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ABSTRACT

The Coronavirus Disease — 19 (COVID-19) occurs following SARS-CoV-2
infection with a wide spectrum of symptoms, which degenerate into severe acute
respiratory syndrome (SARS) in susceptible patients or those with comorbidities.
Although innovative vaccine technologies have been developed, the mutability
of the virus, coupled with the natural decrease of neutralising antibodies (nAbs)
that protect the organism by blocking the viral glycoprotein-human receptor
interaction, has led to the administration of a booster dose of vaccine to increase
the levels of protection against the newer variants (Omicron variants). nAbs
targeting a virus are measured by enzymatic or cell-based serological tests.
Among these, neutralisation assays that use pseudoviruses (PVNA) contributed
to the investigation of anti-SARS-CoV-2 humoral immunity. PVs borrow the core
from a known virus, engineered to be safe, whose envelope is replaced with that
of a virus of interest. In this way, the infection mechanism is replicated in a safe,
measurable and standardised manner. The PVNA on serum samples from 17
subjects receiving the third dose revealed that A) the vaccine stimulates the
production of high specific antibody titres against the Spike protein, which wane
after 4 months, B) these antibodies protect against the Omicron variants, C) older
people produce fewer antibodies than younger people, D) hybrid immunity
(having contracted the virus before or after the administration of the vaccine)
provides better protection. These results are in line with what the literature
reported. Although the technology of PVs contributed to the research on
neutralization of SARS-CoV-2, it still suffers from the problems of using a cell
line. An alternative strategy is to couple an enzymatic serological assay with the
quantification of other biomarkers, such as circulating microRNAs, which are
involved in the regulation of multiple processes, including the production of
nAbs. The overexpression of miR-155-5p and downregulation of miR-148a-3p
in serum are studied in the context of infections or following vaccination. Both
are valuable candidates as potential biomarkers within a panel for the rapid
assessment of the neutralising responses. Unfortunately, miR-155-5p was present
in a few samples but its trend was similar to that of the literature. The analysis of
miR-148a-3p also reflected what the literature reported. Despite this, no
difference in expression over time was observed, nor did a direct correlation with
specific antibody titre or protection levels emerge. PVs are also used to study
cellular mechanisms, if they depend on the viral protein-host receptor interaction.
Most severe COVID-19 patients show high levels of the SARS-CoV-2 receptor,

ACE?2, in soluble form in the circulation. ACE2 is normally released in circulation



by proteases, such as ADAM17. However, excessive levels of ACE2 occur in
cardiovascular diseases. A study from 2021found that the SARS-CoV-2 spike-
induced reduction in intracellular miR-28-3p expression corresponded to altered
ADAMI17 expression levels. This mechanism could explain one of the main
causes of the pathogenesis of COVID-19. The experiments I performed showed
that A) the original variant (Wuhan) and the BA.5 induce the reduction of miR-
28-3p; B) the Wuhan variant does not induce alteration of ACE2 or ADAM17, C)
the Omicron BA.5 variant appears to reduce both the number of ACE2-positive
and ADAM17-positive cells at 12 h incubation, although the alteration is minimal
and not significant, D) there is no correlation between miR-28-3p expression
levels and the number of ACE2- and ADAM17-positive cells. In conclusion, this
thesis presents the advantageous aspects and limitations of using SARS-CoV-2
PVs technology to study neutralising immunity, in comparison to other
serological tests, proposing an alternative approach, and understanding the

pathogenesis of COVID-19.
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1. INTRODUCTION
1.1. The emergency of COVID-19

Human history is littered with the mysterious appearance of new, seemingly
unexplainable diseases, which put the unprepared population under socio-
political and healthcare threats. From the Plague of Athens (430 B.C.ca)
(Thucydides, "History of the Peloponnesian War"), through the “Black Death”
during the Middle Ages (Benedictow, 2021) and Spanish influenza
(Taubenberger and Morens, 2006), to the contemporary pandemic of Acquired
Immune Deficiency Syndrome (AIDS) (Sharp and Hahn, 2010), invisible
pathogens contributed to the development of new containment strategies, potent
detection methods and innovative therapies to reduce their spread and effects on
the population. During the past four years, the propagation of the Coronavirus
Disease 2019 (COVID-19) changed the known proportion and spreading rates of
pandemics, the perception of infectious diseases in the population and the

importance of detecting and investigating viruses to prevent future spillovers.

At the end of the first trimester of 2020, the COVID-19 pandemic spread
worldwide six months after the registration of the first cases of a novel respiratory
disease in Wuhan, Hubei, China (Zhou et al., 2020). Patients suffered from
symptoms similar to those induced by severe acute respiratory syndrome (SARS)
Coronavirus (SARS-CoV) of the first threatening epidemic at the beginning of
the third millennium (Hui et al., 2003). Later identified as a Betacoronavirus, it
was named SARS-CoV-2 due to the similarities with the first SARS Coronavirus
of 2003 (Wan et al., 2020).

At the time of writing, more than 700 million cases of SARS-CoV-2 infection
were registered and severe COVID-19 was responsible for almost 7 million
deaths (WHO Coronavirus (COVID-19) dashboard). COVID-19 manifests itself
in a wide spectrum of symptoms, starting from fever, cough, fatigue and
dyspnoea (Alimohamadi et al., 2020). The patients that develop the most severe
form present hyperinflammatory responses that degenerate in lung disfunction
and multi-organ failure (Nagy et al., 2021). These people usually suffer from
coexisting pathological conditions, such as cardiopathies, pulmonary disease,
cancer and many others (Silaghi-Dumitrescu et al., 2023). Subsequently, the virus
mutated and adapted to the human organism, generating a series of variants
(Tosta, 2022). The development of innovative vaccine technologies allowed to
manage and contain the onset of severe symptoms, also protecting most fragile

patients. However, although the vaccination across the whole population caused
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the apparent loss of aggressiveness of the virus, the infectious properties of
SARS-CoV-2 increased, making the most recent variants easily escape the
vaccine-induced immunity (Malik et al., 2022). This thesis will discuss the
importance of studying the molecular characteristics of humoral immunity
against COVID-19 and the pathogenesis of SARS-CoV-2, taking advantage of
the viral pseudotyping technology.

1.2. SARS-CoV-2: origins, evolution, and main features

Human Coronaviruses (HCoVs) belong to the subfamily of Coronavirinae of the
Coronaviridae family, which is divided into four genera, named after the first
letters of the Greek alphabet (4/pha-, Beta-, Gamma-, Delta- coronavirus). The
former two groups, Alpha- and Betacoronavirus, are of peculiar interest because
they also infect humans. Alpha-CoVs include the HCoV-229E and -NL63,
whereas -HKU1 and -OC43 belong to the Beta-CoV group. These are called
seasonal HCoVs, as they are usually responsible for common colds since they
infect the respiratory tract. SARS-CoV, Middle East Respiratory Syndrome
(MERS)-CoV and SARS-CoV-2 are also included in this same group. These
viruses are of paramount importance since they have led to epidemics and
pandemics during the past two decades. HCoVs are RNA positive-sense viruses
that share several features: the structure, the length of the genome (~27-32 kbs),
the mechanism of entry and the replication cycle (Cui et al., 2019; Koma et al.,
2020; Lim et al., 2016; Nassar et al., 2021). The analysis of the Receptor-Binding
Domain (RBD) region on the Spike protein, which mediates the viral entry and
will be discussed later in this thesis, revealed that SARS-CoV-2 may have
originated from the recombination of bat Coronaviruses RaTG13 and MP789

(Flores-Alanis et al., 2020).

Because of their ribonucleic nature, which implies a more pronounced tendency
to accumulate mutations, Coronaviruses quickly evolve, generating multiple
variants as an effect (Cosar et al., 2022). Mutation events include substitutions,
insertions and deletions (indels), and recombination. Several factors naturally
impact the process of generating and acquiring mutations, and consequently new
features, such as the replication mechanisms and immune system of the host, the
environment, and the mechanism and rate of transmission (Qin et al., 2022). The
intervention of therapeutics (intensive care, drugs, vaccines, etc.) could further
influence the evolution of the virus. Three major hypotheses could explain the

origin, spreading and alternate switching of dominant mutants in humans. First,
2



the slow variant detection program could not sustain the rapid evolution of the
virus. Second, the presence of other permissive mammals could have predisposed
several animal reservoirs, from which the virus could have spilt again into
humans because of multiple zoonotic events (reverse zoonoses) (Pramod et al.,
2021). Lastly, chronic COVID-19 patients (cancer, immunocompromised
patients, etc.) could have been the major reservoir for SARS-CoV-2 for
progressive accumulation of mutations. To date, these hypotheses are still under
debate; however, the possibility of prolonged accumulation of mutations that
could happen in long-term immunodeficient patients remains the most plausible,
especially for the most recent variants (Bahadur Shrestha et al., 2022; Markov et

al., 2023).

SARS-CoV-2 variants have been classified into four categories by the Centre for
Disease Control (CDC): Variants of High Consequence (VOHCs), Variants of
Concern (VOCs), Variants of Interest (VOIs), and Variants Being Monitored
(VBMs). From the VOHC to VBM evaluation grade, variants are included and
recorded whether the diagnostic and clinical characteristics are satisfied, from
reduced response to available drugs/treatments to low circulating/extinct variants.
For this reason, VOHCs and VOCs are the most studied and monitored. As one
variant surpasses the others, those are then classified as VBMs (CDC, 2020). The
major former VOCs will be partially discussed in this manuscript and are listed

in the table below (Table 1).

The genome of all HCoVs is organized into genes encoding for structural, non-
structural (Nsp) and accessory proteins. The genome of SARS-CoV-2 presents
26 of them, grouped as 4 structural, 16 Nsps and 6 accessory ones (Justo Arevalo
et al., 2023). Nsps are important for the suppression of the host cell processes by
reorienting its metabolism towards viral replication. Therefore, Nsps can induce
cellular mRNA and protein degradation, interfering with antiviral responses,
whereas they guide viral protein translation, maturation and localization, vesicle
formation, and many other functions (Tam et al., 2023). On the other hand,
structural proteins determine the morphology, the attachment and the infection of
SARS-CoV-2. HCoVs are known for the typical “crown-shaped” structures
observed with the electron microscope. SARS-CoV-2 also harbours
disproportionately large, trimeric structures protruding from the envelope, called
Spikes (Spike protein, or S). The main function of the S protein is the attachment
to the target cell and the fusion of the viral envelope to the cellular membrane to

mediate the entrance into the host’s cellular machinery (Verma and Subbarao,



2021). The E (envelope) and M (membrane) proteins are also anchored in the

viral phospholipid double-leaflet. These proteins are mainly deputed to ionic flux

and envelope shaping, respectively (Kakavandi et al., 2023). Lastly, the N

(nucleocapsid) protein is fundamental for the assembly of the viral RNA-based

genome into the virion (Justo Arevalo et al., 2023; Naqvi et al., 2020). Because

of'its importance in driving the initiation of the infection and stimulating efficient,

protective humoral immunity, a deeper description of the Spike protein is

discussed in the following paragraph.

Variant Name Origin First detected
Wuhan China Sep/Oct 2019
Alpha (B.1.1.7) United Kingdom Sept 2020
Beta (B.1.351) South Africa Sept 2020
Gamma (P.1) Brazil Dec 2020
Delta (B.1.617.2) India Dec 2020
Omicron BA.1 South Africa Nov 2021
Omicron BA.2 South Africa Nov 2021
Omicron BA.3 South Africa Nov 2021
Omicron BA .4 South Africa Jan 2022
Omicron BA.5 South Africa Feb 2022
Omicron BA.2.75 India Feb 2022
Omicron BA.2.86 Denmark/Israel July 2023

Table 1. List of SARS-CoV-2 more important VOCs, now de-escalated, from the original strain
from Wuhan to the Omicron BA.2.86 (CDC, 2020).
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Figure 1. The life cycle of SARS-CoV-2. The virus enters the target cells by binding to the receptor
(ACE2) and the co-receptor (TMPRSS2), a process that leads to the fusion of membranes and the
release of the viral genome into the cytoplasm. Next, the virus genome is translated into mature,
functional proteins that contribute to the replication. The virion is then assembled in proximity to
the Endoplasmic Reticulum (ER) and released by budding through the secretory pathway involving
the Golgi apparatus. The schematic representation of the structure of SARS-CoV-2 is also shown
(top left). Image adapted from P. Chen et al., 2023.

1.3. The Spike protein

The entry of SARS-CoV-2 into human pulmonary cells occurs in two main
phases: the attachment and the fusion processes. Both are mediated by the S
protein on the virus side; many proteins could mediate the entrance on the cellular
side (Baggen et al., 2021; Barthe et al., 2023). The highly-glycosylated Spike
protein on the viral envelope is a trimeric complex, consisting of single-chain
segments which belong to the class I fusion proteins (Wrapp et al., 2020). The S
trimers on the surface of mature virions exist in a pre-fusion state, that requires
activation induced by the host’s proteases to initiate the fusion process (Benhaim

and Lee, 2020; Colman and Lawrence, 2003).

The S protein monomer is divided into two main domains, S1 and S2, connected
by the hinge region. Each one could be further distinguished into regions and
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subdomains. S1 includes the signal peptide region for protein localization, the N-
terminal domain (NTD), and the Receptor-Binding Domain (RBD) for
attachment and binding to the receptor, the Angiotensin-converting enzyme 2
(ACE2) (Hoffmann et al., 2020b). Within the RBD, the receptor-binding motif
(RBM) is included and it is necessary for attaching to the receptor (Lan et al.,
2020). On the other side of the protein, the S2 domain includes the fusion-
mediating heptad repeats (HR1 and HR2), and the C-terminal portion, which
harbours the transmembrane region and the cytoplasmic tail (Jun Zhang et al.,

2021).

Since the beginning of the pandemic, ACE2 has been defined as the main receptor
of SARS-CoV-2. The transmembrane protease, serine 2 (TMRPSS2) was
thereafter identified as the priming protease that triggers the activation of the
fusion process, by splitting the protein at the S2’ cleavage site, within the S2
domain. In addition, furin has been pointed out as a fundamental enzyme. It is
necessary for cleaving the Spike protein at the S1/S2 interface during the virus
replication, rendering it accessible to TMPRSS2 (Hoffmann et al., 2020a; Walls
et al., 2020; Wrobel et al., 2020; Zhang et al., 2023). Due to the ubiquitous
expression of furin-like proteases, the presence of the furin cleavage site into the

Spike protein broadens the tropism of SARS-CoV-2 (Lu et al., 2015).

The infection is a complex succession of processes that begins with the
attachment phase (Fig. 2). The trimeric Spike binds to the ACE2 receptor through
the RBM within the RBD. It has been found that the single monomers are in
alternate open/close conformations (namely, also “up”/”’down” states) (Evans and
Liu, 2021; Wrapp et al., 2020; Wrobel et al., 2020; Xu et al., 2023): this
mechanism allows for maximum attachment/affinity rate, without excessive
exposure of the RBD. Also, the presence of the cleaved furin site promotes more
dynamic interchangeable conformations (from a more closed conformational
state to a more open one) (Wrobel et al., 2020). The second phase, the fusion, is
triggered by the RDB-ACE2 contact, which exposes the S2’ site, which is
furtherly cleaved by TMPRSS2; this process results in the shedding of the Sl
domain (Sinha et al., 2023; Walls et al., 2020). This event causes the stretching
of the S2 region, which binds to the host membrane and completes the fusion by
exploiting the presence of the HR1/HR2 region (Sinha et al., 2023). The more
prominent aspect surrounding the Spike protein is the tendency to accumulate
mutations. Specifically, the region which mediates attachment (RBD) is more

prone to acquire alterations (Mengist et al., 2021). The modification of its



structure could lead to the transition to other entry mechanisms. In fact, with the
emergence of the Omicron sub-lineage, the main entry pathway moved from the
ACE2/TMPRSS2 fusion mechanism to the endosomal cathepsin-mediated route
(Bruel et al., 2022; Pather et al., 2023). Therefore, it is the most studied SARS-
CoV-2 protein, since it is implied in immune escape, for vaccine design and
development (Gaspersic and Dolzan, 2022; Le et al., 2023; Malik et al., 2022).
Future studies investigating the main entrance mechanism and indirect infection
mechanisms will be helpful in the discovery of drugs and the understanding of

the maintenance of adaptive immunity against the spike protein to confer more

robust protection (Evans and Liu, 2021).

Membrane
fusion

Viral Membrane

Closed state
(i) Pre-fusion (ii) SopeniACEZ (iii) $1 subunit (iv) Fusogenic
Sciosed interaction i iati i i

Figure 2. The structure of the Spike protein of SARS-CoV-2 (A) and the molecular
representation of the attachment and fusion processes (B). The Spike is a trimeric glycoprotein
protruding from the envelope of the SARS-CoV-2 virion. The “head” portion includes the S1 and
S2 regions, and it is connected to the membrane through a “stalk” (4). The attachment phase is
initiated as the S1, proximal to the ACE2 receptor, switches from the closed (i) to the open state
(ii). Human proteases process the ACE2/Spike complex and release the SI portion (iii), leaving the
S2 accessible for the fusion phase (iv) (B). Image from a published article (Raghuvamsi et al.,
2021).

1.3.1. Anti-SARS-CoV-2 neutralizing activity elicited by vaccination

If molecular drugs are intended to cure a disease or a pathological state,
vaccination is a specific type of drug that can prevent the onset of harmful,
infectious diseases long-term, by stimulating the immune system in recognizing
the external agent. The more the population is protected by the vaccine, the more
limited the circulation of the virus and the lower the onset of the life-threatening
infectious disease (Clemente-Suarez et al., 2020). In addition, limiting the

circulation of the virus in immunocompromised individuals could reduce the



emergence of new, fugacious variants, which could become more virulent VOCs

(Carabelli et al., 2023).

Several vaccine technologies were proposed in response to the COVID-19
pandemic, including inactivated virus, viral vectors, DNA/mRNA-based and
protein vaccines (Fathizadeh et al., 2021). Next-generation vaccines, like mRNA-
based ones and adenoviral vectors, were preferred over other conventional
technologies because of the timing and costs of production, testing, and safety
profile. Also, conventional (based on live attenuated or inactivated viruses, and
viral proteins) vaccines usually require multiple administrations to mount a

durable response (Khare et al., 2023).

The administration of mRNA-based (BNT162b2 and mRNA-1273) and
adenoviral vector (ChAdOx1) vaccines was approved in Italy at the end of 2020
(Bellino, 2021). At that time, available data suggested the administration of two
doses within 21 days, 28 days and 4 weeks for BNT162b2, mRNA-1273 and
ChAdOx1, respectively, from the first injection to induce a sustained level of
protection against the circulating variants (Khare et al., 2023). Later, the
ChAdOxI1 platform was abandoned due to reported adverse effects (Greinacher
et al., 2021), also in favour of the more efficient immune protection induced by
the mRNA-based vaccines (Bellino, 2021). All these vaccines included the
optimized and/or modified sequence of the Spike protein because it is the first
viral target that is physically exposed to the immune system (Castruita et al.,
2023). The infection, and therefore the onset of COVID-19, could be blocked by

interfering with the entry of the virus.

A few months later, the emergency of new variants raised a new debate on the
effectiveness of the available vaccine platforms. More and more studies
highlighted and suggested the necessity of administering a third booster dose to
enhance and preserve a sustained protective effect induced by the vaccine (Yue
etal., 2022). Investigating and understanding the multiple mechanisms that allow
the virus to evade the immune reaction and pharmacological treatments will
contribute to developing more efficient vaccines. Mechanical and structural
features that promote evasion are the elevated number of glycosylation sites, the
alternation of open/closed conformational states, and the switching to other
preferential entry routes (Casalino et al., 2020; Wrapp et al., 2020; S. Zhang et
al., 2021). These can be influenced by the accumulation of mutations, because of
the absence of an efficient proof-reading activity. Also, the immune system itself,

potentially with the support of vaccination, exerts selective pressure on the virus
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(Andreano et al., 2021; Malik et al., 2022). As a result, the Spike protein becomes
less accessible to the primary participants in the blockade of direct virus-host
interactions, which are antibodies, specifically neutralizing antibodies (nAbs)
(Pastorio et al., 2022; von Biilow et al., 2023). These are defined as those
glycoproteins produced by humoral immunity that specifically target receptor-
binding and/or fusion-activating sites, the binding of the viral glycoprotein to its
cellular target is abrogated, and the pathogen could be regularly eradicated
(Srinivasan et al., 2016). In the case of SARS-CoV-2, nAbs target the RBD, the
NTD and the S2 regions (Y. Chen et al., 2023; Sinha et al., 2023; Xia, 2021).
nAbs are produced by activated, mature plasma cells and circulate into the
bloodstream. Because of these properties, nAbs can be easily isolated, processed
and analyzed, with the minimum invasiveness. The study of anti-SARS-CoV-2
nAbs, how they are stimulated and produced, can also contribute to the
development of therapeutic tools against, to date, uncurable viral disease (AIDS,

C hepatitis) (Y. Chen et al., 2023; Srinivasan et al., 2016).

The progressive decay of nAbs after vaccination emerged early after the first
doses were administered (Ibarrondo et al., 2021; Vicenti et al., 2021). From the
Alpha to the Delta variants in 2021, several studies highlighted and suggested the
necessity to induce stronger protection in the population by administering a
booster dose (Cele et al., 2022; Furukawa et al., 2022). Later, the emergency of
the Omicron VOC family required the administration of multiple doses to
stimulate a more robust immunity (Choi et al., 2022). The reasons for the
progressive decay of nAbs are several. First, as mentioned before in this thesis,
the elevated mutational rate of the virus promotes its immune evasion
(Chakraborty et al., 2022; Sun et al., 2022). Second, some factors are associated
with a worse response to the virus and the vaccine. For example, ageing and the
consequent loss of efficiency of the immune system influence the process (Xu et
al., 2020). Also, female subjects appear to be more prone to produce highly
specific anti-Spike IgGs (Piubelli et al., 2023). In general, several studies
identified that hybrid immunity, that is, exposure to the virus and the vaccine,
produces stronger, long-term protection against upcoming variants (Cameroni et
al., 2022). The analysis of the humoral reaction to the vaccine can help monitor
the necessity of receiving the vaccine, the development of new vaccines and

saving people who suffer the most severe form of the disease.



1.3.2. Serological assays for evaluating anti-SARS-CoV-2 protection

Nowadays, the comprehension of all the participants in the immune system and
the extremely complex network of cells and molecules that protect the organism
requires the application of multiple, high-throughput technologies, resulting in
laborious, expensive analysis (Goldblatt et al., 2022). Testing the presence of
antigen-specific antibodies with serological assays is one first, rapid approach to
analysing the actual response to the vaccine (Dalle Carbonare et al., 2021;
Plotkin, 2010). However, the mere measure of the antibody titre is reductive, as
it only partially allows for outlining the complete picture of the neutralizing
response. For this reason, by knowing that the nAbs have a first-line protective
role, measuring their titre allows for a screening of the protection level against
the pathogen, to evaluate the prioritization of vaccination (Y. Chen et al., 2023;
Du et al., 2021; Kitikoon and Vincent, 2014; Mishra et al., 2021; Walker and
Burton, 2018).

A series of cell-free and cell-based assays were developed for this purpose. The
first method presented here is the titration of Spike-targeting IgMs and IgGs using
the SARS-CoV-2 IgM and IgG II Quant Assays developed for the Abbott
ARCHITECT platform. Also, IgGs targeting the N protein can be measured using
the SARS-CoV-2 IgG Quant Assay, to test previous exposure to the virus. These
chemiluminescent microparticle immunoassays (CMIA) utilise magnetic
nanoparticles to capture Spike (RBD)-specific antibodies in a suspension and
label them with a luciferase-conjugated secondary antibody. Using a calibration
curve, the relative luminescence units (RLU) emitted by the microparticle
complex allow for quantification of the titre of the RBD-binding antibodies
(Hemken et al., 2023; Narasimhan et al., 2021; Takahashi et al., 2023). The
described CMIA is an automated, diagnostic test, requiring the dedicated device
to be run. This platform is usually inaccessible to most laboratories that are not

directly involved in diagnostics.

A more accessible assay is the cPass SARS-CoV-2 Neutralization Antibody
Detection Kit (Ferrari et al., 2024; Lester et al., 2024). This test is based on a
competitive Enzyme-Linked Immunosorbent Assay (ELISA), which employs an
HRP-RBD bait to capture serum or plasma anti-RBD antibodies. If nAbs are
present, they will prevent the binding to the recombinant human ACE2,
immobilized on the bottom of the microplate wells. The higher the signal, the
lower the titre of neutralizing antibodies in the sample. This assay allows for both

qualitative and semi-quantitative measures of antibodies. The neutralization
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activity can be measured as the percentage of the reduction of the colourimetric
signal (Jung et al., 2021). This assay is cost-effective and requires low handling
skills, in comparison to the previous one. However, both the CMIA and the cPass
assay only measure RBD-binding nAbs and, therefore, do not include those
targeting the NTD and the S2 regions, resulting in a misrepresentation of the

actual neutralizing capabilities of the tested samples.

Cell-based assays can overcome this major hurdle. Both the Microneutralization
Assay (MNA) and the Pseudotyped Virus Neutralization Assay (PVNA) rely on
the titration of serum samples for calculating the concentration that corresponds
to the blockade of half population of virus that enters a defined number of cells.
In this setup, the inhibitory concentration (IC) is calculated as a relative
neutralization value. Both the assays share the principles to calculate the IC and
both require A) the propagation or production of the viral particle in a replication-
permissive cell line, B) the titration, and C) a suitable target cell line that allows
for the virus entry. However, they differ in the setup and reliability of the actual

virus features.

In the case of the MNA (Vergori et al., 2022), Vero E6 cells are usually employed
to propagate the real virus and as the target cell line for SARS-CoV-2. Next, once
the harvested virus is titrated, it is temporarily exposed to the human serum
sample and left in incubation with the target cell line, to let the virus infect the
cells. After the proper incubation time (a few days), the cytopathic effect (CPE)
is observed through light microscopy and the dilution at which CPE is abrogated
is defined. Because the MNA uses the real virus, it is the most reliable method to
test the neutralizing activity of serum samples. Several are, however, the
limitations to this technique: 1) elevated safety and containment requirements,
for preventing any outbreak of the pathogen, 2) highly specialized personnel, 3)
high building and maintenance costs, and 4) it is time-consuming and laborious

(Bewley et al., 2021).

A preferrable alternative to the MNA is the PVNA, which uses pseudotyped
viruses (PVs), instead of the real virus. A PV is an enveloped viral particle whose
tropism can be modified at will by exchanging the external glycoprotein, thus
mimicking the actual host-virus interaction. The nucleocapsid core of the PV
belongs to a donor virus, whose genome has been modified to prevent
autonomous replication and to harbour a reporter gene, coding for a fluorescent
or chemiluminescent protein (Temperton, 2009a). Therefore, PVs are the perfect

surrogate of real, enveloped viruses, since they are easily handled, safe and
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measurable (Fantoni et al., 2023). PVs are produced by co-transfecting a highly
replicating cell line, like the human embryonic kidney 293T cell line (HEK293T)
and its derivatives, with the expression plasmids encoding the viral structural
proteins. Several PV platforms are available (Carnell et al., 2015; Ferrara et al.,
2021; Nie et al.,, 2020); however, retroviral and lentiviral PVs, are more
frequently employed. Lentiviruses, like the human immunodeficiency virus — 1
(HIV-1), integrate into the genome of the infected cell, allowing for the stable,
continuous expression of a transgene. Also, their genome can be split into
multiple plasmids, increasing the safety handling conditions. Major advantages
of SARS-CoV-2 PVs over the other presented assays are the production of VOCs
PVs by changing the surface glycoprotein, working in biosafety level 2 (BSL2)
laboratories, and the requirement for minimum practical skills to handle PVs. On
the other hand, the main disadvantage of using PVs is the unreliability of the
structure of the glycoprotein since the original core is replaced. In fact, in many
cases, the glycoprotein sequence must be modified and optimized to enhance the
budding and the infectivity of the PVs (Zhang et al., 2023). As for the MNA, the

results are obtained according to the time of growth of the target cell line.

SARS-CoV-2 PVs were extensively employed to study humoral reaction to the
infection and vaccination, because of the advantages mentioned above. Recently,
a published meta-analysis compared the correlation of results obtained using both
the presented cell-based serological assays. The analysis revealed that MNA and
PVNA tests are strongly correlated because of structural similarities and infection
dynamics of the real virus and SARS-CoV-2 PVs, although the work was
restricted to SARS-CoV-2 research (Cantoni et al., 2023b).

1.4. The role of microRNAs in the immunology and pathogenesis of
COVID-19

Since their discovery in 1993 (Lee et al., 1993), microRNAs (miRNAs) gained
increasing clinical and therapeutic value in the scientific community. miRNAs
belong to the family of non-coding RNAs that regulate the expression of
messenger RNA (mRNA) at the cellular level: as the expression levels of a
miRNA increase, the translation of target mRNAs is reduced. This causes
modulation of the corresponding proteins (Ying et al., 2021). Mature miRNAs
result from a series of processing steps, starting from the early transcript of

genomic DNA to the precursor miRNAs (pre-miRNAs) through primary
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miRNAs (primiRNA). This is called the canonical pathway, which requires the
interaction of the miRNA being processed with several complexes, including
Drosha, Dicer, exportin 5 and the Argonaute protein family. Other non-canonical
pathways are classified as Drosha- and Dicer-independent (Fig. 3) (O’Brien et
al., 2018; Shang et al., 2023; Shukla et al., 2011).
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Figure 3. The maturation of microRNAs. miRNAs are first transcribed by RNA polymerase II. The
first processing step follows the canonical pathway (Drosha-dependent) or the non-canonical

pathway (Drosha-independent), to obtain the pre-miRNA. This one is further processed into the

mature form. Image from published review (Luna Buitrago et al., 2023).

miRNAs are involved in various physiological and pathological processes
(cardiovascular diseases, lung diseases, cancer, etc.) and are therefore considered
valuable biomarkers (Condrat et al., 2020). Some miRNAs have an intracellular
function, while others can be released into the bloodstream (circulating miRNAs).
The latter, which can be isolated from serum and plasma, can be reliable markers
discriminating the outcome of a disease. They are therefore advantageous in the
diagnostic and prognostic fields as their collection is minimally invasive,

replicable over the disease's progression and they can be quantified within a short
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timeframe. Moreover, they may prove to be candidates for therapeutic purposes
(Narozna and Rubi$, 2021). miRNAs are also involved in viral infections and
regulate host-virus interaction (Mao et al., 2023). A viral agent stimulates
miRNAs involved in different processes (direct interaction with the viral genome,
inflammation, cell damage, etc.). Recent studies are focusing on finding specific
miRNA panels to determine disease progression and patient recovery (Giannella
et al., 2022; Narozna and Rubis, 2021). The following paragraphs will present
three potential miRNAs involved in the pathogenesis and immunity of COVID-
19.

1.4.1. miR-155-5p

miR-155-5p is a multifunctional miRNA involved in several pathological
processes induced by viruses, such as influenza virus (Woods et al., 2020), herpes
simplex virus 1 (Wang et al., 2019), Epstein-Barr virus (Wood et al., 2018). miR-
155-5p is also endowed with antiviral properties, involved in the activation and
maintenance of an efficient humoral and cellular immune response (Hu et al.,
2021; Jafarzadeh et al., 2021). Because of these studies, miR-155-5p has been
pointed out as a major participant in SARS-CoV-2 infections (Gasparello et al.,
2021). Nonetheless, the actual mechanism by which this miRNA functions is still

under debate.

