after 276 days but N-IgM levels remained below
the cut-off level the whole time (Supplementary Figure 3D).
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FIGURE 4

Durability of anti-Spike antibodies with or without reinfection and vaccination. Figure 4 shows LOWESS analysis curves that summarise the
longitudinal persistence of Spike-directed IgG and IgM antibodies over the duration of the study investigation. Antibody optical densities at 450 nm
and concentrations (ng/ml) for 320 individuals (A) with moderate or asymptomatic original COVID-19 illness with (B) or without downstream
reinfection (C) and vaccination (D) are shown. The broken horizontal lines represent seropositivity cut-offs for IgG (red) and IgM (green) antibodies

The data is more reliable where the confidence intervals are smaller.

Anti-Nucleoprotein antibodies are a primary target of current
surveillance tests, and 48 (24%) of the 202 SARS-CoV-2 PCR-
confirmed cases evaluated during the first month of infection lacked
detectable Nucleoprotein antibodies. There was no difference in the
prevalence of this finding between mild and asymptomatic cases.
Nucleoprotein seropositivity rates steadily reduced after initial
infection, dropping below 50% after five months and 21% after 24
months (Supplementary Table 1). Collectively, our results demonstrate
that in individuals with a history of moderate and asymptomatic
COVID-19, Spike-directed antibodies predominate and persist longer
than the Nucleoprotein-directed antibodies, and this holds true
regardless of subsequent reinfection and immunization. In addition,
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the results suggest that the use of N-IgG for monitoring of mild and
asymptomatic convalescent populations may grossly underestimate the
true frequencies of past exposure.

Spike 1gG antibodies were higher than and
positively correlated with anti-RBD I1gG

We then analysed for correlations between Spike- and RBD-
directed targeting, a known hallmark of antibody functionality (17).
For the 128 first-week specimens evaluated, Spike IgG, IgM, and
IgA antibody concentrations were higher (2638.7, 1532.5, and 825.5
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ng/ml) than RBD concentrations (931.5, 1435.25, and 487.5 ng/ml),
Figure 5A. Correspondingly, first-week anti-Spike OD values for
IgG and IgA antibodies were also higher (0.518; IQR 0.161-0991
nm and 0.170; IQR 0.041-0.540 nm) than RDB (RBD-IgG: 0.170;
IQR 0.041-0.540 nm vs. RBD-IgA: 0.084; IQR 0.033-0.234 nm),
paired Wilcoxon signed-rank test, with all p-values 0.0001,
Supplementary Figure 4). However, IgM antibody OD values
were comparable across Spike and RBD (S-IgM: 0.451; IQR
0.218-0.857 nm) and 0.419; IQR 0.230-0.753 nm), respectively,
and consistent with the low IgM levels observed throughout this
cohort (Supplementary Figure 4).

A similar pattern was observed using the 124 peak specimens,
with Spike IgG OD values and concentrations occurring at
significantly higher levels (S-IgG: 0.672 nm and 5433.7 ng/ml)
than the corresponding RBD (RBD-IgG: 0.434 nm and 2264.35
ng/ml), respectively, with p-values of 0.0001 in Figure 5B and
Supplementary Figure 4. Spike and RBD antibodies positively
correlated during the first week and cohort peak, Spearman’s rank
correlation test, all p-values 0.0001, Figures 5C, D.

Frequency and longevity of Spike 1gG
superseded RBD IgG levels

Finally, we evaluated all data for the overall chronology of
Spike- and RBD-directed IgG antibodies throughout the course of
28 months of cohort follow-up, irrespective of vaccination and
reinfection status. The persistence of antibodies varied according to
reinfection and vaccination status. For the 127 patients that were
reinfected, RBD-IgG concentrations first decreased to 830.3 (355.9-
1946.1 ng/ml [15.63; 6.75-36.53 BAU/ml]) at 205 days, then
gradually increased. RBD-IgG peaked between 138 and 142 days
(5206.2; IQR 2807.8-34145.1 ng/ml) in 24 subjects without
reinfection but with some vaccinated and waned by 402 days. In
12 naturally infected unvaccinated volunteers with no reinfection,
RBD-IgG peaked at 36-40 days (11317; 8535-14100 ng/ml [293.05];
221.03-365.10 BAU/ml) then levelled out slightly above the
threshold (Figure 6).

Anti-Spike IgG antibodies were substantially greater (0.892;
IQR 0.442, 1.294 450nm) than RBD IgG antibodies in the first
month (0.301; 0.123, 0.611 450nm). By one month, 85.6% and
73.3% of 202 and 165 participants seroconverted to the Spike and
RBD IgG, compared to 75.81% and 78.22% of 124 at the cohort
peak, respectively. The median S-IgG seropositivity rates were
consistently over 50% throughout. Within seven months, almost
three months after the IgG primary peak (days 115-127), the
percentage of seropositive individuals for RBD-IgG had declined
below 50%. Spike seropositivity was greater than RBD up to 14
months; Supplementary Table 2. While Spike IgG OD readings
stayed above the cut-off throughout, RBD OD values dropped below
the cut-off after six months (Figure 7). With p-values of 0.05, there
were greater probabilities of losing RBD than Spike IgG
seropositivity for up to 16 months (Supplementary Table 2). The
results reveal that Spike- and RBD-directed IgG antibodies can
linger for up to two years following a moderate, asymptomatic case
of COVID-19 illness, even if no subsequent symptomatic
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reinfections occur during this time. The much faster fading of
RBD-directed antibodies may be indicative of diminishing
functionality over time.

Discussion

To evaluate exposure and relationships with protection,
longitudinal studies of Spike- and Nucleoprotein-directed
antibody levels in moderate and asymptomatic COVID-19 illness,
that primarily occurred in sub-Saharan Africa, are required. This is,
to our knowledge, the first and longest study to comprehensively
examine the longitudinal profiles of adaptive response to mild and
asymptomatic COVID-19 illness in a sub-Saharan African setting.
The strength of this study lies in its early and standardised sampling
of a participant group representative of the country’s initial
infection with known dates of infection, which was chosen with
minimal bias. This approach allowed for statistically significant
comparisons and conclusions between virus-positive and virus-
negative individuals. In addition, the design permitted a
comprehensive assessment of the intensity and duration of
immunity across waves and its decline over time. This study
provides a comprehensive overview of the pandemic in a sub-
Saharan African context, distinct from other geographies and for
which no data exist on the evolution of immunity, yet it is required
for evidence-based policy in this region. Using a validated in-house
binding antibody ELISA, we describe the chronology of SARS-CoV-
2 Spike-, RBD-, and Nucleoprotein-specific IgG, IgM, and IgA
antibodies, including their evolution, duration, seroconversion
rates, and protection associations, as the pandemic spread
throughout Uganda starting in March 2020. Participants were
confirmed rt-PCR SARS-CoV-2 infected Ugandans and
uninfected Ugandans with extremely mild and asymptomatic
COVID-19. In the first week of infection, 51 (57.3%), 59 (66.3%),
and 38 (42.7%) of 89 confirmed cases seroconverted for Spike-
directed IgG, IgM, and IgA seroconversion antibodies, respectively.
Within a week of infection, robust Spike-directed antibodies were
elicited (S-IgG: 49.50 (13.51, 134.37 BAU/ml; S-IgM: 56.61, IQR
23.20, 154.91ng/ml; and S-IgA: 157.63 (40.83, 676.58 BAU/ml),
with levels peaking between 25 and 37 days (S-IgG: 4612; 1569-
12947 ng/ml and S-IgM 2264.35 (1033.15, 5346.98 ng/ml).
Antibodies specific to the virus were found to be much more
robust in asymptomatic than in symptomatic infection, with
strong Spike-directed IgG, IgM, and IgA antibodies dominating
early in the course of the infection.

The clinical significance of antibody responses in COVID-19
disease is still debated. Despite effective disease control,
asymptomatic patients had far less SARS-CoV-2-specific
antibodies than symptomatic patients in some settings, which
might be linked to the higher antigenic load in symptomatic
disease (44). Mild and asymptomatic infections in China were
linked to a faster decline in virus-specific antibodies (45),
suggesting a less durable immunity. Antibodies were found in
only a few asymptomatic participants in Europe (25). This study
in a sub-Saharan African setting shows that asymptomatic infection
induces faster and higher levels of anti-Spike antibodies,
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FIGURE 5

Relationships between Spike and RBD antibody concentrations. Figure 5 demonstrates the association between whole Spike- and RBD-directed
antibody concentrations during the first week (A) and the cohort peak (B) of the primary antibody response. Box plots compare Spike and RBD
antibody concentration medians using a paired Wilcoxon test. Correlation plots show the pairwise Spearman'’s rank correlations between entire Spike
and RBD ODs during the first week of the primary antibody response (C) and the cohort peak (D). Positive correlations are symbolized by blue, while
negative correlations are indicated by red. Darker and larger circles represent stronger correlations, lighter and smaller circles represent weaker

correlations, and blank squares represent insignificant correlations; p-values lee than or equal to 0.05 were deemed significant. See also
Supplementary Figure 4.
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Longevity of anti-RBD antibodies. Figure 6 illustrates LOWESS curves summarizing the dynamics of RBD-directed antibodies over time. Medians of
ODs and concentrations are shown since initial infection. Dashed lines indicate cut-off points for RBD seropositivity.
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and RBD-IgG seropositivity.

demonstrating the importance of early Spike targeting and reducing
disease severity. Our findings are consistent with the time-
dependent correlations described by others (46). We show
distinctive immune protective correlates distinguishing
asymptomatic from symptomatic COVID-19.

Because the dates of initial positive PCR-test testing were
known, Spike and Nucleoprotein IgG, IgM, and IgA antibody
trajectories could be established. The early peaking of Spike-
directed IgM and IgA antibodies at 9 and 10 days and their
declining at 87 and 21 days, respectively, guide the interpretation
of serosurveillance findings in this setting and are consistent with
previous cohorts that demonstrated the simultaneous and early
appearance of both antibody subsets (45). Overlapping of S-IgM
with PCR negativity suggests a reasonable proxy for virus clearance
in resource-limited, largely asymptomatic settings, which starkly
contrasts with symptomatic, hospitalized patients in whom IgM
remained detectable long after recovery (47). The early dominance
of S-IgG and rapid waning of S-IgM observed here, with S-IgG
surpassing S-IgM within five days, reveal early affinity maturation
and isotype class switching of IgM to IgG, a known good prognostic
marker in COVID-19 (48).

Antibodies to the SARS-CoV-2 Nucleoprotein can predict past
infection (49), making it a primary target in many serosurveillance
studies. The loss of N-IgG seropositivity in over half of the population
after seven months, regardless of vaccination or reinfection status,
and the absence of measurable N-IgM levels across the board suggests
that the use of these markers to predict past infection may
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dramatically underestimate exposure rates. Anti-Spike antibodies
were shown to be higher and more persistent than anti-
Nucleocapsid antibodies, just as they are in non-Sub-Saharan
African settings (50, 51). Anti-Spike IgG antibodies continued to
rise for the duration of the study period possibly due to vaccination
and transient, clinically undetectable reinfections. S-IgG levels
maintained and even rose from 234 days, but S-IgM levels stayed
for just 59 days. In contrast to other geographical locations where
Nucleocapsid detection rates were lower in asymptomatic patients
(22, 52), we found no difference in N-directed IgG between mild and
asymptomatic infection, implying that N-IgG might not be a criterion
for differentiating disease severity in this SSA setting. Baseline
antibody cross-reactivity was present in both SARS-CoV-2 rt-PCR-
confirmed negative contacts and non-contacts at the onset of the
pandemic, indicating that some degree of undetected exposure
occurred in both groups. The unusually high baseline N-IgM cross-
reactivity in non-cases (64%) and suspects (59%) was indicative of
abortive infection, as has been suggested in other settings (53).
Antibodies that target RBDs are hallmarks of protection (54,
55). Here, in a population with spontaneous infection, reinfection,
and vaccination, monthly Spike antibodies were positively
correlated with the respective RBD antibodies up to 14 months,
indicating that protection is likely to be durable. Under natural
infection, RBD-IgG peaks around 36-40 days after the initial
infection and then declines to just above the threshold at roughly
9.5 months, providing useful information for efforts to boost
immunization. The higher frequency and longer duration of
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Spike-than-RBD-directed IgG antibodies suggests that binding to
other areas beyond the RBD contributes considerably to the
maintenance of Spike-directed immunity in this population.
While severe illness cohorts correlated antibody persistence with
older age, male gender, and severe disease (23), we found no age
relationships, which could be attributed to the younger cohort (31;
IQR 25-37 years) studied here. We found significantly higher S-IgG
levels in men early in the infection, but this coincided with high
anti-N antibodies, indicating an antigenic load-driven early
response. Beyond the initial response, no gender differences were
discernible. We showed that even when the disease is mild and
symptomatic, humoral responses to SARS-CoV-2 can persist for a
very long time.

Our study has some limitations. To begin with, the impact of age,
gender, disease severity, and underling conditions conditions such as
HIV, hypertension, and diabetes on the evolution of SARS-CoV-2
antibody responses has been reported before (56-58). In this study,
the small sample size and the lack of baseline clinical data for most
participants meant that no definitive conclusions could be drawn
about whether or not comorbidities affected antibody levels. More
studies are needed with larger sample sizes and more detailed baseline
clinical information to draw more meaningful conclusions about
comorbidity effects on antibody levels. Second, these data were
collected during the initial outbreak, with follow-ups during
subsequent waves. The virus has evolved, and new variants have
emerged, with Omicron currently dominating (59-62); this threatens
the effectiveness and recognition of previous antibodies (63-65).
Efforts are underway to evaluate the antibody recognition of
circulating strains and the effectiveness of prior vaccination or
natural infection antibodies in neutralising circulating viruses.
Third, the known correlation between RBD antibodies and viral
neutralisation established elsewhere (66) suggests that these
antibodies provide early and long-term immune protection. To
confirm their functionality, it is necessary to evaluate their ability
to neutralise circulating virus strains. Additional studies are planned
to establish the precise nature of the immunological memory
associated with the SARS-CoV-2 spike protein, including its
functionality and durability over time and across virus variants.
Another limitation is that exposure to viral antigens, whether
through natural infection, vaccination, or both, is an important
driver of antibody persistence. We cannot rule out the possibility of
undetected re-infections occurring during the follow-up period.
Using estimates of nucleoprotein antibody concentrations from
other contexts (42, 67) we observed substantial increases in N-IgG
antibody concentrations, suggesting the possibility of reinfection.

Additional factors, such as the introduction of vaccines and
boosters, nosocomial exposures, which are important in
maintaining antibody levels (68, 69), may have also contributed to
the long antibody persistence. There is a need for additional research
into the re-infection rate and the effect of vaccines and boosters on
antibody levels. The study was also limited by the uneven gender
distribution due to the predominance of males in the commercial
truck driver profession. More research will be required to adequately
assess gender-related determinants in this setting. Finally, while the
median age of these individuals is 31 years, antibody evolution may
occur at a different rate in older populations. Overall, the data is
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representative of Sub-Saharan Africa’s broader demography, whose
median age is 19.7 years, but it highlights the need for additional
research into the immune response among older populations, as this
is an area of particular concern for public health due to their higher
risk of severe COVID-19 outcomes.

In conclusion, we have shown that a Spike-directed humoral
response to SARS-CoV-2 was formed and maintained in
recovered mild and asymptomatic Ugandans, strongly
suggesting the formation of lasting immunological memory that
may contribute to herd immunity. A faster and more robust
antibody response in asymptomatic infection suggests that those
who do not experience symptoms may still have strong immunity,
protecting them from progression to severe disease. Vaccines
could be developed to take advantage of the strong
immunological response in asymptomatic infection, reducing
disease severity. Anti-SARS-CoV-2 antibody analysis can be
complicated by vaccine uptake, reinfection, and diminishing
antibody levels over time. Defining IgG, IgM, and IgA antibody
longevity against Spike and Nucleoprotein antigens in this context
with or without reinfection and vaccination provides data to guide
vaccination, boosting strategies, and interpretation of
serosurveillance in this and other comparable settings.
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SUPPLEMENTARY FIGURE 1

Chronology of 1gG, IgM, and IgA antibody trends during the first month of
infection. Supplementary Figure 1 shows Locally Weighted Scatter Plot
Smoothing (LOWESS) curves summarising the profiles of the development
of Spike-directed IgG and IgM antibodies. IgG, IgM, and IgA antibody optical
densities (A) and concentrations (B) are indicated for 202 cases during their
first 30 days of infection. Broken horizontal lines indicate IgG (red) and IgM
(green) seropositivity cut-offs.

SUPPLEMENTARY FIGURE 2

Chronology of IgG, IgM, and IgA antibody trends during the first two months
of infection. Supplementary Figure 2 shows Locally Weighted Scatter Plot
Smoothing (LOWESS) curves summarising the profiles of the development of
Nucleoprotein-directed IgG and IgM antibodies. 1gG, IgM, and IgA antibody
optical densities (A) and concentrations (B) are indicated for 269 cases during
their first two months of infection. Broken horizontal lines indicate IgG (red)
and IgM (green) seropositivity cut-offs.

SUPPLEMENTARY FIGURE 3

Durability of Nucleoprotein IgG and IgM antibodies over time. Supplementary
Figure 3 shows LOWESS analysis curves that summarise the longitudinal
persistence of Nucleoprotein-directed IgG and IgM antibodies over the
duration of the study investigation. Antibody optical densities at 450 nm
and concentrations (ng/ml) for 320 individuals (A) with moderate or
asymptomatic primary COVID-19 illness with (B) or without downstream
reinfection (C) and vaccination (D) are shown. The broken horizontal lines
represent seropositivity cut-offs for IgG (red) and IgM (green) antibodies.

SUPPLEMENTARY FIGURE 4

Spike and RBD ODs during the first week and cohort peak time-points.
Supplementary Figure 4 demonstrates the association between whole
spike- and RBD-directed antibody optical densities (nm) during the first
week (Figure 4A) and the cohort peak (Figure 4B) of the primary antibody
response. Box plots compare spike and RBD antibody concentration medians
using a paired Wilcoxon test. Correlation plots show the pairwise Spearman’s
rank correlations between entire spikes and RBD ODs during the first week of
the primary antibody response (Figure 4C) and the cohort peak (Figure 4D).
Positive correlations are symbolized by blue, while negative correlations are
indicated by red. Darker and larger circles represent stronger correlations,
lighter and smaller circles represent weaker correlations, and blank squares
represent insignificant correlations; p-values of 0.05 were
deemed significant.

SUPPLEMENTARY TABLE 1
Proportions of nucleoprotein IgG seropositivity over time.