High miR-155-5p expression levels have been measured in the plasma or
peripheral blood mononuclear cells (PBMCs) of severe COVID-19 patients
(Donyavi et al., 2021; Eyileten et al., 2022; Garg et al., 2021; Soni et al., 2020;
Ying et al., 2021). From these studies, miR-155-5p emerged to be involved in
thrombosis, cardiovascular disease, inflammation, and several other processes.
However, other studies report that miR-155-5p in peripheral blood appears to be
expressed at low levels in very severe patients with an adverse outcome (Aboulela
et al., 2024; Giannella et al., 2022; Kassif-Lerner et al., 2022). This discrepancy
suggests that, in addition to being a marker of mortality, it is potentially related
to the patient's levels of immune protection at the time of hospitalization. The
trend of miR-155-5p in the blood could reflect the activity of neutralizing anti-

CoV-2 antibodies and could potentially act as a marker of correlates of protection.
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1.4.2. miR-148a-3p

Another possible participant in the regulation of nAbs production and humoral
immunity maintenance is miR-148a-3p. Its upregulation is responsible for B-cell
autoimmune disease in mouse models. Therefore, its fine regulation is important
for the selection, differentiation, maturation and proliferation of B lymphocytes
(Gonzalez-Martin et al., 2016; Porstner et al., 2015). In a recent study, miR-148a-
3p isolated from nasal swabs of buffaloes vaccinated against Bubaline alpha
herpesvirus 1 (BuHV-1) was significantly upregulated in comparison to the
control, unvaccinated group. Also, the same vaccinated group presented
neutralizing antibodies against the virus, leading the group to suppose it could be
a marker for protective immunity, and potentially, associated with neutralizing
responses (Lecchi et al., 2023). Also, the absence of this miRNA causes a
reduction of 50% in the production of antibodies by activated B cells in a mouse

model (Pracht et al., 2021).

Previous studies found the involvement of this miRNA in the infection of human
coronaviruses. For example, miR-148a-3p directly targets the genome of SARS-
CoV (Hu et al., 2021; Mallick et al., 2009). miR-148a-3p is emerging as a
biomarker for survival discrimination of COVID-19 patients (de Gonzalo-Calvo
et al., 2021; Pollet et al., 2023). Analysis of the expression levels of circulating
miR-148a-3p in people receiving the BNT162b2 vaccine revealed that its
reduction positively correlates with the increased production of Spike-specific
antibodies (Y. Liang et al., 2023; Miyashita et al., 2022). Therefore, miR-148a-
3p represents an interesting candidate for monitoring the neutralizing humoral

immune response, together with miR-155-5p.

1.4.3. miR-28-3p and its implications in COVID-19 pathogenesis

A relevant topic in COVID-19 infection is the impairment of the renin-
angiotensin system or RAS. The role of RAS is to maintain cardiovascular
function by regulating blood pressure and vascular tension (Imai et al., 2005;
Konig et al., 2023). Specific enzymes and their substrate participate in this
process. Angiotensin I (Angl) is produced from angiotensinogen by renin. Angl
is thereafter converted to Angll by ACE. Angll induces the contraction of the
vasculature and the myocardial tissue and promotes inflammation (Anguiano et
al., 2017). To counterbalance the effects of Angll, ACE2 intervenes to reduce
both Angl and Angll into Angl-9 and Angl-7. These products promote
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vasodilation and minimize inflammation (Anguiano et al., 2017; Fountain et al.,
2024; Patel et al., 2014). In particular, early studies on ACE2, in both its cell-
bound and cell-free forms, highlighted its essential role in maintaining

cardiovascular function (Crackower et al., 2002; Shao et al., 2019).

The mechanism by which ACE2 is released into circulation (Donoghue et al.,
2000) and accomplishes its function is only partially understood. Angll is
responsible for this process: high Angll levels in blood induced over-transcription
of ACE2 mRNA and reduced ACE2 levels on cardiomyocytes in both in vivo and
in vitro models. It has been shown that the activity of surface proteases is
necessary for the shedding of ACE2 (Patel et al., 2014). Among these proteases,
ADAM17, also known as TACE has gained importance due to its involvement in
many diseases, such as cancer and cardiovascular ones. ADAMI17 is a
transmembrane protein of the first type, consisting of an extracellular region,
divided into several subdomains, including the catalytic one, the transmembrane
region and a cytoplasmic tail (Lorenzen et al., 2016). Membrane-bound ACE2 is
a substrate of ADAMI17 (Lambert et al., 2005; Lorenzen et al., 2016; Patel et al.,
2014).

A common feature of severe COVID-19 patients is the increment of the soluble
form of ACE2 in plasma (Elemam et al., 2022; Kuba et al., 2005; Mariappan et
al.,, 2022; Nagy et al., 2021). Although soluble ACE2 is a physiologically
protective factor for lung integrity (Imai et al., 2005), excessive levels of the
protein in the circulation are associated with ageing, diabetes, and cardiovascular
diseases (Kunvariya et al., 2023; Narula et al., 2020). The administration of the
soluble form of the Spike protein of SARS-CoV to wild-type (wf) and ACE2-
knockout (KO) mice gave similar results. Reduced lung injury was detected in
the KO model compared to the wt ones (Kuba et al., 2005). Moreover, an in vitro
study revealed that the treatment of Vero E6 cells with SARS-CoV PVs induced
the release of a soluble form of ACE2 (Haga et al., 2008)

A recent study (Xu and Li, 2021) found the simultaneous increase and decrease
of ADAM17 and ACE2, respectively, from cell isolates when incubation with the
RBD of the SARS-CoV-2 Spike occurred. Also, the expression levels of a
miRNA, miR-28-3p, were reduced upon treatment. The study proposed a model
to explain the phenomenon. The direct binding of ACE2 by the RBD of the Spike
protein induces structural and conformational changes in the receptor, activating
its signal-transmitting cytoplasmic tail. This way, the signal reduces the

expression of miR-28-3p. In turn, ADAM17 mRNA, which is targeted by the
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miRNA, is translated, and its product is translocated to the membrane, where it
can accomplish the shedding of ACE2 (Fig. 4) (Xu and Li, 2021). Still, the study
suffered from a dependable model for investigating the actual interaction and its
consequences. A potential experimental layout to achieve this will be presented

here.

miR-28-3p has been previously identified as a valid biomarker of pulmonary
embolism (Zhou et al., 2016) and diabetes (Zampetaki et al., 2010) due to its
overexpression in plasma. It is also dysregulated in many types of cancer
(Almeida et al., 2012; Liu et al., 2013; Wang et al., 2015). Another study
highlighted the overexpression of miR-28-3p in peripheral blood mononuclear
cells (PBMCs) as a potential biomarker to distinguish severe patients from
patients with mild symptoms (Khatami et al., 2023). miR-28-3p is known as a
circulating miRNA in plasma (Silva et al., 2021), although the complete picture
of its role in COVID-19 is unknown. For these reasons, it is a miRNA of interest

in the context of COVID-19 and SARS-CoV-2 research (Zipeto et al., 2020).
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Figure 4. SARS-CoV-2 induces ACE2 shedding via miR-28-3p and ADAMI17 alternate
deregulation. According to the hypothesis of Xu and Li, 2021, the RBD of the Spike protein induces
conformational changes in the membrane-bound ACE2 receptor, which alternatively
downregulates miR-28-3p and upregulates ADAM17. The overexpression of ADAMI17 causes the
shedding of ACE?2 into its soluble form. Image created with Biorender.
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2. AIM OF THE THESIS

The major aim of this thesis is to show the potential applications of the technology
of PVs applied to SARS-CoV-2 and COVID-19 research, with a particular focus
on the serology and the pathogenesis of the disease. Secondarily, this work aims
to investigate molecular processes potentially involved in the maintenance of a
durable protective immunity against SARS-CoV-2 and the onset of severe

COVID-19 in the early stages of infection.

First, this work will present the results obtained in serological assays in subjects
receiving the third booster dose against SARS-CoV-2. The protective
neutralizing immunity has been investigated against SARS-CoV-2 Omicron
VOCs that emerged during the time or after the vaccine administration. Also, four
different serological assays are compared, to valorise the use of PVs in
serological assays. Second, the work presents the potential role of circulating
microRNAs in the support of strong, long-term anti-SARS-CoV-2 humoral
immunity. Third, SARS-CoV-2 PVs are presented as a model to investigate
molecular mechanisms induced by the direct virus-cell surface interaction, which

implies the involvement of intracellular mediators.

3. MATERIALS AND METHODS
3.1. Study population

Sample collection was performed at the section of Respiratory and Sports
Medicine at the Azienda Ospedaliera Universitaria Integrata (Verona, Italy), with
the supervision of Prof. L. Dalle Carbonare and Dr. M. T. Valenti. Serum samples
of 17 healthcare workers (HCW) volunteers were collected before (T3), 1 month
(T4) and 4 months (T5) after the administration of the third booster dose with
either the BNT162b2 (13/17) or mRNA-1273 (4/17) vaccines. The time of
collection will be referred to as T3, T4 and TS since they are considered from the
beginning of the vaccination program (TO0, before the first dose; T1, before the
second dose; T2, three weeks after the second dose) (Ruggiero et al., 2022).
General data are reported in Table 1. Serum was harvested from whole blood after
leaving it to coagulate at room temperature (RT) and centrifugating collection
tubes at 3000 rpms for 5 minutes. Harvested serum was stored at -80°C until use.

All the participants signed the informed consent before the collection of samples.
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Characteristic (n=17) Data
Age (median), Range of age (min-max) 51(26-65)
Male, % (vs female) 53%
Previously infected (PI) % (vs. Naive) 24%
Third dose, vaccine type, BNT162b2, 76%

% (vs. mRNA-1273)

First collection (T3): days after first
dose (mean, number of weeks)

289,30 dd, 72w

Second collection (T4), days after first
dose (mean, number of weeks)

318,80 dd, 80w

Third collection (T5), days after first
dose (mean, number of weeks)

409,60 dd, 102w

Table 2. Report of general characteristics of the study population.

3.2. Cell cultures and plasmids for PV production

Human Embryonic Kidney 293T cells (HEK293T) and ACE2-overexpressing
hepatocellular carcinoma HuH.7 cells (a kind gift from Prof. M. Pizzato,
University of Trento, Italy) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (P04-036001, PAN Biotech; 11965092, Gibco). Chinese
Hamster Ovary cells, stably expressing ACE2 and TMPRSS2 (CHO/A2/T2) cells
were cultured in either DMEM or Ham’s F12 medium (P04-14559, PAN
Biotech). All cell culture media were added with 10% heat-inactivated Foetal
Bovine Serum (FBS) (A5256701, Gibco), 5% L-glutamine (BEBP17-605E,
Lonza), 1% penicillin/streptomycin (15070063, Gibco). These media will be
referred to as “complete” throughout the thesis. The following plasmids were
used to produce the SARS-CoV-2 PVs: packaging plasmid, pCMV-dR8.91;
backbone plasmid, pCSFLW; SARS-CoV-2 VOCs envelope-encoding plasmid,;
VSV-G expression plasmid (Di Genova et al., 2021). Plasmids were amplified in
the TOP10 E. coli strain (C404010, Thermo Fisher Scientific), cultured in Luria-
Bertani’s liquid broth (LB broth). Plasmid extraction was performed using a

Midiprep Extraction kit (12143) or Maxiprep EndoFree Plasmid kit (12362)
(Qiagen).

3.3. Cell cultures and plasmids for flow cytometry experiments

HEK293T/ACE2 cells for flow cytometry experiments were prepared as follows.
The human ACE2 receptor was overexpressed by transducing the cell line with a
lentiviral vector (RRL.sin.cPPT.SFFV/Ace2.IRES-puro. WPRE, AddGene). The
vector was prepared by co-transfecting HEK293T cells with the ACE2-coding
lentiviral plasmid, a second-generation packaging plasmid (psPAX2, AddGene),

and a plasmid coding for the vesicular stomatitis virus glycoprotein (VSV-G)
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(pCMV-VSV-G, Addgene). Cells were incubated with the lentiviral vector for 48
hours before selection with puromycin (0.6 ug/mL). After the selection, surviving
cells were detached and stained with anti-ACE2-PE antibody (10108-MM36-P,
SinoBiological) for further cell sorting with FACSAria Fusion (Beckman
Dickison) at the Centro Piattaforme Tecnologiche, which is in convention with
the University of Verona. Cells with PE signals ranging from 10* and 10° were

sorted to homogenize the population.
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3.4. IgG quantification

IgGs anti-Spike (RBD) (IgG-S) and anti-N protein (IgG-N) were quantified via
SARS-CoV-2 IgG II Quant Assay and SARS-COV-2 IgG-N Assay (Abbott),
respectively. The iARCHITECT system was used to perform these serologic
assays. A signal-to-noise ratio cut-off of 1,4 was determined to identify positive
samples. Antibody titres were converted to natural logarithms for the correlation

analyses.

3.5. Pseudotyped virus production and titration

SARS-CoV-2 PVs were produced following previously published protocols (Di
Genova et al., 2021; Fantoni et al., 2023). Briefly, HEK293T cells were co-
transfected with the plasmids for producing PVs (pCMV-dR8.91, pCSFLW and
Envelope plasmid for each variant) using either FugeneHD (E2311, Promega) or
polyethyleneimine (PEI) (408727, Sigma-Aldrich) at 1 mg/mL in PBS 1X. 72
hours after transfection, the cell medium containing the pseudotypes was
harvested in a Falcon tube, centrifuged at 3000 rpms for 5 min and filtered
through a 0.45 um filter. The filtered medium was aliquoted and frozen at -80°C
before use. For titration of the PVs stocks, 100 pL in duplicate of the PV
preparation was serially two-fold diluted in a 96-well plate (96WP), and 2*10*
HEK293T/ACE2 or CHO/A2/T2 cells per well were added. After 48 hours of
incubation at 37°C, 5% CO,, Luciferase assay was performed by adding Bright-
Glo reagent (E2610, Promega) for the VPU experiments and steadylite plus
(6066759, Perkin Elmer). The readout was obtained with a GloMax 96WP reader
(Promega) or Victor3 96WP reader (1420-032, Perkin Elmer). The titre of single
PV stocks was calculated as RLU/mL, after multiplication to the corresponding

dilution factor.

3.6. Pseudotyped Virus Neutralization Assay (PVNA)

PVNAs were performed at the Viral Pseudotype Unit laboratory, Medway School
of Pharmacy, University of Kent, U.K., during my internationalization research
program, as previously reported (Cantoni et al., 2023a; Di Genova et al., 2021;
Fantoni et al., 2023). Heat-inactivated serum samples in duplicate were diluted
ten-fold in a complete F12 medium. Next, seven two-fold dilutions were

performed, and the excess medium was discarded. Neutralizing and non-
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neutralizing human serum samples were used as controls. PV stocks were thawed
and diluted to obtain ~10° RLU/mL. Diluted PV stock was distributed to each
well and incubated at 37°C, 5% CO,, for 60 minutes to let the neutralizing
antibodies bind the PVs. After the incubation, 2*10* CHO/A2/T2 cells per well
were added. After 48 hours of incubation at 37°C, 5% CO,, Luciferase assay was
performed by adding Bright-Glo reagent (E2610, Promega). The readout was
obtained with a GloMax 96WP reader (Promega). Data analysis to calculate the
inhibitory concentration 50 (IC50) was performed with GraphPad Prism,
according to published procedures (Ferrara and Temperton, 2018).

Luc-harbouring
Backbone pseudovirus
lentiviral Envelope-
plasmid  ¢oding plasmid
Luc-coding

lentiviral plasmid
p8.91
/ \ 72 hours
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Figure 7. The production of SARS-CoV-2 PVs. HEK293T cells are co-transfected with a three-
plasmid lentiviral system to produce SARS-CoV-2 PVs. The medium containing the PV is harvested
after 72 hours of incubation. Luciferase assay is performed 48 hours afier infecting the

ACE2/TMPRSS? expressing cell line.

3.7. Microneutralization Assay (MNA)

Microneutralization assays (De Rienzo et al., 2021; Vergori et al., 2022) were
performed at the Department of Infectious, Tropical Diseases and Microbiology,
IRCCS Sacro Cuore Don Calabria Hospital, Negrar, Verona, Italy. Serum
samples (n=12) were selected from the initial group of HCW volunteers. Samples
collected before and 1 month after the vaccination were tested against the original
SARS-CoV-2 Wuhan strain. The real virus was propagated in Vero E6 cells.
Heat-inactivated (56°C for 30 min) samples were diluted two-folds seven times
in duplicate in 96WP. The initial dilution started at 1:10. Next, an equal volume
of the real virus at 100 tissue culture infectious dose 50 (TCIDso) was added and
incubated with titrated serum samples at 37°C for 30 min. After the incubation,
sub-confluent Vero E6 cells were added to each well. After 48 hours of incubation

at 37°C, 5% CO,, plates were checked by brightfield microscopy for the presence
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of cytopathic effect (CPE). Positive and negative control samples were tested to

verify inter-assay reproducibility. The cut-off was defined as MNAgp>1:10.

3.8. cPass™ SARS-CoV-2 Neutralization Antibody Detection Kit

The cPass nAbs Detection kit (L00847, GenScript) is a blocking ELISA test that
uses protein-protein interactions to detect the presence of anti-SARS-CoV-2
Spike protein neutralizing antibodies in serum samples (cPass™ SARS-CoV-2
Neutralization Antibody Detection Kit, GenScript; Jung et al., 2021). The
experimental conditions (samples and SARS-CoV-2 variants) were the same
tested in MNA. Serum samples were diluted 1:10 before incubation with the
recombinant RBD of the Spike protein of the VOC of interest, conjugated with
horseradish peroxidase, (RBD-HRP) in a 96WP at 37°C for 30 min. Calibration
curves and positive and negative controls were included in each plate. Next, the
serum — RBD-HRP mixtures were moved to the ACE2-coated ELISA microplate
and left in incubation to let the free RBD-HRP bind the fixed ACE2 protein at
37°C for 15 min. After washing, TMB solution was added, and the microplate
was read using an Enzo Absorbance 96 Plate reader (Byonoy). The antibody titre
and the percentage of neutralization were calculated according to the

manufacturer’s instructions.

3.9. Flow cytometry analysis

Flow cytometry data acquisition was performed using FACS Fortessa LX-20
(Beckman Dickison) at the Centro Piattaforme Tecnologiche, (Verona, Italy), in
collaboration with Dr. G. Finotti. HEK293T/A2 cells were infected with PVs of
Wuhan and Omicron BA.5 PVs. Untreated (UT), incubated with phorbol
myristate aspartate (PMA) and cells infected with VSV-G PVs were used as
controls. 1*10° target cells were incubated with PVs in a 48WP for 6 and 12 hours
before detachment with 5 mM EDTA in PBS 1X. PVs were washed out at 3 hours
after the beginning of incubation by replacing the culture medium with fresh
cDMEM. Infected cells were washed twice with FACS buffer (PBS 1X with the
addition of EDTA 2mM, FBS 2%), by centrifugation at 600 x g for 5 min at RT.
Cells were incubated with fluorescent dye-labelled antibodies for 25-30 min, at
+4°C, in the dark. After washing the cells with FACS buffer, the samples were
fixed by incubating them in the presence of paraformaldehyde (PFA) 1%

(420801, BioLegend), for 10 min, at +4°C, in the dark. Next, cells were washed
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twice with FACS Buffer and resuspended with FACS buffer before analysis. The
antibodies and dyes employed for labelling the cells are listed as follows: mouse
anti-hACE2-PE (10108-MM36-P, SinoBiological); mouse anti-hADAM17-APC
(NBP2-12018APC, NovusBio); LIVE/DEAD Fixable Near-IR Dead Cell Stain
kit (L34975, Thermo Fisher Scientific).

3.10. microRNA extraction and Real-Time — quantitative PCR

The method for miRNA extraction from serum was adopted from a previous
protocol (Khoury et al., 2014) and adapted to the available volume of serum from
each sample. Briefly, total RNA from serum samples was extracted using TRIzol-
LS reagent (10296010, Thermo Fisher Scientific). For miR-28-3p
downmodulation experiments, infected cells were treated with Trizol for total
RNA extraction, in parallel with flow cytometry experiments. Total RNA was

isolated using TRIzol reagent (15596026, Thermo Fisher Scientific).

In both experiments, total RNA was copied to double-strand DNA (cDNA) using
TagMan™ Advanced miRNA cDNA Synthesis Kit (A28007). Circulating miR-
155-5p (ID 483064 mir), miR-148a-3p (ID 477814 mir) and miR-28-3p (ID
477999 mir) levels (A25576, TagMan™ Advanced miRNA Assay) were
measured via RT-qPCR (4444556, TagMan™ Fast Advanced Master Mix for
qPCR, Thermo Fisher Scientific). Each sample was measured in triplicate and the
relative expression of miRNAs of interest was normalized to miR-191-5p (ID

477952 mir) (Peltier and Latham, 2008).

3.11. Statistical analysis

For PVNA assays, the non-parametric Wilcoxon Test was applied to compare
paired neutralization data overtime. For comparing different populations (PI vs.
Naive, M vs. F, etc.) non-parametric unpaired Mann-Whitney test was employed.
The correlation of neutralization capacity vs. IgG-S titre and neutralization vs.
age were calculated using Spearman’s correlation test. The non-parametric
Wilcoxon Test was also applied to compare the paired data obtained from MNA
and cPass assays. Linear regression was performed to analyse the output of

serological assays.

For Flow Cytometry analyses, FACS data were gated using Flow Jo 10 (Becton
Dickinson). The gating strategy is presented in Fig. 8. The median number of the
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ACE2-positive (ACE2+) cell populations was calculated. For identifying the
ADAMI17-positive (ADAMI17+) populations, the median number of the
unstained, auto-fluorescent population was subtracted from the ADAM17+ cells
to calculate the actual ADAM17+ cells. For miRNA assays, the expression levels
were normalized to miR-191-5p expression using the 2249 method. FACS
expression and miRNA expression data were analyzed via unpaired t-test with
Welch’s correction and one-way ANOVA with Brown-Forsythe and Welch’s
tests in GraphPad Prism 10.
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Figure 8. Dot plots and one histogram representing the gating strategy applied throughout the
flow cytometry experiments. The viable HEK293T/A2 cells (labelled as Live/Dead-negative
population) were first gated and the singlets population were filtered. Once these have been
identified, the ACE2+ and ADAMI17+ cells were gated, and median numbers were analysed. To
separate and distinguish the actual ADAMI17+ population, ADAMI17-unstained (light grey),
unstimulated (light blue) and PMA-stimulated (red) populations were overlapped (see the dot plot
and the histogram).
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4. RESULTS
4.1.1. Population data

17 HCWs from the University of Verona were enrolled in this study. The subjects
were vaccinated with the third booster dose (BNT162b2 or mRNA-1273) 72
weeks (T3) after receiving the first dose. The subsequent samples were collected
4 weeks (T4) and 17 weeks (T5) after the booster dose injection. The 76% of
subjects received the BNT162b2 vaccine. The participants were mainly males
(53%). The mean age was 51 years (range = 25 — 65 yo). 3/17 subjects (18%)
were previously diagnosed with SARS-CoV-2 infection via antigenic or PCR-
based test at least once before the administration of the third dose. 1/17, supposed
negative to the antigenic/molecular tests, resulted positive for anti-nucleoprotein
(anti-N) IgG at the time of administration of the vaccine, and was therefore
included in the previously infected (PI) HCW group (PI = 4/17). One participant
of the PI group was IgG-N — negative at T3 and T4, but positive at T5.

4.1.2. The third booster dose stimulates the production of neutralizing IgG-
S against the SARS-CoV-2 Omicron variants

PVNAs are progressively gaining importance in the evaluation of neutralizing
activity of serum since this methodology is comparable to the tests based on the
real virus (Cantoni et al., 2023b). In this part of the study, PVNAs were performed
to test the trend of neutralizing activity of serum samples before (T3), 1 month
(T4) and 4 months (T5) after the HCW received the booster dose. The SARS-
CoV-2 VOCs were selected based on the emergence at the time of vaccination
and the subsequent collection of serum samples (Omicron BA.1 and BA.2) or
later (BA.4/5 and BA.2.75), to evaluate whether the booster dose could have
stimulated strong immune responses also against the latter variants. In parallel,
anti-S (RBD) (Wuhan) IgGs were measured at the three timepoints. All the
subjects developed significantly high levels of IgGs-S (T3 vs. T4, p<0.0001; T4
vs. TS5, p<0.0001; T3 vs. T5, p<0.0001). The titre of antibodies was almost halved
at T5 (mean T4 = 532.8 BAU/mL; mean T5 =249.2 BAU/mL) (Fig. 9).
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Figure 9. Overtime IgG-S titres and neutralizing activity against SARS-CoV-2 variants (before-
after plots). Overtime analysis of IgG-S titres and IC50 results against the original Wuhan strain
and Omicron VOCs BA.1, BA.2, BA2.75 and BA.4/5 after administration of the booster dose. IgG-
S titres were measured using the SARS-CoV-2 IgG Il Quant Assay (Abbott). The neutralizing
activity rate was measured via PVNA. The non-parametric Wilcoxon test was applied for statistical
analysis. Blue dots: naive; ed dots: PI; T3: before administration; T4: one month after

administration, T5: four months after administration of the booster dose.
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PVNAs revealed that all the subjects produced nAbs (T3 vs. T4, Wuhan
p<0.0001, BA.1 p<0.0001, BA.2 p=0.00029; BA.4/5 p<0.0001, BA.2.75
p<0.0001). 4 months after the booster, the neutralization levels waned (T4 vs. TS5,
Wuhan p=0.0032, BA.1 p=0.0001, BA.2 p=0.0003; BA.4/5 p=0.0003, BA.2.75
p<0.0001), resulting in a halving of the median IC50 (T4 vs. TS5, Wuhan 3664 vs.
2398; BA.1 1269 vs. 550,5; BA.2 2517 vs. 1617; BA.4/5 1993 vs. 843,9; BA.2.75
2559 vs. 1210). Subjects who contracted the virus before receiving the booster
dose showed higher IC50 levels (previously infected, red dots) (Dalle Carbonare
et al., 2021; Siracusano et al., 2022). The comparative analysis of Naive vs.
Previously infected subjects highlighted that the presence of the infection in the
clinical history of the subject confers an advantage in protection against further
infections (Fig. 12). Unfortunately, no further collections of serum were
performed after 4 months after vaccination due to the withdraw of subjects. This
result is a bias in the evaluation of protection against the variants that emerged

later in 2022 (BA.4/5, BA.2.75).

4.1.3. Sex and age could influence the antibody titre and neutralizing activity

IgG-S titres and IC50 responses were compared based on sex and age. No
significant differences were observed, although males generally displayed higher
median titres (M vs. F at T4; Wuhan, 3724 vs. 3642; BA.1, 1802 vs. 846,3; BA.2,
2692 vs. 2370; BA.2.75, 3350 vs. 2317; BA.4/5, 1993 vs. 2011; M vs. F at TS,
Wuhan, 3417 vs 1495; BA.1 550,5 vs. 513; BA.2 1850 vs. 1574; BA.2.75 1323
vs. 1094; BA.4/5 1578 vs. 808,1) (Fig. 10). Also, correlation analysis of either
IgG-S (RBD) or IC50 vs. age revealed no direct correlation, although the older

population showed lower IgG-S titres and neutralization activity (Fig. 11).

4.1.4. IC50 is proportional to IgG-S titres before and after vaccination

IgG-S (anti-Wuhan S-RBD region) in serum samples of the 17 subjects at the
three timepoints were quantified and the titres were correlated with the
neutralizing activity against the Wuhan and Omicron VOCs PVs. A direct
correlation was observed before the administration of the third dose (T3)
(p<0.0001) for all the VOCs in the analysis. A significant correlation was also
observed at T4 for VOCs Wuhan (p=0.0436) and BA.1 (p=0.024), whereas it was
lost when analysing the BA.2 (p=0.355), BA.2.75 (p=0.0642) and BA.4/5 VOCs

(p=0.5486). A direct correlation was observed for Wuhan (p=0.0111), BA.1
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(p=0.012), BA.2.75 (p=0.0111) and BA.4/5 (p=0.03) at T5. Also, it was apparent
that the range of IC50 expanded as the titre of antibodies against the RBD region

did not vary at the second serum collection (Fig. 13).
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Figure 10. Comparison of the IgG-S titres and IC50 against the major SARS-CoV-2 VOCs

between the male and female populations (before-after plots). IgG-S titres were measured using
the SARS-CoV-2 IgG II Quant Assay (Abbott). The neutralizing activity rate was measured via
PVNA. The non-parametric Wilcoxon test and unpaired Mann-Whitney test were applied for
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statistical analysis. Blue dots and lines: male; red dots and lines: female; T3: before

administration; T4: one month after administration, T5: four months after vaccine administration.
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Figure 11. Spearman’s correlation analysis between IgG-S or IC50 against age (dot plots). The
analysis suggests a negative trend that associates specific antibodies and neutralizing activity with
increasing age. Blue dots: naive; red dots: PI; T3: before administration: T4: one month after

administration; T5: four months after administration.
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4.1.5. Infections before vaccination could confer a better long-term

protection against emerging variants

The literature reports that exposure to the pathogen before or after vaccination
results in a stronger, more durable protective response against subsequent VOCs
(Ruggiero et al., 2022). Therefore, investigating the effects of hybrid humoral
immunity could contribute to understanding long-term immunity. The
comparison of PI vs. N individuals after vaccination is shown in Fig. 12. No
significant differences in the production of RBD-specific IgGs were observed
between the two groups after the vaccination. Different titres were observed
before vaccine administration (Fig. 12, IlgG-S(RBD) N vs. PI at T3, p=0.01319).
The neutralizing activity at T3 against all tested variants displayed a similar trend
(IC50 of N vs. PI at T3, Wuhan, p=0.02269; BA.1, p=0.02185; BA.2,
p=0.009664; BA.2.75, p=0.036655; BA.4/5, p=0.02101), which was also
maintained at 17 weeks after vaccination against some Omicron VOCs (N vs. PI

at TS, BA.1, p=0.01008; BA.2, p=0.0319, BA.4/5 p=0.001681).

4.2. PNVA is comparable to MNA and in vitro ELISA assays

12 among the 17 HCWs were selected to perform cell-based (MNA) and cell-free
(cPass) serological assays for comparative analyses. All the tests revealed that a
significant difference existed one month (T3 vs. T4; PVNA, p=0.0015; MNA,
p=0.00098; cPass, p=0.00048) and 17 weeks (T3 vs. T5; PVNA, p=0.012; MNA,
p=0.00098; cPass, p=0.00048) after the vaccination. None of the assays reported
significant differences between T4 and T5 (Fig. 14).
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Figure 12. Comparison of I1gG-S titres and IC50 between PI and N subjects (before-after plots).
The exposure to the virus results in a higher neutralizing activity. IgG-S titres were measured using
the SARS-CoV-2 IgG II Quant Assay (Abbott). The neutralizing activity rate was measured via
PVNA. The non-parametric Wilcoxon test and unpaired Mann-Whitney test were applied for
statistical analysis. Blue dots and lines: naive; red dots and lines: PI; T3: before administration;

T4: one month after administration; T5: four months after vaccine administration.
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Figure 13. Dot plots representing Spearman’s correlation analysis between the 1gG-S titres vs.
the neutralizing activity IC50. A direct correlation is observed considering the Wuhan original
strain, Omicron BA.1 and BA.2.75 at all timepoints. For Omicron BA.2 and BA.4/5, a direct
correlation is observed before and four months after the vaccination. Blue dots: naive; red dots:
PI; T3: before administration; T4: one month after administration; T5: four months after vaccine

administration.

34



A PVNA B MNA

0.01221 0.0009766
—pve |  ———ry—
05186 0.4844
0001465 —————— 0.0008766 ———————
10000 — 1500 —
< o
8000 ®
< 1000
g 6000 2
e ]
2 4000 0g 0eC® = o 200
Q . O¢c 500
L [ E—
2000- p . #880C00 [ NoXe]
— o
Olg c|o
ol . S o _Eg_n 2 e CIQ
T3 T4 TS T3 T4 T
(5 cPass (nAbs titre) D cPass (% of Neutralization)
0.0004883 0.0004883
| T — |
02036 ! 0.07422
00004883 ————— 00004883 ———————
10000 —
2
= S 100
w 8000 . ) a - ] fesazc =2 i3] W
& igoee  O3eg050 s
o c
2 6000 g
- E)
z . £
3 4000 - 50
o ole £
E 2
T 2000 s
=
0 & T T 0 & T
T3 T4 T5 T3 T4 T

Figure 14. Dot plots comparing the results obtained from serological assays. A reduced number
of subjects (n=12) was tested because of practical reasons. PVNA (4), MNA (B), titration of nAbs
using cPass (C), and calculation of the percentage of neutralization using cPass (D). Statistical
analysis was carried out by applying the non-parametric Wilcoxon Test. Black circles: PI; white
circles: naive; T3: before administration; T4: one month after administration; T5: four months

after administration.

>
w

10000

-
o
=3

g p< 0.0001 g | p<0.0001
o
ICA - .. C2
= £ o?o%@ Q.07 % =
g o . §1°°‘Om°@9¢m T 000.®
£ 50004 H
= °© [4
E 0.-0 ; 504
0 N
< P H
[ 0 T T T T 1 = 0 T T T T 1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
IC50 (PVNA) 1C50 (PVNA}
C
15004
p<0,0001
o
1000+
e
Ed
4
= 00
500 ) »
o o oEol o o
[Rsee]
0885 0% R — r )
] 2000 4000 6000 8000 10000
1C50 (PVNA)

Figure 15. Dot plots representing the correlation analysis of cumulative results obtained with
different serological assays. nAbs titres (cPass) vs. PVNA (4), percentage of neutralization (cPass)

vs. PVNA (B), PVNA vs. MNA (C). Linear regression analysis was performed.
35



4.3. Circulating miR-155-5p and miR-148a-3p are altered in vaccinated
subject

miR-155-5p and miR-148a-3p have been reported as critical participants in the
onset of strong humoral immunity in COVID-19 patients (Giannella et al., 2022;
Kassif-Lerner et al., 2022; Y. Liang et al., 2023; Miyashita et al., 2022).
Therefore, they could be involved in the production of Spike-specific nAbs. The
expression levels of miR-155-5p and miR-148a-3p were normalized to the
expression levels of circulating miR-191-5p. 17 serum samples from
unvaccinated, naive subjects were used as control (CTRL) (Fig.16).

While miR-191-5p was detected in all the subjects except for 1/17 in group T3
and 2/17 in the CTRL group, unfortunately, only a few, unpaired samples (CTRL:
5/17,T3:5/17, T4: 4/17; T5: 6/17) showed clear detection of miR-155-5p. As for
miR-155-5p, miR-148a-3p was detected in a few, unpaired samples (CTRL:
12/17, T3: 13/17, T4: 10/17, T5: 15/17). This dataset was not sufficiently large
to support my thesis. More samples need to be collected and tested. The median
detection cycles (Cq) of RT-qPCR are shown in Fig.16 (A, B, and C). The
unpaired analyses of quantitative cycles (Cq) revealed no differences when
comparing the different groups (CTRL vs. T3, CTRL vs. T4, CTRL, vs. T5, T3
vs. T4, T4 vs. TS5, T3 vs. TS) expressing miR-155-5p or miR-148a-3p, although
both appear reduced over time. For miR-191-5p, significant differences in the
median Cq were observed when performing unpaired comparisons and paired

comparisons of CTRL vs. TS5 (p=0.0442) and T4 vs. TS (p=0.011), respectively.
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Figure 16. Bar plots of the circulating miRNAs analysis. The quantitative cycles (Cq) of miR-
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(E) normalized expressions are shown as bar plots. The non-parametric Wilcoxon and Mann-

Whitney tests were performed to compare the miRNA expression levels.
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Figure 17. Spearman’s correlation analysis of miR-148a-3p to IC50 (Wuhan) (dot plots). The
correlation of the expression levels of miR-148a-3p is reported against the titre of IgG-S (A) and
the neutralizing activity against the original Wuhan strain (B), Omicron BA.1 (C), BA.2 (D),

BA.2.75 (E), and BA.4/5 (F).
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The correlation between IC50 or IgG-S titre vs. miR-155-5p was impossible, due
to the small amount of data. Nonetheless, Spearman’s correlation of miR-148-3p
with IC50 or IgG-S revealed an inverse association with the IgG-S titre at TS
(p=0.01158), with neutralizing activity against BA.1 at T3 (p=0.0473) and T5
(p=0.0286), against BA.2 ay T4 (p=0.0438), against BA.2.75 at TS5 (p=0.0122)
(Fig. 17).

4.4. SARS-CoV-2 PVs alter the expression of miR-28-3p

miR-28-3p has been identified as a major responsible for ADAM17 upregulation,
with consequent ACE2 shedding, during SARS-CoV-2 infection (Xu and Li,
2021). Previous data on SARS-CoV showed that the incubation of ACE2-
expressing cells with SARS-CoV PVs for 12 hours was sufficient to induce the
reduction of ACE2 in cell isolates in Western Blot analyses (Haga et al., 2008).
The same effect was not observed during the incubation with VSV-G PVs.

A preliminary experiment showed that the incubation with SARS-CoV-2
(Wuhan) for 6 hours induced a significant reduction in the relative expression of
miR-28-3p (p=0.005601) in comparison to the control (UT, untreated) cell
sample (Fig. 18). The same effect was not observed in the presence of VSV-G
PVs. Although the expected effect was detected at 6 hours, the prolonged
incubation (12 hours) with both the PVs caused a rise in the relative expression

levels of miR-28-3p.

0.005601
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miR-28-3p expression
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N UT B VSV-G B Wuhan

Figure 18. Bar plots showing reduced miR-28-3p expression after incubation with SARS-CoV-2
PVs. miR-28-3p expression is significantly reduced when incubating CoV-2 PV for 6 hours (red
bars). No alteration is induced by VSV-G (green bars). Higher expression is detected at 12 hours
of incubation (UT, untreated; control sample). The unpaired t-test with Welch’s correction was

applied.
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4.5. ACE2 and ADAM17 expression levels after incubation with SARS-
CoV-2 PVs

Previous studies demonstrated that A) ACE2 is shed from the cells surface of
cells incubated with the RBD of SARS-CoV Spike or its lentiviral PVs (Haga et
al., 2010, 2008), or the RBD of SARS-CoV-2 Spike, B) the simultaneous
ADAMI17 upregulation is responsible for sACE2 release, C) miR-28-3p
contributes to this pathway (Xu and Li, 2021). To verify whether this mechanism
occurs in the presence of SARS-CoV-2 PVs, HEK293T/A2 cells were incubated
with Wuhan and Omicron BA.5 PVs for 6 and 12 hours, and the population
expressing ACE2 and ADAM17 were analysed via FACS. The incubation of the
cell line with phorbol-myristoyl aspartate (PMA) for 5-10 min was included as a
control for ADAM17 upregulation (Lambert et al., 2005; Lorenzen et al., 2016).
VSV-G PVs were also introduced as a control.

No alteration in the median number of ACE2+ cells was detected at 6 hours of
incubation. A slight reduction of ACE2+ cells was observed after incubation with
BA.5 PVs after 12 hours when compared to the untreated (UT) cell sample. A
modest increase, although non-significantly different in comparison to the control
(UT), was detected when the incubation with VSV-G and Wuhan PVs,
respectively, occurred (Fig. 19A). The simultaneous detection of ADAMI17
revealed a slight increase in the median number of ADAMI17+ cells incubated
with Wuhan PVs at 6 and 12 hours. The same effect was not detected for BA.5
and VSV-G at 6 hours of incubation. Conversely, the incubation with the BA.5
variant produced a visible reduction, although not significant, of ADAM17+ cells
(Fig. 19B). Simultaneously, a duplicate of the same experiment was performed
to extract total cellular RNA and measure miR-28-3p expression. A significant
reduction in the relative expression levels of miR-28-3p was observed after 6
hours of incubation with the Wuhan PVs (p=0.01984) (Fig. 19C). No alteration
was observed during the incubation with either VSV-G or Om BA.5, although
the latter being visibly reduced. Surprisingly, a large increase of miR-28-3p was
observed for all the incubation conditions at 12 hours.

Correlation analysis of miR-28-3p expression with ACE2+ or ADAM17+ cells
after incubation with SARS-CoV-2 Wuhan and BA.5 PVs and VSV-G PVs at 6

and 12 hours are represented in Fig. 20. No significant correlation was detected.
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Figure 19. Bar plots representing the alteration of ACE2, ADAM17 and miR-28-3p after
incubation with SARS-CoV-2 PVs. ACE2+ median (4), ADAM17+ median (B) cell number, and

miR-28-3p expression levels (C) are shown after 6 and 12 hours incubation with SARS-CoV-2
Wuhan (red bars), Omicron BA.5 (blue bars) and VSV-G PVs (green bars). Untreated (UT) (black
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bars) and PMA-treated (PMA) (grey bars) are considered controls. Unpaired t-test with Welch’s

correction and one-way ANOVA with Brown-Forsythe and Welch’s were applied.
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Figure 20. Dot plots representing the correlation analysis of miR-28-3p expression levels against
the median number of ACE2+ or ADAM17+ cells after 6 and 12 hours incubation with VSV-G,
SARS-CoV-2 Wuhan and Omicron BA.5 PVs. No significant correlations were observed.
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5. DISCUSSION

5.1. The use of pseudotyped viruses in COVID-19 research

Since the beginning of my PhD course, I studied SARS-CoV-2 PVs, and the
research experience abroad directly impacted my knowledge and my skills on this
topic to adapt protocols for different applications. I explored different
applications of SARS-CoV-2 PVs to study virus-cell surface interactions.

The technology of PVs offers advantages over other methods: PVs mimic the
external surface of the real, enveloped virus interacting with the target cell; PVs
are non-autonomously replicating; their infection rate can be measured; PVs
require only biosafety level 2 (BSL2) containment conditions; the external
glycoprotein can be easily switched to study different variants (Cantoni et al.,
2023b; Carnell et al., 2015; Di Genova et al., 2021; Fantoni et al., 2023;
Temperton, 2009b).

Several PV packaging systems exist (Tan et al., 2023; Xiang et al., 2022),
including rhabdovirus-based (VSV-AG), lentiviral (HIV-1), and retroviral
(MLV) platforms. Among these, lentiviral PVs are the preferable choice, since
they are easily handled, highly replicating and more accessible. A major
limitation to the use of PVs is that only enveloped viruses can be studied (Cantoni
et al., 2023b; Xiang et al., 2022).

The critical step in the setup of different protocols and comparable results was
the generation of SARS-CoV-2 permissive cell lines. The overexpression of
ACE2 was necessary for the entrance of the PVs; infectivity rates were enhanced
when the priming protease TMPRSS2 was overexpressed (Fig. 5) (Hoffmann et
al., 2020b). Also, different SARS-CoV-2 variants showed different infectivity
rates using the same permissive cell line (Fig. 6).

PVs have multiple applications, that include the investigation of direct
receptor/coreceptors — viral glycoprotein interactions and drugs and monoclonal
antibody discovery. Still, the principal application of PVs is the serological assay
(PVNA) to measure the neutralizing rates of infected and/or vaccinated subjects
(Li et al., 2018; Tan et al.,, 2023; Xiang et al., 2022). PVs have superior
applications over other serological assays. MNA, a cell-based serological assay
that uses the real virus of interest, requires highly trained and skilled personnel,
a suitable and certified facility, and the assay lasts 2 up to 7 days (De Rienzo et
al., 2021; Vergori et al.,, 2022). Alternatively, enzymatic cell-free assays
overcome the necessity of a certified facility, and everyone with basic laboratory
training can perform them. However, the model of the interaction is reduced to

only the receptor and the viral protein. The cPass assay presented here uses only
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the RBD-ACE2 interaction, further reducing the actual full-length viral
glycoprotein-cell surface interaction (Jung et al., 2021).

Thus, PVs in the PVNA overcome several of these major issues: PVs allow for
investigating both S1- and S2-targeting nAbs; PVs are produced and titred in less
than two weeks and they are reproducible; PVs are easier to control, since their
design prevents from accidental spread/spillover, reducing the risks of handling
real viruses (Millet et al., 2019). Also, a recent study established that the results
obtained from PVNA are comparable to those of the gold-standard MNA
(Cantoni et al., 2023b).

Still, the major hurdle of SARS-CoV-2 PVs is the timeline for the results, as
compared to cell-free assays. A period from 24 up to 48 hours is necessary to
obtain the readout of the tests. To date, some systems that allow for automatic
PVNA (Z. Liang et al., 2023) are being developed and commercialized. However,
these platforms could be inaccessible to most laboratories due to the cost of
purchase and maintenance. Strategies that could overcome this problem are the
coupling of techniques that quantify biomarkers of the immune response.

This thesis also aims to show the use of SARS-CoV-2 PVs to investigate
molecular processes that are initiated by the virus-cell interaction, since previous
studies showed the possibility of studying the effects of intracellular or surface
host factors that are initiated by the virus protein and cellular target interactions

(Li et al., 2018).
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Figure 21. Graphical representation of the projects presented in this thesis. On the left, the

summary of the analysis of the humoral immunity. Three serum samples were collected from
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subjects receiving the third anti-SARS-CoV-2 vaccine. Samples were collected before (T3), one
month (T4) and 4 months (T5) after the administration. Antibodies were quantified using CMIA
assay or cPass assay. The potency of neutralizing antibodies was measured via MNA and PVNA.
RT-qPCR for measuring circulating miRNAs involved in nAbs production was also performed. On
the right, PVs of SARS-CoV-2 variants were used to analyse the role of miR-28-3p in regulating
the expression of cell surface ADAM17 and ACE2. (Created with Biorender).

5.2. The efficacy of anti-SARS-CoV-2 third vaccination

At the end of 2020, innovative vaccine technologies were available for mass
vaccination against SARS-CoV-2. Two platforms were mainly distributed in
Italy: the mRNA-based and the adenoviral-based ones. The programme required
the administration of two doses to sustain full protection against the virus
(Zamagni et al., 2022). Simultaneously with the initiation of the vaccination
programme, new SARS-CoV-2 variants, such as the Alpha and Beta VOCs, were
already emerging (Stefanelli et al., 2022). The subsequent Gamma and Delta
VOCs, and lately the subfamily of Omicron, showed increased escape rates,
posing a new threat to the population, especially the elderly and more fragile
people (La Rosa et al., 2022). The monitoring of the effective protection against
new VOCs stimulated by the vaccine was essential for evaluating how to proceed
with the vaccination. It appeared necessary to boost the immunity with a third
dose to re-establish sufficient protection rates (Feikin et al., 2022).

A particular focus was dedicated to the humoral neutralizing immunity, which
employs nAbs to block the onset of the infection by binding to the neutralizable
sites on the Spike protein (Srinivasan et al., 2016). Nonetheless, vaccine-
stimulated nAbs naturally decay after a few months, increasing the risk of
recurrent infections (Levin et al., 2021; Morales-Nufez et al., 2021;
Selvavinayagam et al., 2022).

A major part of my PhD project involved the setup, optimization, application and
analysis of the technology of pseudotyped viruses to investigate the stimulation
of the third booster dose. The data on the neutralizing activity against SARS-
CoV-2 PVs in people receiving the third booster dose was presented in this thesis.
Serum samples from 17 HCW volunteers were screened for IgG-S, IgG-N and
neutralizing activity against the original SARS-CoV-2 strain and the Omicron
variants, circulating early before and later during the vaccination follow-up.
Serum samples were collected at the time of administration, four weeks and
seventeen weeks after receiving the third booster vaccine. Since some of these

HCWs participated in another project which investigated the effects of the first
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two doses, the time of sample collection was referred to as T3, T4 and TS (Dalle
Carbonare et al., 2021). The studies on the first and second doses mainly focused
on the trend in the generation of IgM-S and IgG-S in naive and PI subjects. It was
reported that the presence of [gM-S immediately after vaccination and high titres
of IgG-S are associated with stronger and prolonged protection (Dalle Carbonare
et al., 2021; Piubelli et al., 2023; Ruggiero et al., 2022). In this study, only 2/17
subjects developed new Spike-specific IgM-S. All the participants produced IgG-
S, showing that the booster vaccine still stimulated specific immunoglobulins.
IgG-N were monitored to verify the presence of previous exposure to the virus.
4/17 experienced infection before the booster administration; one of these
experienced a second infection between the second (T4) and the third (T5) sample
collection.

The PVNASs revealed that some participants showed neutralizing activity against
the analysed VOCs (16/17 against Wuhan, 8/17 against BA.1, 11/17 against
BA.2, 8/17 against BA.2.75, 9/17 against BA.4/5) before receiving the booster
dose. All the HCWs reacted positively to the vaccine, showing the blockade of
all the analysed VOCs. These results confirm that the subjects were protected
against variants that emerged after the vaccine administration. However, one
subject has never shown efficient neutralizing activity only against BA.4/5; it
would be interesting to study what factors are involved in the missing reaction to
the vaccine. By comparing the neutralizing activity against Wuhan and Omicron
VOCs, Wuhan was the best neutralized one (as expected, since the vaccine was
designed on the original strain) (Girl et al., 2024). Interestingly, the Omicron
BA.2, BA.2.75 and BA.4/5 were better neutralized than the Omicron BA.1. A
similar result was obtained in another study (Hvidt et al., 2022). Both BA.2.75
and BA.4/5 originated from BA.2 (Chavda et al., 2023). Thus, one possible
explanation is that PI subjects in this study contracted the BA.2 VOC, resulting
in a higher, average protection level against the most recent variants. The halving
of the median IC50 within 4 months after the vaccine administration was an
observed trend (Brisotto et al., 2021). Unfortunately, none of the subjects donated
other samples at 8 or 12 months to monitor the rate of loss of the neutralizing
activity.

The measure of IgG-S and the corresponding neutralizing activity was another
main topic of this thesis, since a direct association has been previously confirmed
(Dalle Carbonare et al., 2021; Grunau et al., 2022; Tran et al., 2022). The
Spearman’s correlation analysis revealed that a direct correlation between IgG-S

and IC50 existed before (T3) and 4 months (T5) after the booster dose for all the
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variants, except for BA.2 (Fig. 13). A direct association between IC50 and the
titre of IgG-S was observed at T4 only for Wuhan and BA. 1. This effect could be
attributed to the infected subjects that contracted the BA.2 VOC, as speculated
above, although the literature reported the strong association between the titre of
IgG-S and neutralization against multiple variants (Dalle Carbonare et al., 2021;
Higashimoto et al., 2022).

The female population produced higher IgG-S antibodies in comparison to males
after vaccine administration in a study from 2023. Only the antibody titres were
analysed, excluding the neutralizing activity (Piubelli et al., 2023). In this thesis,
sex did not influence either the production of specific antibodies or the protection
level. The same study (Piubelli et al., 2023) also revealed that the proportion of
IgG-S produced by the older population was generally lower if compared to the
younger population. Similarly, Spearman’s correlation analysis of neutralization
capacity vs. age suggested that the elderly population struggles in producing and
keeping highly neutralizing antibodies, although all the PI in these studies sat
above the median age (> 51 yo). To sustain this assertion, the only subject that
never developed nAbs against BA.4/5 aged 62 yo. Yet only one case is
insufficient.

A major active debate in the literature is the previous exposure to SARS-CoV-2
infection, which guarantees prolonged protection (Crotty, 2021; Dalle Carbonare
et al., 2021; Salgado et al., 2023). Generally, PI subjects produced higher median
titres of IgG-S and average stronger neutralization against Omicron BA.1, BA.2
and BA.4/5 at TS, whereas no difference was observed against the BA.2.75. This
could be attributable to the longer evolutionary distance of BA.275 from Wuhan,
in comparison to the other Omicron VOCs in analyses. Since the number of PI
(n=4/17) was insufficient, it was difficult to appreciate the immunological
advantage of PI over the naive population.

Because of the natural waning of antibodies after the third booster dose, the
international health organizations established to administer a fourth, and possibly
a fifth booster, to induce better protection (Della Polla et al., 2023). A very recent
study found that: A) both the PI and Naive populations suffer from the initial
waning of the protective antibodies, B) the recurrent booster vaccination in the
naive group raises the setpoint of specific antibody titres as high as those of PI,
and C) a long-term stabilization of the specific antibodies exists in both groups
(Srivastava et al., 2024).

The main limitation of this study is the limited number of enrolled HCWs, which

is not sufficient to appreciate the multiple characteristics of the population.
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5.3. Serological assays give similar readouts

In this study, the comparison of cell-based (MNA and PVNA) and cell-free (the
cPass assay by GenScript) serological assays was tested. The characteristics of
the single assays are commented on in paragraph 1.3.2. The advantages and
limitations of the methods were also commented on in paragraph 5.1.

After the PVNAs were performed, I compared the obtained results to validate the
use of PVNA over the other methods. A restricted number of subjects has been
tested for the gold-standard MNA and the cell-free serological assay cPass.
Correlation analyses revealed that all three methods efficiently detect the
neutralizing activity with comparable results (Fig. 15) (Hemken et al., 2023;
Narasimhan et al., 2021; Takahashi et al., 2023). Moreover, the cPass assay both
measures the titre of nAbs and the percentage of neutralization by applying a
conversion formula.

Still, the cell-based assays suffer from the cell growth required to obtain the
readout. On the contrary, the cPass assays give results in a few hours. Although
this is advantageous, it fails to distinguish the wide range of neutralization
activity that the cell-based assays provide. A potential strategy to improve the
cell-free assay readout and shorten the time required for the other two methods is
to couple the enzymatic assay with the measure of other biomarkers. In this sense,
circulating miRNAs offer a valid target to be implemented with serological

assays, as proposed in the following paragraph.

5.4. miRNAs involved in efficient neutralizing humoral immunity

Since the beginning of the vaccination program against SARS-CoV-2, several
studies investigated nAbs-mediated protection (Du et al., 2021; Nie et al., 2020).
By the time this thesis was written, the research interest in the third booster dose
faded because updated vaccines are available against the latest Omicron VOCs
(Abdoli et al., 2024). Focusing the research on other factors that could impact the
production and maintenance of nAbs could contribute to improving innovative
vaccine platforms with foresight on future pandemics and personalized
vaccination approaches.

Three decades passed since the first discovery of microRNAs (Lee et al., 1993)
and their role as biomarkers is gaining more importance for rapid diagnostic and
prognostic purposes, although the application in the clinical field is still limited

due to multiple factors (multifactorial nature of miRNAs, expression variability
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in the population, relative quantification) (Huang et al., 2011; Keller et al., 2017;
Tribolet et al., 2020). miRNAs are also found in the bloodstream and are therefore
called circulating miRNAs (Mitchell et al., 2008). Among the number of these
circulating miRNAs, many are also involved in immune system maturation and
activation, production of antibodies, and stable immune response (Wigton and
Ansel, 2021). Two microRNAs, miR-155-5p and miR-148a-3p, emerged as the
perfect object for this research (Y. Liang et al., 2023; Miyashita et al., 2022).
miR-155-5p is involved in several inflammatory processes during infections
(Gaytan-Pacheco et al., 2022; Jafarzadeh et al., 2021), including pulmonary viral
diseases (Woods et al., 2020; Wu et al., 2013). miR-155 is upregulated in
COVID-19 (Giannella et al., 2022; Molinero et al., 2022) and post-acute COVID-
19 patients for several days (Eyileten et al., 2022), specifically in PBMCs
(Abbasi-Kolli et al., 2022; Donyavi et al., 2021; Garg et al., 2021; Soni et al.,
2020) and in plasma (Gaytan-Pacheco et al., 2022). Another study (Gedikbasi et
al., 2022) found a descending trend in post-COVID-19 patients, in opposition to
the previous cited study. Since contradictory results were reported, it would be
interesting to further investigate the role of miR-155-5p in the disease, as it is
implied in the regulation of B cell activities (Thai et al., 2007), and potentially, it
could directly impact the production of nAbs.

As for miR-155-5p, miR-148a-3p is involved in proinflammatory processes
(Miyashita et al., 2022). It also participates in infectious diseases: miR-148a-3p
directly targeted the genome of SARS-CoV in a previous study (Mallick et al.,
2009). Murine miR-148a-3p is critical for B lymphocyte maturation and
activation and prevents apoptosis in B cells (Gonzalez-Martin et al., 2016;
Porstner et al., 2015; Pracht et al., 2021). A recent study found the upregulation
of miR-148a-3p in COVID-19 patients who required intensive care unit (ICU)
hospitalization (de Gonzalo-Calvo et al., 2021). The following works found a
direct association between the titre of specific antibodies and the modulation of
miR-148a-3p. First, upregulated miR-148a-3p from nasal swabs was correlated
with specific antibody titres in water buffaloes after vaccination against BuHV-1
(Lecchi et al., 2023). Secondly, a reduction of circulating miR-148a-3p was
inversely proportional to the titre of anti-Spike antibodies in vaccinated subjects
(Miyashita et al., 2022).

Given these studies, the investigation on the role of miR-148a-3p in modulating
the production and maintenance of nAbs, paired with that of miR-155-5p, could
be the first approach to establish a panel of immunologically relevant miRNAs

involved in the vaccination against SARS-CoV-2 and future SARS-related CoVs.
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I extracted the total circulating RNA from the serum of vaccinated people at the
three timepoints and performed RT-qPCR. I also selected a group of gender- and
age-matched subjects that never contracted the infection or received the vaccine
as a control. I chose miR-191-5p as a normalizer as it is one of the best validated
(Peltier and Latham, 2008). First, the non-parametric analysis showed a
difference in the quantitative cycle of miR-191-5p between the TS group and the
control group and between the T4 and TS5 groups. Possibly, miR-191-5p could be
involved in immune responses and vaccination, although it is usually considered
a biomarker of cancer or other diseases (He et al., 2015; Kudelova et al., 2022;
Vistbakka et al., 2017). A study published after I performed the experiments
found that miR-191-5p is downregulated in hospitalized COVID-19 patients
(Franco et al., 2024). An alteration could exist also after vaccination. The Cq of
miR-155-5p and miR-148a-3p did not differ over time. Unfortunately, miR-155-
5p could not be detected in the majority of the subjects. Despite repeating the
experiment starting from the RNA isolation, only 5 subjects were actively
expressing miR-155-5p. After normalization on miR-191-5p, miR-155-5p
expression appears altered over time, consistently with the aforementioned
studies. No difference in the expression emerged. Circulating miR-148a-3p also
was not detected in some samples. However, the plot in Fig. 16E shows an
increased expression level before the time of vaccination, decreased expression
at T4 and a slight increase at TS. Also, in this case, no differences that could be
attributed to the vaccine were found.

I performed Spearman’s correlation analysis to verify whether one of these
microRNAs could influence the antibody titre or the neutralizing activity. The
dataset of miR-155-5p was insufficient to perform the analysis. miR-148a-3p, on
the other hand, showed a significant correlation with the IgG-S titre at TS, and
with neutralizing activity against BA.1 at T3 and T3, against BA.2 at T4, against
BA.2.75 at TS. It appears that a direct correlation is present after vaccination, and
therefore it could be used as a suitable biomarker for effective vaccine response.
Yet, this could not be completely asserted because of A) the lack of a sufficiently
large number of samples, and B) the exclusion of PI subjects.

Although the data were insufficient, these preliminary results suggest that the
titration of nAbs coupled with the measure of circulating miRNAs, which are
involved in B cells processes, could be a valid method to monitor the neutralizing
immune responses against the virus. A larger number of target miRNAs is
necessary to validate a panel which is specific for anti-SARS-CoV-2 immunity

since both miR-155-5p and miR-148a-3p are among the first to participate in
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inflammatory responses (Tsitsiou and Lindsay, 2009). The major advantages of
this approach over the other methods presented in this thesis are that both the
miRNA and the cell-free serological assays give readouts in a few hours and that
containment conditions for handling PVs or real viruses are not required. Lastly,
this strategy can be applied to several other vaccines against other highly-

pathogenic viruses.

5.5. The role of miR-28-3p in the shedding of ACE2

COVID-19 induces the critical rise of SACE2 in the circulation of most severe
patients (Elemam et al., 2022; Kuba et al., 2005; Mariappan et al., 2022; Nagy et
al., 2021). This condition is comparable to the onset of several cardiovascular and
pulmonary diseases (Narula et al., 2020). Previous studies (Haga et al., 2010,
2008) on SARS-CoV showed the release of SACE2 is attributable to the direct
Spike-ACE2 contact. They found that the release is caused by ADAM17 and that
the cytoplasmic tail of ACE2 plays a critical role in the transduction of the Spike-
mediated signal. The shedding of ACE2 was abrogated when ADAMI17
inhibitors were used, or absent if using PVs of VSV-G or HCoV-NLG63, the latter
sharing the receptor with SARS-CoV and SARS-CoV-2 (Haga et al., 2010,
2008). Therefore, this mechanism could be one of the major participants in the
beginning of the most severe pathological state of SARS and COVID-19.
ADAM17 has been identified as the major responsible for ACE2 shedding in the
human organism. First, ADAM17 is constitutively releasing sACE2 to contribute
to exploiting its protective function (Lambert et al., 2005). Secondly, the
alteration of ADAMI17 activity has been studied in tumorigenesis and other
pathological processes (Calligaris et al., 2021; Saad et al., 2019; Yang et al.,
2021).

A study from 2021 (Xu and Li, 2021) found a potential third participant that could
be involved in the mechanism. The incubation of ACE2-overexpressing
HEK293T cells with Spike RBD of SARS-CoV-2 reduced the intracellular levels
of miR-28-3p and raised the expression levels of ADAM17 in 24 hours. Longer
incubation time would revert the process.

With a preliminary experiment, I replicated the reduction of miR-28-3p in HEK-
293T cells overexpressing after incubating the HEK293T/A2 cells with SARS-
CoV-2 (Wuhan strain) for 6 hours (Fig. 18). No differences were observed when

the same cell line was incubated with VSV-G. Therefore, this experiment

50



confirmed that a reduction of miR-28-3p is specifically induced by the SARS-
CoV-2 Spike protein.

This was the first evidence that PVs can be applied to study miRNAs if the
expected effect is directly mediated by the viral glycoprotein. The same result
was observed by repeating the experiment with Wuhan PVs and including a
second SARS-CoV-2 VOC, the Omicron BA.5. This VOC induced a reduction
of miR-28-3p expression after 6 hours. The Omicron subfamily uses an ACE2-
dependent/ TMRPSS2-independent entry pathway (Bruel et al., 2022; Pather et
al., 2023). Therefore, the reduction of miR-28-3p should be expected.