SUPPLEMENTARY TABLE 2
Proportions of Spike and RBD seropositive individuals. OR (Odds ratio), IQR
(Interquartile range).
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University, Nanchang, Jiangxi, China, 2Huan Kui College of Nanchang University, Nanchang, China,
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On 23rd July 2022, the World Health Organization (WHO) recognized the ongoing
monkeypox outbreak as a public medical crisis. Monkeypox virus (MPV), the
etiological agent of monkeypox, is a zoonotic, linear, double-stranded DNA virus.
In 1970, the Democratic Republic of the Congo reported the first case of MPV
infection. Human-to-human transmission can happen through sexual contact,
inhaled droplets, or skin-to-skin contact. Once inoculated, the viruses multiply
rapidly and spread into the bloodstream to cause viremia, which then affect
multiple organs, including the skin, gastrointestinal tract, genitals, lungs, and liver.
By September 9, 2022, more than 57,000 cases had been reported in 103 locations,
especially in Europe and the United States. Infected patients are characterized by
physical symptoms such as red rash, fatigue, backache, muscle aches, headache,
and fever. A variety of medical strategies are available for orthopoxviruses, including
monkeypox. Monkeypox prevention following the smallpox vaccine has shown up
to 85% efficacy, and several antiviral drugs, such as Cidofovir and Brincidofovir, may
slow the viral spread. In this article, we review the origin, pathophysiology, global
epidemiology, clinical manifestation, and possible treatments of MPV to prevent the
propagation of the virus and provide cues to generate specific drugs.

KEYWORDS

monkeypox virus (MPV), origin, pathophysiology, global prevalence, clinical
manifestation, treatment

Abbreviations: MPV, Monkeypox virus; CDC, Centers for Disease Control; WHO, World Health
Organization; COVID-19, coronavirus disease 2019; OPV, orthopoxvirus; RT-PCR, real-time polymerase
chain reaction; MSM, males who have sex with other men; VACV, vaccinia virus; EEV, extracellular-
enveloped virus; IMV, intracellular mature virus; MV, mature virion; EV, enveloped virion; DRC, Democratic

Republic of Congo; VIGIV, Vaccinia Immune Globulin Intravenous; CMV, cytomegalovirus.
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1 Introduction

Threats from the pandemic coronavirus disease 2019 (COVID-
19) have not been eliminated, and worries about the possibility of
another viral pandemic reached a crescendo (1). The monkeypox
virus (MPV), a zoonotic DNA orthopoxvirus (OPV) causes the
zoonotic disease monkeypox marked by fever and a red rash which
is related to smallpox virus and vaccinia virus (VACV) (2, 3). In
1970, the Democratic Republic of Congo (DRC) reported the first
human case of infection, accounting for the majority of early cases
(4). Recently, more than 57,000 total cases have been found at more
than 100 total locations since May 2022 (5). According to the
Centers for Disease Control (CDC), there are no specific
medications available, and smallpox vaccines, vaccinia immune
globulin, and antivirals were used to regulate small-scale
outbreaks (6, 7). Such unexpected, unprecedented, and unusually
high-frequency transmission outbreaks worldwide have spurred
scientific, political, and media attention. Investigation of
pathophysiological features, routes of transmission, clinical
features and preliminary diagnosis is urgently needed and has the
potential to help improve prevention and early intervention and
promote the development of specific drugs.

2 Origins and transmission routes

In 1958, MPV was first identified and isolated from cynomolgus
(Macaca cynomolgus) monkeys as laboratory animals, which were kept
by a research facility after shipment from Singapore to Denmark (8).
MPV is a member of the OPV of the Chordopoxvirinae subfamily,
Poxviridae family, the same genus as other viruses such as smallpox
and cowpox (9). There are some similarities between monkeypox and
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smallpox, such as structures, clinical manifestations, and responses to
some antiviral drugs (10, 11). The MPV of human cases originated in
the tropical rainforests of western and central Africa, and there are two
clades in the phylogenetic analysis: the West African clade and the
Congo clade, with an average mortality rate of up to 11% (12). The first
isolates from cynomolgus (Macaca cynomolgus) monkeys belonged to
the West African clade while the Congo clade contributed to the first
human case in 1970 (13). In addition, monkeypox is a zoonotic disease
similar to smallpox, but it is still unclear which is the reservoir host of
MPV (14). Rodents from Africa are thought to be the largest animal
reservoirs involved in the spread of the virus, and it can be transmitted
from some rodents (prairie dogs) to various monkeys and apes, such as
anthropoid apes. By coming into contact with the infected animals’
respiratory droplets, skin sores, or body fluids, MPV can transmit from
one animal to another. The virus enters a healthy person via the
respiratory system, mucous membranes (such as the nose, mouth, or
eyes), or skin wounds (15). Simultaneously, it can be transmitted from
animals, such as rodents or monkeys, to humans through bushmeat,
bites, scratches, and direct or indirect exposure to body substances or
fluids from the lesion (16) (Figure 1). In 1970, the first reported case of
MPV was a 9-month-old child (A. I.) infected with a smallpox-like
disease in the village of Bokenda, Basankusu Province, the Democratic
Republic of the Congo (4). Transmission from humans to animals has
not been documented. While transmission from person to person is a
major problem, it mostly occurs through the respiratory tract by
sneezing, coughing, large respiratory droplets, and other similar
actions. Direct contact with infected lesions and bodily fluids or
indirect contact with contaminated items like patient-used garments
or linens (17). In addition to the placenta (congenital monkeypox),
intimate contact during labor and after delivery can also result in
mother-to-child transmission (18). Currently, with an increasing
number of transmissions of Health-Care Associated Infections

Respiratory
tract

Infected patient

Body fluids,

5 " %‘ " Mother-to-child
or skin lesions

transmission

M

Individuals'
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MPV transmission. Zoonotic dissemination of MPV. Animal hosts mainly include rodents (African rope squirrels, prairie dogs, hamsters, and rats) and
primates (cynomolgus, rhesus, and gorillas). MPV is an enveloped dsDNA virus belonging to the Poxviridae family, and smallpox is also one of the
most prevalent viruses in this family. Wildlife trafficking, habitat degradation, and climate change contribute to the transmission of MPV from new
species to other species and increase the bond between people and animals. In the case of wildlife trafficking and illegal hunting, animals are
caught, trapped, transported, and sold as food, medicine, and pets. Wildlife trade markets promote disease dissemination, making it possible for
viruses from many neighboring species to jump the species barrier. Animal-to-human transmission is mediated by bites, scratches, and slaughtering.
Human-to-human transmission occurs through close contact with infected people, such as through respiratory droplets and skin contact, especially

MSM. The virus can remain on fomites, such as bedding, linen, and clothes.
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(HCAI) reported, infection of healthcare workers has recently garnered
attention. Prolonged exposure to patients increases the risk of infection
among hospital staff and family members (2). According to the
European Centre for Disease Prevention and Control, the 2021
incident in the UK was the first chain of transmission to be reported
in Europe without epidemiological links with western and central
Africa. It was also the first instance documented among males who had
sex with men (MSM) (19). Infection preferentially occurs in gays,
bisexuals, the MSM community, and other populations more
susceptible to other sexually transmitted diseases, such as human
immunodeficiency virus/acquired immunodeficiency syndrome
(18, 20).

3 Pathophysiology

MPV can infect the human body through intradermal, mucosal,
oropharyngeal, and nasopharyngeal routes after contact with
susceptible people. After replication in the inoculated site for an
appropriate 6-13 days, they spread to regional lymph nodes and
then entered the circulation system (also called viremia) (21). The
viruses in the blood infect host cells to spread to multiple sites and
exhibit immunomodulation ability to escape immunosurveillance
caused by horizontal gene transfer (22, 23). Although viral tropism
in human tissue has not been well established, numerous animal
models provide important clues regarding this scientific question.

Surface tubule

Inner membrane
Viral enzyme

DNA genome

Lateral body
Out membrane

10.3389/fimmu.2023.1132250

Osorio et al. detected MPV antigens in the lung, liver, heart, brain,
kidney, ovarian, and pancreatic tissues of severely immunodeficient
mice through immunohistochemical and histopathological tests
(24). Moreover, the histopathological results of infected
cynomolgus monkeys (Macca fasicularis) exhibited viral
accumulation in the salivary epithelium, sebaceous and follicular
tissue of the lip, especially in lymphoid tissues (25). Numerous
animal reservoirs (e.g., dormice, prairie dogs, giant pouched rats)
and various infected tissues reveal that MPV has a wide spectrum
tropism, making it difficult to identify specific tissues as a site of
infection (26).

MPYV has structural and functional similarities to other OPVs.
An exterior lipoprotein membrane with a geometric pattern of
corrugations surrounds the virus’s ovoid or brick-like particle (8).
The outer membrane wraps around and protects a tight core and
membrane bonds that contain linear double-stranded DNA (197
kb), transcription factors, and enzymes from external stress (27).
The genes essential to housekeeping activities are situated in the
middle area and are highly conserved, while the genes necessary for
virus-host interactions (required for virulence) are found in the
terminal area and are less conserved among OPVs (28-31).
Although MPV is a DNA virus, its replication, assembly, and
maturation are all completed in the cytoplasm of host cells
(Figure 2). Furthermore, most of the characteristics of the life
cycle of VACV are likely to be common to MPV even though the
life cycle of MPV is not well understood (30). In VACV (and

3UTR
orRFs —G2R G5R ----D1R| ABR
—C10LJ3L A16L-+=- B17L

DNA sequence diagram

5UTR
B1R —-190kbps

MV

( Pinocytosis
Host cell /
(@ Release of viral genome
l (D RNA replication and transcription
Y4
l cf-"_f’ Late transcriptional factors Nucleocapsid
-
YORNOVNOR SOV c (® structural proteins
YORNOVNOR SOOIV combine with nucleocapsid

(® Synthesize intermediate transcription factors

S

Ribosome

FIGURE 2

~
X )N >
(5DNA transcription and translation ‘_’kfj ﬁ"
-
(4

__—

-8 rm*v’%‘tﬂ
r»t‘f’%ﬁi”'mﬁ .
it

Structural proteins

Late Proteins

Endoplasmi reticulum (ER

MPV life cycle in susceptible host cells. There are two forms of the virus, enveloped virion (EV) and mature virion (MV), which enter the host cell by
fusion and micropinocytosis, respectively. MPV genomic structure and compositions are linear double-stranded DNA with nearly 190 kilobase pairs
and contained more than 190 open reading frames (ORFs). 5'- and 3’- ends of the genome were inverted terminal repetitions, which formed
hairpin-like structures. Double-stranded DNA is released and partially translated into early proteins that are processed into polymerases and immune
modulators, while the others undergo replication in the cytoplasm. The resultant DNA partially transcripts into RNA, and the other part translates into
intermediate proteins that are transformed into late transcription factors. Viral proteins translated from cytoplasmic RNA together with replicated
DNA are assembled into nucleocapsid proteins and then processed into MVs and EVs, which are transported to the cell membrane for exocytosis.

UTR, untranslated region.

Frontiers in Immunology

95

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1132250
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Niu et al.

probably most MPV), there are two types of infectious virions:
intracellular mature virus (IMV) and extracellular-enveloped virus
(EEV) generated from infected host cells (32, 33). IMVs enter the
host cell through activation of macropinocytosis, while EEVs
through membranous fusion (34). When compared to EEVs,
which are hypothesized to facilitate viral dissemination within an
infected host, IMVs are the more common infective type and
mediate host-to-host transmission. For the EEVs, they
continuously released from infected cells and are believed to
spread locally from tissue to tissue through bodily fluids (35).
Although the fact that the aforementioned characteristics are for
VACYV, they likely apply to all OPVs. Conversely, different agents
exist among OPV species. Most OPVs like the cowpox virus evade
immune function through downregulation of MHC expression of
antigen-presenting cells such as monocytes. While MPV
demonstrated the ability to inhibit T-cell responses against other
viruses through anti-CD3 stimulation (36).

4 Global prevalence, from the past
to present

Monkeypox is not a novel event and has been known as a
zoonotic virus for more than 50 years. As mentioned earlier, in
1958, MPV was first found in an incidence of pox-like symptoms in
monkeys at a shipment, which gives the name “monkeypox” (8). But
now, it is inappropriate since MPV can infect various species and the
majority of animal reservoirs are rodents, including giant pouched
rats and squirrels. After the introduction of the virus by an imported
animal trading company, there were at least 14 different kinds of
rodents infected (37). Correspondingly, in 1970 a 9-month-old boy in
the Bukenda village of the Zaire Equatorial region (now DRC) was
documented to have the first human case (4). Since then, sporadic,
intermittent cases of monkeypox limited in the African continent
have been transmitted from local wild animals to humans. The
accumulated cases are shown in Figure 3. From 1970 to 1979, 48

Accumulated cases

[
47 184 29707
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Map: Dingfa Liang * Created with Datawrapper

FIGURE 3
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confirmed cases were detected in 6 African nations, including DRC
(n=38), Cameroon (n = 1), Cote * d’Ivoire (n = 1), Liberia (n = 4),
Nigeria (n = 3), and Sierra Leone (n = 1) (18). In the 1980s, over 400
patients were documented, with an appropriate 10% fatality and a
nine-fold increase in confirmed and probable cases recorded, and 14
infected patients were found in four additional African nations (38,
39). During the 1990s, 511 infected patients were found in DRC
alone, and small outbreaks emerged across equatorial West and
Central Africa (39). In 2003, 47 probable and confirmed patients of
MPYV infection were documented in six states of the USA who might
have been exposed to prairie dogs kept as pets. The infected prairie
dogs were kept in the same enclosure as Ghanaian small mammals.
This was the first time that MPV occurred outside of Africa (40).
From 2010 to 2019, increasing reports were documented in seven
African nations (CAR, DRC, Cameroon, Nigeria, Liberia, Sierra
Leone, and Republic of the Congo), the United Kingdom, Israel,
and Singapore compared to past decades (39). On July 15, 2021, a
patient with MPV traveling from Nigeria to the United States was
found and controlled by the Texas Department of State Health
Services and the CDC. More than 200 people contacted the patient
and had the potential to be infected by this disease. Fortunately, there
was no additional case in early September, and the contacted people
were proven to be without MPV (18). However, in May 2022, a new
monkeypox outbreak expanded in several countries on almost every
continent. As of 14 July 2022, 1,856 laboratory-confirmed patients
were documented in the UK. Among them, 12 were from Northern
Ireland, 20 were from Wales, 46 were from Scotland, and 1,778 were
from England (41). Given that the number of cases in the past few
decades has already surpassed the whole number of infections in the
first 40 years following the detection of monkeypox, it is apparent that
the transmission rate of the disease is rapidly rising. The transmission
between humans is increasing exponentially due to adoption by gene
loss, instead of progressive mutation such as COVID-19 (42)
(Table 1). This phenomenon is a reminder of the outbreak,
indicating that prevention of monkeypox transmission and urgent
treatment are essential.

£

Accumulated cases of MPV from 1970 to 2020. The disease spread within 15 countries, with the Democratic Republic of the Congo being the worst

hit area by the epidemic, followed by Nigeria.
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TABLE 1 The differences between COVID-SARS CoV2 and Monkeypox.

10.3389/fimmu.2023.1132250

Monkeypox COVID-19

Type of virus Monkeypox virus (2)

Major transmission
Jt Respiratory droplets and sexual contact (18)
routes

SARS-CoV-2 (43)

Liquid droplets and contaminated contact (44)

Cell tropism Lymphocytes, surface epithelia (45)

Genetic revolution Gene loss (42)

Incubation time 6 to 13 days (21)

Mai
a](?r . Skin rash, fever, adenopathy and chills (38)
manifestations

Confirmed cases/

85,536/91 (41
deaths @0

Respiratory epithelia and alveolar macrophages (46)
Progressive mutation (47)

2 to 14 days (48)

Fever, headache, nausea, cough, muscle pain, taste or smell loss, fatigue, proteinuria,

hematuria, depression (43, 49)

753,258,129/6,811,531 (50)

Antiviral treatment: Tecovirimat, Cidofovir,
Brincidofovir (51-53)
Vaccination: ACAM2000, VIGIV (54)

Treatments

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2;
The number of total confirmed cases and deaths was up to February 1 in 2023.

MPYV infection in humans is currently a growing public health
concern as more than 85,000 clinical infections of MPV infection
have been published in more than 100 different countries around
the world, compared to only 48 cases in the 1970s (18). And the
continuing monkeypox outbreak was regarded as a general
populace crisis of international concern by the WHO on July 23,
2022 (56). As opposed to other outbreaks connected to travel from
endemic nations or contact with animals transported in from the
affected area, the infection source has not been identified as of yet
(23). It was reported that patients with monkeypox in the current
outbreak generally had close, prolonged physical contact with other
monkeypox patients. During investigation, many reports
documented that approximately 98% of these patients are gays,
bisexuals, or other MSM (57-59). According to CDC data published
on February 1, 2023, 84,243 cases were located in 103 distinct places
that had never before recorded monkeypox, such as Spain (7,528
cases) and Germany (3,692 cases) (60) (Figure 4). A total of 1,293
human patients were documented in 7 places where monkeypox
was historically reported, such as Nigeria (775 cases) and the DRC

Current cases
<129 [71129-726 [W726-3484 [J3484-21893 []=21893

=

Source: Dingfa Liang - Created with Datawrapper

FIGURE 4

Current cases of MPVX from 1 Jan. to 9 Sep. 2022. More than 57,000
human cases spread globally in more than 100 locations. The United
States of America was the worst-hit area, with 2,1893 cases.
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Antiviral treatment: Nirmatrelvir with Ritonavir, Remdesivir, Molnupiravir (55)

97

(348 cases). The total number of MPV cases reached 85,536 on
February 1 in 2023, with the most of cases accumulating in Europe,
the USA, and South America (41) (Table 2).

5 Clinical manifestations

From infection to the beginning of clinical manifestations, the
incubation period of MPV was estimated to be 12 days and may
extend to 21 days in some cases (40). The first signs or symptoms of
patients include rash, fever, cough, headache, nausea and/or
vomiting, confusion, wheezing, chills, sweats, runny nose, red
eyes, stiff neck, lymphadenopathy, shortness of breath, sore
throat, joint pain, back pain, chest pain, abdominal pain, myalgia,
and conjunctivitis (38) (Table 3). It was reported that patients
initially presented with signs or symptoms, such as rash (97%), fever
(85%), adenopathy (71%), and chills (71%), which constituted the
initial syndrome of MPV infection. The fever lasted for an average
of 8 days (range: 2-13 days), and the rash continued for an average
of 12 days (range: 7-24 days). The median time interval between the
start of the fever and the appearance of the rash was 2 days (range:
0-12 days). Other signs and symptoms were evident between 0 and
14 days after the onset of fever or rash (62) (Figure 5).