In parallel, FACS analysis of ACE2 and ADAM17 alternate regulation was
monitored with SARS-CoV-2 PVs (Wuhan and Omicron BA.S), using VSV-G
as a control. I chose flow cytometry because A) the process should occur at the
surface level, and B) previous studies used either total cellular extracts in WB
analysis or cytoplasm, membrane and extracellular protein isolates. Before
commenting on the results, it is worth mentioning that HEK293T cells have been
transduced to overexpress ACE2 and PMA was used to stimulate ADAM17
surface overexposure to facilitate the surface localization and its detection
(Lambert et al., 2005). In fact, in a previous study, they transfected HEK293 and
HeLa cell lines with the plasmid constructs of ADAM17 and incubated them with
PMA, because of the quick surface turnover of ADAM17 (Lorenzen et al., 2016).
The median number of ACE2+ cells after 6 hours of incubation with the PVs
(SARS-CoV-2 Wuhan and Omicron BA.5 variants, and VSV-G as control) did
not change. By prolonging the incubation time up to 12 hours, no significant
difference was detected. However, it appeared that the BA.5 PV could induce a
reduction of ACE2+ cells if visually compared to VSV-G and Wuhan incubated
samples.

For the analysis of surface ADAM17, 5-10 minutes of incubation of the cell line
with PMA increased the ADAM17-positive median population, as suggested by
a previous study (Lorenzen et al., 2016), and was therefore used as a control.
Moreover, PMA was capable of reducing miR-28-3p expression, although the
statistical analysis revealed no significant difference. ADAMI17 was lightly
overexposed on the surface of cells incubated with SARS-CoV-2 Wuhan PVs at
6 and 12 hours post-incubation. Interestingly, the BA.5 variant reduced the
number of ADAMI17-positive cells. Possibly, the altered entry pathway of
Omicron, compared to Wuhan, (ACE2-dependent/TMRPSS-2-independent)

stimulates different pathways that can induce the expression of other
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metalloproteases involved in ACE2-shedding, such as ADAM10 from the same
family of ADAM17 (Niehues et al., 2022).

I also performed the correlative analysis of the number of cells expressing the
two protein targets, ACE2 and ADAM17, with the expression levels of miR-28-
3p, which did not reveal any association.

Major issues and limitations, however, with these experiments are A) the
overexpression of ACE2 in HEK293T cells, which could alter intracellular signal
pathways, B) the low expression and the rapid turnover of ADAM17 on the cell
surface that result in difficult detection, C) the disproportionate increase of miR-
28-3p intracellular expression at 12 hours incubation with all the PVs, VSV-G
included. A study on HTLV-1 revealed that miR-28-3p directly binds to the
genome of the virus (Bai and Nicot, 2015). Possibly, miR-28-3p interacts with
the lentiviral vector introduced by the PVs. Also, this bias could be avoided by
adopting alternative PV packaging systems.

A piece of additional information to this study could be the analysis of the
transcription levels of ADAM17 and ACE2 following exposure to PVs. To date,
no study has produced such information. However, it could contribute to the
understanding of the differences that arise using different models.

Nonetheless, these are preliminary experiments that could contribute to the study
of this pathway using the model of PVs, which is more reliable than the use of a
recombinant, monomeric protein (Haga et al., 2010, 2008; Xu and Li, 2021).
From the biological point of view, this phenomenon appears as a first-line alert
mechanism against the impairment of the RAS system caused by SARS-CoV and
SARS-CoV-2. It is, in fact, well established that A) sACE2 has a protective role
in preserving the cardiovascular and pulmonary functions, B) the overall
circulating sACE2 setpoint is increased in cardiovascular (Sama et al., 2020) and
pulmonary diseases (Imai et al., 2005; Marshall et al., 2002). Thus, sACE2
displays a different function based on the levels of the circulating active form.
The fact that SARS-CoVs induce the shedding of ACE2, throughout the pathway
described above, represents a protective strategy that the organism adopts to
counterbalance the onset of the disease and preserve the cardiovascular and
pulmonary functions. However, with the worsening of the disease, the tolerable
sACE2 levels are surpassed, resulting in the opposite, destructive effect. This
could explain why acute and deceased COVID-19 subjects present high sACE2
levels in the circulation (Elemam et al., 2022; Kuba et al., 2005; Mariappan et al.,
2022; Nagy et al., 2021).
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To further sustain this hypothesis, it has to be noticed that ADAM17 (Sperrhacke
et al., 2023; Wang et al., 2011) is involved in proinflammatory and apoptotic
processes, by releasing several immune-related surface cytokines and receptors,
such as TNFa and IL-6 (Schumacher and Rose-John, 2022). miR-28-3p is also
involved in the initiation of apoptosis and inflammatory processes, and it is
downmodulated in several cancer types (Lv et al., 2019; Schneider et al., 2014;
Jiabin Zhang et al., 2021), preserving proliferation. In this sense, the observed
upregulation of miR-28-3p at 12 hours of incubation with all the analysed PVs
(Fig. 19) could be explained as the activation of anti-proliferative mechanisms,
that the cell activates sensing the presence of the lentiviral vector.

Therefore, the ACE2/miR-28-3p/ADAM17 interplay could represent a specific
pathway that the organism adopts to counteract the infection by ACE2-dependent
SARS-CoVs, by signalling the presence of the RAS impairment and initiating

proapoptotic and proinflammatory processes, to contrast the viral replication.

6. FINAL CONSIDERATIONS

This thesis presented multiple uses of PVs for serological studies, the
investigation of biomarkers for sustained immune protection, and molecular
mechanisms that could favour the onset of severe COVID-19. The contributions
of this thesis to the basic research and potential applications are several. First, the
optimization of methods for the monitoring of serological protection against
COVID-19 could contribute to identifying people who are subject to the severe
form of the disease, the recurrent infections, and the exposure to new variants.
Also, the comparison of different serological assays allows for the evaluation of
their points of strength and weakness, stimulating the research for improvements
and developing new methods. For example, the simultaneous measure of
circulating miRNAs, involved in modulating the production of pathogen-specific
antibodies, and cell-free serological assays is an innovative strategy to improve
and accelerate the monitoring of immune protection in the population. Secondly,
here the technology of PVs has been applied to the study of molecular
mechanisms involved in the pathogenesis of COVID-19. In conclusion, it must
be considered the vast contribution of SARS-CoV-2 PVs in COVID-19 research,
especially showing their potential in the research of new, emerging pandemic

pathogens.
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Is miR-28-3p implicated in the development of severe COVID-19?
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High levels ol soluble ACE2 (SACE2) are correlated Lo severe COVID-19"

bran

miR28-3p levels (normalized to miR-103a) were measured at 6, 12, and 24hs

Physiological low levels of serum sACE2 are 1 by b
proteases, such as A disintegrin and metalloprotease 17 (ADAMI17), one of the
targets of microRNA-28-3p . It is under debate whether the direct contact between|
the Spike protein of SARS-CoV-2 and ACL2, with the conscquent alternate
modulation of miR-28-3p and ADAMI7, is one of the main causes ol the
imbalance in SACE2**. SARS-CoV-2 pseudoviruses (PVs) are surrogates of the
real virus facilitating the study of host-cell interactions in safe conditions. Non-
replicating, lentiviral PVs are widely used because of their ability to stably
introduce a reporter gene (Luciferase) for facilitating the titration®,
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Fig. 1. SARS-CaV-2 induces ACE2 shedding by altering miR-28-3p and ADAM 17 expression.

after infection with SARS-CoV-2 PVs. Significant deregulation (p<0.05, *) was|
observed at 12hs aller infection (Fig, 4A). Simultaneously, preliminary FACS]
assays suggested the percentage of ACL2-positive cells is reduced after 12hs
when exposed to Wu and Om BA.2.75 PVs compared to the untreated (UT) and
infection (VSVg) controls (Fig. 4B).
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Fig 4. miR-28-3p has been measured at 6, 12, and 24 hs aller inlection with SARS-CoV-2 PVs, Iis|
significant downmodulation was ohserved ar 12hs after expasing the target cells to the PVs (Al
Preliminary results on ACE2 shodding after incubation of cells with SARS-CoV~ PVs. The pereentage o
ACI2-positive cells is reduced when compared (o untreated (UT) and VSVg-infected cells (13),

METHODS

DISCUSS

PVs of the ancestral SARS-COV-2 strain from Wuhan (Wu). the Omicron|
BA.2.75 variant (Om BA.2.75), and vesicular stomatitis virus (VSVg) (control|
of infection) were produced by co-transfecting HEK293T cells. The supernatant
was harvested, centrifuged, and filtered after incubating for 72hs. HEK293T/
ACL2 target cell line was infected after titrating PVs (Iig.2). Infeeted cells were
collected at 6, 12, and 24 hours after infection and treated with Trizol to extract)
total RNA. miR-28-3p levels were quantified using qPCR. For the flow|
cylometry (FACS) assay, cells were infecied, collected at 12hs after infection,
stained with anti-human ACE2-— PE, and analysed (Fig. 3).
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Fig. 3. SARS-CoV-2 PV can be applicd to multiple platform analyses such as the analysis of genes and
miRNAs alleration ((PCR), surlace protein expression (FACS) and the quantilication o proteins relcased
upon infection (KLISA),

Many COVID-19 patients develop symptoms similar to cardiovascular,
disorders (hypertension, vascular inflammation, etc.) in addition to lung|
injuries and ¢ failure. The imbal of the RAS system has been
pointed as the main responsible for the increased severity of the disease. In|
fact, high levels of soluble ACE2, similarly to several cardiovascular|
disorders, were detected in severe COVID-19 patients. Deregulation of miR
-28-3p and consequent upregulation of one of its targets, ADAMI7, are
thought to mediate the shedding of ACE2 on infected cells, potentially]
causing COVID-19. Here, we show that exposing ACE2-cxpressing cells to
SARS-CoV-2 PVs induces a reduction of the relative expression of the miR-
28-3p. Also, the percentage of ACE-postive cells is reduced when SARS-
CoV-2 Wuhan and Omicron BA.2.75 are added to the cell medium. Further|
analyses aim at measuring the number of ADAM17+ cells that contacted the
PVs of CoV-2 and the increased levels of sSACE2 in the correspinding cell
medium.

This preliminary study is important in two aspeets. First, it investigates the
effects of the full Spike protein of SARS-CoV-2 on the modulation of a
single microRNA, showing that it could be involved in ACE2 shedding, and
consequently, in the onset of severe COVID-19. Secondly, it emphasises the
role of the technology of pseudoviruses in the research on a real virus (and/|
or its variants, or similar viruses), under appropriate safety conditions, on
multiple platforms, in order to fully understand its interactions with the host
organism.
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Articles

SARS-CoV-2 vaccination elicits unconventional IgM
specific responses in naive and previously
COVID-19-infected individuals
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Summary

Background Currently, evaluation of the IgG antibodies specific for the SARS-CoV-2 Spike protein following vacci-
nation is used worldwide to estimate vaccine response. Limited data are available on vaccine-elicited IgM antibodies
and their potential implication in immunity to SARS-CoV-2.

Methods We performed a longitudinal study to quantify anti-S SARS-CoV-2 IgG and IgM (IgG-S and IgM-S) in
health care worker (HCW) recipients of the BNT162b2 vaccine. Samples were collected before administration (To),
at the second dose (T1) and three weeks after T1 (T2). The cohort included 1584 immunologically najve to SARS-
CoV-2 (IN) and 289 with history of previous infection (PI).

Findings IN showed three patterns of responses: (a) IgG positive/IgM negative (36.1%), (b) coordinated IgM-S/IgG-
S responses appearing at T1 (37.4%) and (c) IgM appearing after IgG (26.3%). Coordinated IgM-S/IgG-S responses
were associated with higher IgG titres. In IgM-S positive PI, 64.5% were IgM-S positive before vaccination, whereas
32% and 3.5% developed IgM-S after the first and second vaccine dose, respectively. IgM-S positive sera had higher
pseudovirus neutralization titres compared to the IgM-S negative.

Interpretation Coordinated expression of IgG-S and IgM-S after vaccination was associated with a significantly
more efficient response in both antibody levels and virus-neutralizing activity. The unconventional IgG-S positive/
IgM-S negative responses may suggest a recruitment of cross coronaviruses immunity by vaccination, warranting
further investigation.
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Articles

Research in context

Evidence before this study

It is generally accepted that IgM antibodies provide an
early-stage response during viral infections prior to the
maturation of the class-switched, high affinity IgG
response for long-term immunity and immunological
memory. The humoral response following SARS-CoV-2
vaccination is still under intensive investigation, with
the main confounder being previous exposures to
SARS-CoV-2 and the resulting presence of pre-existing
immunity towards the Spike protein used in the vaccine
formulation. Thus, the definition of correlates of protec-
tive immunity to SARS-CoV-2 infection and vaccination
are urgently needed for guiding vaccine management
and informing public health decisions. Nonetheless,
most research to date has focused on the development
and maintenance of the RBD-specific IgG, with little
attention to IgM.

Added value of this study

We investigated a population of 1873 health care
worker (HCW) recipients of the BNT162b2 (Comirnaty)
vaccine, with 1584 immunologically naive to SARS-CoV-
2 (IN) and 289 with history of previous infection (Pl). We
performed a longitudinal analysis of the humoral
response (IgG and IgM antibodies specific for the SARS-
CoV-2 spike protein, IgG-S and IgM-S) in samples col-
lected before administration (TO), at the second dose
(T1) and 3 weeks after the second dose (T2). Further-
more, we analysed the vaccine response in a small
group of subjects vaccinated with Vaxzevria (Astra
Zeneca) or Spikevax (Moderna). We observed three
unconventional patterns of antibody response: absence
of IgM, development of IgM following IgG appearance
and simultaneous presence of IgM and IgG. Among the
three, the latter was associated with a more efficient
response in both anti-SARS-CoV-2 1gG-S levels and
virus-neutralizing activity, following vaccination.

Implications of all the available evidence

Our study highlights the importance of IgM in assessing
response after SARS- CoV-2 vaccination. We demon-
strated that SARS-CoV-2 vaccination can induce a
humoral response that appears to be unconven-
tional. This is suggestive of a response that recalls
IgG developed against other coronaviruses. Indeed,
only individuals that developed SARS-CoV-2 specific
IgM together with SARS-CoV-2 specific 1gG showed
the better response and probably higher levels of
protection, following vaccination. These findings are
innovative, timely and significantly improve current
knowledge by suggesting a crucial role of IgM in the
development of anti-SARS-CoV-2 humoral response,
following vaccination.

Introduction

Correlates of protective immunity to SARS-CoV-2 infec-
tion are under intensive investigation in COVID-19
patients and vaccinees and are urgently needed for guid-
ing vaccine management and informing public health
decisions.”” It is generally accepted that IgM antibodies
provide an early-stage response during viral infections
prior to the maturation of the class-switched, high affin-
ity IgG response for long-term immunity and immuno-
logical memory.> During SARS-CoV-2 infection,
antigen (Ag)-specific IgM antibodies can be detected as
soon as four days after infection with a peak at around
20 days, while Ag-specific IgG increase around 7 days
after infection with a peak at approximately 25 days.*®
Rapid deployment of SARS-CoV-2 specific IgM was
reported to be associated with milder disease course
compared with severe cases that experienced a later
raise in IgM,° although the question remains controver-
sial.” Several studies reported that a proportion of
patients never develop IgM, while others develop IgG
prior to IgM.>>® '> Overall, these data suggest both a
potential role of Ag-specific IgM in preventing severe
disease but also the possibility that SARS-CoV-2 infec-
tion may trigger unconventional humoral responses,
possibly generated by pre-existing immunity to other
human coronaviruses.”"#

The humoral response following SARS-CoV-2 vacci-
nation is still under intensive investigation, as it is not
yet clear the role played by pre-existing immunity in the
response to vaccination. Previously infected (PI) individ-
uals have been shown to develop a more efficient
antibody response to COVID-19 vaccines than immuno-
logically najve individuals (IN).” Notably, neutralizing
activity 7 days following the first vaccine dose in PI
vaccinees was not significantly different from that
observed in IN vaccinees 7 days after the second vaccine
dose.” Furthermore, the kinetic of both anti SARS-CoV-
2 receptor-binding domain (RBD) IgG and live-virus
neutralization capacity was faster in PI than in IN
vaccinees.” With regard to IgM, one study reported that
about 50% of IN vaccinees did not develop IgM after the
first dose of BNT162b2 vaccine.'

Nonetheless, most research thus far has concen-
trated on the development and maintenance of the
RBD-specific IgG, with little attention to IgM.

Our group has previously shown that IN vaccinees
fail to develop IgM against the SARS-CoV-2 spike glyco-
protein (IgM-S) before IgG against the SARS-CoV-2
spike glycoprotein (IgG-S)'#; more specifically, follow-
ing the first vaccine dose, we observed the simultaneous
development of IgM-S and IgG-S in 54% of the vaccin-
ees, and an unconventional IgG-S response without
detectable IgM-S in the remaining 46%. We observed a
similar trend in PI vaccinees.
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In this study, we analysed a cohort of Health Care
Workers (HCW) including 1584 IN and 289 PI vaccin-
ees to study the IgM-S response following BNT162b2
vaccination and assess its association with the develop-
ment and maintenance of IgG responses. We leveraged
the availability of two groups of PI vaccinees who had
been infected in the first and the second pandemic wave
in Italy to assess the antibody profile at different times
after infection. In available subgroups of IN vaccinees,
we evaluated humoral response following other types of
vaccines, including Vaxzevria (AstraZeneca) and Spike-
vax (Moderna).

Methods

Population

The sera of 1989 HCW with and without pre-existing
infection for SARS-CoV-2 (as per former nasal swab
positivity) who had received their first vaccine dose
(BNT162b2 mRNA, Pfizer-BioNTech) in January 2021
were analysed. Samples were collected before vaccine
administration (To), at the second dose (T1) and three
weeks after Tt (T2) and tested for IgG against the Spike
glycoprotein (IgG-S), IgG against the Nucleocapsid pro-
tein (IgG-N) and IgM against the Spike glycoprotein
(IgM-S). All individuals who had received two doses of
BNT162b2 vaccine and had complete serological data
were included in the study. Among the 1957 individuals
having complete information, 84 were negative at the
swab test but had positive serology (IgM-S or IgG-S or
IgG-N) at To; they were considered as false negatives in
accordance with a recent study'” and were not included
in the present study. Antibody response analyses were
conducted on 1584 IN subjects and 289 PI subjects.

Ethics

Samples were collected and stored in the University of
Verona biobank (Ethics Committee approval prot. N.
1538) and in Tropica Biobank of the IRCCS Sacro Cuore
Don Calabria Hospital (Ethics Committee approval
prot. N. r798s). All participants signed informed con-
sent.

Serology and neutralization

IgM-S and IgG-N were measured using the SARS-CoV-
2 IgG-N assay and the SARS-CoV-2 IgM-S assay
(Abbott, Ireland); IgG-S(RBD) were tested using the
SARS-CoV-2 IgG II Quant assay (Abbott, Ireland) as
previously described.*"”

Briefly, SARS-CoV-2 IgG-N, IgM and SARS-CoV-2
IgG II Quant (IgG-S) assays (Abbott, Ireland) were per-
formed according to the manufacturer’s procedure,
using the ARCHITET i System (Abbott). The resulting
chemiluminescent reaction was measured as a relative
light unit (RLU) by the system optics. The RLU of the
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sample (S) was automatically compared with the RLU
of a specific calibrator (C), resulting in a IgG assay index
(S/C). As per manufacturer’s instructions, the interpre-
tation of the results were as follow: for IgG-N, index (S/
C)<1.4 = negative, index (S/C)>1.4 = positive. For IgM-
S, index (S/C)<1 = negative, index (S/C)>1 = positive.
For IgM-S assay the reported positive predicted value
(PPV) is 92.07% (IC 95%: 87.07, 95.24) and the
reported negative predicted value (NPV) is 99.82% (IC
95%: 9947, 99.94)-

For IgG-S the Ab quantification was automatically
performed by the system using a calibration curve, a fit-
ting system and interpolation with 4 parameters (4PLC,
Y weighted). The results in Arbitrary Unit (AU)/mL, is
converted in the WHO international binding antibody
unit (BAU)/mL according to the following equation:
1BAU = 0.142*AU, with BAU/mL<7.1 = negative and
BAU/mL>7.1 = positive. For IgG II Quant the manufac-
turer reports a PPV of 92.11% (IC 95%: 85.87, 95.73)
and a NPV of 99.97% (IC 95%: 99.76, 100.00). Sam-
ples with values >5680 BAU/mL (upper limit of quanti-
fication) were diluted 1:2 and measured again.
Concentrations were reported considering the dilution
factor. Samples were run in single replicate.

Neutralizing activity of sera was tested using lentivi-
ral particles pseudotyped with SARS-CoV-2 spike, as
previously described.'*"®

Statistical analysis

Kruskal-Wallis rank test and Fisher's exact test were
used when needed in the descriptive analysis. Pseudovi-
rus neutralization assay expressed as infectious dose
(ID50) and IgG-S levels were In-transformed [In(ID50)
and In(IgG-S)] to resemble normal distributions. Two-
level linear regression models (measurement: level 1
unit; subject: level 2 unit) were used to predict the mean
of In(ID50) and In(IgG-S) levels according to time of
examination (To, T1, T2) and IgM-S group (for Figs. 1, 4
and 5) or serology group (for Figure 6), separately for
IN and PI subjects. The models had a random intercept
term at level 2 and time of examination, IgM-S/serology
group, their interaction term, age at To, sex and pan-
demic wave (1st or 2nd, for PI only) as fixed effect cova-
riates. A first-order autoregressive error was included at
level 1 in order to take the correlation of the within-sub-
ject observations over time into account. All statistical
analyses were performed by using STATA software
(release 17; StataCorp, College Station, TX).

Role of funding source

This work was supported by the Italian Ministry of
Health under “Fondi Ricerca Corrente”- LiP5 and
“Progetto Ricerca Finalizzata COVID-2020-12371675"
to IRCCS Sacro Cuore Don Calabria Hospital, by FUR
2020 Department of Excellence 2018-2022, MIUR,
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Figure 1. Neutralization assays in naive and previously infected
vaccinees.

Pseudovirus neutralization assay expressed as infectious
dose (ID50) in naive (panel a) and previously infected (panel b)
vaccinees according to time of examination (TO, T1 and T2) and
IgM-S development after two doses of the BNT162b2 vaccine
(IgM-S°5, red dots and lines; IgM-SNE® subjects, blue dots and
lines). Predicted means of In(ID50) levels (with the 95% confi-
dence interval) according to time of examination and IgM-S
group in naive (panel c¢) and previously infected (panel d)
vaccinees were obtained by a two-level linear regression
model. Statistically significant p-values of the difference in the
predicted means between consecutive times of examination in
the same IgM-S group and between IgM-S groups at the same
time of examination are reported in panels a and b.

Italy and by The Brain Research Foundation Verona.
The funding source had no role in the development of
this study.

Results

Development of IgM-S is associated with higher
neutralizing activity in naive vaccinees

We initially tested the neutralizing activity against
SARS-CoV-2 of sera from IN (n = 48) and PI (n = 50)
vaccinees, in a cohort described in our previous study™
collected at the time of first vaccine dose (To), at the

second dose (T1) and 3 weeks after the second dose (T2).
Among IN vaccinees, IgM-S were detected in 35/48
(72.9%) after the two vaccine doses (IgM-SF°%) while
the remaining 13/48 (27.1%) had undetectable IgM-S
(IgM-SNFS) (Figure 1a and c). IgM-SP%% IN vaccinees
had higher neutralizing activity than IgM-S™¢ IN
vaccinees (blue dots) at T2 (p = 0.008).

Among PI vaccinees, 22/50 (44.0%) had undetectable
IgM-S while the remaining 28/50 (56.0%) resulted positive
at any of the timepoints. No significant differences in neu-
tralization activity were observed when comparing the two
groups of PI vaccines at each timepoint (Figure 1b and d).
This first set of data on a limited number of vaccinees con-
firmed our previous observation of the absence of detect-
able IgM-S in a significant fraction of IN vaccinees and
expanded on the association of IgM-S responses with
higher serum neutralizing activity.

IgM-S development following BNT162b2 vaccine

We further tested these initial observations on a larger
cohort of 1989 HCW who had been vaccinated with two
doses of BNT162b2 vaccine (Figure 2 depicts a flowchart
of the patients' groups that were analysed in this study).
The study included longitudinal samples collected at the
day the first dose of vaccine was administered (To), at the
second dose (3 weeks after the first one, T1) and 3 weeks
after the second dose (T2). Among those 1989 subjects,
complete information (IgG-S, IgM-S and IgG-N at To, T1
and T2) was available for 1957 vaccinees. Vaccinees with
negative swab and no infection history but positive serology
at To (n = 84) were considered as false negatives and were
not included in this analysis. Of the evaluable 1873
patients, 289 were previously infected (PI), with a history
of SARS-CoV-2 infection documented by a positive swab
test; 1584 were immunologically nagve (IN) with no docu-
mented history of infection, negative swab test and nega-
tive serology (IgM-S, IgG-S and IgG-N) at To. For all these
patients we had access to serum samples that were used to
quantify IgG-S(RBD) as proxy of neutralization activity.”
We divided the two initial groups (PI and IN) into four
sub-groups, according to the time of IgM-S positivity: (a)
IgM-S never detected (IgM-SNEC); (b) IgM-S detected
before the first vaccine dose (IgM-S"%51.); (c) IgM-S
detected after the first vaccine dose (IgM-S¥°%1,); (d) IgM-S
detected after the second vaccine dose (IgM-S"%%r,). We
further explored whether the development of IgM-S before,
after or at the same time of IgG-S could reflect a gain in the
load of IgG-S thus providing a putative proxy of protection
from future infections in IN or PI.

IgM-S serotyping identifies three patterns of responses
in naive vaccinees

Of the 1584 IN vaccinees, 1011 (63.8%) developed both
IgM-S and IgG-S (IgM-SP9%), 572 (36.1%) developed
IgG-S but not IgM-S (IgM-SNE%), none had IgM-S but
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Figure 2. Study population.

Classification and distribution of the different types of IgM-S and IgG-S responses in naive and previously infected subjects who

received the BNT162b2 vaccine. NEG: negative; POS: positive.

not IgG-S and only one (0.1%) was negative for both iso-
types (Figure 2). Among the 1o11 IgM-S?® vaccinees,
593 (58.7%) developed both IgG-S and IgM-S at T1
(IgM-SP95.1), 418 (41.3%) developed IgG-S at Tt and
IgM-S at T2 (IgM-SP951,). Among the 572 IgM-SNFC
vaccinees (excluding the single subject who did not elicit
IgG-S), 550 (96.2%) developed IgG-S at Tt and the rest
(n =22, 3.8%) at T2 (Figs. 3 and 4a). All vaccinees who
were IgM-S positive at T1 were also IgG-S positive at the
same time point (Figure 3). Only eight vaccinees with
undetectable IgM-S/IgG-S at Tt (Figure 3, row IgM-
SPOS.,, column T1) became positive for both at Ta.
Therefore, the patterns of IgM-S/IgG-S responses can
be interpreted as follows: (a) IgM-S negative (IgM-SN5S,
572/1584, 36.1%, blue dots in Figs. 3 and 4), (b) IgG-S/
IgM-S coordinated (IgM-S*°%r,, 593/1584, 37.4%, red
dots in Figs. 3 and 4); and (c) IgM-S delayed responses
(IgM-SPO5.,, 418/1584, 26.4%, purple dots in Figs. 3
and 4). We defined as coordinated (pattern b) the IgG-S
and IgM-S responses that appeared in the same time
window regardless of whether IgM-S appeared before or
at the same time of IgG-S, a pattern that can be consid-
ered a canonical primary antibody response. Conversely,
patterns (a) and (c) can be considered as non-canonical.
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In Figure 4b and ¢, the IgM-S*951, (red dots) group
had statistically significantly higher IgG-S levels than
groups IgM-SNE¢ (blue dots) and IgM-S5r, (purple
dots) after both the first (p < o0.001) and the second
(p < o.001) vaccines dose. Thus, of the three groups of
vaccinees identified in our analysis, the IgM-S/IgG-S
coordinated group (IgM-SP951,) displayed a more effi-
cient response to the vaccine, at least as measured by
the levels of IgG-S antibodies elicited by the first and
second vaccine dose. Of note, IN vaccinees who dis-
played the delayed IgM-S pattern (IgM-S"%r,) were
older (median 47 years) and had a higher frequency of
males (43%) than the other two groups (Table 1). In all
subgroups, we also observed a statistically significant
lower IgG-S antibody response with increasing age (dif-
ference in In IgG-S for one-year increase of age = -0.015,
p < o.0o1) and a higher IgG-S response in females (dif-
ference in In IgG-S between females and males = o.1,
p =0.007).

Finally, 28 (1.8%) and 2 (0.1%) IN vaccinees became
positive for IgG-N at T1 and T2, respectively (Supple-
mentary Fig. 1). Because the nucleocapsid protein is not
present in the BNT162b2 vaccine, these vaccinees most
likely were infected during vaccination. The proportion
of IgG-N positive vaccinees was not statistically different
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Figure 3. Development of IgM-S and IgG-S following vaccination.
Scatterplots of IgM-S (y axis) and IgG-S (x axis) measures in naive vaccines according to time of examination (T0, T1 and T2) and

time of IgM-S positivity (IgM-SNES, blue dots; IgM-57°1;, red dots; IgM-S"°1,, purple dots).

in the three IN subgroups (IgM-S™5¢, IgM-S*95, and
IgM-SP951,; p = 0.200). We performed a sensitivity
analysis by excluding IN vaccinees who became IgG-N
positive at T1 or T2, and we observed the same results
as in the main analysis (p < 0.001).
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IgM-S and IgG-S responses in previously infected

vaccinees

At To, 117/289 (40.5%) PI vaccinees were IgM-S nega-
tive (IgM-SNE¢) and 172/289 (59.5%) were IgM positive
(IgM-SP9%) (Figure 2). Of these, 111 (64.5%) were
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Igm-s"E© IgM-SP%%, IgmM-s7°%,, IgM-s"%%,, p-value

(n=572) (n=0) (n =593) (n=418)
Age at T0, median 45 - 42 47 <0.001 (Kruskal-Wallis rank test)
Female, % (vs male) 66.4 - 65.1 56.9 <0.001 (Fisher's Exact test)

Table 1: Comparison of the main characteristics among the four IgM-S subgroups of naive subjects.

positive at To (IgM-S*%51,), 55 (32.0%) at T1 (IgM-
SPOS.), and 6 (3.5%) at T2 (IgM-ST951,) (Figure 2).
Among IgM-S"% vaccinees, 24/111 (21.6%) and 87/
111 (78.4%) had been infected during the first and sec-
ond wave of the pandemic in Italy, respectively. The
IgG-S levels significantly increased after both the first
(p < o.001) and second doses (p = 0.002) in all PI sub-
groups, except for IgM-SP°51, individuals for whom the
second dose did not significantly improve IgG-S levels
as compared to the first vaccine dose (p-value=0.49)
(Figure sb). There were no significant differences of
IgG-S levels between PI subgroups after the second vac-
cine dose (Figure 5b and c). The fact that IgM-S¥95,
vaccinees reached IgG-S levels similar to the other
groups only after the second dose of vaccine (Figure s5c¢)
suggests that in these subjects a single dose of vaccine
induces suboptimal antibody levels.

Among the PI vaccinees who developed IgM-S after
the first and second vaccine dose (55 IgM-S*%51, and 6
IgM-S°51), 29 had undetectable IgM-S but were IgG-
S and/or IgG-N positive at To and were classified as
serology positive (Serology®©%), whereas 32 were nega-
tive at To for IgM-S, IgG-S and IgG-N and were there-
fore classified as serology negative (Serology™“€)
(Figure 2). Comparison of the IgG-S levels elicited by
the first and second dose of vaccine in these two groups
revealed a faster and stronger IgG-S response in PI
vaccinees classified as serology positive (p < o0.001)
(Figure Ga). Next, we compared the two groups with the
1584 IN vaccinees and with the subgroup of PI vaccin-
ees (PI*), from which the Serology™““ and Serology®°®
PI vaccinees were excluded (Figure 2). Serology™"®
vaccinees were different from PI* vaccinees at all time
points (p < o.oo1) but similar to IN (except at Tr,
p = o.ot1), while Serology"®® were different from IN
(p < o.co1 at To and T1, p = 0.007 at T2), and similar
to PI* (Figure Gb). Thus, these data revealed the pres-
ence among PI vaccinees of subjects (Serology™*“) who
displayed a nayve serological profile and responded to
vaccination with a coordinated IgM-S/IgG-S pattern
similar to that of a primary response. Of note, these
vaccinees were generally younger, had been mostly
infected during the second wave and were mostly
asymptomatic. In contrast, SelrologyPos PI vaccinees
were generally older, had a slightly higher frequency of
males, were mostly infected during the first wave, and
reported symptomatic COVID-19 (Table 2).

The majority of Serology”®® subjects (18/29) had
IgG-N at To. The remaining where IgG-S positive.

Serology™““ subjects, on the contrary, did not present
IgG-N at To, which instead appeared at T1 in as many
as 11/32 (34%) subjects (Supplementary Fig. 2). In IN
subjects, however, we observed only 28/1584 subjects
(1.8%) positive for IgG-N at T1 (Supplementary Fig. 1a).
Together these data defined three patterns of IgM-S
responses in PI vaccinees (Figure 5): (a) negative IgM-S
(IgM-SNES) (b) persistent IgM-S (IgM-S"°51) and (c)
delayed IgM-S (IgM-S detected at T1, IgM-S°5y, or at
T2, [gM-SPO51,). Pattern (a) was consistent with that of
a canonical anamnestic response after the natural decay
of IgM-S that follows infection. Pattern (b) was observed
in 21.6% of PI vaccinees who had been infected almost
one year before vaccination and it was someway unex-
pected since IgM responses are usually short lived.
There are however reports on the persistence of long-
lived memory IgM B cells in other viral infections
including influenza.”® ** Pattern (c) revealed a propor-
tion of PI vaccinees who may had experienced only a
transient infection which was not sufficient to induce a
fully matured class-switched response and responded to
vaccination with a pattern typical of a primary response.

IgM response in naive subjects vaccinated with
Vaxzevria and Spikevax vaccines

We analysed a limited numbers of available najve individ-
uals vaccinated with the Vaxzevria (Astra Zeneca) and
with the Spikevax (Moderna) vaccines. Among the 37 sub-
jects vaccinated with Vaxzevria, all developed IgG-S follow-
ing vaccination, but only 6 (16.2%) had detectable IgM-S
(Table 3). Similarly, among the 15 subjects vaccinated with
Spikevax, all elicited IgG-S and only 2 also had evidence of
detectable IgM-S (13.3%), thus confirming, in albeit
smaller numbers, a consistently non-canonical IgM
response in other types of vaccinations as well.

Discussion

The serological response to vaccination shows a rela-
tively rapid decay as observed in natural infection/
immunization.”**> The extent of this decay is so pro-
nounced that the vaccine efficacy itself has been ques-
tioned and a booster dose of BNT162b2 vaccine has
been recently authorized by FDA. In this context, it is of
paramount importance to gain further information on
the patterns of antibody responses that are associated to
protective immunity. Most studies have concentrated
the attention on IgG responses, while a few have
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Figure 5. 1gG-S response in previously infected vaccinees.

IgM-S (panel a) and IgG-S (panel b) measures in previously infected vaccinees according to time of examination (TO, T1 and T2) and time of IgM-S positivity (IgM—SNEG, n =117, blue dots;
IgM-S"9510, n = 111, orange dots; IgM-57%1;, n = 55, red dots; IgM-S7%1,, n = 6, purple dots). Predicted means of In(IgG-S) measures (with the 95% confidence interval) according to time of
examination and time of IgM-S positivity (panel c) were obtained by a two-level linear regression model. Statistically significant p-values of the difference in the predicted means between
consecutive times of examination at the same time of IgM-S positivity and between different times of IgM-S positivity at the same time of examination are reported in panel b. The horizontal
lines indicate the cut-off value to discriminate positive and negative samples for each assay.
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Figure 6. 1gG-S response in previously infected vaccinees producing IgM-S.

IgG-S measures (panel a) in previously infected vaccinees who produced IgM-S at T1 or at T2 following BNT162b2 vaccination
according to time of examination (TO, T1 and T2) and negative or positive serology at TO (SerologyNEG, n = 32, green dots;
Serologypos, n = 29 magenta dots). Predicted means of In(IgG-S) measures (with the 95% confidence interval) according to time of
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Igm-s"ES IgM-S"%%, IgM-s7°%,, IgM-sP%%;, p-value
(n=117) (n=111) (n=55),; (n=6)
Age, median 43.0 47.0 46.0 35 0.219 (Kruskal-Wallis rank test)
Female, % (vs male) 709 62.2 56.4 333 0.086 (Fisher's exact test)
2" wave, % (vs 1°t wave) 444 784 65.5 66.7 <0.001 (Fisher's exact test)
Symptoms, % (vs no symptoms) 80.3 883 704 50 0.008 (Fisher’s exact test)
Table 2: Comparison of the main characteristics among the four IgM-S subgroups of previously infected subjects.

IgM-SNES IgM-sPos Total
BNT162b2 -Pfizer/BionTech 573 (36.2%) 1011 (63.8%) 1584
Vaxzevria-AstraZeneca 31 (83.8%) 6 (16.2%) 37
Spikevax-Moderna 13 (86.7%) 2 (13.3%) 15

Table 3: IgM-S and IgG-S development following the two doses
vaccination with BNT162b2, Vaxveria and Spikevax vaccines.

addressed the role of IgM in virus neutralization. One
such study*® reported that in adults recovered from
mild COVID-19, while IgG were maintained for long
periods of time, the neutralization capacity decayed
more rapidly and was most strongly associated with
anti-S trimer IgM. Prevost et al.*” also reported that the
virus neutralization capacity decreases significantly 6
weeks after the onset of symptoms, following a similar
trend as anti-RBD IgM and found a stronger correlation
with neutralization for IgM than IgG and IgA, suggest-
ing that at least part of the neutralizing activity is medi-
ated by IgM. There are limited data on the kinetic of
appearance of IgM after vaccination and its association
with virus neutralizing activity."

Here we report that following BNT162b2 vaccination,
higher neutralization activity correlates with the presence
of both IgG-S and IgM-S in IN vaccinees, suggesting that
IgM-S may contribute to protective immunity. On the
other hand, we found that 36.1% of IN vaccinees
responded to vaccination with IgG-S but not IgM-S. In
addition, in vaccinees who responded with both isotypes,
41.3% developed IgM-S after IgG-S. Of note, of the three
isotype patterns that we identified, only that with coordi-
nated IgM-S/IgG-S responses, could be considered as a
bona fide primary immune response pattern but it was rep-
resented in only 37.4% vaccine recipients while the others
were either IgM-S negative (36.1%) or developed IgM-S

after IgG-S (26.4%). More importantly, vaccinees exhibit-
ing IgG-S without IgM-S or IgM-S after IgG-S had signifi-
cantly lower IgG-S levels compared to those with
coordinated IgM-S/IgG-S responses; this suggests that
coordinated IgM-S/IgG-S responses are associated with
increased immunity. Also, in the small group of HCW
who received the adenovirus-based vaccine Vaxzevria (Astra
Zeneca) or the RNA vaccine Spikevax (Moderna), as many
as 80% did not develop IgM-S after vaccination. Thus, the
unconventional isotype pattern follows SARS-CoV-2 spike
vaccination regardless of the type of vaccine used.

Taken together our data suggest that vaccination elicits
either a canonical primary response with coordinated IgM-
S/IgG-S, associated with higher levels of IgG-S antibodies,
or a non-canonical IgM-S negative response. We propose
that these non-canonical responses may leverage on pre-
existing immunity to cross-reactive human coronaviruses,
or even both types of responses where the first to appear is
the anamnestic cross-reactive response**> followed by
the later appearance of IgM after recruitment of najve B
cells specific to SARS-CoV-2 epitopes.

There is accumulating evidence that the immune
response to SARS-CoV-2 is influenced by cross-coronavi-
rus immunity, with some data pointing to the risk of
immunopathogenic responses due to low affinity cross-
reactive antibodies generated by an original antigenic sin*”
and other data pointing to a potential protective role of
cross-reactive antibodies. Chaudhury et al. recently
reported”™ that the IgM response is highly specific for
SARS-CoV-2, while the IgG response is more cross-reac-
tive. The same authors hypothesize that the IgM response
is najve-derived, while the IgG response is memory-
derived, thus explaining the simultaneous appearance of
IgM and IgG. Furthermore, Kaplonek et al. recently
reported” the near simultaneous evolution of IgG and
IgM specific for the S2 subunit of SARS-CoV-2 spike at

examination in (i) previously infected subjects who did not elicit IgM-S or had IgM-S at TO (PI*, red line), (ii) subjects who did not
have detectable IgM-S at TO but produced them at T1 or at T2 following vaccination, and who had detectable IgG-S and/or IgG-N at
TO (Serologypos, magenta line), (iii) subjects as the previous ones, but with negative serology at TO (SerologyNEG, green line), and (iv)
naive vaccinees (blue line) (panel B) were obtained by a two-level linear regression model. For Serology™t® and Serology”®® subjects,
statistically significant p-values of the difference in the predicted means between consecutive times of examination in the same
subject group and between different subject groups at the same time of examination are reported in panel b. For all four group of
subjects, statistically significant p-values of the difference in the predicted means between different groups of subjects at the same
time of examination are reported in panel b table. The horizontal lines indicate the cut-off value to discriminate positive and nega-
tive samples for each assay.
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early time points in a cohort of COVID-19 survivors and
proposed that it could be a reflection of expansion of pre-
existing cross-coronavirus immunity to the conserved S2-
domain. Furthermore, there is evidence that SARS-CoV-2
infection reactivates hCoVs-specific memory B cells*?'
concomitantly with the recruitment of SARS-CoV-2 najve
B cells and the appearance of virus-neutralizing antibodies
specific for the RBD of the SARS-CoV-2 Spike protein.
Our observation of IgM-S/IgG-S isotype patterns consis-
tent with those of an anamnestic response following vacci-
nation of najve individuals is highly suggestive of the
recruitment by the vaccine of cross-coronavirus immunity.
Whether this would reflect in higher or lower vaccine effi-
cacy remains speculative. However, the established safety
of current SARS-CoV-2 vaccines with few signals of
immunopathogenic events suggest that cross-coronavirus
immunity may play, if any, a protective rather than a path-
ogenic role following vaccination.

The IgM-S response to vaccination of PI vaccinees also
displayed some interesting features. Of the subgroup of PI
vaccinees who were IgM-S positive at baseline, 21.6% had
been infected during the first pandemic wave in Italy,
almost one year before vaccination. While the persistence
of IgM-S in these subjects was unexpected, there are
reports that IgM antibodies may persist for long period of
times after natural infection owing to the persistence of
long-lived memory IgM positive B cells.*** Our data sug-
gest that at least a subset of PI vaccinees developed these
types of long-lived IgM responses. Of note, the presence of
IgM-S before vaccination was associated to the most rapid
kinetic of IgG-S responses when compared to those of
vaccinees who were either IgM-S negative or had a delayed
IgM-S response.

Unexpectedly, we observed a group of PI vaccinees who
elicited IgM-S following vaccination. Among them, a sub-
group classified as serology negative at baseline (Serology-
NEG) “showed an IgG-S response similar to that of IN
vaccinees. These subjects may therefore have had a false-
positive swab result. Of these, a consistent fraction (34%)
displayed IgG-N after vaccination, suggestive of an infec-
tion event. However, in our cohort, only 1.8% of truly IN
subjects showed evidence of infection (IgG-N positivity),
providing a crude estimate of the occurrence of infection
during the vaccination schedule. We speculate that the
serology negative vaccinees who became IgG-N positive
after vaccination may have experienced a recall response to
cross reactive N epitopes similar to that reported in a study
by Dobanio et al.,** which suggests that anti-N antibodies
may be produced following spike-based vaccines resulting
from a cross-reactive response.

This observation deserves further investigation
because it suggests that not all individuals with a previ-
ous history of SARS-CoV-2 infection develop an immu-
nological memory sufficient to ensure a rapid class-
switched response to a single dose of vaccine.

While the correlates of protection from SARS-CoV-2
infection have not yet been fully established, it is

generally accepted that antibody-mediated neutraliza-
tion of the virus is a key determinant.’’ Assessing the
presence of IgM before and after vaccination may there-
fore provide useful information on vaccine efficacy and,
to some extent, guide decisions on the vaccine regimens
in previously infected persons or in IgM non responder
individuals. The combined examination of all three
branches of adaptive immunity at the level of SARS-
CoV-2-specific CD4+ and CD8+ T cell, as well as neu-
tralizing antibody responses in COVID-19 patients, pro-
vided evidence that coordinated CD4+ T cell, CD8+ T
cell, and antibody responses are protective, but uncoor-
dinated responses may fail to control disease.’* Thus,
while antibodies still represent the strongest correlate of
immunity, it is plausible that coordinated T and B cell
responses are needed to confer protection. In this con-
text, studies assessing the expression of the different
antibody isotypes may provide useful insights for the
understanding of protective immunity in both natural
infection and vaccination.

This study presents some limitations. Due to limited
amount of serum samples collected, we could not deter-
mine which specific antibody subclasses correlates with
neutralization. For the same reason, we did not address
the fine specificity of IgG and IgM antibodies. Therefore,
we cannot conclude on a potential priming effect of previ-
ous exposures to common human coronaviruses on the
response to vaccination. Furthermore, we did not have
access to cellular samples, and we could not determine the
effect of the pre-existing cellular immunity on the develop-
ment of the humoral response, following vaccination. The
sensitivity of the assays detecting IgM-S and IgG-S could
also be argued to be an issue, even though the assays that
we used are fully validated and routinely used for clinical
screening.*>*° It must be noted that the assays we used for
IgG and IgM quantification is designed to measure Spike
St-specific immunoglobulins, and does not allow the
detection of IgG and IgM against other epitopes. Finally,
this study focuses on the humoral response within the first
weeks following vaccination and a longer follow up is
needed to confirm the current observations.
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Abstract: Human immunodeficiency virus type 1 (HIV-1) and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) have caused two major viral outbreaks during the last century. Two
major aspects of HIV-1 and SARS-CoV-2 co-infection have been extensively investigated and deserve
attention. First, the impact of the co-infection on the progression of disease caused by HIV-1 or
SARS-CoV-2. Second, the impact of the HIV-1 anti-retroviral treatment on SARS-CoV-2 infection.
In this review, we aim to summarize and discuss the works produced since the beginning of the
SARS-CoV-2 pandemic ranging from clinical studies to in vitro experiments in the context of co-
infection and drug development.

Keywords: HIV-1; SARS-CoV-2; co-infections; anti-retroviral drugs

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are two of the most impactful viral outbreaks of the past
century. Both outbreaks have caused substantial global mortality as well as significant and
far reaching social and economic consequences.

HIV-1 and SARS-CoV-2 are RNA viruses that induce an excessive inflammatory status
with a high risk of mortality, albeit with a different magnitude between the two viruses, for
vulnerable individuals, including the elderly, newborns, pregnant women and immuno-
compromised subjects [1,2]. The pathogenesis of the two viruses is on opposite fronts:
HIV-1 targets the cells of the immune system with an initial latent infection that induces
the progressive depletion of CD4+ T lymphocytes, thus compromising the coordination of
the immune system. This results in acquired immunodeficiency syndrome (AIDS) if the
infection is not treated in time. On the other hand, SARS-CoV-2 induces predominantly
acute infections of respiratory tract tissues, resulting in the development of pneumonia
and acute respiratory distress syndrome (ARDS) in the most severe cases [3]. The main
characteristics of the two examined viruses are reported in Table 1.

1.1. Human Immunodeficiency Virus-1 (HIV-1)

HIV-1 belongs to the Retroviridae family, a group of viruses characterized by their ability
to convert their RNA genome into double-stranded DNA through their retro-transcribing
polymerase [4]. The primary target cells of HIV-1—CD4+ T lymphocytes—are essential
participants in cell-mediated adaptive immune responses.

HIV-1 gp120 protein binds the CD4 receptor and one of the co-receptors (CCR5/CXCR4)
on the target cell, facilitating virus and cell membrane fusion and subsequent entry into
the target cell, starting the process of reverse transcription and integration into the host
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DNA [4]. HIV-1 infection begins with an acute phase, initiated within the first week follow-
ing infection, during which the patient presents flu-like symptoms and high viremia, with
substantial depletion of memory T cells in gut-associated T lymphoid tissue (GALT) and
lymph nodes. After this acute phase, the viremia reaches a set point and the chronic infec-
tion is initiated, resulting in the progressive loss of T helper lymphocytes [5]. The patient
reaches AIDS when the CD4+ T cells count is less than 200 cell/mm? in the blood. AIDS is
characterized by recurring opportunistic infections that can lead to the patient’s death [6].
Up to now, the only treatment available to limit HIV infection is the use of anti-retroviral
drugs, molecules that can inhibit different HIV life-cycle steps, entry inhibitors (prevent
membrane fusion and HIV entry, such as CCRS5 inhibitors), the reverse-transcriptase in-
hibitors (block the reverse transcriptase process, such as nucleotide /nucleoside or non-
nucleotide/nucleoside inhibitors), integrase inhibitors and protease inhibitors (prevent HIV
genome integration and HIV protein cleavage) [7]. Combination anti-retroviral therapy
(cART) prevents the emergence of drug resistance within HIV infected patients and is
therefore more effective than single-drug-based therapies. Following the advent of cART,
the life expectancy of people living with HIV (PLWH) is substantially improved; however,
neither a cure to eradicate HIV nor an effective vaccine exist [8,9]. Further, global statistics
on HIV-1 in 2021 reported that there were 38.4 million PLWH (1.5 million newly infected),
yet only 28.7 million people globally had access to cART [10].

1.2. Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2)

SARS-CoV-2 is a novel coronavirus isolated for the first time in the province of Wuhan,
Hubei, China at the end of 2019. The virus is highly transmissible and therefore rapidly
became pandemic with, until now, 550 million confirmed cases and almost 6.3 million
deaths [11]. SARS-CoV-2 is a respiratory virus that predominantly infects the upper
respiratory tract, albeit some variants show high affinity for the lower respiratory tract
and, as such, a greater propensity to induce pneumonia. The spike protein trimers on
its envelope mediates virus entry via interaction with the human angiotensin-converting
enzyme 2 (ACE2) which acts as receptor for spike. After binding, virus entry is completed
when the virus fusion complex is induced by an enzymatic cleavage performed by the
human transmembrane serine protease 2 (TMPRSS) [12]. After the uncoating event, the
single stranded positive RNA genome is replicated and translated into protein, after which
viral assembly leads to the release of complete virus particles. SARS-CoV-2 infection is
associated with a cytokine storm that causes massive inflammation of lung tissue with the
development of interstitial pneumonia and the presentation of the coronavirus disease,
named COVID-19 [1,3]. Patients with overactivated immune responses suffer from the
most severe respiratory conditions, thus requiring artificial ventilation to survive [13]. Due
to its RNA genome and the absence of a proofreading activity in the viral RNA-dependent
RNA polymerase, the SARS-CoV-2 genome has accumulated substantial diversity since its
outbreak into the human population. In particular, mutations in the spike protein coding
region potentially confer immune escape and can result in a decreased vaccine-mediated
protection, even leading to non-protection [14-16]. Owing to the substantial prevalence
of SARS-CoV-2 in the general population, co-infection with SARS-CoV-2 amongst PLWH
is likely common, though the consequences of this condition are less understood than
mono-infection with either virus. In this review, we will provide an overview of the clinical
studies to discuss the implications associated with HIV-1 and SARS-CoV-2 co-infection.
Furthermore, we will focus on the co-infection event and the clinical outcomes, with a few
examples to further understand the pharmaceutical therapy that PLWH must follow and
some possible cross action in the SARS-CoV-2 infection.
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Table 1. Sum up of differences and similarities between HIV-1 and SARS-CoV-2.

Disease Caused by the Virus

HIV-1 SARS-CoV-2
AIDS COVID-19

Genome organization and
translation mechanism

RNA genome with a cDNA intermediate
followed by integration in the
host genome [4]

ssRNA positive genome translated in protein
immediately after the infection [2]

Tareet cells T cells, macrophages, astrocytes, Respiratory tissues, kidneys, small intestines,
& microglia cells [17] pancreas, blood vessels [18]
Target receptor/coreceptor CD4/CCR5 and CXCR4 ACE2/TMPRSS2

Viral persistence

Lifelong infection that can be managed

with cART [5] From 10 to 17 days [19]

Suggested treatment

Antipyretics, corticosteroids,
immunomodulatory agents, mAbs, antivirals,
based on the disease severity [20]

Combination of anti-retroviral drugs to avoid
the adaptation of HIV-1 to the treatment [8]

2. Population Studies on HIV-1 and SARS-CoV-2 Co-Infections: A Global Overview

The COVID-19 pandemic has had a profound impact on the healthcare system with
regard to the treatment of other morbidities and infections. It has been reported that 60% of
infectious disease physicians were working on COVID-19 patients, resulting in about 70%
of HIV-1 treatment facilities in Central and Eastern Europe not being operative, reducing
the ability to offer appropriate treatment and care to PLWH [21,22]. Therefore, access to
anti-retroviral therapies and facilities dedicated to HIV-1 became more difficult for PLWH.

It is still debated whether PLWH have a higher risk of infection or severe complica-
tions due to SARS-CoV-2 or if they are protected by cART or by the immune suppression
status as a result of HIV-1 infection. Comorbidities derived from HIV-1 infection such as
diabetes, hypertension, obesity, cardiovascular, renal and lung diseases could represent risk
factors for severe SARS-CoV-2 infection. Conversely, the reduced immune response that
characterizes advanced HIV-1 infection could be protective against severe complications of
SARS-CoV-2 infection [23]. In a cohort of 30 PLWH hospitalized for SARS-CoV-2 complica-
tions in France, 90% of them were virologically suppressed and had comorbidities such
as cardiovascular and renal diseases, hypertension and diabetes. The authors concluded
that HIV-1 is not an independent risk factor for SARS-CoV-2 infection [24]. Other groups
explored SARS-CoV-2 seroprevalence in the HIV-1 population. Noe et al. performed a
study on a German ‘hot-spot” area that included a population of 500 PLWH and concluded
that the rate of seroprevalence in PLWH does not seem to exceed previous reports from
the general population [25]. In a retrospective study conducted in Germany, a group of
33 PLWH undergoing cART with mainly reverse transcriptase inhibitors who were co-
infected with SARS-CoV-2 were evaluated for COVID-19 symptomatology. They found
the following most common comorbidities: hypertension (10 out of 33 patients), chronic
obstructive pulmonary disease (6 out of 33 patients), diabetes (4 out of 33), cardiovascular
disease (3 out of 33) and renal insufficiency (2 out of 33). The most frequent symptoms
included: cough, fever and arthralgia. Only 24% of these patients were classified as severe
cases and three patients died. The study concluded that there is not an increased risk of
mortality and morbidities in cART-treated PLWH with symptomatic COVID-19 infection.
However, the authors of these studies underlined some important limitations such as the
lack of asymptomatic cases, the absence of transmission and exposure information as well
as the limited data on the onset, intensity and duration of symptoms [26]. Another study
analyzed 51 PLWH diagnosed with COVID-19 in 2020 in Spain. The rate of COVID-19 in-
fection among PLWH periodically followed up was 1.8%. Moreover, an increased incidence
of comorbidities was found in HIV-1- and SARS-CoV-2-positive patients compared with
only HIV-1-positive or SARS-CoV-2-positive subjects. Since 25% of patients had severe
COVID-19 disease and 12% were admitted to the intensive care unit, the authors concluded
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that PLWH might have worse outcomes. Moreover, they did not identify an association
between cART and COVID-19 severity [27]. A large English study compared data from
207 different centers located in UK. Among the 47,592 analyzed subjects, only 0.26% were
HIV-1 positive. Importantly, the authors concluded that mortality rate was increased in
PLWH under 60 years old compared with HIV-1 uninfected individuals [28]. Another large
study included 77,590 PLWH undergoing cART in Spain. This work suggested that whilst
HIV-1-positive men over 70 years old showed a higher risk for COVID-19 diagnosis, the
use of non-nucleoside reverse transcription inhibitors (NNRTIs) TDF/FTC appeared to be
protective for COVID-19 hospitalization [29].

This latter evidence paves the way for further debate on the use of anti-retrovirals
against HIV-1 and their use in COVID-19 therapy [30]. For example, the role of protease
inhibitors (PIs) has been evaluated. It has been reported that the treatment using riton-
avir/lopinavir in combination with oseltamivir (a drug used in flu treatment) had a positive
effect on a 71-year-old woman with a severe SARS-CoV-2 infection in Thailand [30]. How-
ever, this drug regimen failed in a trial performed in China on 199 SARS-CoV-2 patients.
The subjects were divided into two groups: one taking the standard drug regimen, the other
taking the standard drug regimen and PIs (ritonavir/lopinavir). The study concluded that
there is no difference in the SARS-CoV-2 disease outcome between the two study groups
and that the observed mortality rate was similar [31]. Another study on the effectiveness
of ritonavir/lopinavir in 47 patients in China demonstrated that PIs in combination with
adjuvant drugs have positive effects on recovery, including decreasing body temperature
and on recovering physiological mechanisms [32]. Other drug regimens that have been
studied through phase 2/3 clinical trials to test their efficacy in reducing COVID-19 mor-
tality and morbidity are paxlovid (nirmatrelvir/ritonavir) and molnupiravir. Paxlovid
is composed of a protease inhibitor and a pharmacokinetic enhancer and was tested in
a phase 2/3 clinical trial. This study, performed on a cohort of 2246 patients, found that
the treatment with nirmatrelvir and ritonavir reduced the risk of severe COVID-19 [33].
Another phase 3 clinical trial, performed on a cohort of 1433 patients, tested the efficacy of
molnupiravir (a nucleoside analogue) and identified a reduced risk of hospitalization or
death in early treated patients [34]. Other studies investigated the impact of IL-10 in SARS-
CoV-2 infection. For example, a study performed in Italy on 85 PLWH found that they do
not develop higher clinical severity or demonstrate increased risk for COVID-19. Moreover,
HIV-1- and SARS-CoV-2-positive patients have higher levels of IL-10, thus suggesting an
IL-10-mediated role in SARS-CoV-2 infection in PLWH [35]. Another important issue that
has been poorly addressed is the prevalence of long-COVID-19 in PLWH taking cART. In
a study conducted in India with a cohort of 94 PLWH, they found that the frequency of
long-COVID-19 was 43.6% and that this is associated with moderate-severe SARS-CoV-2
infection [36]. Another study conducted in Italy on 123 PLWH with SARS-CoV-2 infection
showed that the risk factors which can result in the development of post-acute COVID-
19 syndrome are similar to those experienced by the general population such as severe
COVID-19 and polypharmacy [37]. The discussed studies are summarized and reported in
Table 2.

Table 2. Summary of relevant in vivo studies studying HIV-1 and SARS-CoV-2 co-infections.

First Author and Year Country Studied Cohorts Results
. 30 HIV-1 and SARS-CoV-2 HIV is not an independent risk factor for
Isernia et al., 2020 [24] France positive patients SARS-CoV-2.

HIV-1 is not associated with elevated

Noe etal,, 2021 [25] Germany 500 PLWH probability of SARS-CoV-2 infection
PLWH on cART regimen did not show
Harter et al., 2020 [26] Germany 33 HIV-1 and SARS-CoV-2 increased risk of mortality and morbidities

positive patients when experiencing symptomatic
COVID-19 infection
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Table 2. Cont.

First Author and Year Country Studied Cohorts Results
' ‘ 51 HIV-1 and SARS-CoV-2 HIV-1 mfectlon is not as‘soc1ated with
Vizcarra et al., 2020 [27] Spain ositive patients protection and lower risk of severe
P p SARS-CoV-2 infection
There is an association between PLWH
. . . 47,592 SARS-CoV-2 patients under 60 years old and an increased
Geretti et al, 2021 [26] United Kingdom (0.26% PLWH) SARS-CoV-2 mortality compared with the
HIV-1 uninfected group
HIV-1 is not associated with increased risk
and severity of SARS-CoV-2 infection.
. 85 PLWH among whom 4 Moreover, higher levels of IL-10 in HIV-1
Vanetti etal,, 2021 [35] ltaly had SARS-CoV-2 infection and SARS-CoV-2 positive patients were
observed, thus suggesting an IL-10 role in
SARS-CoV-2 infection in PLWH
HIV-1 positive man older than 70 years old
77,590 PLWH under cART possess a higher risk for COVID-19
Del Amo et al., 2020 [29] Spain regimen among whom 236  diagnosis. TDF/FTC cART regimen seems
with SARS-CoV-2 infection to be protective for COVID-19 and
COVID-19-related hospitalization
There is no improvement in SARS-CoV-2
infection in patients taking standard drug
regimen supplemented with
. 199 SARS-CoV-2 patients to ritonavir/lopinavir compared with
Caoetal, 2020 [31] China test efficacy of Pls patients taking the standard drug regimen.
Ritonavir/lopinavir treatment had no
antiviral effect on SARS-CoV-2-infected
patients
The protease inhibitors ritonavir/lopinavir
Ye et al., 2020 [32] China 47 SARS-CoV-2 patients to in combination with pneumonia adjuvant

test efficacy of PIs drugs have beneficial effects in the

management of COVID-19 symptoms.

3. HIV-1 Therapy and SARS-CoV-2 Treatment

As mentioned in the previous section, the benefit of cART in PLWH who contract
SARS-CoV-2 infection is still under investigation. A recent study compared a small number
of PLWH infected with SARS-CoV-2 on cART with those not on cART. This paper found
that COVID-19 infection had similar outcomes and inflammatory markers were high in
both the studied groups [38]. In silico analyses indicate the potential of cART drugs binding
SARS-CoV-2 protein targets [39].

Mahdi et al. tested the efficacy of various HIV-1 PIs, using a dark-to-bright fluorescent
reporter gene for in vitro and cell-based assays. This strategy allows direct measurement of
the activity of the analyzed protein; the reporter is quenched by a C-terminal region which is
linked to the GFP via the protease substrate. The reporter gains fluorescence if the protease
is active. All the drugs tested demonstrated inhibition efficacy in the micromolar range.
HIV-1 PIs such as saquinavir, darunavir and atazanavir showed the best inhibitory activity,
even though they all failed to completely inhibit the activity of the main protease of SARS-
CoV-2 (MP™) in vitro [40]. Saquinavir also showed cytotoxic effect at high concentrations
in comparison with the others.

A cytidine analogue, azvudine or FNC, is known for anti-retroviral activity and it has
been recently approved for HIV-1 treatment in China [41,42]. FNC is active against viral
proteins only upon phosphorylation (FNC-triphosphate). CL236 was used as an analogous
of FNC-MP; it showed a reduction of coronavirus RNA production in vitro [42].