5.1 End organ diseases

5.1.1 Skin mucous membranes

The rashes with various sizes appear within 1 to 5 days
following the commencement of the fever, initially on the face
and then spreading to include the hands, feet, and legs (69). The
rash progresses through several stages, from spots and papules to
blisters (fluid-filled blisters) and pustules, before gradually going
away as crusts and scabs wear off over time (38). Sixty-eight percent
of patients had monomorphic lesions, and 48% of patients had
centrifugally distributed lesions. Ulcerative or necrotic lesions are

frontiersin.org
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TABLE 2 The current cases of MPV until 1 Feb. 2023 (41).

TABLE 2 Continued

10.3389/fimmu.2023.1132250

Central African Republic 20 Estonia 11
Ghana 121 Finland 42
Cameroon 18 France 4,128
Democratic Republic of the Congo 348 United Kingdom 3,735
Republic of the Congo 5 Georgia 2
Liberia 6 Gibraltar 6
Nigeria 775 Guadeloupe 1
Aruba 3 Greece 86
Andorra 4 Greenland 2
United Arab Emirates 16 Guatemala 348
Argentina 1,075 Guyana 2
Australia 144 Hong Kong 1
Austria 327 Honduras 13
Belgium 793 Croatia 33
Benin 3 Hungary 80
Bulgaria 6 Indonesia 1
Bahrain 1 India 22
Bahamas 2 Ireland 228
Bosnia and Herzegovina 9 Iran 1
Bermuda 1 Iceland 16
Bolivia 264 Israel 262
Brazil 10,745 Ttaly 954
Barbados 1 Jamaica 18
Canada 1,460 Jordan 1
Switzerland 551 Japan 15
Chile 1,416 South Korea 4
China 1 Lebanon 26
Colombia 4,072 Sri Lanka 2
Costa Rica 140 Lithuania 5
Cuba 8 Luxembourg 57
Curagao 3 Latvia 6
Cyprus 5 Saint Martin 1
Czechia 71 Morocco 3
Germany 3,692 Monaco 3
Denmark 196 Moldova 2
Dominican Republic 52 Mexico 3,768
Ecuador 483 Malta 33
Egypt 3 Montenegro 2
Spain 7,528 Mozambique 1
(Continued) (Continued)
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TABLE 2 Continued

Martinique 7
New Caledonia 1
Netherlands 1,260
Norway 95
New Zealand 41
Panama 118
Peru 3,727
Philippines 4
Poland 215
Portugal 951
Paraguay 82
Qatar 5
Romania 47
Russia 2
Saudi Arabia 8
Sudan 18
Singapore 21
El Salvador 88
San Marino 1
Serbia 40
Slovakia 14
Slovenia 47
Sweden 260
Thailand 13
Turkey 12
China 4
Ukraine 5
Uruguay 19
United States 30,123
Venezuela 12
Vietnam 2
South Africa 5

reported in 25% of patients, with a very small number presenting as
hemorrhagic pustules (62). Different stages of the rash may appear
simultaneously, and areas of skin erythema or hyperpigmentation
are usually found as discrete lesions (70). Once the prodromal
symptoms or rash appear, patients are considered infectious until
the lesion crusts and the crusts fall off (71).

Frontiers in Immunology
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5.1.2 Blood

Recent studies have shown that in addition to lymphocytopenia
and thrombocytopenia observed in over one-third of evaluable
patients, leukocytosis, low blood urea nitrogen levels, high
transaminase levels, and hypoalbuminemia are common
symptoms during the disease (72, 73). Only 2 MPV individuals
had hemorrhagic pustular lesions, according to a review of 34
verified patients in the USA. Disseminated intravascular
coagulation has not been reported by any individuals, and the
thrombocytopenia was typically minor (40).

5.1.3 Lymph

Despite the symptoms and lesions of monkeypox being difficult
to distinguish from those of smallpox, the sign and symptoms of
MPV infection are less severe. Up to 90% of MPV patients suffered
from lymphadenopathy, which is thought to be a clinical
characteristic that separates human monkeypox from smallpox
(74). The appearance of swollen lymph nodes, especially in the
inguinal, submental, submandibular, and cervical nodes,
distinguishes monkeypox from smallpox and chickenpox (75).
Meanwhile, the lymphatogenous spread of MPV caused by
viremia affects the skin, spleen, thymus, oral mucosa,
reproductive system, and gastrointestinal tract in monkeys that
have been experimentally infected with aerosolized MPV (26).

5.1.4 Gastrointestinal tract

According to case studies, MPV-infected individuals also suffer
from gastrointestinal disorders, including vomiting, diarrhea, and
dehydration (40). Infected individuals with mucosal and
gastrointestinal clinical manifestations may require volume
replenishment due to gastrointestinal losses caused by poor
nutritional balance or negative protein. Gastrointestinal fluid
losses and hypoalbuminemia are associated with the fluid transfer
from intravascular to extravascular compartments that takes place
in systemic illness (76).

5.1.5 Genitals

A rash normally begins on the face but can extend to other
tissues, including the genitalia (19). According to the European
Centre for Disease Prevention and Control, many cases in the
ongoing outbreak are associated with sexual contact, particularly
with men who were identified as gay, bisexual, or males who have
sex with other men (58). Furthermore, the transmission of viruses
can be achieved via sharing clothing and bedding as well as being
directly exposed to infectious ulcers, scar tissue, or bodily fluids
(19). Although less severe, the symptoms of monkeypox are similar
to those of smallpox and consist of a characteristic rash that is
preceded by mild prodromal manifestations (including
lymphadenopathy, fever, and flu-like symptoms) (7). The cases in
the present outbreak are characterized by a distinct rash that begins
in the vaginal and perianal regions and extends to other parts of the
human body with or without it (40).
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TABLE 3 Laboratory/clinical manifestations in MPV patients.
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Organ system involved Laboratory/clinical manifestation

« lymphocytosis, leukocytosis, and thrombocytopenia (40)
« hypoalbuminemia, low blood urea nitrogen level, and high transaminase levels (40)

Blood
o0 « hemorrhagic pustular lesions (61)
« significant loss of intravascular volume (61)
« swollen lymph nodes (62)
Lymph . . . . A
« affects the oral mucosa, skin, thymus, spleen, reproductive system, and gastrointestinal tract by spread from viremia (63)
Gastrointestinal « vomiting, diarrhea, and dehydration (54)

Skin mucous membranes

hypoalbuminemia and gastrointestinal fluid losses (40)

« rash, spots, papules, blisters and pustules (9)
« areas of erythema or hyperpigmentation of the skin
« ulcerative or necrotic lesions (64)

o rash (7)
Genitals « infectious sores (7)
« spread by sexual contact (65)
. haliti
Brain/Neurological encepaitis

« headache (66)

Lung/Respiratory Pulmonary

Eyes

5.1.6 Other clinical complications

A series of complications reported that 5 cases were identified as
severely ill, and 9 cases were hospitalized as inpatients in the United
States. Among those cases hospitalized as inpatients, a 6 years old child
with encephalitis required intubation and mechanical breathing, while
a 10-year-old girl with severe cervical lymphadenopathy and a

Pathophysiology of MPV

Oxygenated
blood to heart
Deoxygenated
blood from heart

RBC

A,
1

&;l /
ymph

Lymph node

Gastrointestinal fluid losses

« massive retropharyngeal abscess (67)
« compromised tracheal airway (61)

« keratitis and corneal ulceration (68)

retropharyngeal abscess had a constructed tracheal airway (77, 78).
The intensive care units were allowed for these two patients. In
addition, there was a patient with comorbidity (hepatitis C) who had
a serious illness and was kept in the hospital as an inpatient. The
individual is fully rehabilitated without experiencing any negative
consequences. One adult with infection-related issues was found to

Intravascular volume
depletion

Cough Fever & Nausea

MPXYV Infection

FIGURE 5

Multiple organ failure syndrome

Pathophysiology and clinical manifestation of systemic MPV infection. Infection initiates in the upper respiratory tract and progresses to lymph, and

then the virus enters the bloodstream through lymphocytes. The MPV in

the blood spreads through the circulatory system to all parts of the body,

enters the cell through endocytosis, releases DNA, and uses the substances in the cell to transcribe proteins, finally affecting the normal
physiological function of the cell. MPV causes lymphocytosis and leukocytosis, thrombocytopenia, elevated aminotransferase levels, and decreased
blood urea nitrogen levels. At the same time, symptoms such as multiorgan inflammation and cough and fever also occur.
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have bacterial superinfection (unknown microorganism) (79), while
another had keratitis and corneal erosion, which eventually
necessitated a corneal transplant (40). There was no underlying
medical condition in any of these patients. These cases show that
monkeypox can cause a range of complications in addition to direct
disease. This further illustrates the dangers of monkeypox and the need
for prevention and control and provides another way of thinking about
reducing the dangers of monkeypox, namely, the prevention
of complications.

5.2 Diagnosis

Tests for diagnosing diseases are of vital importance for the
confirmation of MPV infection. Medical history, clinical symptoms,
and laboratory tests all contribute to the diagnosis of MPV
infection. The enlargement of the lymph nodes is the most typical
symptom that separates monkeypox from diseases such as smallpox
and chickenpox, which also present with rash symptoms, while
confirmation of monkeypox also requires laboratory test assistance
(80). Swabs are used to collect crusts or exudates from the infective
site to isolate viral nucleic acids for diagnostic purposes. This is
followed by an MPV genome-specific real-time polymerase chain
reaction (RT-PCR) assay to detect viral DNA (71). Moreover,
western blot (WB) analysis using MPV proteins can also be used
to confirm MPV infection. WB has lower requirements for
detection equipment or laboratories and the detection results are
more accurate, but there are some limitations compared with RT-
PCR. Such as infection cannot be detected until 7 days after the
infection; Blood collection is required and the operation is relatively
difficult; not suitable for application to the large-scale collection, etc.
(81, 82). So according to the WHO, the preferred test for identifying
MPV during acute infection is the RT-PCR test (83). If the mother
is infected by MPV, the fetus requires ultrasound surveillance to
determine if he/she is infected with MPV by examining the
existence of ultrasound anomalies such as fetal hepatomegaly or
hydrops (84).

6 Treatments

Most people recover from the disease without treatment and the
symptoms of monkeypox are typically mild (54). Despite the lack of
specific therapies for monkeypox, studies have shown that the
smallpox vaccine has an 85% success rate in preventing
monkeypox. Furthermore, several antiviral drugs may also be
effective in treating monkeypox infections (63) (Table 4).

6.1 Smallpox vaccine (ACAM2000)

The US CDC has approved the use of ACAM2000 in
emergencies, and it can offer 85% cross-protective resistance
against monkeypox (54). Patients must be informed of the
abnormal risk of fetal vaccinia by ACAM2000 if high-risk
monkeypox exposure occurs during pregnancy. Fetal vaccinia can
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cause stillbirth, neonatal death, premature delivery, and possibly
unfavorable maternal reactions (94). The third-generation MVA-
BN (Modified Vaccinia Ankara-Bavarian Nordic) smallpox vaccine,
which has received universal approval within the EU, Canada, and
the USA, may be gentler because it comprises the virus that cannot
replicate and has not been proven to cause problems during
pregnancy (95).

6.2 Tecovirimat (TPOXX/ST-246)

Tecovirimat (TPOXX/ST-246), an FDA-approved antiviral
medicine, is used to alleviate both pediatric and adult patients
with human smallpox illnesses. It acts as a suppressor of the OPV
VP37 envelope protein and can be administered as a pill or injection
(51). The capsule can be opened and the drug mixed with semisolid
food for kids under the weight of 12.9 kilograms (96). Although
studies on numerous animal species have shown that tecovirimat is
beneficial in treating diseases brought on by OPVs, it is still unclear
if tecovirimat is effective in treating human monkeypox infections.
One case study was an adult patient who received tecovirimat and
made a full recovery after spending a month in the hospital (97),
while in another case study, a patient underwent oral tecovirimat
(200 mg twice a day for two weeks) treatment without experiencing
any negative side effects (67). The CDC has an enhanced access
protocol, also known as a “compassionate use” approach, that
allows the application of tecovirimat for the mitigation of
monkeypox when an outbreak occurs (98, 99).

6.3 Vaccinia immune globulin intravenous

The FDA has authorized the use of VIGIV, a hyperimmune
globulin, to treat the side effects of vaccinia-related conditions such
as progressive vaccinia, severe generalized vaccinia, dermatitis
vaccinatum, vaccinia infections in persons with skin issues, and
abnormal infections brought on by VACV (except in cases of
isolated keratitis). The application of VIGIV for the therapy of OPVs
outbreak such as monkeypox is permitted by the CDC’s expanded
access protocol (100). Although it is a potential strategy, there is little
data on how VIGIV acts against smallpox and monkeypox, and the
utilization of VIGIV for smallpox or monkeypox has not been tested in
humans. However, in extreme circumstances, medical professionals
might consider their use incurring monkeypox. Notably, individuals
with severely compromised T-cell functionality should not be
vaccinated against the MPV. Instead, VIGIV may be administered to
them if they have a history of exposure (101).

6.4 Cidofovir (Vistide)

The antiviral medicine Cidofovir (Vistide), which blocks viral
DNA polymerase from functioning, has been proven to be effective
against poxviruses in vitro and in preclinical studies (52). It is an
antiviral medication that the FDA has approved for use in treating
cytomegalovirus (CMV) retinitis in AIDS patients. The
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TABLE 4 A list of treatments for monkeypox management.
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- : Use in spe-
Biologic and/or Adverse g .
Treatments Route . Contraindications cific popu-
clinical efficacy events :
lations
Passive immunity is An IgA deficit with
Adults:6000 U/kg (9000 U/kg might be provided by antibodies against IgA, a Use caution in
Vaccinia taken into consideration if the patient antibodies derived history of IgA pregnant
doesn’t respond to the first dose); from the combined Dizziness, rigors, hypersensitivity, a history women and
Immune L. i . . . .
Globulin v Pediatrics: Children should not use this human plasma of nausea, headache of severe systemic or patients with
! medication because it has not been people who have (86) anaphylactic reactions to renal
Intravenous L . . . .
proven safe and effective in people under received the human globulins, and insufficiency
the age of 18 (7). smallpox vaccination isolated vaccinia keratitis (52, 86).
(85) (7).
PO: Hepatic/
renal
For adults, take 600 mg twice daily for 14 adjustment not
. For chil 13 kg to less th: X
days. For children (13 kg to less than Restrain Headache, needed.
25 kg), take 200 mg BID for 14 days. For . IV: should not
. PO, orthopoxvirus VP37 nausea,
Tecovirimat v those between 25 and 40 kg, take 400 mg envelope wrappin abdominal pain Have not reported. be
BID for 14 days. For those over 40 kg, P . pPPing . pain, administered to
protein (88). vomiting (89). K )
take 800 mg BID for 14 days. 14 days at patients with
600 mg twice a day (87). severe renal
impairment
(87).
tinine > 1.5
Selectively inhibits Serum c'rea 1n1ne. me/
8 dL; urine protein > 100 . i
orthopoxvirus DNA . L It is required to
Diarrhea, nausea, mg/dL (= 2+ proteinuria);
5 mg/kg once weekly for two weeks, polymerase- . . L change the
. . 5 R vomiting, and history of clinically severe
Cidofovir v followed by 5 mg/kg IV once every other mediated viral DNA K i . dosage based
. abdominal pain hypersensitivity to
week (90). synthesis by cellular . on renal
. (86). probenecid or other sulfa- R
phosphorylation . function (91).
53) containing drugs; CrCl < 55
. mL/minute (87).
Fever, infection,
Adults over 48 kg should take 200 mg . ) proteinuria, iritis,
. Cidofovir
once per week in two doses. Adults and . hypotony of the
s . diphosphate Not
pediatric patients between 10 kg and . . eye, decreased
selectively inhibits recommended
L X 48 kg should take 4 mg/kg of oral i serum i
Brincidofovir PO ’ . orthopoxvirus DNA . Have not reported. in pregnant
suspension once per week in two doses. bicarbonate,
. . polymerase- . and breast-
Pediatric patients under 10 kg should take . . uveitis, .
. mediated viral DNA . feeding women.
6 mg/kg of oral suspension once per week . neutropenia,
K synthesis (93). .
in two doses (92). nephrotoxicity
(87)

BID twice a day, IV intravenous, PO per os (orally), CrCl creatinine clearance, and DNA deoxyribonucleic acid.

effectiveness of Cidofovir in treating monkeypox in people is not
well understood. However, investigations on animals and in vitro
have shown that it is effective against OPVs (102). To mitigate OPV
(including monkeypox) in an outbreak, the CDC has an enhanced
access protocol that permits the utilization of stocked cidofovir.
Cidofovir treatment may be implemented in cases with severe
monkeypox infection, although it is unknown whether such a
patient will benefit from it. Cidofovir may be less safe than
Brincidofovir since Cidofovir can cause serious renal damage or
other side effects (90). Currently, the CDC is working on an
Expanded Access Investigational New Drugs to enable the drugs
to be used for the treatment of monkeypox. They could pick the
CMX-001 medication, a modified version of cidofovir, which has
demonstrated antiviral activity against OPV species but lacks the
level of nephrotoxicity typically associated with cidofovir (103).
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6.5 Brincidofovir (Tembexa)

On June 4, 2021, FDA licensed Brincidofovir (Tembexa) as an
antiviral drug to alleviate human smallpox in newborns, children,
and adults. Although the small numbers involved make it difficult
to extrapolate the effectiveness of Brincidofovir in the therapy of
monkeypox infection, their efficacy against OPV has been
illustrated in vitro and animal models (53, 104). However, a
review of patients enrolled since the launch of the HCID
(airborne) network between August 15, 2018, and September 10,
2021, revealed that all 3 adult patients receiving oral Brincidofovir
(200 mg once a week) had high hepatic enzymes, which led to the
termination of therapy (67). The CDC is now working on an EA-
IND (Expanded Access Investigational New Drug) to make it easier
to utilize Brincidofovir as a monkeypox treatment.
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7 Conclusion and future perspectives

Monkeypox is no longer “a viral zoonotic disease that occurs
mainly in remote portions of Central and West Africa, near tropical
rainforests”, as the expansion of the disease over the past several
years and the ongoing outbreak (105). Although most MPV
infections cause self-limited and mild diseases, with supportive
treatment being relatively sufficient, there is no specific therapy
available for it to date, and it can be transmitted in a variety of ways,
such as droplets, contact, and sexual contact. Its possibility for
additional regional and worldwide spread is therefore still a serious
concern. The majority of information on the illness is gathered from
individual cases or outbreak reports, as well as from passive
sporadic monitoring, none of which provides a complete
overview. To effectively lead data collection, prevention,
preparedness, response and surveillance efforts for monkeypox
and other emerging or re-emerging diseases with pandemic
possibility, there is still an urgent need to improve surveillance
and public health skills.