Some data suggested that drugs targeting HIV-1 reverse transcriptase (RT), or integrase
(IN), could potentially inhibit SARS-CoV-2 entry. Using a receptor-anti-receptor binding
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assay (NanoLuc binary technology (NanoBiT), Lee et al. found that the RT inhibitor
etravirine has an affinity for the receptor binding domain (RBD) of spike, blocking the
binding of SARS-CoV-2 to the human ACE2 receptor [43]. A similar effect was observed
with the IN inhibitor dolutegravir, but with a weaker efficacy compared with etravirine.
However, these preliminary data were not confirmed in an in vitro infection system to test
lentiviral-based pseudotyped virus neutralization due to inherent restrictions of lentiviral
vector infection systems in the presence of IN and RT inhibitors [43]. Interestingly, treatment
with another protease inhibitor, nelfinavir mesylate, showed considerable cell-to-cell fusion
inhibition in vitro [44]. Indeed, it has been demonstrated that SARS-CoV-2 infection induces
the formation of syncytia that may be driving the rapid spread of the virus in lung tissue [45].
These data on the efficacy of nelfinavir could potentially suggest new potential drug
regimens to slow down the SARS-CoV-2 disease progression [44].

4. Novel Drugs to Resolve Co-Infections and Potentially to Guide the Development of
Novel Anti-SARS-CoV-2 Therapies

Although limited information is currently known on SARS-CoV-2/HIV-1 co-infection
due to the relative paucity of cases, this group of rare patients represents the opportunity
to expand the discovery of currently used antiviral drugs and/or new ones with a broader
spectrum of activity and to enhance the knowledge of the immunology of PLWH. Many
anti-HIV-1 drugs were also repurposed for COVID-19 treatment as a first means to address
the emergency.

Lopinavir and ritonavir (HIV-1 protease inhibitors), usually prescribed in combination,
have been tested directly on patients since their positive effects against SARS-CoV and
MERS-CoV infections. However, these studies have been abandoned since no clinical
improvement was observed when compared with control groups [31,46,47]. In particular,
ritonavir showed insufficient inhibitory activity [40]. Other HIV-1 PIs, nelfinavir and
atazanavir, have also been proposed and tested in cellular models and showed better
inhibition of the viral replication cycle [46]. However, data showed that nelfinavir requires
a high dose to obtain inhibition of viral proteins. Atazanavir, on the other hand, is better
tolerated by cells, although it also requires high concentrations [40]. Therefore, new
drugs against SARS-CoV-2 in the presence or absence of HIV-1 infection are urgently
required. The first step could be the identification of a possible cross-reactive virus target
for drug development.

4.1. In Silico and In Vitro Identification of Viral Target to Resolve Co-Infections and Potentially to
Guide the Development of Novel Anti-SARS-CoV-2 Drugs

Modern drug development usually uses in silico approaches to identify virus proteins
that could possibly act as drug targets. In the case of SARS-CoV-2, potential targets are rep-
resented by the virus entry mechanism (spike-ACE2 interaction/fusion core blockade), the
viral replication (RNA-dependent RNA polymerase, or RdRp) or the maturation processes
(viral proteases) [48].

SARS-CoV-2, as with other coronaviruses, expresses a trimeric fusion protein on its
envelope (spike protein, or S) [49,50]. The single monomer has separate subunits, namely
S1 and S2. The N-terminal segment in the S1 region contains the RBD, which directly
binds the ACE2 receptor on the host cells. The S2 region harbors the substrate sequence of
proteases such as TMPRSS2, which promotes the fusion between the membranes [51,52]. The
infectivity of the virus can be minimized or hindered by blocking its access to ACE2 and/or
by preventing the formation of the fusion core by blocking the 51/S52 interface [43,53].

SARS-CoV-2 also requires RdRp to replicate its own genome into new copies for
progeny virions [54]. SARS-CoV-2 RdRp is constituted by three domains. The drugs that
interfere with the replication of the genome are designed to dock into the nucleotide binding
cleft and to prevent RNA production, limiting the formation of replication competent virus
particles [55].

The SARS-CoV-2 genome also encodes a long polyprotein that is subsequently pro-
cessed into single functional proteins. Among these, the proteases PLP™ and 3CLP™ (or
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MP™) are fundamental in each of the maturation steps of the viral life cycle. PLP™ is
also involved in deubiquitination to preserve viral proteins. MP™ has a pivotal role in
polyprotein processing since viral maturation depends on MP™ activity [40,56].

Besides the identification of new potential drug targets, in the case of SARS-CoV-2,
HIV-1 cART represented a starting point for virtual molecular analyses, molecular docking
and interaction energies to predict interactions between viral proteins and available drugs
to shorten the time required for the discovery of new therapies [57]. A small group of
anti-HIV-1 drugs showed a cross-reaction to SARS-CoV-2, with clinically relevant results.

The envelope complex of HIV-1, gp160, contains a structure characterized by the
presence of two heptad repeats (HRs), HR 1 in gp120 and HR2 in gp41. Once the envelope
binds to the receptor, the subsequent conformational change induces the pairing of the
HRs, promoting the fusion between membranes. From a structural point of view, the S1
and S2 subunits of the spike protein display a similar function [53,58]. Therefore, the effects
of anti-HIV-1 drugs that abrogate the membrane fusion have been investigated. As an
example, enfuvirtide (Enf) is one of the most common anti-fusion drugs administered
for HIV-1 treatment. Since the emergence of SARS-CoV, it has been proposed as an anti-
betacoronavirus drug due to evident similarities between SARS-CoV and HIV-1 envelopes.
Enf showed high association levels with the structures of S2, since several residues that
are relevant for enfuvirtide docking are conserved between gp41 and S2 [53]. A previous
molecular study revealed the interaction between this drug and the spike protein of SARS-
CoV-2, based on previous evidence from SARS-CoV. The study shows that the molecule
impairs the transition from the pre-fusion to the fusion stage by docking in the interface
between monomers [59].

The inhibitory potential of HIV-1 protease blockers against SARS-CoV-2 protease
(MP™) was also investigated. MD studies revealed that TMB607 and TMC310911 (in
combination with ritonavir, a drug usually included in cART therapy) could be candidates
for SARS-CoV-2 MP™ blockade for future therapeutic applications [60,61]. Other anti-HIV-1
compounds were also tested for SARS-CoV-2 inhibition/interference based on molecular
docking studies. Abacavir, fosamprenavir, indinavir and raltegravir resulted to better
interact with SARS-CoV-2 fundamental proteins. Moreover, the group analyzed other
predicted biological parameters, such as toxicity, sensitivity and mutagenicity, highlighting
that the majority of these were non-mutagenic but potentially toxic [62]. Recently, a study
by Y. Wu et al. investigated the binding energies and molecular docking properties of
saquinavir, a direct HIV-1 protease inhibitor, on SARS-CoV-2 MP™. The group discovered
that saquinavir is predicted as one of the best binders of MP™ [48].

4.2. Attempts to Resolve Co-Infection by Enhancing a Humoral Response: The Identification of
Possible Broadly Neutralizing Antibodies against HIV-1 and SARS-CoV-2

Previous studies revealed shared motifs in the structure of HIV-1 and SARS-CoV-2
envelope viral proteins [49,58]. Recent studies have aimed to identify antibodies against
SARS-CoV-2 in PLWH. Broadly neutralizing antibodies (bnAbs), which produce highly
neutralizing responses, are under evaluation for cross-reactivity against SARS-CoV-2. In
one study, by adopting an enzyme-linked immunoassay (ELISA) screening approach,
six bnAbs were selected to test their neutralization ability in vitro through SARS-CoV-2
pseudotyped virus neutralization assay (PVNA). Only one bnAb showed a sufficient
neutralization capacity against SARS-CoV-2, but failed to block infection in a live-virus
assay [63]. In another study, a cohort of SARS-CoV-2-recovered patients were enrolled and
screened to identify the presence of nAbs through PVNA. In this case, the isolated nAbs
were also tested in vivo in a Syrian hamster animal model. The study concluded that only
a portion of the tested nAbs confer protection against the SARS-CoV-2 disease [64].

A recent study reported a similar finding. In this case, the group found cross-reactivity
against an HIV-1 envelope in sera from SARS-CoV-2-spike immunized mice via ELISA.
The opposite situation (anti-HIV-1 Env antibodies against SARS-CoV-2 spike) was also
confirmed by ELISA analyses. However, while anti-SARS-CoV-2 sera neutralized the live
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virus, they failed to induce strong infectivity reduction against the HIV-1-pseudotyped
virus. Moreover, the anti-HIV-1 sera failed to block the entry of live SARS-CoV-2 in a
cytopathic effect (CPE) assay [65].

A recent study investigated the cross-reactivity of monoclonal anti-HIV-1 antibodies
against the epitopes of SARS-CoV-2 spike glycans [66]. Cross-reactivity against viral
proteins that carry host’s glycans is rare but possible. Part of the tested antibodies resulted
cross-reactively in ELISA tests and Western-blot analysis (both native and denatured
substrates) but failed at neutralizing the SARS-CoV-2-pseudotyped virus. The group
concluded that the cross-reactivity was mediated by glycan moieties, since the use of
glycan-rich casein-based buffers abrogated the cross-reaction [66].

5. Conclusions

Following two years of the outbreak of SARS-CoV-2, there is a solid and wide body
of the literature that explores the risk of SARS-CoV-2 infection and/or COVID-19 disease
progression in the general population. On the other hand, studies on the risk of infec-
tion and severe disease in the presence of persistent co-infections such as HIV-1 are less
abundant and therefore deserve particular attention [67,68]. In parallel, the development
of in vitro studies to provide robust methodological approaches to study co-infections is
still ongoing. In this review, we have provided a global overview on the implications
and clinical management of SARS-CoV-2 and HIV-1 co-infection, as well as in the field of
novel anti-retroviral drug development. This study of the literature seems to suggest that
HIV-1 infection is not an independent factor of a higher risk of SARS-CoV-2 infection or a
worse clinical outcome compared with the HIV-1-negative population. Whilst the putative
protective role of cART against a more severe COVID-19 clinical outcome still needs to be
confirmed, it seems clear that the past 20 years of research in the HIV-1 field have set a
solid ground for drug development studies.
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Abstract: Coronaviruses infections, culminating in the recent severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic beginning in 2019, have highlighted the importance of effective
vaccines to induce an antibody response with cross-neutralizing activity. COVID-19 vaccines have
been rapidly developed to reduce the burden of SARS-CoV-2 infections and disease severity. Cross-
protection from seasonal human coronaviruses (hCoVs) infections has been hypothesized but is still
controversial. Here, we investigated the neutralizing activity against ancestral SARS-CoV-2 and the
variants of concern (VOCs) in individuals vaccinated with two doses of either BNT162b2, mRNA-1273,
or AZD1222, with or without a history of SARS-CoV-2 infection. Antibody neutralizing activity to
SARS-CoV-2 and the VOCs was higher in BNT162b2-vaccinated subjects who were previously infected
with SARS-CoV-2 and conferred broad-spectrum protection. The Omicron BA.1 variant was the most
resistant among the VOCs. COVID-19 vaccination did not confer protection against hCoV-HKU1.
Conversely, antibodies induced by mRNA-1273 vaccination displayed a boosting in their neutralizing
activity against hCoV-NL63, whereas AZD1222 vaccination increased antibody neutralization against
hCoV-229E, suggesting potential differences in antigenicity and immunogenicity of the different
spike constructs used between various vaccination platforms. These data would suggest that there
may be shared epitopes between the HCoVs and SARS-CoV-2 spike proteins.

Keywords: SARS-CoV-2; seasonal; HKU1; 229E; NL63; neutralisation

1. Introduction

In December 2019, the outbreak of a novel coronavirus named severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) rapidly spread around the world, resulting in a
global pandemic [1]. Since then, international efforts to generate a suitable therapeutic
have resulted in the development of multiple vaccination platforms and other antiviral
pharmaceuticals. The gradual rise of variants has had a reduced impact on the efficacy of
neutralising antibodies raised either by previous infection of SARS-CoV-2 or by vaccina-
tion [2,3]. The World Health Organisation (WHO) has categorised the troubling variants
as variants of concern (VOC), whereas other variants that do not meet the same criteria
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fall under variants of interest (VOI) or variants under investigation (VUI). There has been
a substantial amount of focus on variants and their characteristics, such as antibody eva-
sion and replication rates, with many studies comparing variants and their ability to be
neutralised [4-8], as the pandemic continues to progress.

SARS-CoV-2 belongs to the Coronaviridae family that includes SARS-CoV-1 [9], middle
eastern respiratory virus (MERS) [10] and four human coronaviruses 229E, HKU-1, NL63,
and OC43 [11] (Figure 1A). Whilst SARS-CoV-1 and MERS have had outbreaks that caused
severe disease in humans [12], the four other coronaviruses, commonly referred to as sea-
sonal or human coronaviruses (HCoVs), typically cause mild disease similar to a common
cold [11,13]. On rare occasions, however, the HCoVs may cause severe diseases [14-16].
SARS-CoV-2, together with NL63, use angiotensin-converting enzyme 2 (ACE2) as their
major cell entry receptor [17,18]. Despite HKU1 and OC43 being more closely related to
SARS-CoV-2, they bind to sialic acids as a mode of entry [19], whereas more distantly
related 229E uses human aminopeptidase (hAPN) [20]. (Figure 1B).

A

Lineage Genus

0043
A
HKU1"
= ————— SARS-CoV-2" p
B
L SARS-CoV
MERS-CoV I C
229E"
a
NL63"
B 0.2
SARS-CoV-2 HKU1 NLo63 229E
ACE2 9-0-acetylated ACE2 hAPN

sialic acids

Figure 1. Phylogenetic tree of the members in the Coronaviridae family. * denotes spike proteins that
were used in this study (A). Structures of spike proteins of SARS-CoV-2, and three of the seasonal
HCoVs; HKU1, NL63 and 229E, which were used in this study (B). (PDB codes: 6VXX, 60HW, 6U7H,
5108, and 5SZS). Grey denotes the S2 domain, whereas light blue is the N-terminal domain of S1
subunit, and dark blue represents the remaining S1 subunit. NL63 has an additional teal coloured
section representing a unique region in the S1 domain not observed in other coronaviruses [21].
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At the start of the pandemic, there was a debate as to the possibility that antibodies
raised against the HCOVs had any role in protection against SARS-CoV-2 [22-25]. Since
then, rising interest in HCoVs has led to an increase in understanding of the immune
response they generate. Several publications that investigated the effect of HCoVs relied
on the use of binding assays such as enzyme linked immunosorbent assays (ELISA) that
measure antibody binding but did not elucidate their neutralising capabilities. Moreover,
successful generation of various vaccine platforms have been used to protect individuals
from infection and severe disease [26], though their effectiveness is diminished as newer
and more immune evasive variants arise [27]. Here, we use lentiviral-based pseudotyped
viruses of SARS-CoV-2, the VOCs/VOI, and HCoVs, to measure the strength of neutralising
antibodies induced by two doses of either BNT162b2 (Pfizer), AZD1222 (Astrazeneca), or
mRNA-1273 (Moderna) against SARS-CoV-2 and variants B.1.1.7 (Alpha), B.1.351 (Beta),
P.1 (Gamma), B.1.617.2 (Delta), B.1.525 (Eta), and B.1.1.529 (Omicron BA.1) (Figure 2), and
whether any of these vaccines are able to augment neutralising antibodies against HCoVs
229E, HKU1, or NL63.
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Figure 2. SARS-CoV-2 variants spike mutations used in this study.
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2. Materials and Methods
2.1. Patient Serum Collection/Ethics Information

Sera samples were collected from 36 healthy vaccinated subjects. The study was approved
by San Raffaele Scientific Hospital Ethical Committee (protocol number 68/INT/2020). All
enrolled patients gave written, informed consent.

2.2. Phylogenetic Tree and Similarity Plot

A maximum likelihood phylogenetic reconstruction based on the spike gene codon
alignment, was constructed using iqtree (version 1.6.12) [28] with 10,000 ultra-fast bootstrap
replicates [29] and a TVM+F+I+G4 substitution model, selected using ModelFinder [30].
The sequence similarity plot was constructed by aligning spike protein sequences of SARS-
CoV-2 (QHD43416.1), HKU1 (YP_173238.1) 229E (NP_073551.1) and NL63 (YP_003767.1),
using mafft (version 7.453) [31] (genafpair option) and visualised using the D3 JavaScript
package implemented in observable (https:/ /observablehq.com/@spyros-lytras/seasonal-
cov-spike accessed on 3 November 2022).

2.3. Tissue Culture

Human embryonic kidney 293T/17 (HEK293T /17) cells and human hepatocytes Huh-
7 cells were maintained in DMEM supplemented with 10% foetal bovine serum and 1%
penicillin/streptomycin. Chinese ovarian hamster (CHO) cells were maintained in Ham’'s
F12 supplemented with 10% foetal bovine serum and 1% penicillin/streptomycin. Cells
were routinely passaged to prevent confluency by washing with phosphate-buffered saline
solution and detached with trypsin-EDTA. All cells were incubated at 37 °C and 5% CO,.

2.4. Pseudotype Virus Production

All pseudotypes (PVs) were generated as previously described [32]. Briefly, 1000 ng
of pc-DNA 3.1+ plasmid bearing the spike of ancestral SARS-CoV-2, variants Alpha, Beta,
Delta, Gamma, Eta, Omicron Ba.l, or HCoVs 229E, HKU1, and NL63 was mixed with
1000 ng of p8.91 plasmid encoding the HIV Gag-pol and 1500 ng of pCSFLW plasmid
containing the Renilla firefly luciferase reporter gene, and co-transfected onto HEK293T cells
at 50% confluency in T-75 flasks using FuGENE-HD. HKU-1 required an additional step of
adding 1.5 U of exogenous neuraminidase (Sigma) in 10 mL of replenished DMEM 24 h
after transfection. To harvest the pseudotyped viruses, media was aspirated 48 h after day
of transfection and filtered using a 0.45 pm cellulose acetate filter. All PVs were aliquoted
and stored at —80 °C for storage. After repeated attempts, we were unable to pseudotype
HCoV OC43.

2.5. Pseudotype Virus Titration

All PVs were titrated as previously described [32]. Target cells for SARS-CoV-2,
variants, and HCoV NL63 were prepared the day before titration by transfecting ACE-2
and TRSSMP2. CHO cells were used as target cells for HKU-1, and Huh-7 cells were used
as target cells for 229E. Briefly, 50 uL of harvested PV were added in the top row of a white
F-bottom 96-well plate (Nunc), and serially diluted using DMEM or Ham's F-12 for HKU-1
PVs in half steps to the bottom row of the plate prior to addition of 10,000 target cells in
each well. Plates were returned to the incubator for 48 h prior to lysis with Bright-Glo
reagent and assaying luciferase reporter gene activity in relative line units (RLU) using a
Glo-Max luminometer. PV titres are reported in RLU/mL.

2.6. Pseudotype Microneutralisation (pMN) Assays

The pMN assay was carried out as previously described. Briefly, convalescent sera
were mixed with either DMEM or Ham's F-12 at an initial 1:40 dilution and then serially
diluted 2-fold in a white flat-bottomed 96-well plate to a final dilution of 1:5120. All
samples were repeated in duplicate. PVs were then added to each well at an input of
1 x 10° RLU/mL. Plates were returned to the tissue culture incubator for 1 h, prior to
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addition of pre-transfected ACE-2/TRSSMP2 HEK293T target cells or CHO cells for HKU-1
and Huh-7 cells for 229E, at a density of 1 x 10* cells per well. Plates were returned
to the incubator for 48 h prior to lysis with Bright-Glo reagent and assaying luciferase
reporter gene activity in relative line units (RLU) using a Glo-Max luminometer. IC50s
were calculated using GraphPad Prism 8 software using a non-linear regression curve as
described in [33].

2.7. Statistical Analysis

Wilcoxon matched-pair ranked tests were used to assess significance in matched sub-
jects. Kruskal-Wallis ANOVA test was used to assess significance when comparing IC50
titres between three vaccine platforms. All tests were used on Graphpad
Prism 8 software.

3. Results
3.1. Cohort Characteristics

To assess the neutralizing potential of SARS-CoV-2 specific antibodies against SARS-
CoV-2 VOCs and hCoVs, sera obtained from double-dosed BNT162b2-vaccinated (n = 13),
AZD1222-vaccinated (n = 16) and mRNA-1273-vaccinated (n = 7) individuals with and
without an history of SARS-CoV-2 infection were inspected (Table 1).

Table 1. Demographic and clinical characteristics of the cohort.

Total 36
Demographics
Age (median [IQR], Range) 49 [43.5, 55.25] (24-62)
Sex (Male/Female) 8/28
SARS-CoV-2 Prior Infection (Yes/No) 11/28
BNT162b2 Samples (1st dose/2nd Dose) 13/13
mRNA-1273 Samples (1st dose/2nd Dose) 7/7
AZD1222 Samples (1st dose/2nd Dose) 16/16
Time of bleed after 1st dose 21 days (1]31\‘1;1;1661(25b(2Aazr1§1r;2R21)\IA—1273)
Time of bleed after 2nd dose 15 weeks

3.2. Neutralisation of SARS-CoV-2 Variants

We first carried out pMN assays to analyse the magnitude of neutralising anti-
body responses against ancestral SARS-CoV-2 and variants, irrespective of vaccine type
(Figure 3A). Our results showed that Omicron BA.1 was the least neutralised VOC (24-fold
decrease, p =< 0.0001). As expected, we observed the samples from individuals with prior
infection had higher neutralisation titres compared with immunological naive subjects.

The serum from previously infected individuals (Figure 3B), neutralized the Alpha
variant more effectively compared with the ancestral strain, as it showed a 1.3-fold de-
crease in median ICs titre, followed by Eta and Delta variants, (3.4- and 4.5-fold decrease,
respectively). Beta and Gamma variants were more resistant to neutralization (10.9- and
9.7-fold decrease, respectively), and Omicron BA.1 reached a 16.1-fold decrease compared
with ancestral SARS-CoV-2. Notably, the majority of these subjects had received the
BNT162b2 vaccine.

Taken together, these results suggested that in vaccinated subjects the pre-existing
immunity raised by natural infection with SARS-CoV-2, or a VOC is more effective in
protecting against the spectrum of variants that emerged later over time, compared with
immunity triggered by vaccination only. However, the recently emerged variants evolved
mechanisms to evade the neutralizing antibody response.
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Figure 3. Ability of serum antibodies to neutralise SARS-CoV-2 and VOCs from individuals vacci-
nated with two doses of either BNT162b2, AZD1222, or mRNA-1273. Neutralizing antibody response
against the ancestral SARS-CoV-2 and variants, in previously infected individuals (blue) and non-
infected individuals (red) receiving two doses of either BNT162b2, AZD1222, or mRNA-1273 vaccines
(A). Wilcoxon matched-pairs signed rank tests statistical analysis was used to compare ancestral
SARS-CoV-2 against each variant (A). Neutralisation profiles of sera from BNT162b2-vaccinated
subjects with a history of prior infection. No statistical test was used for BNT162b2 in panel C due to
small sample size with large variation. (B). Neutralisation profiles of the three vaccine types against
variants (C) and compared between vaccine platforms. (D) Wilcoxon matched-pairs signed rank
tests statistical analysis was used to compare ancestral SARS-CoV-2 against each variant in panel C.
Kruskal-Wallis ANOVA was used for statistical analysis in panel D. ns = not significant, * p < 0.05,
**p <0.01, ** p < 0.001, *** p < 0.0001.
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We then analysed subjects who had not experienced SARS-CoV-2 infection before
vaccine administration (Figure 3C). The efficacy of each vaccine platform was analysed
with respect to the capability to neutralize both the ancestral strain and its variants. We
observed that the sera from BNT162b2-vaccinated subjects had high median ICs titres
compared with those obtained from mRNA-1273- and AZD1222-vaccinated individuals.
Whereas the Alpha variant did not show immune escape in any of the vaccinated subjects,
all the VOCs were resistant to antibody neutralization to different degrees (Figure 3C). We
were unable to extract meaningful significance scores from the BNT162b2 samples due to
few samples (n = 5) with very large spread in ICs titres.

We did not observe any statistically significant difference between the three vaccine
platforms with respect to their abilities to neutralize the Alpha, Eta, Beta, Gamma, and BA.1
variants. Conversely, the biggest difference between the three vaccine types was observed
with ancestral and Delta variant, as mRNA-1273 showed a 1.6- and 1.4-fold decrease in
median ICsj titres, respectively, compared with BNT162b2, whereas AZD1222 showed a
3.8- and 4.1-fold decrease (Figure 3D).

3.3. Neutralisation of Seasonal HCoVs

To determine whether vaccination against SARS-CoV-2 may cross-protect against
seasonal HCoVs, we asked whether a prior infection with SARS-CoV-2 had any impact on
antibody-mediated neutralisation of the HCoVs (Figure 4A). We observed no statistically
significant increases in neutralizing titres against either 229E or HKU-1 between previously
SARS-CoV-2 infected and naive individuals. Conversely, a statistically significant decrease
in neutralizing titres against NL63 after the second dose administration was found in
vaccinated subjects who experienced SARS-CoV-2 infection (p = 0.033) compared with the
naive (p = 0.063).

We then assessed whether one or more of the vaccine platforms would boost titres
against the HCoVs in all subjects, irrespective of their previous infection status (Figure 4B).
Overall, in vaccinated subjects, the median antibody neutralization titres against NL63
were higher compared with those against 229E and HKU], irrespective of the vaccine
platform (Figure 4B). Notably, NL63 uses ACE2 as entry receptor into the target cells, as
does SARS-CoV-2.

The type of vaccine did not have an impact in boosting the neutralizing activities
against the three seasonal coronaviruses we studied after the second dose administration,
with the exception of NL63 and HKU1. ICs titres against NL63 increased after the second
dose using mRNA-1273 (p = 0.03), whereas 229E showed a statistically significant increase
in ICs titre in only AZD1222-vaccinated individuals (p =< 0.001). Conversely, after the
second boost of BNT162b2 vaccine, neutralization titres against HCoV HKU-1 decreased,
probably due to the selection of antigen-specific plasma cells with lower affinity for the
HKUL1 spike.

To better understand the impact of COVID-19 vaccination on the protection from
seasonal HCoVs in subjects with or without a history of SARS-CoV-2 infection, we analysed
the spike protein similarity of HCoVs HKU1, NL63, 229E and SARS-CoV-2 to investigate
whether a particular region could explain the neutralisation differences (Figure 4C). The
similarity plot generated by comparing pairwise similarity showed HKU1 had higher
similarity in all spike regions to SARS-CoV-2 spike compared with 229E and NL63, con-
sistent with the viruses” taxonomy. However, HKU1 seems to have extra insertions at
the C-terminal end of the RBD compared with the other two seasonals and SARS-CoV-2.
Furthermore, the S2 region shows much higher similarity to SARS-CoV-2 in all three HCoVs
compared with the S1 region (Figure 4C).
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Figure 4. Comparing neutralising responses in HCoVs NL63, 229E, and HKU1 between first- and
second-dose vaccination against SARS-CoV-2. Neutralization profile against HCoVs NL63, 229E, and
HKU1 in double-dosed BNT162b2, mRNA-1273 or AZD1222 —vaccinated subjects with or without a
history of SARS-CoV-2 infection. (A). Neutralizing antibody titres against the aforementioned HCoVs
after the first and second dose administration of BNT162b2, mRNA-1273 or AZD1222 vaccines.
(B). Wilcoxon matched-pairs signed rank tests statistical analysis was used in A and B. Similarity
plots (C) show HKU-1 spike as having more similar amino acid sequence to SARS-CoV-2 compared
with both NL63 and 229E in all regions of the spike protein. Dashed lines on the top show amino acid
pairwise similarity between SARS-CoV-2 and the 3 HCoV Spike proteins, plotted using a 400 amino
acid window size and a step of 1. Positions with gaps were excluded from the windows. Horizontal
lines on the bottom indicate residue presence for each of the 4 aligned coronaviruses across the
alignment length (colour presence = amino acid presence; colour absence = gap). ns = not significant,
*p <0.05, *** p < 0.001.
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4. Discussion

In this study, we were able to directly compare the antibody neutralisation titres
induced by two m-RNA-based vaccines, BNT162b2 and mRNA-1273, and an adenoviral-
based vaccine, AZD1222, against SARS-CoV-2, its emerged variants, and three
seasonal HCoVs.

Our data on antibody neutralization against SARS-CoV-2 and its variants in vaccinated
subjects, with or without a history of previous infection, agree with what is reported in
the literature [2,4,5,7,34-38]. We confirmed that vaccination with two doses of vaccines
induced antibodies able to neutralize SARS-CoV-2 and VOCs, with BNT162b2 eliciting
the highest neutralization titres, followed by mRNA-1273 and AZD1222. Despite their
differences in neutralization titres, all three vaccines have been reported to have high
efficacy at preventing severe COVID-19 [39-41]. The Omicron BA.1 variant was the most
evasive of all VOCs analysed in this study (Figure 3). Indeed, the heavily mutated spike
protein of BA.1 variant posed challenges to the effectiveness of the current vaccines to
protect against COVID-19 and pointed out the need to monitor the protection conferred
against this and the newly emerged SARS-CoV-2 variants, namely Omicron BA.4 and BA.5.
Bivalent formulations of mRNA-based vaccines, containing both the mRNA of the spike of
the ancestral SARS-CoV-2 and the one in common between the BA.4 and BA.5 lineages have
been designed and authorized in order to counteract the evasion of the immune response
elicited by the original vaccine design.

HCoVs are globally distributed and believed to induce short-lasting protective antibod-
ies [42]. Therefore, there is a high likelihood of reinfection remaining elevated, especially
during the winter periods [13,43-45] despite high seroprevalence [43,45,46]. It is currently
debated whether prior infection with seasonal HCoVs elicits cross-reactive antibodies
against SARS-CoV-2, and more importantly, if this translates into protection against SARS-
CoV-2. Cross-reactive antibodies [47-54] and T-cell responses [55-61] were detected in
pre-pandemic sera and healthy donors; however, similar experimental approaches have
shown the opposite to be true by other investigators [62]. In addition, in many of the afore-
mentioned articles that revealed cross-reactive antibodies in pre-pandemic samples, the
number of cross-reactive samples was a small portion of the total sera analysed, suggesting
that cross-reactivity, whilst it exists, is low.

The same question has been raised about antibodies elicited by COVID-19 vac-
cines, with studies showing cross-reactive antibodies to some but not all the seasonal
HCoVs [63-65]. SARS-CoV-2 spike protein vaccination was shown to induce cross-reactive
antibodies to both Alpha- and Betacoronaviruses in macaques [66]. It is important to deduce
whether cross-reactive antibodies translate into protective, neutralising antibodies against
SARS-CoV-2. Some reports suggested that whilst there is a small boost in antibodies to-
wards HCoVs during SARS-CoV-2 infection, they are not associated with protection [67].
Similarly, studies showed that prior infection with HCoVs did not protect against SARS-
CoV-2 infection and disease [68,69].

We did not find any boost of neutralizing antibody titres against HKU1 in our cohort
of SARS-CoV-2-vaccinated subjects, irrespective of their SARS-CoV-2 pre-infectious status,
with the exception of subjects administered with BNT162b2. This is in contrast with two
reports that observed a boost in HKU-1 titres post vaccination against SARS-CoV-2 by
BNT162b2 [63,64]. Hicks et al. showed that antibodies reacting to HCoV-OC43 and HCoV-
HKU1 had minimal cross-reactivity with SARS-CoV-2, in accordance with the sequence
homology of these proteins [54]. Moreover, a previous SARS-CoV-2 infection did not
boost the cross-neutralization against either HKU1 or the more phylogenetically related
HCoV-229E (Figure 4A). One report suggested that HKU1 may have another candidate
receptor that has yet to be identified, due to the presence of a putative RBD, distant from
the sialic acid binding regions [70,71]. It should also be noted that neutralising ability might
not only be dependent on the pairwise similarity between amino acids in the protein, but
also short insertions and deletions that can alter the protein’s structural conformation. For
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instance, the HKU-1-specific insertion at the C-terminal end of the RBD (Figure 4C) might
partly explain our neutralisation results.