Numerous antiviral drugs that may be beneficial in the
mitigation of monkeypox were authorized for the treatment of
smallpox based on model studies, such as Tecovirimat, VIGIV,
Cidofovir, and Brincidofovir, but the efficacy of these agents has not
been completely characterized; thus, more research on these
therapies in humans is needed. In addition, there are several
variables can affect the prognosis of monkeypox, such as prior
vaccination records, baseline health state, and co-occurring illnesses
or comorbidities. Therefore, the most sensible course of action is to
design treatments specifically for each patient in accordance with
their likelihood of contracting a severe illness.
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Swine acute diarrhoea syndrome
coronavirus (SADS-CoV) Nsp5
antagonizes type | interferon
signaling by cleaving DCP1A

Hai-xin Huang'*, Chen-chen Zhao®, Xiao-xiao Lei?

Xin-yu Zhang?, Yu-ying Li? Tian Lan? Bao-peng Zhao?,
Jing-yi Lu?, Wen-chao Sun®, Hui-jun Lu® and Ning-yi Jin>**
!College of Veterinary Medicine, Northwest AGF University, Xianyang, China, ?Institute of Virology,

Wenzhou University, Wenzhou, China, *Changchun Institute of Veterinary Medicine, Chinese
Academy of Agricultural Sciences, Changchun, China

Swine acute diarrhoea syndrome coronavirus (SADS-CoV), which is a recently
discovered enteric coronavirus, is the major aetiological agent that causes severe
clinical diarrhoea and intestinal pathological damage in pigs, and it has caused
significant economic losses to the swine industry. Nonstructural protein 5, also
called 3C-like protease, cleaves viral polypeptides and host immune-related
molecules to facilitate viral replication and immune evasion. Here, we
demonstrated that SADS-CoV nsp5 significantly inhibits the Sendai virus (SEV)-
induced production of IFN-B and inflammatory cytokines. SADS-CoV nsp5
targets and cleaves mRNA-decapping enzyme la (DCP1A) via its protease
activity to inhibit the IRF3 and NF-xB signaling pathways in order to decrease
IFN-B and inflammatory cytokine production. We found that the histidine 41 and
cystine 144 residues of SADS-CoV nsp5 are critical for its cleavage activity.
Additionally, a form of DCP1A with a mutation in the glutamine 343 residue is
resistant to nsp5-mediated cleavage and has a stronger ability to inhibit SADS-
CoV infection than wild-type DCP1A. In conclusion, our findings reveal that
SADS-CoV nsp5 is an important interferon antagonist and enhance the
understanding of immune evasion by alpha coronaviruses.

KEYWORDS

swine acute diarrhoea syndrome coronavirus (SADS-CoV), interferon signaling, mRNA-
decapping enzyme 1a (DCP1A), nonstructural protein 5 (nsp5), antiviral activity

Introduction

Swine acute diarrhoea syndrome coronavirus (SADS-CoV) is also known as swine
enteric alphacoronavirus (SeACoV) or porcine enteric alpha coronavirus (PEAV), and it is
anovel HKU2-related bat coronavirus that belongs to the alpha coronavirus family. SADS-
CoV was first discovered during a catastrophic epidemic in pigs in Guangdong Province,
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China, in 2017, which led to the death of nearly 24,500 newborn
piglets and caused significant economic losses (1-3). In 2018, seven
pig farms in Fujian Province reported the presence of a new SADS-
CoV strain in pig stool and small intestine samples (4). In 2019, the
re-emergence of SADS-CoV infection in pig herds in southern
China resulted in an outbreak of diarrhoea that caused
approximately 2000 piglet deaths (5). An outbreak of a fatal
swine diarrhoea disease occurred on an intensive-scale pig farm
in Guangxi, China, in May 2021, and it led to more than 3000
deaths in piglets. The clinical symptoms of infected animals include
severe acute diarrhoea, vomiting, and weight loss, and the mortality
rate can reach 100% (6). SADS-CoV has been reported to infect a
wide variety of cell lines in culture, including cell lines derived from
its natural hosts (bats, monkeys, cats, dogs, minks, hamsters),
susceptible hosts (pigs), and potential hosts (humans and other
animals) (7, 8). Chickens are susceptible to infection with SADS-
CoV under laboratory conditions, suggesting that chickens may be
asymptomatic carriers of SADS-CoV and that the virus has the
potential to spread to susceptible flocks near pig farms (9).

The full-length genome of SADS-CoV is approximately 27 kb in
length, and it is arranged in the order of 5UTR-ORF1a/1b-S-NS3-
E-M-N-NS7a-NS7b-3’UTR. ORFla and ORF1b encode polyprotein
la (ppla) and polyprotein 1b (pplb), respectively, and ppla and
pplb are processed into 16 nonstructural proteins (Nspl-16) that
are responsible for viral RNA synthesis. Maturation of viral proteins
requires cleavage by proteases. Nonstructural protein 5 (nsp5),
which is a 3 chymotrypsin-like protease (3CLP™, also called main
protease), is an attractive drug target because it can recognize
sequences containing Leu and Gln at positions P2 and P1 and
play an important role in cleaving viral polyproteins to generate
functional proteins (10, 11). To date, there are still no effective
vaccination strategies or antiviral drugs to control SADS-CoV
infection. The development of more effective control measures
will be made easier with a better understanding of the
mechanisms by which SADS-CoV evades the host immune system.

Interferons (IFNs) are a broad class of cytokines that are elicited
upon challenge to host defences, and they are essential for mobilizing
immune responses to pathogens and activating signal transduction
cascades that lead to the induction of hundreds of interferon-
stimulated genes (ISGs). As ISGs play important roles in antiviral
responses, viruses develop strategies to counteract their functions (12).
mRNA-decapping enzyme la (DCP1A), which is a regulatory factor
that is involved in removing the 5-methylguanosine cap from
eukaryotic mRNAs, has recently been identified as an IFN-
stimulated gene. The study suggested that DCP1A phosphorylation
modulates the host chemokine response to respiratory syncytial virus
(RSV) infection (13). The study reported that porcine reproductive and
respiratory syndrome virus (PRRSV) infection significantly
downregulates DCP1A expression at the protein level by cleaving
DCP1A, and PRRSV nsp4 is responsible for DCP1A cleavage,
specifically at glutamic acid 238 (E238) of DCP1A (14). Porcine delta
coronavirus (PDCoV) nsp5 cleaves porcine DCP1A via its protease
activity and cleaves DCP1A at glutamine 343 (Q343) (10). Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) nsp5 inhibits
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HDAC-dependent ISG antiviral responses and abolishes the activity
of the ISG effector DCP1A (15).

Currently, there are few reports about the pathogenesis of SADS-
CoV, and there are no relevant reports about whether SADS-CoV nsp5
contributes to the escape of SADS-CoV from innate immune responses
and whether it plays roles in SADS-CoV pathogenesis and
transmission. And there is no effective vaccine or antiviral drug for
SADS-CoV. The nsp5 of SADS-CoV provides an excellent target for
antivirals, due to its essentialand conserved function in the viral
replication cycle. In this study, we found that SADS-CoV nsp5
antagonized IFN-B production and targeted DCP1A, thus impairing
the antiviral activity of DCP1A. Additionally, nsp5 from different CoV's
cleaves DCP1A, suggesting a common mechanism underlying immune
evasion. It may be possible to gain a better understanding of SADS-
CoV disease pathogenesis and transmission by elucidating the
mechanism underlying nsp5-mediated catalysis and IFN antagonism.

Materials and methods
Cell culture and virus

HEK-293T cells, LLC-PK1 cells, IPEC-]J2 cells, Vero-E6 cells
and ST cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) (HyClone, Logan, UT, USA) supplemented with 10%
foetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and
penicillin-streptomycin at 37°C in a 5% CO, atmosphere. The
SADS-CoV strain was previously preserved in our laboratory.
SADS-CoV was diluted in DMEM supplemented with 10 mg/mL
trypsin and inoculated into Vero-E6 cells, which were replaced with
fresh DMEM medium containing 2% FBS after 2 h. Vesicular stom
atitis virus carrying the green fluorescent protein gene (VSV-GFP)
and Sendai virus (SeV) were previously preserved in our laboratory.

Plasmids, siRNA and transfection

Nsp5 from SADS-CoV was cloned into a pCAGGS-FLAG
vector. Full-length cDNA sequences of sus scrofa (pig) DCP1A
(GenBank accession number NM_001244358.1), Homo sapiens
(human) DCP1A (GenBank accession number NM_001290204.2),
and Chlorocebus sabaeus (green monkey) (GenBank accession
number XM_007984575.2) were cloned into a pXJ40-HA vector.
Full-length cDNA sequences of porcine IFIT1, IFIT3 and IFIT5 was
also cloned into a pXJ40-HA vector. Vectors expressing P65,
IKBKE, TRAF3, MDA-5, STAT1, STAT2, RIG-I, NEMO, IKKo,
IKKB, IxkBa, IRF3 were purchased from HonorGene. Homo sapiens
DCPI1A small interfering RNAs (siRNAs) were designed and
purchased from Tsingke Biotech (Beijing, China), together with
the control siRNA. The constructs were transfected using
Lipofectamine 3000 Reagent (Invitrogen) and siRNAs were
transfected using Lipofectamine RNAi MAX (Invitrogen)
according to procedures recommended by the manufacturer.
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Antibodies and reagents

A DYKDDDDK Tag(9A3) mouse mAb (#8146), HA-Tag (C29F4)
rabbit mAb (#3724), phospho-NF-kB P65 (Ser536) rabbit mAb
(#3033), phospho-IRF-3 (Ser386) rabbit mAb (#37829), Lamin A/C
rabbit antibody (#2032), anti-mouse IgG(H+L), F(ab’), fragment
(Alexa Fluor 488 Conjugate) (#4408), anti-rabbit IgG (H+L), and F
(ab’), fragment (Alexa Fluor® 594 Conjugate) (#8889) were purchased
from Cell Signaling Technology (CST, Boston, MA, USA). A phospho-
TBK1 (Serl72) rabbit antibody (#AF8190), phospho-IxBa. (Ser32/
Ser36) rabbit antibody (#AF2002), phospho-STAT1 (Tyr701) rabbit
antibody (#AF3300), TBK1 rabbit antibody (#DF7026), phospho-
STAT2 (Tyr690) antibody (#AF3342) were purchased from Affinity
Biosciences (Cincinnati, OH, USA). A DCP1A rabbit mAb was
purchased from ABclonal (#A6824) (Wuhan, China). A RSAD2
rabbit polyclonal antibody (#28089-1-AP), HRP-conjugated
AffiniPure donkey anti-rabbit IgG (H+L) (#SA00001-9), IRF3 rabbit
polyclonal antibody (#11312-1-AP), STAT] rabbit polyclonal antibody
(#10144-2-AP), STAT2 rabbit polyclonal antibody (#16674-1-AP),
IKBKG rabbit polyclonal antibody (#18474-1-AP), NF-kB P65 rabbit
polyclonal antibody (#10745-1-AP), His-Tag mouse monoclonal
antibody (#66005-1-Ig), GAPDH monoclonal antibody (#60004-1-
Ig), and HRP-conjugated AffiniPure goat anti-mouse IgG (H+L)
were purchased from Proteintech Group (Rosemont, IL, USA). Z-
VAD(OMe)-FMK (#T6013), PF-00835231 (#T9458), 3-MA (#T11879),
and MG132 (#T2154) were purchased from Target Mol (Boston,
USA). Poly(I:C) (#P1530) was purchased from Sigma—Aldrich (St.
Louis, MO, USA), Proteinlso® Protein A/G Resin (#DP501), and the
TransDetect® Double-Luciferase Reporter Assay Kit (#FR201) were
purchased from TransGen Biotech (Beijing, China). The UNIQ-10
Column TRIzol Total RNA Isolation Kit was purchased from Sangon
Biotech (#B511321) (Shanghai, China). PrimeScriptTM RT Master Mix
(Perfect Real Time) was purchased from TaKaRa (#RR037A) (Beijing,
China). Taq Pro Universal SYBR qPCR Master Mix was purchased
from Vazyme (#Q702) (Nanjing, China).

Dual-luciferase reporter activity assays

When the cell confluence in 12-well plates reached
approximately 80%, HEK-293T or ST cells were cotransfected
with the reporter plasmid (IFN-B-Luc) at 0.2 pg/well and the
plasmid pRL-TK (internal control for normalization of the
transfection efficiency) at 0.01 pg/well with Lipofectamine 3000
reagent. After transfection for 24 h, the cells were lysed. Then, the
levels of firefly luciferase and Renilla luciferase were measured using
the Dual-Luciferase reporter assay system. The data are shown as
the relative firefly luciferase activities normalized to the Renilla
luciferase activities from three independent experiments.

Confocal immunofluorescence assay

LLC-PK1 cells were transfected with porcine DCP1A, SADS-
CoV nsp5 or nspl4 expression vectors. After 24 h, the cells were
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fixed with 4% paraformaldehyde for 20 min and then permeabilized
with 0.1% Triton-X 100 in PBS. Then, the cells were incubated with
3% BSA in PBS for 2 h at room temperature. LLC-PK1 cells were
then stained with the DYKDDDDK Tag(9A3) mouse mAb and
DCP1A rabbit mAb diluted in 1% BSA in PBS at 4°C overnight. The
cells were then incubated with fluorochrome-conjugated secondary
Abs for 2 h at room temperature. After incubation with the
secondary Abs, the specimens were covered with DAPI and
incubated for 6 min to stain the nuclei. The images were collected
by forwarding fluorescence microscopy and confocal microscopy.

RNA isolation and quantitative PCR analysis

Total RNA was extracted from cultured cells using TRIzol
reagent and reverse transcribed into ¢cDNA using reverse
transcriptase. Quantitative real-time PCR (RT-qPCR)
experiments were performed in triplicate. Relative mRNA
expression levels were normalized to the expression level of
GAPDH. All the RT-qPCR experiments were performed using
Taq Pro Universal SYBR qPCR Master Mix and an ABI
QuantStudio 3 Real-time PCR system.

Western blotting analysis

HEK-293T cells were transfected with the indicated plasmids as
mentioned above, harvested after 30 h by the addition of lysis buffer,
and incubated on ice for 15 min. The cell lysates were centrifuged at
12,000 x g for 15 min before the supernatants were either subjected to
immunoprecipitation (IP) or directly denatured at 100°C for 10 min.
The denatured cell lysates were separated by SDS-PAGE and
transferred to PVDF membranes using a Trans-Blot® SD Semi-Dry
Electrophoretic Transfer cell at 15 V for 50 min. For immunoblotting,
the indicated primary antibodies were incubated with the membranes
for 2 h at room temperature or overnight at 4°C; HRP-conjugated
goat anti-mouse or goat anti-rabbit IgG were used as secondary
antibodies. The bands were visualized with chemiluminescent reagent
(NCM Biotech, Shanghai, China) and were imaged by an ECL
imaging system (Bio-Rad, Hercules, CA, USA). GAPDH expression
in each sample was used as a control to demonstrate equal loading of
the protein samples across lanes.

Coimmunoprecipitation assay

HEK-293T cells were seeded in 10 cm dishes, transfected with
the indicated plasmids as mentioned above and lysed at 30 h
posttransfection in 1 mL lysis buffer per dish. The lysates were
centrifuged at 14,000 x g for 15 min, and the supernatants were
subjected to IP, with 100 UL reserved for use as a whole cell lysate
(WCL) control. Briefly, ProteinIso® Protein A/G Resin was added
to 400 UL of cell lysate and incubated on a shaker at 4°C for 1 h. The
mixture was centrifuged at 1,000 x g for 5 min, and the supernatant
was extracted. Then, 2 UL of antibody was added to 400 UL of cell
lysate and incubated on a shaker at 4°C overnight. Then,
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Protein A/G Resin (#DP501, TransGen Biotech,
Beijing, China), which had been washed with lysis buffer three

Proteinlso®

times, was added. The mixture was centrifuged at 1,000 x g for 5
min, and the sample was collected and washed in lysis bufter three
times at 1,000 x g for 5 min. Next, the beads were mixed with 1x
loading buffer, and the mixture was denatured at 100°C for 10 min
before analysis along with the WCL by Western blotting.

Statistical analysis

The data were analysed with GraphPad Prism 9 software, and
Student’s t-test were performed to determine significance. The data
are expressed as the mean * standard deviation (SD) of three
independent experiments. P values < 0.05 were considered
statistically significant.

Results

SADS-CoV antagonizes type | IFN and
inflammatory cytokine production

Several coronaviruses have been reported to inhibit type I IFN
production in order to evade host innate immunity (16-19). To
investigate the effects of SADS-CoV infection on the expression of
IFN-B and inflammatory cytokines in swine testicular (ST) cells, the

10.3389/fimmu.2023.1196031

mRNA expression levels of various factors were measured after viral
infection. As shown in Figure 1A, compared with those in the
control group, the SeV-induced mRNA expression levels of IFN-f3,
TNF-a, CXCL10, RIG-I, ISG15, RSAD2, ISG56, and IFIT3 were
significantly inhibited by SADS-CoV. Next, we infected Vero-E6,
IPEC-J2, and LLC-PK1 cells with SADS-CoV and analysed the
proliferation of the virus and the copy number of the N gene by RT
—qPCR (Figure 1B). We also measured the expression of the SADS-
CoV N protein (Figure 1C). The results showed that the replication
of viral genes and the expression of the N protein significantly
increased with the time of infection.

SADS-CoV nsp5 suppresses the type | IFN
and NF-xB signaling pathways

SeV infection strongly induced IFN-B promoter activity.
However, transfection with nsp5 strongly inhibited the SeV-
induced IFN- promoter activity in HEK-293T, ST, and LLC-PK1
cells in a dose-dependent manner (Figures 2A-C). To assess the role
of SADS-CoV nsp5 in regulating type I IFN signaling, we evaluated
the mRNA levels of IFN-f3, RIG-1, ISG15, RSAD2, ISG56, and IFIT3
after transfection of HEK-293T, ST, and LLC-PK1 cells with SADS-
CoV nsp5. As shown in Figure 2D, compared with the control
group, the transcription of ISGs induced by SeV was significantly
inhibited by SADS-CoV nsp5. The role of nsp5 in regulating
inflammatory cytokine signaling pathways was also evaluated. We
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FIGURE 1

SADS-CoV antagonizes type | IFN and inflammatory cytokine production. (A) ST cells were cultured in 6-well plates infected with SADS-CoV. After 24 h,
the cells were infected with 0.1 MOI SeV for an additional 12 h IFN-3, TNF-o, CXCL10, RIG-I, ISG15, RSAD2, ISG56, and IFIT3 mRNA levels were analysed
by RT—-gPCR. (B) Vero-E6, IPEC-J2, LLC-PK1 cells were infected with the SADS-CoV strain (MOI=0.1) and then harvested at O h, 6 h, 12 h, 24 h and 36 h
to measure SADS-CoV N mRNA levels by RT-gPCR. (C) Vero-E6 cells (MOI=0.1) were infected with the SADS-CoV strain at 6 h, 12 h, 24 h and 36 h Cell

lysates were analysed by Western blotting with anti-SADS-CoV N protein antibodies. All data are reported as mean+SD. For all experiments,

*p < 0.05,

**p < 0.01, and ***p < 0.001, ****p < 0.0001 were considered to be statistically significant. ns, nonsignificant differences in data.
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FIGURE 2

SADS-CoV nsp5 inhibits SeV-induced IFN-B and inflammatory cytokine production. (A) HEK-293T cells, (B) ST cells, or (C) LLC-PK1 cells were
cotransfected with IFN-B Luc and pRL-TK plasmids, along with 1pg, 1.5 pg and 2.5ug of the SADS-CoV nsp5 plasmid for 24 h. Then, the cells were
infected with or without SeV for 12 h. The cells were lysed and subjected to a dual-luciferase assay. And the expressions of SADS-CoV nsp5 protein
and B-actin were detected by Western blot. (D) HEK-293T cells, ST cells and LLC-PK1 cells were transfected with 1.5 pyg of the SADS-CoV nsp5
plasmid or an empty vector. After 24 h of initial transfection, the cells were further infected or mock infected with SEV. The cells and supernatants
were collected at 12 h post infection, and the IFN-B, RIG-I1, ISG15, RSAD2, ISG56, IFIT1, and IFIT3 mRNA levels were analysed by RT-qPCR. (E) HEK-
293T cells and ST cells were transfected with 1.5 pg of the SADS-CoV nsp5 plasmid or an empty vector. After 24 h of initial transfection, the cells
were further infected or mock infected with SEV. The cells and supernatants were collected at 12 h post infection, and the TNF-a, IL-6, IL-8, IL-17,
CXCL10, and NF-kB mRNA levels were analysed by RT-gPCR. And the expressions of SADS-CoV nsp5 protein and B-actin were detected by Western
blot. All data are reported as mean+SD. For all experiments, *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001 were considered to be
statistically significant. ns, nonsignificant differences in data.

evaluated the mRNA levels of TNF-q, IL-6, IL-8, IL-17, CXCL10,
and NF-kB after transfection of HEK-293T and ST cells with nsp5
(Figure 2E). The results showed that nsp5 significantly suppressed
the SeV-induced expression of inflammatory cytokines. To analyse
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the effect of SADS-CoV on the type I IFN and NF-«B signaling
pathways, His-TBK1 and SADS-CoV nsp5 were cotransfected into
HEK-293T cells, and the expression level of TBK1 was slightly
decreased after SADS-CoV nsp5 expression. Transfection of nsp5
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after poly(I:C) treatment reduced the level of phosphorylated IRF3
and inhibited NF-kB activation (Supplementary Figure 1A). In
addition, the poly(I:C)-induced nuclear translocation of IRF3 was
also limited. The protein levels of IRF3 in the cytoplasm of HEK-
293T cells were increased by the expression of the nsp5 protein after
poly(I:C) treatment. However, after poly(I:C) treatment, the IRF3
levels in the nucleus were decreased (Supplementary Figure 1B). As
shown in Supplementary Figures 1C, D, transfection of nsp5
inhibited STAT1 expression and phosphorylation after poly(I:C)
or IFN-B treatment as well as the phosphorylation of STAT2 and
IkBa after poly(I:C) treatment.

SADS-CoV nsp5 targets DCP1A
for cleavage

We hypothesized that SADS-CoV nsp5 inhibits IFN-f§ and NF-
KB production by inhibiting their upstream stimulatory molecules.
Therefore, we cotransfected SADS-CoV nsp5 and pXJ40-HA-
IFIT1, DCP1A, IFIT3, IFITS5, P65, IKBKE, TRAF3, MDA-5,
STAT1, STAT2, RIG-I, NEMO, IKKo, IKKf, IkBo. or IRF3 into
HEK-293T cells. The results showed that the expression levels of
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DCP1A, STAT1, STAT2, RIG-I, NEMO, IKKo, IKKf, IxBo and
IRF3 were decreased when SADS-CoV nsp5 was expressed, and the
effect on DCP1A was the most significant (Figure 3A). Additionally,
we also verified the effect of SADS-CoV on the expression of
DCP1A, and we found that SADS-CoV infection significantly
reduced the expression of DCP1A in a dose-dependent manner
(Figure 3B). In addition, we examined the cleavage effect of SADS-
CoV on DCP1A at different time points of infection in ST cells
(Figure 3C). Further studies on the regulatory effect of SADS-CoV
nsp5 on DCPIA expression showed that nsp5 could cleave DCP1A
and produce obvious cleavage products; the levels of these cleavage
products depended on the dose of SADS-CoV nsp5 (Figure 3D).
Next, we verified the interaction between nsp5 and DCP1A by a
coimmunoprecipitation assay. Flag-nsp5 and HA-DCP1A were
cotransfected into HEK-293T cells, and immunoprecipitation (IP)
experiments using anti-HA or anti-Flag antibodies showed that
SADS-CoV nsp5 did indeed interact with DCP1A (Figure 3E). The
interaction between SADS-CoV nsp5 and endogenous DCP1A was
further verified by IFA colocalization experiments. In LLC-PK1
cells, the fluorescence signal of Flag-nsp5 overlapped with that of
DCP1A. However, the fluorescence signal of Flag-nspl4 did not
overlap with that of DCP1A (Figure 3F).
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SADS-CoV nsp5 targets DCP1A for cleavage. (A) HEK-293T cells were cultured in 6-well plates and cotransfected with SADS-CoV nsp5 expression
plasmid or empty vector along with 1.5 ug of HA-tagged IFIT1, DCPI1A, IFIT3, IFIT5, P65, IKBKE, TRAF3, MDA-5, STAT1, STAT2, RIG-I, NEMO, IKKa,
IKKB, IkBow or IRF3 expression plasmid. After 28 h, the cells were lysed and analysed by Western blotting with an anti-HA antibody. (B) ST cells were
transfected with 2 pg/well pXJ40-HA-sDCP1A expression plasmid. After 24 h of transfection, the ST cells were infected with SADS-CoV at different
MOlIs. (C) ST cells were infected with SADS-CoV strain (MOI=0.1) and then harvested at Oh, 12h, 24h, 36h, 48h, the cells were lysed for Western
blotting. (D) HEK-293T cells were cotransfected with pXJ40-HA-sDCP1A and various amounts of the SADS-CoV nsp5 expression plasmid. After 30
h, the cells were lysed for Western blotting. (E) HEK-293T cells were transfected with expression constructs encoding SADS-CoV nsp5 and pXJ40-
HA-sDCP1A. The cells were lysed 30 h after transfection and subjected to immunoprecipitation with an anti-FLAG antibody or anti-HA antibody. The
whole-cell lysates (WCL) and immunoprecipitation (IP) complexes were analysed by immunoblotting (IB) using anti-FLAG, anti-HA, or anti-GAPDH
antibodies. (F) LLC-PK1 cells were transfected with SADS-CoV nsp5 and nspl4. At 24 h, cells were fixed and then stained with an anti-rabbit
monoclonal antibody against DCP1A and anti-mouse flag Tag antibody, followed by incubation with an Alexa Fluor 488-conjugated goat anti-mouse
IgG antibody (green) or 594-conjugated goat anti-rabbit IgG antibody (red). The nuclei were stained with DAPI (blue).

Frontiers in Immunology

frontiersin.org

111


https://doi.org/10.3389/fimmu.2023.1196031
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

DCP1A activates the type | IFN
signaling pathway

It has been reported that overexpression of DCP1A causes
decreases in the RSV-induced expression of IL-8, indicating its
ability to regulate cellular chemokine expression (13). Therefore, we
hypothesized that DCP1A may be the upstream molecule that
regulates IFN-f and NF-xB. We then transfected HEK-293T, ST,
and Vero-E6 cells with pXJ40-HA-DCP1A and infected them with
VSV-GFP. As shown in Figure 4A, the replication of VSV-GFP was
significantly inhibited in DCP1A-expressing cells, suggesting that
overexpression of DCP1A inhibited viral infection. We then
overexpressed DCP1A to various degrees in HEK-293T cells and
measured the expression of IRF3, STAT, and NF-xB. The results
showed that the phosphorylation of STATI, STAT2, IRF3, and P65
was markedly increased with increasing DCP1A expression
(Figure 4B). Next, we used siRNA to knock down the expression

10.3389/fimmu.2023.1196031

of DCP1A and overexpress DCP1A with pXJ40-HA-DCP1A. The
results showed that reducing the expression of DCP1A inhibited the
activation of STAT1, STAT2, IRF3, and P65, and conversely
increasing the expression of DCP1A promoted their expression
(Figure 4C, D). These results indicate that DCP1A is a key regulator
of the IFN signaling pathway.

SADS-CoV nsp5-mediated of DCP1A
depends on its protease activity

Nsp5 proteins from several coronavirus-related viruses have
also been shown to cleave host proteins and disrupt molecular
pathways that are involved in innate immunity (20-22). To further
determine whether SADS-CoV nsp5 cleaves DCP1A proteins from
different species, we constructed pXJ40-HA-mDCP1A (monkey)
derived from Vero-E6 cells, pXJ40-HA-sDCP1A (swine) derived
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DCPIA activates the type | IFN signaling pathway. (A) ST, HEK-293T, and Vero-E6 cells were transfected with 2 pg/well empty vector or pXJ40-HA-sDCP1A,
pXJ40-HA-hDCP1A, and pXJ40-HA-mDCPIA expression plasmids. After 24 h of transfection, the cells were infected with VSV-GFP for 12 h, and the
expression of DCP1A was examined by Western blotting with an anti-HA antibody. Then, the replication of VSV-GFP was analysed via fluorescence
microscopy. (B) HEK-293T cells were transfected with pXJ40-HA vector and various amounts of the pXJ40-HA-mDCP1A expression plasmid. (C) pXJ40-HA
vector, pXJ40-HA-h-DCP1A expression plasmid, DCP1A siRNA and negative control siRNA were transfected into HEK-293T cells. After 30 h, cells were
collected for Western blot analysis. Cells were analyzed by Western blotting with anti-STAT2, anti-phospho STAT2, anti-STAT1, anti-phospho STAT1, anti-
IRF3, anti-phospho IRF3, anti-P65, anti-phospho P65, anti-HA, and B-actin antibodies. (D) pXJ40-HA vector, pXJ40-HA-h-DCPIA expression plasmid,
DCP1A siRNA and negative control siRNA were transfected into HEK-293T cells. After 30 h, IFN-B mRNA levels were analysed by RT-gPCR. All data are
reported as mean+SD. For all experiments, *p < 0.05 and ***p < 0.001 were considered to be statistically significant.
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from LLC-PKI cells and pXJ40-HA-hDCP1A (human) derived
from HEK-293T cells. Then, we cotransfected HEK-293T cells
with DCP1A from different species and SADS-CoV nsp5. The
results showed that the cleavage products of DCP1A increased
with increasing SADS-CoV nsp5 expression (Figure 5A), and
treatment with the coronavirus nsp5 inhibitor PF-00835231
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significantly reduced the cleavage of sDCP1A and mDCP1A by
SADS-CoV nsp5 (Figure 5B). To further investigate whether SADS-
CoV nsp5-mediated cleavage of DCP1A depends on its protease
activity, we constructed two mutants of nsp5 (H41A and C144A)
with mutations that targeted its protease active sites (10), and we
cotransfected these mutants with pXJ40-HA-mDCP1A and pXJ40-
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SADS-CoV nsp5 cleaves DCP1A via its protease activity. (A) HEK-293T cells were cotransfected with pXJ40-HA-mDCP1A, pXJ40-HA-hDCP1A and
various amounts of the SADS-CoV nsp5 expression plasmid. After 30 h, the cells were lysed for Western blotting. (B) HEK-293T cells were
cotransfected with plasmids encoding sDCP1A or mDCP1A and nsp5 from SADS-CoV. At 24 h after transfection, the cells were mock treated or
treated with PF-00835231. After 12 h, the cells were lysed for Western blotting. (C) HEK-293T cells were cotransfected with plasmids expressing the
wild-type SADS-CoV nsp5 or its protease-defective mutants (C144A and H41A) and the pXJ40-HA-sDCP1A or pXJ40-HA-mDCP1A expression
plasmid. (D) HEK-293T cells were cotransfected with plasmids expressing the wild-type SADS-CoV nsp5 and pXJ40-HA-sDCP1A or pXJ40-HA-

mDCP1A expression plasmids. After 24 h, the cells were treated with MG132,

were prepared and analysed by Western blotting.
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HA-sDCPI1A, respectively. As shown in Figure 5C, the two nsp5
mutants H41A and C144A were unable to cleave mDCPIA and
sDCP1A. Then, HEK-293T cells were cotransfected with SADS-
CoV nsp5 and DCP1A and then treated with the proteasome
inhibitor MG132, the caspase inhibitor Z-VAD-FMK, or the
autophagy inhibitor 3-MA. The results showed that none of the
three inhibitors could block the cleavage of DCP1A by SADS-CoV
nsp5, indicating that the cleavage of DCP1A by nsp5 was dependent
on the protease activity of nsp5 (Figure 5D).

SADS-CoV nsp5 recognizes and cleaves
DCP1A at residue Q343

To further identify the site of DCP1A that is recognized by
SADS-CoV nsp5, we generated three DCP1A truncation mutants,
namely, DCP1A; ,5;, DCP1A;_,45 and DCP1A; 33, from different
species, and we cotransfected them with nsp5. Since the size of the
product that is recognized by anti-HA antibodies after the nsp5-
mediated cleavage of sDCP1A and mDCP1A were approximately
43 kDa in size, the cleavage site should be near the 330 amino acid
position in the N-terminus (Figure 6A). As shown in Figure 6B,
CoV nsp5 showed a preference for substrate cleavage at a Q residue
in the P1 position, which is common among other CoV subfamilies.
Since the protease activity site of nsp5 usually recognizes Q-Gln
motifs (23), we constructed several DCP1A constructs with
mutations between amino acids 285 and 360 in the N-terminus,
where Q residues (Q330, Q343, and Q351) were mutated to alanine
residues, and we cotransfected these constructs with SADS-CoV
nsp5 into HEK-293T cells (Figure 6C). The results showed that the
DCP1A-Q330A and DCP1A-Q351A mutants from different species
could still be cleaved by SADS-CoV nsp5, while the DCP1A-Q343A
mutants were resistant. These results indicate that amino acid Q343
of DCP1A is a recognition and cleavage site for nsp5
(Figures 6D, E).

DCP1A is a common target of nsp5 from
different coronaviruses

Coronavirus nsp5 has a catalytic site between cysteine (Cys)
residues and histidine (His) residues, and any change in the catalytic
site disrupts its protease activity (24-26). Comparison of the secondary
structure of nsp5 showed that the His41 and Cys144 residues of the
protease active site (numbering based on SADS-CoV nsp5) were highly
conserved among o, B-, y-, and 8-CoV (Supplementary Figure 2A).
Therefore, we investigated whether nsp5 from other mammalian
coronaviruses can also cleave DCPIA in the host. The results
showed that nsp5 from different coronaviruses could cleave DCP1A
in infected cells (Supplementary Figures 2B, C). These results
demonstrate that DCP1A cleavage is a conserved mechanism by
which coronavirus escapes host immune responses.
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Discussion

Here, we found that DCP1A is a possible target of SADS-CoV
during infection. We show that following host infection, SADS-CoV
nsp5 uses its protease activity to cleave DCP1A at residue Q343, and
nsp5 from many different coronavirus species can also cleave
DCP1A. The results reveal a previously unknown mechanism of
intracellular antagonism that is driven by virus—host interactions,
and these results provide new evidence to explain why hosts often
exhibit limited ISG responses during SADS-CoV infection.

SADS-CoV was infectious in pigs when inoculated orally into 3-
day-old newborn piglets, leading to clinical signs of diarrhea and
subclinicalinfection (3). SADS-CoV has been reported to have a
broad cell tropism, Vero-E6, IPEC-J2, ST and LLC-PKI have been
showed signicant susceptibility to SADS-CoV infection (27). In the
immune system, IFN/ISG plays a crucial role in preventing virus
infection in cells. We demonstrated that SADS-CoV inhibits the
secretion of type I IFN and multiple inflammatory cytokines in ST
cells. In our study, we also confirmed that SADS-CoV infected in
different host cells (Figure 1). NF-xB is the primary transcription
factor that regulates numerous cellular responses, including early
innate immune responses and viral infections (28). It has also been
reported that SARS-CoV-2 nsp5 enhances cytokine production by
activating the NF-kB signaling pathway (29). In this study, we
found that SADS-CoV nsp5 antagonizes the host antiviral response
by inhibiting the IRF3, STAT, and NF-«B signaling pathways,
reducing the secretion of antiviral cytokines by cells and thereby
allowing the virus to evade host innate immunity (Figure 2 and
Supplementary Figure 1).