Conversely, we found that the second dose administration in naive subjects increased
the protective antibody response against NL63 compared with that obtained in previously
infected subjects receiving the same dose. This was probably due to the fact that addi-
tional exposures to the spike antigen did not have an effect on antibody neutralization
against NL63.

The differences in antibody neutralization between the HCoVs may be due to the
differences in the spikes used by the vaccination platforms. BNT162b27 encodes full-length
spike with the K986P and V987P mutation sites to stabilize the pre-fusion conformation
of the protein [72]. The mRNA-1273 vaccine contains the coding sequence for a spike
glycoprotein stabilized by the same proline substitutions used in the BNT162b2 vaccine,
with a transmembrane anchor and an intact S1-S2 cleavage site. The pre-fusion confor-
mation is stabilized by the consecutive proline substitutions, which are located in the S2
subunit at the top of the central helix [73]. Conversely, a native-like spike is expressed
by the AZD1222 vaccine. As our naive subjects were administered with the AZD1222
vaccine, we can speculate that the native form of the spike protein triggered the de-
velopment of higher neutralizing antibodies titres compared with that induced by the
pre-fusion-stabilized protein.

Conversely, the second immunogenic exposure to SARS-CoV-2 spike boosted the neu-
tralizing response against NL63 or 229E (Figure 4B), as has been previously reported [67],
depending on the vaccine platform, irrespective of the pre-infection status. Interestingly,
another report observed the same cross-neutralizing activity, though this was irrespective
of vaccine platform [74]. We speculate that cross reactivity can arise due to similarity in epi-
topes in the receptor-binding motif (RBM) of NL63 to SARS-CoV-2, since both viruses share
ACE-2 as their entry receptor [75]. Similarly, an epitope overlapping the S2 fusion peptide
in 229E has been reported to elicit cross-reactivity against SARS-CoV-2 [48]. Song et al.
described protective neutralizing antibodies targeting the S2 subdomain [53]. Furthermore,
a report during the original SARS-CoV-1 outbreak also found cross reactive antibodies
against NL63 and 229E [76], strengthening the hypothesis of shared epitopes between
Alphacoronaviruses and Betacoronaviruses. The S protein of NL63 does not contain the furin-
recognition site and is not cleaved during biogenesis [77]. Similarly, the spike protein
expressed by the mRNA1273 vaccine lacks the cleavage site; therefore, the conformation
of the protein might be similar and might trigger neutralizing antibodies against shared
epitopes and that are boosted after a second exposure to the same antigen.

The antigenic nature of the spike protein expressed by the different vaccines, together
with multiple conformations they can acquire, might affect the development of neutralizing
antibodies with different affinities towards several epitopes in the spike protein. Since the
AZD-1222 spike does not contain the two proline mutations to stabilise its spike into a
trimeric pre fusion structure [78,79], the presence of a post fusion spike could potentially
elicit a larger immune response towards epitopes in the S2 domain. This may explain why
we did not observe any boost in neutralizing titres against 229E in either mRNA-based,
pre-fusion-stabilized immunogen, vaccinated samples. Ultimately, despite observing a
boost in titres, it is impossible for us to state whether this translates into protective titres
since correlates of protection against SARS-CoV-2 have yet to be defined.

There are several limitations in our study to consider. Our data would have benefitted
from larger numbers of samples in all vaccine platform types, and control samples of
non-vaccinated individuals who either have been infected with SARS-CoV-2 or not. Fur-
thermore, we did not analyse the baseline levels of cross-reactive neutralizing antibodies
against seasonal coronaviruses in our cohort of vaccinated subjects.

A pan-coronavirus vaccine would elicit antibodies that recognise and neutralise a
broad range of coronaviruses. This is challenging because of the genetic nature of these RNA
viruses that frequently mutate and induce an immunity that wanes over time, increasing
the likelihood of reinfection. Therefore, identifying the key epitopes located at the most
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conserved regions of the spike protein, especially at the S2 subunit, is relevant to potentially
induce neutralizing antibodies with broader affinity to the cellular receptors that mediate
viral entry. Several vaccine candidates have been formulated, and some are based on dual
antigens including both spike and nucleocapsid (N) components [80]. These formulations
are at the pre-clinical stage as they might provide broader and more durable humoral and
cellular immune responses against coronaviruses [80].
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Pseudotyped viruses (PVs) are molecular tools that can be used to study host-virus
interactions and to test the neutralizing ability of serum samples, in addition to their
better-known use in gene therapy for the delivery of a gene of interest. PVs are
replication defective because the viral genome is divided into different plasmids that
are not incorporated into the PVs. This safe and versatile system allows the use of PVs
in biosafety level 2 laboratories. Here, we present a general methodology to produce
lentiviral PVs based on three plasmids as mentioned here: (1) the backbone plasmid
carrying the reporter gene needed to monitor the infection; (2) the packaging plasmid
carrying the genes for all the structural proteins needed to generate the PVs; (3) the
envelope surface glycoprotein expression plasmid that determines virus tropism and
mediates viral entry into the host cell. In this work, SARS-CoV-2 Spike is the envelope
glycoprotein used for the production of non-replicative SARS-CoV-2 pseudotyped

lentiviruses.

Briefly, packaging cells (HEK293T) were co-transfected with the three different
plasmids using standard methods. After 48 h, the supernatant containing the PVs
was harvested, filtered, and stored at -80 °C. The infectivity of SARS-CoV-2 PVs
was tested by studying the expression of the reporter gene (luciferase) in a target
cell line 48 h after infection. The higher the value for relative luminescence units
(RLUs), the higher the infection/transduction rate. Furthermore, the infectious PVs

were added to the serially diluted serum samples to study the neutralization process
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of pseudoviruses' entry into target cells, measured as the reduction in RLU intensity:

lower values corresponding to high neutralizing activity.

Introduction

Pseudotyped viruses (PVs) are molecular tools used in
microbiology to study host-virus and pathogen-pathogen

interactions?2

3.4 PVs consist of an inner part, the viral
core that protects the viral genome, and an outer part, the
envelope glycoproteins on the surface of the virus that defines
the tropism5. A pseudovirus is replication-incompetent in
the target cell because it does not contain all the genetic
information to generate new viral particles. This combination
of peculiar features makes PVs a safe alternative to a
wildtype virus. Wildtype viruses, on the other hand, are highly

pathogenic and cannot be used in BSL 2 laboratories for

analysisB.

The infectivity of PVs can be monitored by a reporter gene,
usually coding for a fluorescent protein (GFP, RFP, YFP)
or an enzyme that produces chemiluminescent products
(luciferase). This is contained in one of the plasmids used
for PV production and incorporated in the genome of the

pseudovirus’ .

Several types of PV cores currently exist, including lentiviral-
derived particles based on the HIV-1 genome. The great
advantage of HIV-1-based PVs over other platforms is their
intrinsic integration process in the target cell genomes.
Although HIV-1 is a highly contagious virus and is the
causative agent of AIDS, these lentiviral vectors are safe
to use because of the extensive optimization steps over
the years. Optimal safety conditions were achieved with
the introduction of 2”d-generation lentiviral vectors, in which

viral genes were depleted without influencing transduction

capabilitiesg. The 3@ and 4th generations contributed to the

increased safety of lentiviral vector handling with the further
splitting of the viral genome into separate plasmidsm' " The
latest generations of PVs are generally employed to produce

lentiviral vectors for gene therapy.

PVs can be used to study interactions between viruses
and host cells, during both the production and the infection
phases. PVs are especially employed in pseudovirus
neutralization assays (PVNA). PVNAs are widely validated
to assess the neutralization potential of serum or
plasma by targeting the viral glycoprotein on the PV's
envelope12'13. Neutralization activity, expressed as the
inhibitory concentration 50 (IC50), is defined as the dilution
of serum/plasma that blocks 50% of viral particle entry14. In
this protocol, we described the set-up of a PVNA to test the
antibody activity against Severe Acute Respiratory Syndrome
- Coronavirus 2 (SARS-CoV-2) in sera collected before and

after receiving a booster vaccine dose.

Protocol

The present protocol has been approved by and follows
the guidelines of the Ethical Committee of the University of
Verona (approval protocol number 1538). Informed written
consent was obtained from the human subjects participating
in the study. Whole blood samples were collected from
healthcare worker (HCW) volunteers who were in the process
of receiving anti-SARS-CoV-2 vaccines. These samples were
collected in plastic tubes containing anticoagulants for the

subsequent isolation of serum2.
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All the following processes must be performed in a Class-2
biological hood, working under sterile conditions. Virus

handling must be performed with care, and all waste products

must be neutralized in a diluted bleach solution. An overview

of the protocol is displayed in Figure 1.

Figure 1: Graphical representation of a neutralization assay. (A) PV production, (B) PV titration, and (C) neutralization

assay. All the procedures are performed in a class-2 biological hood under sterile conditions. Titration step (B) needs to be

performed to standardize the infectivity levels of PVs before use in the neutralization assay (C). This figure was created with

BioRender. Please click here to view a larger version of this figure.

1. SARS-CoV-2 PVs production and infectivity test

1. Seed 5 x 10° HEK293T cells in complete Dulbecco's
Modified Eagle Medium (DMEM, high-glucose, 10%
bovine serum (FBS), 1% 1%

foetal L-glutamine,

penicillin/streptomycin) in a 6-well plate (6WP) to reach

a suitable cell density compatible with the transfection
reagent used. In the case of performing transfection with
polyehtylenimine (PEI) (prepare the reagent following the
manufacturer instructions), ensure that the cells reach
40-60% density on the day of transfection (step 1.3).
Keep the cells in a humidified incubator at 37 °C and 5%

CO,.

Copyright © 2023 JoVE Journal of Visualized Experiments jove.com

November 2023 - 201 - €65658 - Page 3 of 13


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/65658/65658fig01large.jpg

jove

Prior to transfection, replace the spent cell medium with
fresh medium without antibiotics (DMEM, high-glucose,
10% FBS, 1% L-glutamine) to achieve higher transfection
efficiency.

NOTE: The day after seeding, HEK293T cells are ready

to be transfected.

Transfect adherent HEK293T cells with a suitable
transfection reagent according to the manufacturer's
instructions. If using PEI, prepare two mixes and follow

the steps below.

1. To prepare mix A, add 500 ng of pCMV-dR8.91
packaging plasmid16, 750 ng of pCSFLW reporter

plasmid'®, and 450 ng of SARS-CoV-2 Spike
expressing plasmid in 100 yL of reduced serum

medium.

2. Toprepare mix B, add 17.5 uL of PEI (concentration:

1 mg/mL) to 100 uL of the reduced serum medium.

3. Allow both mixes to incubate at room temperature
(RT) for 5 min. Next, mix the contents of both tubes

together by adding the PEI mix B to DNA mix A.

4. Incubate the tube for 20-30 min at RT. Flick the tube
gently every 3-4 min to enhance the mixing. Finally,

add the mixture to the HEK293T cells.

16-20 h after the transfection, replace the culture medium
with fresh, complete DMEM. Incubate at 37 °C and 5%

COy, to allow for the production of PVs by transfected

cells.

72 h after the transfection, harvest the supernatant
containing PVs. Then centrifuge at 1600 x g for 7 min at
room temperature to remove cell debris and dead cells

and filter it through a 0.45 pym cellulose acetate filter.

OPTIONAL STEP: To increase the final yield of PV
titer, perform multiple transfections, pool the cell media
containing PVs, and concentrate it using concentrating

tubes.

Proceed directly with the next steps ("PVs titration",
section 2) or aliquot the PV-containing medium in
suitable tubes to store at -80 °C until use. Prepare an
additional aliquot (400-500 pL) to be used for titration.

NOTE: Making multiple aliquots will guarantee
reproducibility between experiments by avoiding

excessive thaw-freeze cycles.

2. PVs titration

Use the fresh PV-containing medium for the next steps or
thaw the testing aliquot (step 1.7) to perform the titration
of the new viral stock. Freezing aliquots of the same PV

stock will guarantee reproducibility.

Add 50 pL of complete DMEM (or complete medium
compatible with the target cell line in usage) in all the
wells of a 96 well-plate (96WP) necessary to test in
duplicate the PV stock, leaving row "A" empty. Add 100
ML of PVs stock to row "A". Based on the number of
preparations to be tested, leave one column without the

virus as a "cell only" control (Figure 2).

Pipette 50 uL from row A to row B and repeat this process
up to row G to obtain serial dilutions of the initial stock.

Discard the excess volume from the last row.

Detach cellsusing trypsin/ethylenediaminetetraacetic
acid 1x (EDTA) in Dulbecco's phosphate buffer saline
1x (DPBS 1x), after removing the spent medium and

washing cells with DPBS 1x twice. Prepare cells to a

density of 4 x 10° cells/mL.
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NOTE: In this protocol, PVs infection was tested on the
susceptible cell line HEK293T/ACEZ2; such cells were
derived from HEK293T, transduced using a lentiviral
vector to express ACE2 receptor.

Add 50 pL of the cell suspension into each well to ensure

a cell count of 2 x 10* cells per well.

Incubate at 37 °C and 5% CO», for 48 h.

After the incubation, perform the Luciferase assay to
obtain the reading as per the manufacturer's instructions.

Add 100 pL of the luciferase reagent to the wells and

SARS-CoV-2 PVs

100 pL

incubate in the dark at RT for 2 min. Move the content
of each well to a black 96 well plate (compatible with the
available plate reader) and read the plates in a 96 well
plate reader.

NOTE: The luminometer used for the luciferase readout
will produce a spreadsheet file with the raw, unprocessed
data that will be used for downstream analysis (in this
case, an Excel file). The virus' infectivity will be expressed
as relative luminescence units (RLU) (described in

paragraph 4.1).

Virus 1:2 serial dilution (starting quantity 100 pL)

1 2 3 4 5 6 7 8 9 10 N 12

- 000000000000

- 000000000000 —
- S

‘900000000000 | ‘

000000000000 i

‘000000000000

- 9000000000000

000000 C0OOY

[

\

50 pL

Cell culture medium

50 pL of

4%10° cel

Il/mlL

Susceptible cell population
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Figure 2: Representative layout of a 96 well plate for PVs titration. A fixed volume of PV-containing supernatant is added

to row A, columns 1-11, and serially diluted. The last column is left as the "cell only" control. This figure was created with

BioRender. Please click here to view a larger version of this figure.

3. Neutralization assay

1.

Thaw patients' sera on ice. Inactivate serum samples by

incubating them at 56 °C for 30 min.

In a 96 well plate, add 50 pL of the fresh, complete DMEM
(or complete medium compatible with the target cell line
used)in each of the following wells: from row B (columns
1-10) to row H (columns 1-10). Put 95 pL of the fresh,
complete DMEM in row A (columns 1-10). Add 50 uL
and 100 uL of complete DMEM into the wells of columns
11 and 12, respectively. These will be the infected (virus
control, or VC) and uninfected (cell only, or CC) controls,

respectively (Figure 3).

Add 5 pL of heat-inactivated serum/plasma samples in
row A (columns 1-10). Each sample will be in duplicate.
With a multichannel pipette, mix the samples in the first
row and move 50 pL of medium containing serum from
row A to row B. Repeat this process up to the last row

(Figure 3). Discard the remaining 50 L.

Thaw the necessary number of PVs' aliquots and dilute

to 2 10* RLU/mL. Add 50 pL of the diluted PV-containing
medium to each well (from column 1 to column 11) using
a multichannel pipette to reach a 1:1 dilution of heat
inactivated serum/plasma to virus. Incubate at 37 °C and
5% COy,, for 1 h to allow the antibodies in the serum
samples to bind to the SARS-CoV-2 spike protein on the
PVs.

Prepare at least 5 mL suspension of susceptible cells

(HEK293T/ACE2) at a cell density of 4 x 105 cells/mL.
Add 50 pL of the cell suspension to each well and

incubate at 37 °C and 5% COy, for 48 h.

After the incubation, perform the luciferase assay
reading according to the manufacturer's instructions, as
described in step 2.7.

NOTE: The luminometer used for luciferase readout will
produce a spreadsheet file (in this case, .xIsx) with the
raw, unprocessed data that will be used for downstream

analysis (the Luciferase assay file).
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Figure 3: Plate representation based on serum dilution. Bright red corresponds to a higher quantity of serum, and bright

blue lane (column 11) corresponds to infected cell control (VC, virus control). Light blue lane (column 12) corresponds to

uninfected cells (CC, cell control). This figure was created with BioRender. Please click here to view a larger version of this

figure.

4. Titration analysis

1.

On the Luciferase assay file, assign the namesttitles to

the corresponding samples.

Multiply the RLU measure by the dilution factors (from
the top to the bottom of the grid: 20x, 40x, 80x, 160x,
320x, 640x, 1,280x, 2,560x) to obtain RLU/mL. If different
dilution factors are used, change the multiplication

factors accordingly.

Calculate the average RLU/mL for each PV preparation.

5. PVs neutralization assay analysis

On the Luciferase assay spreadsheet file (in this
case, .xlsx), assign the corresponding titles to the tested
samples. Enter the dilution factor of the sample (40s, 80x,
160x, 320x, 640x, 1,280x, 2,560x%, 5,120x). Calculate the
Log10 of the dilution factors.

Calculate the average RLU of uninfected and infected
control (Figure 3, columns 11 and 12, respectively).
These values will be useful for the normalization in step

5.5.
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3. Open a new document for data analysis. Select X/
Y analysis, input X as Numbers and Y as Enter 2

replicate values in side-by-side sub-columns.

4. Enter Log10 (dilution) values as X numbers. Enter the

duplicate RLU of the samples.

5. Go to Analyze > Normalize > Flag all the samples on
the same sheet. Input the average VC and CC values
in How is 0% defined?, and How is 100% defined?,

respectively. Click OK.

6. On the normalized data sheet, go to Analyze > XY
analyses > Nonlinear analyses (curve fit). Flag all
the samples and click OK. For the Dose-response
- Inhibition,

select log(inhibitor) vs normalized

response - variable slope.

7. Under Constrain, change HillSlope to Must be less

than 0.

8. Under Output, flag Create summary table and graph.
Click on OK to obtain the final analyses. A working
sheet with a template for the analysis is provided in

Supplementary File 1.

Representative Results

This protocol describes the production of SARS-CoV-2 PVs

and a downstream application of these PVs to analyze the

neutralization activity of serum/plasma of subjects receiving
anti-COVID-19 vaccination'” . Furthermore, this protocol
can be applied to produce pseudotypes of each SARS-
CoV-2 variant of concern (VOC) to test the evolution of
the neutralizing response. Despite this protocol facilitating
the study of humoral immune response after COVID-19
vaccination, it can be adapted to easily test the neutralization

of different sera/plasma against different viruses'3:18.19,

Figure 4A represents the increment of the dilution of serum
(Log(dilution)) corresponding to the increase of the RLU
signal. Thus, the higher the dilution of the sample, the
less blocked the virus entry is (Figure 4A). This is further

expressed as a percentage of neutralization (Figure 4B).

The IC50 result shows the neutralization capacity of a single
vaccine serum over time. In the example reported in Figure
4C, the subject developed a strong humoral activity against
the virus at four weeks after vaccination; however, after
16 weeks the IC50 is similar to the one prior to vaccine
administration. In this case, the PVNA showed the loss of

neutralization potential over time.
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Figure 4: Representative results of PVNA. (A) Infectivity (RLU, and (B) percentage of neutralization are shown at week 0
(WO, before the vaccination); W4 (four weeks after vaccination); W16 (sixteen weeks after W0). (C) IC50 values at the same

time points. Please click here to view a larger version of this figure.

Supplementary File 1: Neutralization analysis template. neutralization analysis. Please click here to download this

A working sheet with a template for conducting the File.
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Discussion

Although using a wildtype virus simulates the actual infection,
lentiviral PVs are a safer option to study the mechanisms
associated with viral entry and infection without the strict
safety requirements necessary to work with pathogenic
viruses*20-21_ pvs are composed of a replication-defective
viral core surrounded by the surface envelope glycoprotein of

a pathogenic virus which is the objective of the study.

HIV-1-based PVs are one of the most widely used platforms
and these have been employed in this protocol for
the production of SARS-CoV-2 pseudoviral particles. The
reporter gene can be different as per the use of the PVs; in
this case, the choice of the luciferase reporter gene provides

an easy, fast, and sensitive readout of the infectivity of the

produced PVs.

PVs based on lentiviruses are widely applied to study anti-
HIV-1 humoral responsezz. The PV technology was instantly
applied during the recent COVID-19 pandemic, caused by
SARS-CoV-2. SARS-CoV-2 is a highly pathogenic human
Betacoronavirus, identified for the first time in China (Wu
Han) which became rapidly pandemic, causing more than 6
million deaths worldwide?3-24_ Because of the validation of
vaccine strategies, the pandemic has been largely controlled;
nonetheless, in most vulnerable people, such as cancer
patients or people living with HIV, it does still pose a
risk2°:26.27 | this context, there is still a need for validated
assays to monitor the anti-vaccine humoral response in terms
of neutralizing activity. In this article we have described a
simple protocol that can be easily be performed in laboratories
with no access to category-3 containment. Furthermore, the
PV platform is a versatile system to study different SARS-
COV-2 virus variants. Indeed, by changing the envelope-

expressing plasmid with different spikes, it is possible to

generate PVs of SARS-CoV-2 new variants or of any other
coronaviruses?8. These virus portfolios can be used to
assess the reactivity of vaccine-induced humoral response
against the different variants of concern1®: 29.30.31.32 Tph;g
information can guide the generation of new and more

effective vaccines.

Three major obstacles could be encountered while following
this protocol concerning transfection conditions, titration
failure and/or neutralization assay. First, the packaging cells
may not be sufficiently confluent at the time of transfection.
This may be due to the lack of nutrients. Ensure that step
1.1. is properly followed. Otherwise, perform seeding in the
morning of the day before transfection and transfect the
packaging cells later the next day to increase the growth time.
A recurring problem is the potential contamination of the cell
medium between transfection and medium replacement the
next day. In this case, repeat the procedure by increasing
the sterilization procedure before use when working under
the BSL2 hood or include antibiotics to avoid unwanted
contaminations. Second, an undetected luciferase signal
may occur that can be attributed to various stages of PVs
production or the characteristics of the target cell line.
Plasmids should be extracted with endotoxin-free kits. The
transfection step is critical for the outcome of the protocol.
PEI reagent must be prepared at the correct concentration
of 1 mg/mL. Gently flicking the tube during the preparation
of transfection mixes enhances the formation of DNA-PEI
complexes. To verify that the cells have been transfected
correctly, it is recommended to perform the luciferase assay
immediately after harvesting the cells. In addition, include a
control virus envelope glycoprotein such as VSV: VSV-PVs
give strong RLU signals on human cell lines. Moreover, it is

necessary to mention that the target cell line must express
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the receptor, which is easily verified via western blot or flow

cytometry.

This method has been previously optimized16 with respect
to the experimental conditions, including the selection of the
transfection reagent, the determination of the ratios between
the different plasmids needed for the generation of the PV,
and the selection of the target cell lines, the use of luciferase
as reporter genes. Nonetheless, each laboratory will need
to validate the proposed methods according to the available
equipment. For example, (step 2.7) requires the addition of
100 uL of Luciferase substrate as suggested by the producer:
this is optimal for the readout of the luciferase assay with
the plate reader that is currently available. On the other
hand, other laboratories that are equipped with a different
plate reader may adapt the protocol using different luciferase
substrates or volumes of the reagent33. Furthermore, other
authors have proposed the use of the green fluorescent
protein (GFP) as a reporter gene instead of the luciferase.
This could be considered if a laboratory is fully equipped for

GFP readout but not luciferase34:3%.

To conclude, PVs are a flexible and straightforward system
that allows quantifying the infection by using a simple
detection method. It represents a cost-effective approach
that is more accessible for many research groups and
allows avoiding the use of pathogenic viruses that require a
biosafety level 3 Iaboratory21. The use of PVs represents a
well-characterized and safe approach to studying antibody-
mediated neutralization in

individuals who experienced

SARS-CoV-2 infection and/or vaccination.
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Abstract

Background A definition of the immunological features of COVID-19 pneumonia is needed to support clinical
management of aged patients. In this study, we characterized the humoral and cellular immune responses in
presence or absence of SARS-CoV-2 vaccination, in aged patients admitted to the IRCCS San Raffaele Hospital (Italy)
for COVID-19 pneumonia between November 2021 and March 2022.

Methods The study was approved by local authorities. Disease severity was evaluated according to WHO guidelines.
We tested: (A) anti-SARS-CoV-2 humoral response (anti-RBD-S IgG, anti-S IgM, anti-N IgG, neutralizing activity against
Delta, BA1, BA4/5 variants); (B) Lymphocyte B, CD4 and CD8 T-cell phenotype; (C) plasma cytokines. The impact of
vaccine administration and different variants on the immunological responses was evaluated using standard linear
regression models and Tobit models for censored outcomes adjusted for age, vaccine doses and gender.

Result We studied 47 aged patients (median age 78.41), 22 (47%) female, 33 (70%) older than 70 years (elderly). At
hospital admission, 36% were unvaccinated (VAC, ), whilst 63% had received 2 (VAG,) or 3 doses (VAC;) of vaccine.
During hospitalization, WHO score > 5 was higher in unvaccinated (14% in VAC; vs. 43% in VAC, and 44% VACno).
Independently from vaccination doses and gender, elderly had overall reduced anti-SARS-CoV-2 humoral response
(IgG-RBD-S, p=0.0075). By linear regression, the anti-RBD-S (p=0.0060), B (p=0.0079), CD8 (p=0.0043) and Th2 cell
counts (p=0.0131) were higher in VAC, , 5 compared to VAC,. Delta variant was the most representative in VAC,
(n=13/18, 72%), detected in 41% of VAC,,, whereas undetected in VAG and anti-RBD-S production was higher in
VAG, vs.VAC,, (p=0.0001), alongside neutralization against Delta (p=0141), BA1 (p=0.0255), BA4/5 (p=0.0162).
Infections with Delta also drove an increase of pro-inflammatory cytokines (IFN-a, p=0.0463; IL-6, p=0.0010).

Conclusions Administration of 3 vaccination doses reduces the severe symptomatology in aged and elderly.
Vaccination showed a strong association with anti-SARS-CoV-2 humoral response and an expansion of Th2 T-cells
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populations, independently of age. Delta variants and number of vaccine doses affected the magnitude of the
humoral response against the original SARS-CoV-2 and emerging variants. A systematic surveillance of the emerging

variants is paramount to define future vaccination strategies.

Keywords Elderly, COVID-19 vaccine, Non-vaccinated, SARS-CoV-2 variants, Immunological response, Plasma

cytokines, COVID-19 disease severity, Th2, Pneumonia

Introduction

SARS-CoV-2 infection can lead to COVID-19 pneumo-
nia. The risk of death in the general population is low but
it dramatically increases in elder individuals with comor-
bid chronic conditions such as hypertension, cardiovas-
cular diseases, type 2 diabetes, and with obesity, smoking
habits, and male gender [1, 2]. Furthermore the immune
system undergoes remarkable changes known as immu-
nosenescence during aging. A low-grade chronic inflam-
mation, known as “inflamm-aging’, causes a progressive
decline in the ability to produce effective humoral and
cellular responses against infections or upon vaccination
[3, 4]. In aged individuals, a hyper-inflammatory condi-
tion is favoured by the chronic activation of monocytes,
which generates a pro-thrombotic environment, con-
tributing to the negative outcomes observed in severe
COVID-19 [5, 6]. Moreover, the alteration of T lympho-
cytes repertoire with aging [6] can affect the accessibil-
ity of naive T cells to SARS-CoV-2 antigens, reducing the
activation of specific cells [7]. Also, long-lived B cell rep-
ertoire, important in maintaining immunity elicited by
vaccines [8-10] is affected by immunosenescence and
a particular sign of this impairment is the expansion of
the atypical non-functional B cells that is associated with
suboptimal humoral responses to vaccine [11].

Despite ongoing immunosenescence in elderly popu-
lation, the administration of COVID-19 vaccine has
demonstrated efficacy [8, 12-15] with an incredible
impact on the prevention of severe disease [16—19]. A
milder course of the disease is a reflection of a prompt
anti-SARS-CoV-2 immune response elicited by the vac-
cine, which decreases the progression of the infection
and supports a quicker virus clearance, preventing the
raise of COVID-19 complications. There are scarce data
reporting comprehensive immunological characteriza-
tion in elderly patients. One previous study described the
immune features in 31 aged patients with severe SARS-
CoV-2 infection (mean age: 76.4 years), compared to 33
adult patients at the same stage of infection (mean age:
49.8 years) in absence of vaccination [6]. Whilst success
of vaccination is not questioned, it still remains to bet-
ter characterize the immunological mechanisms asso-
ciated with severe COVID-19, even after SARS-CoV-2
vaccination.

In this study, we provided a fine characterization of the
humoral and cellular immune responses in aged patients
who were admitted to the IRCCS San Raffaele Hospital

(Italy) for COVID-19 pneumonia, between November
2021 and March 2022, during Delta/Omicron variants
of concern (VOC) waves. We compared unvaccinated
patients with subjects receiving two or three doses, to
evaluate the impact of vaccination on the immunological
humoral, cellular and pro-inflammatory response. This
population is unique, having a group of patients that were
naive to vaccination or infection.

Methods

Study population

This study included a total of 47 patients (median age
78.41, ranging from 60 to 94 years old) admitted to the
IRCCS San Raffaele Hospital (Milan, Italy) for pneumonia
between November 2021 and March 2022. All patients
had proven evidence of SARS-CoV-2 infection with
nasopharyngeal swab tested positive for SARS-CoV-2
nucleic acid using reverse-transcriptase real-time PCR
assay [20, 21], and they were treated with corticosteroids
according to common clinical practice. Disease severity
was evaluated according to WHO guidelines [22]: score
(s)<5=moderate; s>5=severe. The study group included
vaccinated and non-vaccinated patients. Information
about vaccine type is available only for 18/30 (60%).
Patients receiving 2 doses were vaccinated with Pfizer
Comirnaty vaccine (8/16, 50%), or with Astra Zeneca
Vaxzevria (5/16, 31%), or with Moderna Spikevax (3/16,
19%). Information about the booster dose were available
only for two patients (one received two doses of Astra
Zeneca Vaxzevria and one Pfizer Comirnaty dose; the
other received 3 Pfizer Comirnaty doses). Individuals that
needed intensive care unit (ICU) support at admission
were excluded. Two patients were admitted with score=6
and included in the study, but they experienced a severe
curse the infection and died during hospitalization.

SARS-COV-2 VOC genomic characterization

SARS-COV-2 sequences were obtained using Menarini
Diagnostics CoronaMeltVAR Real Time PCR kit (Firenze,
Italia). Viral genome characterization of the SARS-CoV-2
VOC driving the pneumonia was available for only 17
subjects. For the other patients, we estimated the prob-
able VOC based on the genomic epidemiological data
of the Italian National Institute of Health [23]. Accord-
ing to Lombardy epidemiological data, Omicron sur-
passed Delta and became the most prevalent VOC at the
beginning of January 2022 [24]. Considering a reasonable
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time-lag between infection and hospitalization of about
7-10 days [25], patients hospitalized after the 15 of Janu-
ary 2022 were considered as Omicron-infected.