Coronavirus nsp5 is a cysteine protease that is required to
process viral polyproteins, so it is essential for viral replication and
can antagonize host immune proteins, promoting viral escape from
host immune responses and replication. Nsp5 proteins from several
coronaviruses have been reported to cleave host proteins, disrupting
molecular pathways that are involved in innate immunity. For
example, nsp5 proteins PEDV and PDCoV target NEMO and
cleave it at a unique site (Q231), inhibiting the host innate
immune response and promoting viral proliferation (30, 31).
PEDV nsp5 inhibits pyroptosis by cleaving GSDMD, which is a
key executioner of pyroptosis, at amino acids R238, T239, and F240
(22). SARS-CoV-2 nsp5 prevents the autophagic degradation of
viral membrane proteins by cleaving the selective autophagy
receptor SQSTM1/p62 (21). In addition, histone deacetylases
(HDAC:s) have a significant effect in inhibiting viral infection.
SARS-CoV-2 and PDCoV nsp5 can recognize and cleave HDACs
to antagonize their antiviral effects and promote their own
proliferation (15, 32). In this study, we demonstrated that the
nsp5 protein from SADS-CoV directly interacts with DCP1A and
cleaves DCP1A to disrupt the innate immune pathways of the host
and escape from the host immune response (Figure 3). We also
found that DCPIA is a key molecule in the regulation of the IRF3,
STAT and NF-xB pathways, induces the secretion of downstream
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FIGURE 6

SADS-CoV nsp5 mediates DCP1A cleavage at residue Q343. (A) The estimated product of DCP1A cleavage by SADS-CoV nsp5. HEK-293T cells were
transfected with expression constructs encoding mDCP1A;_,5; or sSDCP1A; 55;, MDCP1A; g5 or SDCP1A;_2g5, MDCP1A; 330 or sDCP1A; 330
truncated mutants and collected after 30 h for Western blotting. (B) Sequence logo of the polyprotein junctions that are cleaved by SADS-CoV nsp5.
An amino acid sequence logo of the substrate was generated by WeblLogo, version 3 (http://weblogo.threeplusone.com/). (C) Schematic
representation of mMDCP1A and its mutant sites. (D) HEK-293T cells were cotransfected with the SADS-CoV nsp5 expression plasmid along with
expression constructs encoding wild-type mDCP1A or mDCP1A mutants, including mDCP1A-Q330A, mDCP1A-Q343A, and mDCP1A-Q351A. The
cells were then lysed after 30 h and evaluated by Western blotting. (E) HEK-293T cells were cotransfected with the SADS-CoV nsp5 expression
plasmid along with wild-type sDCP1IA/mDCP1A or sDCP1A-Q343A/mDCP1A-Q343A and collected after 30 h for Western blotting.

type I IFN and inflammatory cytokines, and is an important
molecule for host antiviral innate immunity (Figure 4). Since
cysteine (Cys) and histidine (His) are the major sites of
coronavirus nsp5 protease activity, mutations in these catalytic
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sites disrupts nsp5 activity (33). Coronavirus nsp5 proteins target
DCPIA at a unique site (Q343) to disrupt its antiviral activity,
revealing a common recognition mechanism that is used to
suppress the host innate immune response (10). In this study, we
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FIGURE 7

SADS-CoV nsp5 interferes with the innate immune response by directly cleaving DCP1A. SADS-CoV nsp5 antagonizes the type | interferon signaling
pathway; the schematic was drawn using the Biorender website (https://www.biorender.com). SADS-CoV infects swine cells and releases its genome
into the cytoplasm to produce nsp5 protein, which binds to DCP1A and cleaves it, inhibiting the activation of downstream molecules IRF3, NF-«B,
STAT1, and STAT2, thereby reducing the production of type | IFN and inflammatory cytokines in the cells.

used mutant with mutations in the protease active site, namely,
H41A and C144A, to confirm the protease active site of SADS-CoV
nsp5. Additionally, a truncated form of DCP1A was used to confirm
that the Q343 site is the site that is recognized and cleaved by SADS-
CoV nsp5 (Figures 5, 6).

This specific and identifiable mode of cleavage via protease
activity that targets a constant site is an effective way for
coronaviruses to combat host innate immunity. It has been
reported that DCP1A is a good antiviral target due its interaction
with the nsp5 proteins from SARS-CoV-2 and PDCoV. We also
verified that the nsp5 proteins from alpha-, beta- and delta-
coronaviruses can target DCP1A for cleavage (Supplementary
Figure 2). Therefore, further detailed analysis of the complete
crystal structure of the viral nsp5 protein and elucidation of the
molecular mechanism underlying its target gene recognition will
provide more guidance for designing anti-coronavirus drugs that
specifically targeting nsp5. According to the schematic diagram
showing the molecular mechanism, these findings advance our
understanding of the role of nsp5 during SADS-CoV
infection (Figure 7).

In conclusion, these data contribute to a better understanding
of the potential mechanisms by which SADS-CoV fights host
innate immunity, increases its pathogenicity and infectivity in the
host, and promotes its own replication and transmission. This
study provides new insights for the prevention and control of
SADS-CoV in clinical practice and provides guidance for the
research and development of anti-SADS-CoV drugs and
inhibitors in the future.
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Introduction: The coronavirus disease 2019 (COVID-19) pandemic caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has highlighted
the danger posed by human coronaviruses. Rapid emergence of immunoevasive
variants and waning antiviral immunity decrease the effect of the currently
available vaccines, which aim at induction of neutralizing antibodies. In
contrast, T cells are marginally affected by antigen evolution although they
represent the major mediators of virus control and vaccine protection against
virus-induced disease.

Materials and methods: We generated a multi-epitope vaccine (PanCoVac) that
encodes the conserved T cell epitopes from all structural proteins of
coronaviruses. PanCoVac contains elements that facilitate efficient processing
and presentation of PanCoVac-encoded T cell epitopes and can be uploaded to
any available vaccine platform. For proof of principle, we cloned PanCoVac into a
non-integrating lentivirus vector (NILV-PanCoVac). We chose Roborovski dwarf
hamsters for a first step in evaluating PanCoVac in vivo. Unlike mice, they are
naturally susceptible to SARS-CoV-2 infection. Moreover, Roborovski dwarf
hamsters develop COVID-19-like disease after infection with SARS-CoV-2
enabling us to look at pathology and clinical symptoms.
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Results: Using HLA-A*0201-restricted reporter T cells and U251 cells expressing
a tagged version of PanCoVac, we confirmed in vitro that PanCoVac is processed
and presented by HLA-A*0201. As mucosal immunity in the respiratory tract is
crucial for protection against respiratory viruses such as SARS-CoV-2, we tested
the protective effect of single-low dose of NILV-PanCoVac administered via the
intranasal (i.n.) route in the Roborovski dwarf hamster model of COVID-19. After
infection with ancestral SARS-CoV-2, animals immunized with a single-low dose
of NILV-PanCoVac i.n. did not show symptoms and had significantly decreased
viral loads in the lung tissue. This protective effect was observed in the early
phase (2 days post infection) after challenge and was not dependent on
neutralizing antibodies.

Conclusion: PanCoVac, a multi-epitope vaccine covering conserved T cell
epitopes from all structural proteins of coronaviruses, might protect from
severe disease caused by SARS-CoV-2 variants and future pathogenic
coronaviruses. The use of (HLA-) humanized animal models will allow for
further efficacy studies of PanCoVac-based vaccines in vivo.

KEYWORDS

universal COVID-19 vaccine, coronaviruses, multi-epitope vaccine, T cell epitopes, pan-

coronavirus vaccine, dwarf hamster COVID-19 model, T-cell-directed vaccine

1 Introduction

The coronavirus disease 2019 (COVID-19) pandemic illustrates
the great danger posed by coronaviruses. These enveloped viruses
belong to the subfamily Coronavirinae from the family
Coronaviridae (1). They can jump from bats via bridging hosts
into humans thereby adapting to and spreading in human
populations (2, 3). This happened three times in the past 20
years. Severe acute respiratory syndrome coronavirus (SARS-
CoV)-1 emerged in 2002 (4) and Middle East respiratory
syndrome coronavirus (MERS-CoV) was first detected in 2012
(5). They were responsible for separate viral epidemics with case
fatality rates of up to 10% for SARS-CoV-1 (6) and 35% for MERS-
CoV (7). The currently circulating pandemic SARS-CoV-2 emerged
in 2019 and is causing huge detrimental socio-economic damage
and millions of deaths (8) although it has a much lower case fatality
rate in unvaccinated populations compared to SARS-CoV-1 and
MERS-CoV (9). In South East Asia, numerous bat species are
infected with coronaviruses belonging to the Sarbecovirus
subgenus of the genus Betacoronavirus like SARS-CoV-1 and
SARS-CoV-2 (10-13). In this region, significant levels of bat-to-
human coronavirus spillover are observed suggesting that future
outbreaks with sarbecoviruses are likely (14). Thus, universal
coronavirus vaccines that provide a broad, robust, and durable
protection are urgently needed (15-19).

The coronavirus genome consists of non-segmented, single-
stranded, positive-sense RNA and is the largest known amongst
RNA viruses (20). It encodes non-structural and structural proteins.
The latter encompass the spike (S), envelope (E), membrane (M),
and nucleocapsid (N) protein. A receptor-binding domain (RBD)
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located on the S protein interacts with host cell surface receptors
thereby facilitating viral entry. Currently available SARS-CoV-2
vaccines are administered via intramuscular injection and aim at
systemic induction of neutralizing antibodies, which mostly bind to
the RBD thereby preventing virus infection (21). Although these
first generation vaccines have mitigated the effects of the pandemic
(22), major problems remain. Firstly, the levels of neutralizing
antibodies quickly decrease after vaccination (23, 24). Secondly,
intramuscular injection only weakly stimulates antiviral mucosal
immunity in the respiratory tract, the site of viral entry (25).
Thirdly, emerging viral variants of concern (VOC) such as B.1.1.7
(Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and the
recently identified B.1.1.529 (Omicron) with its numerous
subvariants (notably BA.1, BA.2, BA.4 and BA.5) evade
neutralizing antibodies due to mutations mainly within the RBD
sequence (26-30). These disadvantages combined explain why the
effectiveness of current vaccines is waning rapidly resulting in loss
of protection from infection and possibly also from disease (31-33).

Besides neutralizing antibodies, T cells originating in the
thymus fulfill essential antiviral functions (34). CD8+ T cells
eliminate virus-infected cells thereby preventing viral cell-to-cell
spread and CD4+ T cells optimize antibody production by B cells
(35). In addition, CD4+ T cells provide signals that help to generate
and program memory CD8+ T cells (36, 37). In non-severe SARS-
CoV-2 infections of unvaccinated virus-naive individuals virus-
specific T cell responses precede PCR detection and occur 1-2 weeks
before virus-specific antibodies (38). T cells, either induced by
infection, by vaccination or by their combination, protect from
severe COVID-19 and are more important players than neutralizing
antibodies in elimination of SARS-CoV-2 (15, 39-43). For example,
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patients deficient in B cells but with intact T cell function can cope
with SARS-CoV-2 infection (44-46). In macaques that had
recovered from SARS-CoV-2 infection, depletion of CD8+ T cells
decreases the protective effect of acquired immunity against re-
challenge (47). In line with these observations, a SARS-CoV-2 N
protein-based vaccine, which does not elicit neutralizing antibodies,
established protective immunity in small animal models of COVID-
19 (48).

The T cell responses against SARS-CoV-2 persist most likely for
many years and are detectable even in the absence of memory B cell
responses (49-57). In contrast to neutralizing antibodies that bind
to the RBD, T cell responses are directed against a broad spectrum
of epitopes and are not disrupted by the antigenic evolution of
SARS-CoV-2 (58-70). This is explained by the polymorphic HLA
molecules, which present a highly diverse repertoire of T cell
epitopes derived from all viral proteins thereby preventing
efficient viral immune escape (71).

Intriguingly, pre-existing T cell responses to SARS-CoV-2
epitopes are found frequently in unexposed individuals and pre-
pandemic blood samples (51, 72-77). They are best explained by
previous exposure to the four known endemic coronaviruses
(HCoV-0OC43, HCoV-229E, HCoV-HKU1, and HCoV-NL63)
that cause about one-third of common colds in humans (78-80).
There is accumulating evidence that these cross-reactive T cells are
functional in vivo and have a positive effect on COVID-19 outcome
and COVID-19 vaccination (41, 49, 55, 75, 81-88). It has been
reported that pre-existing cross-reactive memory T cells predict
efficient COVID-19 vaccine-induced immune responses (82-84). In
addition, T cell epitopes have been identified that are highly
conserved between human and animal coronaviruses (89) and
bind to common human MHC molecules (90). Thus, induction of
abroad and durable cross-reactive T cell response specific for highly
conserved epitopes of pathogenic coronaviruses in the upper
respiratory tract is an attractive strategy for urgently needed pan-
coronavirus vaccines (91).

In this study, we generated a codon optimized DNA sequence
(PanCoVac) that encodes in a compact form the conserved T cell
epitopes from all structural proteins. For this purpose, we
deconstructed coronavirus genomes and generated a multi-
epitope vaccine with a special architecture facilitating processing
and presentation of epitopes. We cloned PanCoVac into a non-
integrating lentivirus vector (NILV-PanCoVac) and tested the
protective effect of intranasal (in.) administration of a single low
dose of NILV-PanCoVac in the Roborovski dwarf hamster model of
COVID-19.

2 Materials and methods
2.1 In silico identification of epitopes

For PanCoVac design, NetMHCpan-4.1 in combination with
data available in the Immune Epitope Database (IEDB, http://
www.iedb.org/) were used to identify peptides potentially binding

to human MHC-I (HLA-I) alleles (HLA-A, HLA-B, and HLA-C).
NetMHClIIpan 4.0 was used for bioinformatic analysis of peptide
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binding to human MHC-II (HLA-II) alleles (92). Conserved regions
of at least 8 amino acids from the structural proteins of SARS-CoV-
1 (Tor 2), ancestral SARS-CoV-2 (Wuhan-Hu-1), SARS-CoV-2
variants (B.1.1.7, Alpha; B.1.351, Beta; P.1, Gamma), and common
cold coronaviruses (HKU1, 229E, NL63 and OC43) were
considered using the commonly applied half-maximal inhibitory
concentration (ICs,) threshold of 500 nM for HLA-I and 1000 nM
for HLA-II.

2.2 In silico testing of antigenicity,
allergenicity, and toxicity

For predicting antigenicity of PanCoVac, we used VaxiJen, the
web server for alignment independent prediction of protective
antigens (http://www.ddgpharmfac.net/vaxijen/VaxiJen/
VaxiJen.html). Prediction is based on auto- and cross-covariance
(ACC) transformation method. The threshold was adjusted to 0.5,
the recommended threshold for maximal accuracy (93). The web
server AllerCatPro 2.0 (https://allercatpro.bii.a-star.edu.sg/) was
used for predicting allergenic potential (94). We analyzed peptide
toxicity using the web server ToxinPred (https://webs.iiitd.edu.in/
raghava/toxinpred/pep_test.php). This tool was adjusted to screen
all PanCoVac peptides at fragment length of 20 amino acids. We
applied a hybrid approach that combines support vector machine
(SVM) output, at a threshold of 1.0, with motif information for a
biologically reliable prediction of toxic peptides (95).

2.3 Codon optimization

PanCoVac amino acid sequence was reverse translated and the
DNA codon usage was optimized for human cell expression using
the Codon Optimization tool from Integrated DNA Technologies
(IDT) (www.idtdna.com). The final PanCoVac DNA sequence was
synthesized by Thermo-Fisher Scientific and cloned into pLeGo-
iG2 (96). LeGO-iG2 was a gift from Boris Fehse (Addgene plasmid #
27341; http://n2t.net/addgene:27341; RRID: Addgene_27341). The
PanCoVac sequences were inserted at the BamHI and Notl
multiple-cloning site, followed by an internal ribosome entry site
(IRES), which drives expression of enhanced green fluorescence
protein (EGFP).

2.4 Detection of PanCoVac protein

We generated a FLAG-tagged version of PanCoVacE®6 (see 2.9) by
fusing the FLAG peptide to the C-terminus of PanCoVacE6
(PanCoVacE6-FLAG). U251 cells were left untransfected or
transfected with PanCoVacE6-FLAG mRNA using lipofectamineTM
MessengerMaxTM (Thermo-Fisher Scientific) following the
manufacturer’s instructions. After 24 h, the medium was removed
and the cells were washed two times with PBS and subsequently lysed
with M-PER"™ Mammalian protein extraction reagent (Thermo-
Fisher Scientific). Immunoblotting of PanCoVacE6-FLAG and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) encoded by a
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housekeeping gene was performed using anti-FLAG Antibody (FG4R)
and anti-GAPDH antibody (1A10A10), respectively (both from
Thermo-Fisher Scientific). The membrane was visualized using
SuperSignalTM West Pico PLUS chemiluminescent substrate
(Thermo-Fisher Scientific).

2.5 Cells and media

The glioblastoma cell line U251, which expresses HLA-A*0201,
was a kind gift of L. Wiebusch (The Children’s Hospital, Laboratory
for Molecular Biology, Charite-Universititsmedizin Berlin, Berlin,
Germany). Human Embryonic Kidney (HEK)-293T cells were
purchased from Sigma-Aldrich. HEK-293 T and U251 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco™™) supplemented with 1 mM sodium pyruvate (Gibco), 50
pg/ml gentamicin (Sigma-Aldrich), and 10% heat inactivated FBS
(hiFBS) (HyCloneTM). Jurkat cells were cultured in RPMI 1640
medium (Gibco) supplemented with 2 mM L-glutamine (Gibco), 25
mM HEPES Buffer (Gibco), 50 pg/ml gentamicin, and 10% heat
inactivated fetal bovine serum (hiFBS). Vero E6 cells (ATCC CRL-
1586) were cultured in DMEM supplemented with 5% fetal bovine
serum (PAN Biotech) as well as 100 IU/ml penicillin G and 100 ug/
ml streptomycin (Corning).

2.6 Production and titration of
lentivirus particles

Non-integrating lentiviral vector (NILV) particles were
produced using HEK-293 T cells, as previously described (97, 98).
Briefly, HEK-293T cells were transiently co-transfected with
pLeGo-iG2-PanCoVac or empty vector, pMD2.G expressing the
envelope glycoprotein of vesicular stomatitis virus Indiana (VSV-
G), and encapsidation plasmid pD64V by using LipofectamineTM
3000 (Thermo-Fisher Scientific). The plasmid pMD2.G (Addgene
plasmid # 12259; http://n2t.net/addgene:12259; RRID:
Addgene_12259) was a gift from Didier Trono (Laboratory for
Virology and Genetics, School of Life Sciences, Ecole Polytechnique
Federale de Lausanne, Switzerland). For production of integrating
lentiviral vector (LV) particles, pMDLg/pRRE (99) and pRSV-Rev
(99) were used as packaging plasmids. Both, pMDLg/pRRE
(Addgene plasmid # 12251; http://n2t.net/addgene:12251; RRID:
Addgene_12251) and pRSV-Rev (Addgene plasmid # 12253; http://
n2t.net/addgene:12253; RRID : Addgene_12253) were also gifts
from Didier Trono.

At 24 h after transfection, the medium was changed. The
supernatants were harvested at 48 h after transfection and cell
debris was removed by 10 min centrifugation at 600 x g at 4°C.
The virus particles were concentrated by ultracentrifugation at 30,000
rpm for 90 min at 4°C in thinwall polypropylene tubes (Beckmann
Coulter) containing a 2 ml layer of 20% sucrose in PBS at the bottom.
Lentivirus particles were resuspended in PBS, aliquoted and stored in
-80°C until further use. Lentivirus vector copies were quantified by
RT-qPCR as previously described (100) using SYBR Green and EGFP
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specific primers (EGFP_F: CACATGAAGCAGCACGACTT and
EGFP_R: TGCTCAGGTAGTGGTTGTCG).

2.7 Transduction of U251 cells

Transduction of U251 cells with lentivirus particles was carried
out as previously described (101). Briefly, the U251 cell suspensions
(1 x 10° cells in 1 ml of DMEM) were transduced with concentrated
viral particles at a multiplicity of infection (MOI) of 2 in the
presence of 8 pg/ml polybrene (Sigma-Aldrich). The cells were
incubated at 37°C for 1 h, then spinoculated by centrifugation for
90 min at 600 x g at room temperature followed by seeding in 1.5 ml
of fresh media in 6-well cell culture plates. Transduced cells were
expanded and passaged in supplemented DMEM. The maximum
number of passages before being included in assays was 2 for NILV-
and 15 for LV-transduced cells.

2.8 In vitro mRNA transcription and mRNA
transfection

First, we amplified the sequences of interest by PCR. The primer
sequences for EGFP were: TAATACGACTCACTATAGATG
GTGAGCAAGGGCGAGGAGC (forward primer) and TTA
CTTGTACAGCTCGTCCATG (reverse primer). PanCoVac was
amplified with GCTAATACGACTCACTATAGGGACAGGCC
ACCATGGACTGGACCTGGATCCT as forward and TCATTT
CTTTTTTTTGTCCTTTTTAGGCT as reverse primers,
respectively. Then, in vitro-transcribed (IVT) mRNA of EGFP
and PanCoVac were synthesized by using the HiScribe ™~ T7
ARCA mRNA Kit with tailing (New England Biolabs). Pseudo-
UTP and 5-Methyl-CTP (Jena Bioscience) were used as modified
nucleotides for mRNA synthesis. The synthesized mRNA was
purified by the Monarch®RNA Cleanup Kit (New England
Biolabs), aliquoted and stored at -80°C until further use. The
mRNA purity and concentrations were analyzed using
NanodropTM spectrophotometer (Thermo-Fisher Scientific). The
mRNA transfection into U251 cells was carried out using
lipofectamineTM MessengerMaxTM (Thermo-Fisher Scientific)
following the manufacturer’s instructions.

2.9 Reporter T cell assays

The reporter T cell assay was carried out as described previously
(101). We used Jurkat cells expressing a HLA-A*0201-restricted
TCR recognizing the epitope E6,9_35 (TTHDIILECV) derived from
the E6 protein of human papillomavirus (HPV) type 16 (102).
These cells also express an EGFP reporter driven by activation of
nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-
KB) (103). In order to investigate processing and presentation, the
HPV 16 E6,9_35 epitope was inserted in the middle of the S module
of PanCoVac resulting in PanCoVacE6. To address the influence of
the furin cleavage sites on processing and presentation of
PanCovacE6, we generated a version of PanCoVacE6 lacking all
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the furin cleavage sites (PanCoVacE6Afurin). The reporter T cells
were stimulated with HLA-A*0201 expressing U251 cells, which
had been transduced with integrating lentiviral vector (LV) or NILV
encoding PanCoVacE6 (LV-PanCoVacE6 and NILV-PanCoVacE6,
respectively). Moreover, we transfected U251 cells with 100 ng of in
vitro-transcribed PanCoVacE6 mRNA or PanCoVacE6Afurin. As a
negative control, the cells were transduced with lentiviral vector
encoding untagged PanCoVac (LV-PanCoVac) or transfected with
100 ng of EGFP mRNA. U251 cells pulsed with 1 pg/ml of HPV
E6,9_35 peptide were used as a positive control. The transduced or
transfected U251 cells as well as positive and negative control cells
were seeded in 96-well plates and incubated for 18 h. Afterwards,
the reporter cells were added at a reporter cell to antigen-presenting
cell (APC) ratio of 2:1. Co-culture was done for 24 h, then cells were
removed and reporter cells were stained with Brilliant Violet 71 ™
anti-human CD3e antibody (BioLegend) and the viability dye
Zombie Violet' ™ (BioLegend). Stimulation of the reporter T cells
with HPV E6-peptide bound to HLA-A*0201 was analyzed by
detection of NF-xB driven EGFP fluorescence using FACS.

2.10 Roborovski dwarf hamster model
and vaccination

The COVID-19 model based on Roborovski dwarf hamster (P.
roborovskii) has been described previously (104). All animal
procedures were performed according to the European Guidelines
for Animal Studies after approval by the Institutional Animal Care
Committee and the relevant state authority (Landesamt fir
Gesundheit und Soziales, Berlin, Permit number 0086/20). We
obtained male and female Roborovski dwarf hamsters of 5 to 7
weeks of age from the German pet trade. Animals were housed in
groups of 3-6 hamsters in GR-900 IVC cages (Tecniplast,
Buguggiate) and provided with bountiful enrichment and nesting
materials (Carfil, Oud-Turnhout). We randomly distributed
animals into two groups; the test group (9 animals) was
immunized with NILV-PanCoVac whereas the control group (9
animals) was immunized with empty vector (NILV)
(Supplementary Table 1) shows number, sex distribution, and
analysis date of experimental animals). All experimental animals
were individually marked with a subcutaneously implanted IPTT-
300 transponder (BMDS, Seaford) that facilitates remote
identification and measurement of body temperature. The
hamsters were inoculated in. with 30 ul PBS containing 1x10°
NILV-PanCoVac particles or NILV. After 21 days, the hamsters
were challenged with a sub-lethal dose (1x10* pfu) of the ancestral
SARS-CoV-2 (BetaCoV/Germany/BavPat1/2020) strain in 30 pl
cell culture medium. SARS-CoV-2 infection was performed in. as
previously described (104).

RNA was extracted from oropharyngeal swabs and 50 mg lung
tissue using the innuPREP Virus DNA/RNA Kit (Analytic Jena)
according to the manufacturer’s instructions. Genomic virus RNA
was quantified using a one-step RT-qPCR reaction with the NEB
Luna Universal Probe One-Step RT-qPCR (New England Biolabs)
and the 2019-nCoV RT-qPCR primers and probe (E_Sarbeco) on a
qTOWER® Real-Time PCR System (Analytik Jena), as previously

Frontiers in Immunology

122

10.3389/fimmu.2023.1166765

described (104, 105). To obtain virus titers, duplicate ten-fold serial
dilutions of lung tissue homogenates were plated on Vero E6
monolayers for 2h at 37 °C. Afterwards, cells were washed with
PBS and overlaid with semi-solid cell culture medium containing
1.5% microcrystalline cellulose (Vivapur MCG 611P, JRS Pharma)
and incubated for 48 h at 37 °C. Plates were then fixed with 4%
formalin and stained with 0.75% crystal violet for plaque counting

2.11 Lung histopathology

Samples from the lung tissue of hamsters were fixed with
formalin, embedded in paraffin and analyzed as described
previously (106). Briefly, paraffin sections of 2 um thickness were
prepared and stained with hematoxylin and eosin (HE).
Microscopic changes were qualitatively described and scored
according to standardized reporting criteria using a four-scale
severity grading system (0: no lesions, 1: mild, 2: moderate, and
3: severe).

2.12 Serum neutralization tests

The capacity of sera obtained from dwarf hamsters after SARS-
CoV-2 challenge to neutralize SARS-CoV-2 was assessed in vitro as
previously described (107). After inactivation of complement for
30 min at 56 C°, sera were prepared in duplicates as two fold serial
dilutions in Minimum Essential Medium (MEM) supplemented
with 10% FBS and penicillin/streptomycin in 96-well cell culture
plates (Sarstedt). To each serum dilution and the respective control
wells, 40 pfu of SARS-CoV-2 was added and neutralization was
allowed to proceed for 30 min at room temperature. Afterwards,
approximately 1 x 10* Vero E6 cells were added to each well.
Subsequently, the plates were incubated at 37 C° under a 5% CO,
atmosphere for 3 days, fixed with 4% formaldehyde and stained
with 0.75% crystal violet (aqueous solution) for quantification of
cytopathic effects (CPE). Virus neutralization was considered
successful in wells with no evidence of CPE and the last effective
serum dilution was counted.

2.13 Statistical analysis

FACS results were evaluated with FlowJo V10.8.0 (Tree Star,
Inc). Statistical analyses were performed using GraphPad Prism
9.5.0. The statistical details of all experiments are described in the

respective figure legends. Significance of the data was assumed if p
< 0.05.

3 Results
3.1 Design of the pan-coronavirus vaccine

Using bioinformatic tools, we deconstructed coronavirus
genomes and designed a DNA sequence (PanCoVac) encoding
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the conserved T-cell epitopes of all structural proteins (S, E, M, and
N) from coronaviruses (Figure 1). The most essential step during
processing and presentation of T cell epitopes is binding to MHC
molecules, which are extremely polymorphic. CD8+ T cells
recognize peptides bound to the polymorphic regions of MHC
class I (MHC-I) molecules on the surface of virus-infected cells.
These peptides are mostly derived from intracellular proteins
undergoing proteasomal degradation in the cytosol. The resulting
cytosolic peptides are transferred via transporter associated with
antigen processing (TAP) molecules into the endoplasmic
reticulum (ER) and subsequently loaded onto MHC-I molecules
(108). In contrast, CD4+ T cells detect peptides bound to MHC
class II (MHC-II) molecules on the surface of professional APCs.
These peptides are obtained from extracellular proteins after
cellular uptake and digestion (108).

Conserved regions of at least 8 amino acids from the structural
proteins of SARS-CoV-1 (Tor2), ancestral SARS-CoV-2 (Wuhan-
Hu-1), SARS-CoV-2 variants (B.1.1.7, Alpha; B.1.351, Beta;
B.1.617.2, Delta; P.1, Gamma; BA.1, Omicron), and common cold
coronaviruses (HKU1, 229E, NL63 and OC43) were considered.
The alignment of these conserved amino acid sequences with
PanCoVac is shown in Supplementary Figure 1. PanCoVac-
encoded peptides are supposed to bind to all nine HLA-I
supertypes, which are defined as groups of molecules that share
largely overlapping peptide binding specificities (109), as well as
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other common HLA-I alleles (Supplementary Table 2). In addition,
we determined PanCoVAc-encoded peptides that are supposed to
bind to HLA-II molecules (Supplementary Table 3). Due to the high
and comprehensive workload, we have not analyzed all HLA-II
molecules but focused on frequent HLA-DR alleles (HLA-
DRB1%01:01, HLA-DRB1*04:01, HLA-DRB1*07:01, HLA-
DRB1*09:01, HLA-DRB1*1302, HLA-DRB1*15:01, HLA-
DRB5*01:01). A very high percentage of experimentally validated
HLA-I epitopes matches those that have been predicted by in silico
analysis but experimental epitope screenings may be slightly biased
due to the low frequency of some alleles analyzed (110). Thus, most
of the SARS-CoV-2-derived peptides that have been shown to
stimulate T cells from convalescent individuals are present in
PanCoVac (42, 111). PanCoVac also encodes immunodominant
CD8+ T cell epitopes (e.g. N105-113, SPRWYFYYL) and CD4+ T
cell epitopes (e.g. M176-190, LSYYKLGASQRVAGD), which have
broad HLA binding capacity as their main feature (42, 111).

The DNA sequences encoding the identified T cell epitopes
were fused to generate a “string of beads” multi-epitope vaccine. It
has been demonstrated that oligo-alanine spacing of epitopes can
increase their processing and recognition by T cells (112, 113). For
this reason, we joined epitopes belonging to the same structural
protein by double alanine linkers (AA) thereby generating a single
immunogenic compact module. The different immunogenic
modules (S, E, M, and N) were separated by furin cleavage sites
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FIGURE 1

PanCoVac design. Structural proteins (S, E, M, N) from coronaviruses were analyzed. Conserved immunogenic peptides from all structural proteins
were identified by bioinformatics analyses. The conserved immunogenic peptides from each protein were linked together with double alanine (AA)
spacers resulting in four polypeptide blocks which were fused together by furin cleavage sites. An IgE leader sequence was attached to the N
terminus. In order to investigate processing and presentation, the HPV 16 E6,9_3g (TIHDIILECV) epitope, which binds to HLA-A*0201, was inserted in
the middle of the S module (PanCoVacE6). The amino acid sequences of PanCoVac and PanCovacE6 were codon optimized for human expression
and cloned into pLeGo-iG2 plasmids (pLeGo-iG2-PanCoVac, pLeGo-iG2-PanCoVacE®6).
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(Figure 1). Furin is a cellular endoprotease that is principally located
in the trans-Golgi network (TGN), which is responsible for sorting
secretory pathway proteins to their final destinations, including the
cell surface, endosomes, lysosomes and secretory granules (114).
Importantly, furin processes T cell epitopes independently from
TAP and the proteasome (115-117). In addition, an immunoglobin
E (IgE) leader sequence consisting of 18 amino acids (118) was
attached to the 5’end (N-Terminus) of PanCoVac to achieve strong
expression (Figure 1). Moreover, the PanCoVac was codon
optimized to further increase its expression. Finally, in-silico
antigenicity prediction using VaxiJen, showed an antigen score of
0.5308 indicating the probable antigenic nature of PanCoVac.
Neither the in silico testing of the allergenic potential of
PanCoVac protein using AllerCatPro 2.0 nor the peptide toxicity
testing using ToxinPred provided evidence that PanCoVac is
allergenic or yields additional toxic peptides as compared to the
original sequences of the viral proteins. Accordingly, bioinformatic
tools predicted that PanCoVac is probably an antigenic protein but
has no allergic or toxic side effects. PanCoVac can be loaded onto
any available vaccine platform to create coronavirus vaccines that
could provide broad, robust, and durable T cell responses.

3.2 Processing and presentation of
PanCoVac-encoded epitopes in vitro

We confirmed that PanCoVac is expressed, processed and
presented in vitro by using a T cell reporter assay. For this
purpose, we tagged PanCoVac in the middle of the S module
with a sequence encoding the HLA-A*0201-binding epitope E6,9

10.3389/fimmu.2023.1166765

_3g (TTHDIILECV) derived from the E6 protein of HPV type 16
resulting in PanCoVacE6 (Figure 1) (102). We transduced U251
cells (HLA-A*0201+) with LV or NILV expressing PanCoVacE6 or
untagged PanCoVac as a negative control. U251 cells were also
transfected with PanCoVacE6 mRNA or EGFP mRNA as a negative
control. U251 cells transfected with PanCoVacE6 mRNA, but not
U251 cells transfected with EGFP mRNA, stimulated HPV E6-
specific reporter T cells (Figure 2A). Moreover, U251 cells
transduced with LV or NILV expressing PanCoVacE6 both
strongly activated HPV E6,9 35 specific reporter T cells whereas
U251 cells transduced with untagged PanCoVac did not
(Figure 2A). We also transfected U251 cells with PanCoVac
mRNA containing a FLAG tag-encoding sequence and detected
PanCoVac in western blot analysis using antibodies against the
FLAG tag (Supplementary Figure 2).

Finally, we tested whether the furin cleavage sites of PanCoVac
affects processing and presentation the HPV E6,9_35 —peptide. For this
purpose, we compared PanCoVacE6 with a PanCoVacE6 construct
that has no furin cleavage sites (PanCoVacE6Afurin). We observed a
very small but significant increase in HPV E6-specific reporter T cell
activation when U251 cells transfected with PanCoVacE6 (containing
furin cleavage sites) were used for stimulation as compared to cells
transfected with PanCoVacE6Afurin (Figure 2B). However, the binding
affinity of the HPV E6,9 35 —peptide for HLA-A*0201 is very high
(102) and our reporter T cell assay operates in the saturated range.
Thus, the positive effect of furin cleavage on processing and
presentation of PanCoVac-encoded epitopes with lower binding
affinity for MHC-I molecules is most likely much more pronounced.
Altogether, these results strongly suggest PanCoVac-encoded epitopes
are processed and presented in cells expressing PanCoVac.
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FIGURE 2

Stimulation of HPV E6-specific reporter T cells by PanCoVacE6 expressing cells. (A) U251 cells were transduced with PanCoVac or PanCoVacE6 using LV or
NILV. In addition, U251 cells were transfected with either EGFP mRNA or PanCoVacE6 mRNA. After 18 h, the medium was removed and HPV E6 peptide-
specific reporter cells were added at a ratio 2:1 for 24 h. Subsequently, the cells were collected, washed and stained with BV711 mouse anti-human CD3
antibody and live/dead Zombie Violet dye. Stimulation of reporter cells is given as percentage of maximal peptide stimulation, i.e. stimulation of reporter cells
with U251 cells pulsed with HPV E6 peptide (TIHDIILECV). Results are derived from at least 5 independent experiments; error bars represent the mean +
SEM.; ***P < 0.001; **P < 0.01; ns not significant, unpaired t-test. (B) U251 cells were transfected with PanCoVacE6Afurin mRNA (control) and PanCoVacE6
MRNA, respectively. HPV E6 peptide-specific reporter cells were added to transfected U251 cells as described in (A). The results are shown as fold change
relative to the control. Results are derived from 4 independent experiments; error bars represent the mean + SEM.; *P < 0.05, unpaired t-test.
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3.3 Mild course of SARS-CoV-2 infection in
Roborovski dwarf hamsters after
vaccination with NILV-PanCoVac

The protective effect of PanCoVac was tested in Roborovski
dwarf hamsters, which represent an appropriate model for
analyzing the pathology of COVID-19 (104, 119). To this end,
hamsters were vaccinated i.n. either with a single-low dose (1 x 10°
pfu) of NILV-PanCoVac (9 animals) or empty NILV particles (9
animals) as a control. After 21 days, the animals were challenged i.n.
with a sublethal dose (1x10* pfu) of the ancestral SARS-CoV-2
(Wuhan) strain. We observed a drop in body temperature in the
control group vaccinated with empty NILV particles (Figure 3A),
which indicates a more severe course of SARS-CoV-2 infection in
Roborovski dwarf hamsters (104). Vis-a-vis, NILV-PanCoVac
vaccinated hamsters kept more steady body temperatures
demonstrating a very mild infection course (Figure 3A). In
addition, body weights of dwarf hamsters that had received empty
NILV particles went down until 5 dpi then returned to pre-infection
values whereas body weights of animals vaccinated with NILV-
PanCoVac were stable (Figure 3B).

At 2 dpi, 5 dpi, and 7 dpi, three animals of each group were
sacrificed and sera, oropharyngeal swabs and lung tissue were
collected for further analysis. The histopathological analysis of
lung tissue also demonstrates the protective effect of a single-low
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dose of in. NILV-PanCoVac. The representative histopathology
in Figure 4 shows pathological changes at 2 dpi especially in
lung tissue derived from NILV-vaccinated animals: bronchioli
with mild bronchiolitis and moderate epithelial cell necrosis;
respiratory parenchyma with moderate to severe inflammation,
alveolar wall necrosis and alveolar edema; and blood vessels with
endothelialitis. Cumulative histopathological scoring illustrates
the finding that lung tissue from NILV-PanCoVac vaccinated
animals was less affected by virus-induced damage and
inflammation than the corresponding control tissue from animals
vaccinated with empty NILV particles (Figure 5). The
corresponding histopathological scoring at 2 dpi, 5 dpi and 7 dpi
2 is shown in Supplementary Figure 3. Altogether, these clinical and
histopathological findings demonstrate a comparatively mild course
of SARS-CoV-2 infection in Roborovski dwarf hamsters vaccinated
in. with NILV-PanCoVac.

3.4 Independence of NILV-PanCoVac
induced protection from SARS-CoV-2
neutralizing antibodies

Although PanCoVac is a T cell-based vaccine, we could not
exclude a priori that NILV-PanCoVac induces virus-specific
humoral immune responses. To clarify this issue, we performed
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FIGURE 3

Body weight, body temperature and lung histopathology after challenge of vaccinated dwarf hamsters with SARS-CoV-2. Body temperature (A) and
body weight (B) of dwarf hamsters vaccinated with NILV-PanCoVac or NILV were monitored on a daily basis until the experiment was terminated at

7 days post infection (dpi).
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FIGURE 4

Representative histopathology of lung tissue derived from NILV or NILV-PanCoVac vaccinated Roborovski dwarf hamsters after challenge with
SARS-CoV-2. At 2 dpi, bronchioli with mild bronchiolitis and moderate epithelial cell necrosis (arrow heads; left panel) were observed. The
respiratory parenchyma presented with moderate to severe inflammation, alveolar wall necrosis (circle; central panel) and alveolar edema (asterisk;
central panel). Histopathological analysis of blood vessels revealed endothelialitis (arrows; right panel). Haematoxylin and eosin stain; bars represent

20 pm.

neutralization assays with sera from Roborovski dwarf hamsters
after in. vaccination with NILV-PanCoVac and empty NILV
particles, respectively. The systemic humoral immunity induced
by in. vaccination is usually comparable to or even stronger than
that after intramuscular injection (25, 120, 121). This is also true for
hamsters immunized against SARS-CoV-2 with a single-low dose of
a vectored S protein-based vaccine administered in (120). In serum
neutralization assays, we did not detect any difference in the timing
or level of neutralizing antibody production between animals
vaccinated in. with NILV-PanCoVac and those vaccinated i.n.
with empty NILV particles (Figure 6A). Neutralizing antibody
production was not detectable at 2 dpi and started at 5 dpi
(Figure 6A). At 7 dpi, high neutralizing antibody titers were
measured in both NILV-PanCoVac animals and animals
immunized with empty NILV (Figure 6A). This result suggested
that the protective effect of NILV-PanCoVac was not associated
with sterilizing immunity, which requires induction of neutralizing
antibodies at the site of infection (122). To analyze sterilizing
immunity, we determined the viral load in the oropharyngeal
mucosa using quantitative RT-qPCR. As shown in Figure 6B, we
did not observe significant differences between NILV-PanCoVac
vaccinated and control animals regarding the viral load in the
oropharynx. This experiment confirms that NILV-PanCoVac did
not stimulate production of neutralizing antibodies in the
oropharyngeal mucosa. Thus, in Roborovski dwarf hamsters a
single-low dose of NILV-PanCoVac did induce SARS-CoV-2
neutralizing antibodies neither systemically nor in the mucosa of
the oropharynx.
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3.5 Early protective effect of NILV-
PanCoVac in Roborovski dwarf hamsters

Next, we determined the viral load in lung tissue. The
cumulative SARS-CoV-2 genome copy numbers (Figure 7A, right
graph) and virus titers (Figure 7B, right graph) were significantly
lower in lung tissue from NILV-PanCoVac vaccinated animals as
compared to control animals that had received empty NILV
particles. Intriguingly, the protective effect of NILV-PanCoVac
vaccination on the viral load in lung tissue was already very
strong at 2 dpi (Figures 7A, B, left graphs). At this time point,
SARS-CoV-2 neutralizing antibodies were detectable neither in
animals vaccinated with NILV-PanCoVac nor in animals
vaccinated with empty NILV particles (Figure 6A). Taken
together these results provide evidence that the protective effect of
in. administered NILV-PanCoVac in Roborovski dwarf hamsters
challenged with SARS-CoV-2 was most likely due to airway
memory T cells that can mount a strong early antiviral response.

4 Discussion

We designed a codon-optimized universal coronavirus vaccine
(PanCoVac) encoding conserved T-cell epitopes derived from all
structural proteins (S, E, M, and N) for use in human populations.
Using a tagged version of PanCoVac, we demonstrated in T cell
reporter assays that the PanCoVac-design allows expression,
processing, and presentation by human cells. Finally, we
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Histopathological scores of lung tissue derived from NILV or NILV-PanCoVac vaccinated Roborovski dwarf hamsters after challenge with SARS-CoV-
2. At 2 days post infection (dpi), 5 dpi and 7 dpi, three animals of each group were sacrificed and histopathological changes in the lung were scored
using a four-scale severity grading system (0: no lesions, 1: mild, 2: moderate, and 3: severe). The cumulative results are also shown.

evaluated the vaccine in the Roborovski dwarf hamster model of
COVID-19. We observed a milder course of sublethal SARS-CoV-2
infection in Roborovski dwarf hamsters after vaccination with a
single-low dose of NILV-PanCoVac as compared to animals
receiving empty NILV particles. In vaccinated animals the viral
load was reduced within 2 days after challenge. The NILV-
PanCoVac induced immunity, however, was not sterilizing and
independent of neutralizing antibodies.

Conserved T-cell epitopes of coronaviruses can elicit broadly
cross-reactive T cells. For example, CD8+ T cells specific for a
highly conserved N-encoded epitope of SARS-CoV-2 were found in
unexposed donors and could be stimulated by homologous peptide
sequences of seasonal coronaviruses (123). Mounting evidence
suggests that during vaccination or infection, cross-reactive T
cells are integrated into SARS-CoV-2 specific immunity and
contribute to protection from COVID-19 (41, 124, 125).
Epidemiological studies revealed that individuals infected recently
with common cold coronaviruses had less severe COVID-19
outcomes (126, 127). Healthcare workers with cross-reactive T
cells against the virus-encoded RNA polymerase, a protein that is
highly conserved across coronaviruses, cleared subclinical SARS-
CoV-2 infection before seroconversion (88). This is confirmed by
studies of household contacts of COVID-19 patients demonstrating
that induction of virus-specific T cell responses without
seroconversion protect from SARS-CoV-2 infection (81, 128).
Finally, in the absence of neutralizing antibodies, T cells provided
effective protection against the Beta variant of SARS-CoV-2 in a
transgenic mouse model of SARS-CoV-2 infection (129). Thus,
clinical studies and animal experiments suggest that cross-reactive
T cells can clear SARS-CoV-2 independently of humoral immunity.

Frontiers in Immunology

Why did pre-existing cross-reactive T cell immunity not have a
greater impact on the course of the pandemic although it was
detected in a large proportion of healthy, SARS-CoV-2-naive
individuals? There are at least two mutually not exclusive
explanations. Firstly, cross-reactive T cells protect from severe
disease but less efficiently from infection and virus transmission
to other persons. Secondly, cross-reactive immunity is virtually
absent in individuals that are at risk of severe SARS-CoV-2
infection. Indeed, functional pre-existing SARS-CoV-2-reactive
memory T cells are induced by common cold coronavirus in early
childhood, peak at age six, and subsequently decline with age (130,
131). This finding explains the age-dependent ability to control
SARS-CoV-2 infection with older adult people, who often suffer
from comorbidities, at risk of an unfavorable outcome (132). In
accordance, CD8+ T cells specific for conserved coronavirus
epitopes are much more abundant in patients with mild COVID-
19 as compared to individuals with more severe illness (133). This
indicates that especially individuals at high-risk of COVID-19 could
benefit from vaccines that strengthen T cell responses against
conserved coronavirus epitopes.

Current COVID-19 vaccines are approved for intramuscular
application notwithstanding that SARS-CoV-2 is spreading via the
mucosa of the respiratory tract. For this type of viral pathogens, the
innate and adaptive immune responses in the lung and airways
following infection and vaccination play a pivotal role (reviewed in
(25, 134). In SARS-CoV-2 susceptible mice, even a single-dose i.n.
immunization with a replication-deficient adenoviral vector
expressing the RBD of SARS-CoV-2 S protein induced robust
immunity both in the mucosa of the respiratory tract and
systemically (135, 136). Along this line, a trivalent vaccine based
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FIGURE 6

Titers of SARS-CoV-2 neutralizing antibodies in sera and SARS-CoV-2 quantification in oropharyngeal swabs derived from of infected dwarf
hamsters. Roborovski dwarf hamsters (P. roborovskii) were immunized i.n. with 1x10° particles either NILV-PanCoVac (9 animals) or NILV (9 animals).
After 21 days, the hamsters were challenged with a sublethal dose (1x10* pfu) of the ancestral SARS-CoV-2 (Wuhan) strain. At 2 dpi, 5 dpi, and 7 dpi,
three animals of each group were sacrificed and sera and oropharyngeal swabs were collected for further analysis. (A) Titers of SARS-CoV-2
neutralizing antibodies were determined. Shown is the maximal serum dilution that still completely neutralized SARS-CoV-2 in a cell culture assay.
(B) SARS-CoV-2 genome copy numbers in oropharyngeal swabs derived from animals vaccinated either with NILV-PanCoVac or NILV (control) were
determined. One animal in the NILV-vaccinated group scheduled for the analysis at 7 dpi (Hamster No. 8) died at 4 dpi. The corresponding serum
and oropharyngeal swab, respectively was analyzed together with the probes scheduled for 5 dpi resulting in 4 measured values at this time point.

on adenoviral vectors expressing antigens derived from the S-
protein, N protein, and RNA-dependent RNA polymerase
induced local and systemic antibody responses and protected
against both the ancestral SARS-CoV-2 strain and two VOCs (137).

After in. immunization with a single-low dose of NILV-
PanCoVac, we observed a strong protective effect at 2 dpi. At this
early time point, we did not detect neutralizing antibodies in the
sera of vaccinated animals suggesting that T cells were responsible.
In accordance, antiviral CD8+ T cells induced by a neutralizing
antibody-independent in. vaccine curbed viral spread in the
respiratory tract of macaques after SARS-CoV-2 challenge (138).
PanCoVac also encodes a highly conserved region of the N protein,
which not only cross-protected mice from human and bat
coronaviruses after in. vaccination but also is presented by
human MHC-II molecules (139). The protective effect was
observed within 1-2 days after challenge and mediated by
memory CD4+ T cells that secreted interferon-y and supported
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strong innate as well as virus-specific CD8+ T cell responses (139).
Moreover, systemic immunization of mice with dendritic cells
(DCs) presenting a single SARS-CoV-1 epitope followed by i.n.
boosting with recombinant vaccinia virus encoding the same
epitope resulted in accumulation of virus-specific memory CD8+
T cells in lungs and protected from lethal infection (140). Similarly,
repeated booster vaccinations with a single T cell epitope induced
CD8+ T cells that protected against lethal SARS-CoV-2 infection in
a mouse model of COVID-19 (141). Others investigators have also
demonstrated that in the absence of neutralizing antibodies, lung-
resident memory CD4+ and CD8+ T cells provide effective
protection against SARS-CoV-2 (142). It is conceivable that
PanCoVac could induce similar memory T cells in Roborovski
dwarf hamsters. Although virus neutralization is a key function of
antiviral antibodies, they can also contribute to protection by other
means, e.g. via binding to and triggering Fc receptors (143). Thus,
we cannot categorically exclude the possibility that PanCoVac-

frontiersin.org

128


https://doi.org/10.3389/fimmu.2023.1166765
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Abdelaziz et al. 10.3389/fimmu.2023.1166765

A
% 1.5%x107 * %k k 1.5%107 * %
c
] °
i 1x1o7-_.} o 1x107 o
7] L] °
()]
S
8 5x10¢- 5%106-
< . "
P4
: I 3 L
© o
.‘>: 0 T --a T 0-
4“'&\ "LbQ\ 6&?\ 6&\ ,\bQ\ ,\éQ\ ‘\\\,4 0400
é\\/ \\'bo é\\/ A'bo \é \\‘bo ,b(‘o
9 o A3 9 b4
§e §e K R
<{? Q? {? é\\'
R R R
Nd N4 Nd
D A3 D
B
— 10 * 1059 o
S : | | Jj:— .
n
2 10% =2 1084 33 T
2 I Y
‘.':S | ] .=I
3 1041 n = ol I8 :
S
[] | | [ ]
B T 2
o 10%7 102
=
S
£
1004— r r r . . 10 T .
L & & & & & R
4 ,boq' 3 ,bo" Q ,bc:\ = °
R R g &
Qo“ Qo“ P &
Y 0y Y
&~ &~ &~

FIGURE 7

SARS-CoV-2 quantification in lung tissue from Roborovski dwarf hamsters after challenge with SARS-CoV-2. Roborovski dwarf hamsters
(P. roborovskii) were immunized i.n. (1x10° particles) with NILV-PanCoVac (9 animals) or NILV (9 animals). After 21 days, the hamsters were

challenged with a sublethal dose (1x10* pfu) of the ancestral SARS-CoV-

2 (Wuhan) strain. At 2 dpi, 5 dpi and 7 dpi, three animals of each group were

sacrificed and lung tissue was analyzed. (A) SARS-CoV-2 genome copy numbers per 2.5 mg lung tissue derived from animals vaccinated either with
NILV-PanCoVac or NILV (control) were determined at the indicated time points (left graph). The cumulative results are also shown (right graph).

(B) Virus titers in 50 mg lung tissues from animals vaccinated either with

NILV-PanCoVac or NILV (control) were analyzed at the indicated time

points (left graph). The cumulative results are also shown (right graph). Error bars represent the mean + SEM; ***P < 0.001; **P < 0.01; *P < 0.05,
unpaired t-test. One animal in the control group (Hamster No. 8) scheduled for the analysis at day 7 dpi died at 4 dpi. The corresponding lung tissue

was analyzed together with the probes scheduled for 5 dpi resulting in 4

induced antibodies contribute to the immune response against
SARS-CoV-2. Altogether, PanCoVac-encoded conserved T cell
epitopes could generate cross-reactive T cells in vaccinated
humans that act as a first layer of defense. In accordance, T cells
in the respiratory tract of a large proportion of unexposed
individuals cross-react with SARS-CoV-2 and may enable rapid
antiviral immune responses (86, 144, 145).

Vaccination with a single-low dose of NILV-PanCoVac did not
prevent infection of the oropharynx, the site of SARS-CoV-2 entry.
However, sterilizing immunity with prevention of virus
transmission is difficult to achieve by single vaccination in. and
requires vaccine boosts (122). Indeed, the protective effect of i.n.
immunization can be enhanced if combined with systemic priming
(prime-boost regime). For example, systemic priming and i.n. boost
with NILV expressing S protein in the Syrian hamster model
resulted in strong vaccine efficacy and only limited lung damage
after challenge with SARS-CoV-2 (97). Similarly, prime and in.
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measured values at this time point.

boost with adenoviral vector expressing both the S protein and N
protein resulted in complete protection against SARS-CoV-2 (146).
Moreover, Syrian hamsters immunized via the i.n. route with the S
protein linked to outer membrane vesicles from Neisseria
meningitides were protected from weight loss and viral replication
in the lungs (147). In a mouse model of COVID-19, boosting mice
i.n. with non-replicating adenovirus vectoring S protein after
priming with lipid nanoparticles (LNPs) containing S protein-
mRNA (heterologous prime-boost regime) improved SARS-CoV-
2 immunity in the lung (148). Finally, a heterologous prime-boost
regime using an in. unadjuvanted S protein boost after
intramuscular priming with LNPs containing S protein-mRNA
induces neutralizing immunoglobulin A at the respiratory mucosa
and simultaneously increases systemic immunity, which protects
from lethal SARS-CoV-2 infection (149). Intriguingly, i.n. boosting
with a divergent S protein from SARS-CoV-2 induces mucosal
immunity against diverse sarbecovirus clades (149).
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The NILV vaccine platform has the advantage that vaccines get
access to non-proliferating cells including DCs, which are located in
the mucosa of the respiratory tract. NILV-transduced DCs show
strong and reliable expression of the vectored protein (150-153).
Importantly, DCs play a pivotal role in successful vaccinations
(154). Firstly, they transport vaccine-encoded antigen to the T cell
areas of lymphoid organs. Secondly, they efficiently process and
present this antigen as peptides bound to MHC molecules to
activate antigen-specific T cells. There are possible advantages of
using NILV as a vaccine platform as compared to adenoviral
vectors. For example, immunization with lentiviral vectors
generates highly multifunctional CD8+ T cells and primes
development of CD8+ T cells with central memory phenotype
(155). In contrast to adenoviral vector, the problem of pre-
existing immunity to the vector, which can prevent successful
vaccination, does not exist for NILV due to pseudotyping with
VSV-G. Thus, after i.n. immunization NILV-PanCoVac could
induce a long-lasting, multi-functional T cell immunity against
SARS-CoV-2.

Our study has several limitations. First of all, PanCoVac was
designed for binding to a broad range of common human MHC
molecules, which are highly polymorphic. Although not
characterized, it is likely that the MHC molecules of dwarf
hamster are less diverse and have different peptide binding traits
when compared to human molecules. This suggests that only a
single or very few PanCoVac-encoded epitopes bind to MHC
molecules of Roborovski dwarf hamsters. Secondly, PanCoVac
was codon optimized for expression in human cells. Thus, it is
unlikely that PanCoVac-based vaccines develop their full protective
potential in the Roborovski dwarf hamster model of COVID-19.
Thirdly, we did not prime via systemic injection of a PanCoVac-
based vaccine, which provides broader mucosal protection against
SARS-CoV-2 after in. boosting (97, 149). Fourthly, we used a
single-low dose of NILV particles (1 x 10° i.n. whereas a recent
study, which analyzed the protective effect of NILV expressing S
protein in the Syrian hamster model of COVID-19, primed
systemically and boosted with a high dose of NILV particles (1 x
10®%) in (97). Moreover, we challenged vaccinated dwarf hamster
only with the ancestral strain of SARS-CoV- 2 but not against
currently circulating VOCs. However, T cell epitopes are very
resistant to antigenic evolution of SARS-CoV-2 as compared to
epitopes recognized by neutralizing antibodies (60, 68, 69, 156).
Thus, PanCoVac is most likely also protective against SARS-CoV-2
variants and subvariants. Finally, we did not study T cell responses
because the necessary tools and reagents for studying specific T cell
responses in Roborovski dwarf hamsters are not available.

In summary, we generated a universal vaccine (PanCoVac)
encoding cross-reactive T cell epitopes that are highly conserved
across structural proteins of human coronaviruses and bind to
common human MHC molecules. Despite of the huge differences
between human and hamster MHC molecules a single-low dose of a
PanCoVac-based vaccine in. induced an early protective effect in
Roborovski dwarf hamsters independently of neutralizing
antibodies. The use of (HLA-) humanized animal models will
allow for further efficacy studies of PanCoVac-based vaccines in
vivo. In humans, PanCoVac could induce broad T cell responses
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that prevent severe disease courses leading to hospitalizations
and death.
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