Sample collection and storage

EDTA-venous blood and serum were collected within
3 days after hospital admission, with all patients hav-
ing received corticosteroids. Plasma was isolated from
EDTA-blood and stored at -80°C for further use. Periph-
eral blood mononuclear cells (PBMCs) were isolated
using Ficoll density gradient and cryopreserved in FBS
10% DMSO until analysis, in liquid nitrogen. Serum was
aliquoted and stored at -80°C until use.

Anti-SARS-CoV-2 humoral response

All individuals were tested for IgG recognizing the
RBD domain of the Spike glycoprotein (IgG-RBD-S),
IgG against the Nucleocapsid protein (IgG-N) and IgM
against the Spike glycoprotein (IgM-S). IgM-S and IgG-N
were measured using the SARSCoV-2 IgG-N and the
SARS-CoV-2 IgM-S assays (Abbott, Ireland), respectively,
and IgG-RBD-S were tested using the SARS-CoV-2 IgG
II Quant assay (Abbott, Ireland). Samples were run in
single replicate according to the manufacturer’s instruc-
tions, using the ARCHITECT i2000 System (Abbott), as
previously described [26—-28]. For IgG-N and IgM-S, the
results were reported as assay index (S/C) with a positive
cut-off 21.4 for IgG-N and =1 for IgM-S. For IgG-RBD-
S results were reported as binding antibody Unit/mL
(BAU/mL, cut-off 27.1) [29]. Samples with values>5680
BAU/mL (upper limit of quantification) were diluted 1:2
and measured again. Concentrations were reported con-
sidering the dilution factor.

SARS-CoV-2 neutralizing activity against virus variants
Delta, BA1, BA4/5

Neutralizing activity of sera was tested using lentiviral
pseudotypes of SARS-CoV-2, as previously described
[30-32]. SARS-CoV-2 pseudotypes with Spike variants
were produced in HEK293T/17 cells (human embryonic
kidney 293 cells, ATCC CRL-11268) by co-transfect-
ing with the Spike variant-coding plasmids, packaging
plasmid p8.91 and pCSFLW reporter plasmid using the
FuGENE HD Transfection Reagent (Promega) according
to the manufacturer’s instructions. Supernatants contain-
ing the virus were harvested 72 h after transfection, cen-
trifuged at 500xg for 5 min to clear it from cell debris and
filtered with a 0.45-um filter before storage at —80 °C.
Before neutralization, all virus stocks were titrated by
infection of Chinese Hamster Ovary (CHO) cells that
stably expressed human ACE2/TMPRSS2 proteins
(CHO ACE2/TMPRSS2, herein referred to as CHO/A2/
T2) which are the cellular targets of SARS-CoV-2 infec-
tion, as described previously [30, 33]. Sera neutralizing
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potency was assayed on CHO/A2/T2 cells. Endpoint
two-fold serial dilutions of heat-inactivated sera samples
(56 °C for 30 min) were incubated with 106 RLU of pseu-
dotyped viruses at 37 °C 5%, CO2 for 1 h before addition
of 104 CHO/A2/T2 cells per well (96 well plate format)
and incubation for 48 h. Following incubation, cells were
lysed in Luciferase Assay System (Promega) and lucifer-
ase activity was measured using a Glo-Max luminometer
(Promega). The neutralization rates were expressed as
IC50 values, defined as the inhibitory dilution at which
the half-maximal neutralization is achieved. To set up the
neutralization assay the International Standard for anti-
SARS-CoV-2 antibody (NIBSC code 20/136) and WHO
Reference Panel were included as controls, as established
previously [30].

Immune cell phenotype (B, CD4 and CD8)

Cellular markers were measured by staining frozen
PBMCs. For B and T cell populations DURAClone IM
B cell tube and DURACIlone IM T cell (both from Beck-
man Coulter, Research Use Only RUO) were used as we
previously described [34]. Using surface marker staining,
we assessed the frequencies of B and T cell maturation
stage distribution. Therefore, we examined the exhausted
or senescent phenotype of T cells, by measuring respec-
tively the Programmed cell death protein 1 (PD-1) and
CD57 expression on the cells’ surface. Moreover, we
designed two panels for helper (Th) and regulatory (Treg)
T cells, as previously published [27]. Data acquisition was
performed using a CytoFlex flow cytometer with Cyt-
Expert v2.3 software (Beckman Coulter). The stopping
rule was set at 10,000 events in the T cells (CD3+) panel
and 1,000 events in the B-cells (CD19+). Data were ana-
lysed with Kaluza v2.1 software (Beckman Coulter) and
the Cytobank Premim software (Beckman Coulter). The
list of Ab and gating strategies applied were described in
Supplementary Tables 1 and Supplementary Figs. 1, 2, 3.

Plasma cytokine profile

MACSPlex Cytokine 12 kit human (MACS Miltenyi
Biotec) was used as indicated by the manufacturer to
specifically detect: GM-CSE, IEN- «, IFN-y, IL-2, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-17ac e TNF- a. Data
were acquired on a CytoFlex flow cytometer (Beckman
Coulter) at a flow rate of 20 uL/minute. The acquisition
stopping rule was set to 4.000 events in the bead gate or
180 ul of acquired sample. The exported data were ana-
lyzed with Flowlogic software (Inivai Technologies).
Cytokines’ concentration (pg/ml) was obtained by inter-
polation with the standard curve provided by the kit.

Statistical analysis
Results for continuous variables were summarized
using median and IQR while categorical variables using
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frequencies and percentages. Nonparametric tests were
applied to compare patients receiving different vaccine
doses for relevant demographic/clinical characteristics
and immunological responses: in particular, Fisher’s exact
test was used with categorical variables, while the Mann-
Whitney test was applied in continuous variables. Spear-
man’s partial correlation coefficient was calculated to
evaluate, within patients receiving 0 or 2/3 doses of vac-
cine, the presence of a monotonic relationship between
two immunological responses after adjusting for age. The
false discovery rate (FDR) approach was used to adjust
p-values thus addressing arising multiplicity issues. Mul-
tiple regression models were performed to evaluate dif-
ferences among groups defined either (i) on received dose
or (ii) on age (>70 yrs vs. < 70 yrs) on immunological
response adjusting for potential confounding variables.
In particular, along with standard linear regression mod-
els, Tobit models have been estimated in the presence of
censored dependent outcome variables. To satisfy under-
lying model assumptions, outcome variables were trans-
formed using standard transformations (e.g., logarithm,
power transformation, square root, ordered quantile nor-
malization). All the analyses were performed using R sta-
tistical software (version 4.2.2, https://cran.r-project.org/
index.html). In all the analyses, the significance level was
set at 0.05.

Results

Patients’ population characteristics according to
vaccination doses and age

The study cohort included 47 patients hospitalized for
COVID-19 pneumonia resulting from SARS-CoV-2
infection, during Delta and Omicron waves. Patients’
characteristics are shown in Table 1. Overall, median
age was 7841 years [IQR 68-84], 22/47 (47%) were
female, and 12/47 (29%) had history of cancer. Based on
the WHO clinical progression scale [22], 25/47 (57%)
patients were classified as moderate (score 4 and 5, s<5)
and 19/47 (43%) as severe patients (score 6, s>5). Patients
that appeared critically ill at admission and needed ICU
were not included in the study. Apart from 2 patients
(age>80 years), who experienced a negative progression
of the disease and died (at admission s> 5; at death s=10),
all the other patients achieved a full remission.

At hospital admission, 17/47 (36%) individuals were
not vaccinated (VAC,)), whilst the remaining 30/47
(64%) had received 2 doses (18/30, 60%, VAC,) or 3
doses (12/30, 40%, VAC;) of anti-SARS-CoV-2 vaccine,
designed versus (vs.) the original Wuhan strain. Compar-
ing general characteristics of vaccinated and unvacci-
nated patients, the ratio male/female was similar in the
two groups (VAC,vs. VAC,, ;), while the VAC,_ ; one
was relatively older than the VAC,, (medians years 80
vs. 71, respectively). The older group (VAC,, ;) was more
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likely to have experienced some comorbidities compared
to the younger one (VAC, ), including obesity (19% vs.
0%), chronic obstructive pulmonary disease (COPD,
4% vs. 0), diabetes (12% vs. 6%), cancer (31% vs. 25%),
or other diseases (31% vs. 13%, specified in Table 1),
albeit none of the difference was statistically significant.
Both VAC,, ; and VAC,, experienced pulmonary arte-
rial hypertension (PAH) with similar frequency (39% vs.
38%). Within VAC,_ ; group, individuals who received
3 vaccination doses were less likely to have experienced
PAH (10% of cases in VAC, vs. 56% in VAC,). With
regards to the percentage of severe patients (s>5), this
was lower in VAC, , ; group (39%) than in VAC , (50%)
and among the vaccinated, those with three doses were
less likely to have experienced severe symptoms (30% of
s>5in VAC, vs. 44% in VAC,) (Table 1).

Anti-SARS-CoV-2 response in elderly versus aged patients
Further, we explored the impact of age on the disease out-
come and immune response in the context of COVID-19
pneumonia in presence or absence of vaccination. We
thus divided the population into two strata: one below 70
years of age (<70y, n=14) and one over 70 (>70y, n=33)
and the characteristics of these 2 groups are provided
in Supplementary Table 2. As it could be expected, the
individuals>70y were more likely to have experienced
comorbidities associated with aging such as PAH (29% in
<70y vs. 36% in >70y), diabetes (absent in <70 vs. 12% in
>70y), cancer (21% in <70y vs. 27% in >70y) and other
diseases (14% in <70 vs. 24% in >70y). Lack of vaccina-
tion was more frequent in younger individuals, with 50%
of <70y and 30% of >70y subjects being VAC, . Of note,
in the elderly group, administration of three doses of vac-
cination resulted in a lower proportion of severe cases
(14% severe cases in VAC; vs. 43% in VAC, and 44% in
VAC,,). We further run a multivariable regression model
comparing subjects<70 yrs and >70 yrs of age adjusted
for vaccine doses and gender (Table 2). We found that
elderly had an overall lower anti-SARS-CoV-2 humoral
response (IgG-RBD-S) with an expansion of CD28null
CD4 populations. Of note, none of the individuals who
received 3 doses experienced death, whilst the two peo-
ple who died were both >70y: one was VAC, and the
other was VAC , (Supplementary Table 2).

Vaccination was associated with increased anti-SARS-
CoV-2 humoral response and neutralizing activity
Humoral response was evaluated by measuring circulat-
ing IgG-N, IgM-S, IgG-RBD-S Antibodies (Ab) (Table 3;
Fig. 1). Overall, IgG-N were detectable in 33/47 (70%),
IgM-S in 26/47 (55%) and IgG-RBD-S in 30/47 (81%).
By linear regression models adjusted for gender, age
and cancer, comparing individuals that received or not
the vaccine, we reported that IgG-RBD-S Ab levels
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Table 1 Patients'characteristics
All VAC,, VAG,,; VAC, VAG,
47 17 30 p-value 18 p-value (2 12 p-value
(2+3vs. VS. NO) (3 vs.
no) 0)
WHO classifica- Moderate,s<5 25 (56.8) 8 (50 17 (60.7) 0.54 10 (55.6) 1 7 (70.0) 0428
tion, n (%) Severe, s>5 19 (43.2) 8(50.0) 11(39.3) 8(444)
NA n 3 1 2
PAH, n (%) No 26 (61.9) 10 (62.5) 16 (61.5) 1 7(43.8) 0479 0.19
Yes 16 (38.1) 6(37.5) 10 (38.5) 9(56.2) 1(10.0)
NA, n 1 4 2 2
Obesity, n (%) No 37(88.1) 16 (100.0) 21(80.8) 0.138 11(68.8) 0.043 10 (100.0) 1
Yes 5(11.9) 0(0.0) 5(19.2) 5(31.2) 0
NA n 5 1 4 2 2
COPD, n (%) No 41(97.6) 16 (100.0) 25(96.2) 1 16 (100.0) 1 9( 0.385
Yes 1(24) 0(0.0) 1(3.8) 0 1(10.0)
NA n 5 1 4 2 2
Diabetes,n (%) No 38(90.5) 15(93.8) 23 (88.5) 1 13(81.2) 0.6 10 (100.0) 1
Yes 4(9.5) 1(6.2) 3(11.5) 3(188)
NA n 5 1 4 2
Cancer, n (%)° No 30(71.4) 12(75.0) 18 (69.2) 0.74 13(81.2) 1 5(50.0) 0.234
Yes 12 (28.6) 4(250) 8(30.8) 3(188)
NA n 5 1 4 2 2
Other diseases, No 32(76.2) 14 (87.5) 18 (69.2) 0.27 12 (75.0) 0.654 6 (60.0) 0.163
n (%)° Yes 10(23.8) 2(125) 8(30.8) 4(250) 4(40.0)
NA n 5 1 4 2 2
Gender, n (%) F 22 (46.8) 9(529) 13 (43.3) 0.558 7(389) 0.505 6 (50.0) 1
M 25(53.2) 8(47.1) 17 (56.7) 11(61.1) 6 (50.0)
Outcome, n (%) RE 45 (95.7) 16 (94.1) 29 (96.7) 1 17 (94.4) 1 12 (100.0) 1
DE 2(43) 1(5.9) 1(33) 1(5.6) 0(0.0)
SARS-CoV-2 Delta 20 (42.6) 7(41.2) 13 (43.3) 1 13(72.2) 0.092 0(0.0) 0.023
VOC, n (%) Omicron 27 (57.4) 10(58.8) 17 (56.7) 5(27.8) 12(100.0)
age (median 7841 7132 79.80 0.163 79.24 0.276 80.78 0.184
[IQRI) [68.31,84.04] [66.78,79.51] [74.15, [74.15,82.28] [74.58,84.37]
84.27]

NA=not available data; RE: remission, DE: death. PAH: pulmonary arterial hypertension. COPD: chronic obstructive pulmonary disease. *Type of cancer in the
population were: chronic lymphatic leukaemia (n=2), lymphoma (n=1), multiple myeloma (n=1), myelofibrosis (n=1), breast cancer (n=2), pancreatic cancer (n=1),
lung cancer (n=1), colorectal cancer (n=1), prostatic cancer (n=1), adenoid cystic carcinoma (n=1). Pother disease included: cardiovascular (n=2), pulmonary (n1=2),
metabolic (other than diabetes and obesity, n=1), renal (n=1), neurologic (n=4). p-values referred to Fisher's exact test in presence of categorical outcomes, while
Mann-Whitney test was applied in the presence of continuous variables

were higher in VAC, ; compared to VAC, (p=0.0026,
Table 3; Fig. 1) conversely to what was observed for
IgG-N Ab levels which were lower in (VAC,, ; compared
to VAC,, (p=0.0408, Table 3; Fig. 1. IgM-S levels did not
vary across the groups.

In a separate regression model, using the same adjust-
ments described above, we evaluated the impact of one
or two doses of vaccine, and we compared the humoral
response in VAC,, vs. VAC, or VAC; (Supplementary
Table 3). We observed that both VAC, and VAC; had
higher levels of IgG-RBD-S compared to VAC,, but this
was only significant for VAC, (p=0.0001). On the other
hand, anti-N IgG levels decrease with the number of
vaccine doses, with the highest level detected in VAC
group (p=0.0014 compared with VAC,), as showed in
Fig. 1; Table 3.

Further, we explored the impact of vaccination on the
Ab neutralization activity during natural infection driv-
ing pneumonia. We tested neutralizing antibodies against
both circulating variants Delta, BA.1 and BA.4/5 and
human seasonal coronaviruses (HCOVs, 229E, HKUI,
NL63). Overall, individuals who received vaccination
(VAC,, ;) showed significantly higher levels of neutral-
izing activity against the circulating variants compared
to VAC,, (p=0.0.34 Delta; p=0.044 BA.1 and p=0.038
BA.4/5; Table 3). Of note, this difference was mainly
driven by VAC,, rather than VAC; (Supplementary Table
3). Activity versus seasonal coronaviruses was not differ-
ent between the groups.

Cellular immune response was elevated in individu-
als who received vaccination, regardless to age, gender
or cancer history.
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Table 2 Multiple regressions for comparison of subjects > 70 yrs of age and subjects <70 yrs of age, adjusted for vaccine doses and
gender. Tobit regression models for IgG-N (index), IgM-S (index) and IgG-RBD-S (BAU/mL). Linear regression models for the other
outcomes

>70yrsvs.<70yrs

Outcome Estimate Std.er. p-value
IgG-N (index) 20165 0.7431 0.0067
IgM-S (index) -1.2085 0.7847 0.1236
IgG-RBD-S (BAU/mL) 22159 0.8287 0.0075
IC50 229E 02193 03314 05119
IC50 HKU1 0.1482 03278 06535
IC50 NL63 -0.1728 0.3452 06193
IC50 DELTA -0.7378 0.2877 00141
IC50 BA1 05189 0.3042 0.0956
IC50 BA4/5 -0.5859 0.2954 0.0541
GM-CSF pg/ml -0.2694 04097 05148
IFN-a pg/m -0.1027 0.3306 0.7577
IFN-y pg/ml 00584 03191 08558
IL-4 pg/ml 43309 138644 0.7565
IL-5 pg/ml -0.1588 03146 06168
IL-6 pg/ml 05311 03135 0.0985
IL-10 pg/ml 0.2305 0.7504 0.7604
IL-12p70 pg/ml -0.1541 04480 0.7327
IL-17 A pg/ml -0.1109 04508 0.8070
TNF-a pg/m! -0.0881 0.3039 0.7733
leukocytes -0.3116 0.3455 0.3727
B cells count -0.2466 03113 04330
B cells (% on CD45+) -0.5055 0.6985 04736
B activated (CD19+/CD27+/IgD-/CD21-) 06580 03130 0.0440
B resting (CD19+/CD27+/IgD-/CD21+) 0.7319 0.5651 0.2051
CD21low/CD38 low (CD19+/ CD21'°%/CD38'°%) -0.3782 0.3683 03127
DN (CD19+/CD27-/IgD-) 04236 04014 0.2998
Marginal Zone (MZ) (CD19+/CD27+/IgD+) 0.0240 0.2882 0.9341
Memory B cells (MB) (CD19+/CD27+/IgD-) 0.9430 0.5817 0.1154
Naive B cells (CD19+/CD27-/IgD+/CD21-) -13.0766 88247 0.1488
Plasmablast (CD19+/CD27+/IgM-/IgG-/CD38"") 7.6308 49079 0.1305
SWI (CD19+/CD27+/IgM-/IgG-) 0.8061 0.6244 0.2065
TLM (CD19+/CD27-/CD21-) 03157 04136 04512
Trans B (CD19+/CD27-/ CD38M9N/CD24 Mah) -0.5682 0.3394 0.1045
UNSWI (CD19+/CD27+/IgM+/1gG+) 0.0692 0.5991 0.9089
CD4+T cells count 0.0321 0.3353 0.9242
CD4+ (% of CD3+) 49385 64672 04497
CM-CD4 (CD4+/CD45RA-/CCR7+) -3.5265 44790 04364
N-CD4 (CD4+/ CD45RA+ /CCR7+) 26626 41079 05211
EM-CD4 (CD4+/ CD45RA-/ CCR7-) 45056 43223 0.3044
TEMRA CD4 (CD4+/ CD45RA+/ CCR7+) 06308 0.5071 02218
CD4+/PD1-/CD57- -5.6604 57776 0.3340
CD4+/PD1-/CD57+ 0.3004 0.3344 0.3750
CD4+/PD1+/CD57- 0.1981 51764 0.9697
CD4+/PD1+/CD57+ 0.7492 04763 0.1247
CD4+/CD27-/CD28- 0.7354 0.3063 00218
CD4+/CD27-/CD28+ 0.2070 0.2981 04921
CD4+/CD27+/CD28- 0.7004 0.3400 0.0469
CD4+/CD27+/CD28+ -8.2945 51942 01193
CD8+T cells count 1291.8860 6324504 0.0479

CD8+ (%o0f CD3+) 0.0853 0.1746 0.6280
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Table 2 (continued)

>70yrsvs.<70yrs
Outcome Estimate Std.er. p-value
N-CD8 (CD8+/ CD45RA+ /CCR7+) -0.3726 0.2208 0.1001
CM-CD8 (CD8+/CD45RA-/CCR74) -8.0210 6.3046 02114
EM-CD8 (CD8+/ CD45RA-/ CCR7-) 7.8387 5.3385 0.1507
TEMRA-CD8 (CD8+/ CD45RA+/ CCR7+) 0.9748 06742 0.1568
CD8+/CD57-/PD1- 0.2013 29723 0.9464
CD8+/CD57-/PD1+ -0.1358 0.1691 04273
CD8+/CD57+/PD1- 0.6822 0.5927 0.2574
CD8+/CD57+/PD1+ 1.7821 5.0780 0.7277
CD8+/CD27-/CD28- 44434 6.7942 0.5173
CD8+/CD27-/CD28+ 04703 0.2475 0.0655
CD8+/CD27+/CD28- 14167 1.7725 04294
CD8+/CD27+/CD28+ -8.8544 64304 0.1770
Th1 (CD4+/CCR6- /CXCR3+); 41130 4.3099 0.3463
Th17 (CD4+/CCR6+/ CCR4+) 0.1043 0.3537 0.7698
Th17-1 (CD4+/CCR6+/CXCR3+) -04384 04224 0.3062
Th2 (CD4+/CCR6-/CCR4+) -0.2955 03311 0.3781
Treg (CD4+/CD25+/CD127'°%) 0.1662 0.1639 03175

At admission, extensive phenotypic profiling was also
performed to evaluate the immune activation in the B
and T (CD4, CD8) cell compartments. All the cellular
subpopulations were included in the linear regression
models and reported in Table 3 and Supplementary Table
3.

With regards to B-cells, we observed only that the
total B count was higher in VAC,, ; compared to VAC_
(p=0.0079), meanwhile none of the activated populations
were different (Table 3 and Supplementary Table 3). This
data was probably driven mostly by the comparison VAC,
vs. VAC, (Supplementary Table 3, p=0.0028). When
looking at the CD4 sub-populations in the three vaccina-
tion groups, levels of Th1 lymphocytes (CCR6-/CXCR3+)
appeared to be the most abundant compared to the other
Th subtypes (Th2, Th17-1, Th17) (Fig. 2A-B, Supplemen-
tary Table 3). Of note, the proportion of the Th2 cell var-
ied across the groups, with the VAC, ; showing higher
levels compared to VAC,, (p=0.009, Fig. 2A; adjusted
value in Table 3). This difference remained significant
also when the number of vaccine doses was considered.
Indeed, both VAC, (p=0.0233) and VAC; (p=0.0241)
had higher levels compared to VAC, (adjusted values
in Supplementary Table 3, Fig. 2B). We did not observe
significant differences regarding the other CD4 popula-
tions, a part of an increase of the effector memory CD4
in the VAC; compared to VAC,, (EM-CD4+, p=0.0325,
Supplementary Table 3).

Finally, we explored the CD8 population and we found
an increase of the proportion of CD8 in VAC,, ; com-
pared to VAC,, (p=0.008, Table 3) and this association
persisted only when comparing separately VAC,, to
VAC; (p=0.0319, Supplementary Table 3); furthermore,

individuals who received 3 vaccine doses also had higher
total CD8 counts (p=0.0002) compared to unvaccinated
(Supplementary Table 3). When looking at the CD4/CD8
lymphocytes ratio (Fig. 2C), consistently with the multi-
variable adjusted analysis, we observed an expansion of
the CD8 in VAC; group.

Soluble cytokines levels during COVID-19 pneumonia
varied according to vaccination doses

Alongside the characterization of humoral and cellular
responses of our cohort, we also profiled the serum levels
of cytokines and included the data within the multivari-
able linear regression models (Table 3, Supplementary
Table 3). Probably in response to COVID-19 pneumonia
and independently from vaccine administration, cyto-
kines levels appeared overall strongly correlated with
each other, in the three VAC groups (Fig. 3). No statisti-
cally significant differences were observed between vac-
cinated and not vaccinated patients (VAC,_ 5 vs. VAC ).
When considering the number of vaccination doses
(Supplementary Table 3), we found higher levels of GM-
CSF in VAC, vs. VAC,, (p=0.0250), meanwhile the pro-
inflammatory cytokine IFN-a appeared to be reduced in
VAC, vs. VAC,, (p=0.0388).

Both humoral and cellular immune response is influenced
by the virus variants driving pneumonia

Overall, Delta variant was the most representative in
VAC, (n=13/18, 72%), detected in 41% of VAC,, where-
ases undetected in VAC; (Table 1). We then evaluated
the impact of the type of variants (Delta vs. Omicron,
Table 4) using a multiple regression adjusted for vaccine
dose, age, gender and cancer. Delta infections were able
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Table 3 Multiple regressions for comparison of groups VAC, _ ; vs. VAC,, adjusted for age, gender and cancer. Tobit regression models
for IgG-N (index), IgM-S (index) and IgG-RBD-S (BAU/mL). Linear regression models for the other outcomes
VAG,,;3vs.VAC,,

Estimate Std.er. p-value
IgG-N (index) -1.6287 0.7961 0.0408
IgM-S (index) 0.2484 0.8002 0.7563
IgG-RBD-S (BAU/mL) 28312 0.9397 0.0026
IC50 229E -0.304 0342 0.381
IC50 HKU1 0.021 0.351 0.952
IC50 NL63 0.110 0382 0.775
IC50 DELTA 0,685 0311 0.034
IC50 BAT 1.982 0.949 0.044
IC50 BA4/5 0678 0315 0038
GM-CSF pg/ml 0527 0484 0.284
IFN-al pg/m! 0391 0.366 0.294
IFN-y pg/ml 0.036 0339 0915
IL-4 pg/ml 9587 14513 0513
IL-5 pg/ml 0.291 0.350 0411
IL-6 pg/ml -0.068 0.350 0.848
IL-10 pg/ml 0.053 0.839 0.950
IL-12p70 pg/ml 0132 0498 0.792
IL-17 A pg/ml 0.150 0518 0.774
TNF-a pg/ml 0.099 0.334 0.768
leukocytes 13392 8.054 0.106
B cells count 700.739 233339 0.005
B cells (% on CD45+) 1651 0637 0014
B activated (CD19+/CD27+/IgD-/CD21-) 0404 0314 0.209
B resting (CD19+/CD27+/IgD-/CD21+) 0277 0.643 0670
CD21low/CD38 low (CD19+/ CD21'°/CD38'°%) 0.027 0427 0.950
DN (CD19+/CD27-/IgD-) 0076 0461 0871
Marginal Zone (MZ) (CD19+/CD27+/IgD+) 0.107 0.299 0.724
Memory B cells (MB) (CD19+/CD27+/IgD-) -0.132 0.663 0.843
Naive B cells (CD19+/CD27-/IgD+/CD21-) 6.012 9631 0538
Plasmablast (CD19+/CD27+/IgM-/IgG-/CD38"") 2318 5.566 0.681
SWI (CD19+/CD27+/IgM-/1gG-) -0.070 0.703 0921
TLM (CD19+/CD27-/CD21-) 0123 0482 0.800
Trans B (CD19+/CD27-/ CD38M9N/CD24 Nah) 0.253 0.369 0.500
UNSWI (CD19+/CD27+/IgM+/1gG+) -0.296 0661 0658
CD4+T cells count 889.308 900.969 0.331
CD4+ (% of CD3+) 2434 7447 0.746
CM-CD4 (CD4+/CD45RA-/CCR7+) 4022 4497 0378
N-CD4 (CD4+/ CD45RA+ /CCR7+) -0.093 0371 0.804
EM-CD4 (CD4+/ CD45RA-/ CCR7-) 1461 5.256 0.783
TEMRA CD4 (CD4+/ CD45RA+/ CCR7+) 0.106 0.531 0844
CD4+/PD1-/CD57- 119.221 456438 0.796
CD4+/PD1-/CD57+ -0.072 0.271 0.791
CD4+/PD1+/CD57- 2,501 5742 0.666
CD4+/PD1+/CD57+ 0.085 0.563 0.880
CD4+/CD27-/CD28- -0.281 0.546 0610
CD4+/CD27-/CD28+ 3481 4,064 0.399
CD4+/CD27+/CD28- 0.259 0377 0498
CD4+/CD27+/CD28+ 2927 5969 0627
CD8+T cells count 1966.495 702.269 0.008
CD8+ (%of CD3+) 5442 7.070 0447

N-CD8 (CD8+/ CD45RA+ /CCR7+) -0.247 0.231 0.294
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Table 3 (continued)
VAG,,;3Vs.VAC,,
Estimate Std.er. p-value

CM-CD8 (CD8+/CD45RA-/CCR7+) -5.938 6.537 0.371
EM-CD8 (CD8+/ CD45RA-/ CCR7-) 3330 5416 0.543
TEMRA-CD8 (CD8+/ CD45RA+/ CCR7+) 0496 0677 0469
CD8+/CD57-/PD1- 2.609 3.056 0400
CD8+/CD57-/PD1+ -3.202 6.384 0.619
CD8+/CD57+/PD1- 0.128 0.701 0.857
CD8+/CD57+/PD1+ -2.653 5.087 0.606
CD8+/CD27-/CD28- -1.105 7444 0.883
CD8+/CD27-/CD28+ -0402 0.271 0.148
CD8+/CD27+/CD28- -0.745 1.936 0.703
CD8+/CD27+/CD28+ 4.998 7.074 0.485
Th1 (CD4+/CCR6- /CXCR3+); -3.974 4653 0400
Th17 (CD4+/CCR6+/ CCR4+) -0.178 0.393 0.654
Th17-1 (CD4+/CCR6+/CXCR3+) 0.627 0422 0.148
Th2 (CD4+/CCR6-/CCR4+) 0975 0.351 0.009
Treg (CD4+/CD25+/CD1 27'°%) 0.008 0.159 0.961

to elicit a higher humoral response in terms of IgM-S
(p=0.0301) and IC50 vs. Delta (p=0.0123), with a trend
for higher IgG-RBD-S (p=0.0715). Further, infections
with Delta also increased pro-inflammatory cytokines,
such as IFN-a (p=0.0463) and IL-6 (p=0.0010). Along-
side a trend for higher IgG-RBD-S in Delta, we also
observed an expansion in the B cells compartments,
including resting B cells (CD27+1gD-CD21+, p=0.0400)
and Switched B cells (CD27+IgD-IgM-, p=0.0176).
Together with an increase of pentamer a-specific IgM-S
in Delta infections, we reported higher levels of the naive
CD4 T cells (p=0.0025) and a decrease of the CD27-
(memory) CD4 T cells (p=0.0147). Helper CD4 and
CD8 populations did not appear to be affected by type of
variants.

Discussion

In this work, we explored the humoral, cellular and sol-
uble markers of immune response in aged patients with
COVID-19 pneumonia caused by Delta/Omicron vari-
ants. We showed that vaccination supported an elevated
anti-SARS-CoV-2 humoral and cellular response, regard-
less to age, gender or cancer history. The administra-
tion of three doses of vaccine, rather than two or none,
was more frequent in elderly individuals above 70 years
of age and was highly associated with less severe symp-
tomatology and higher survival rate. The virus variants
driving pneumonia played a central role in supporting
both the cellular and humoral response. Our study pro-
vides comprehensive immunological profiling of a cohort
of aged patients, which is unique because it does also
include non-vaccinated subjects that were hospitalized
for COVID-19 pneumonia.

A previous work explored the immunological fea-
tures during COVID-19 pneumonia in a population of
33 vaccine naive subjects above 70 years old compared
to younger individuals (<60 years) [6]. The authors
found that elderly population showed reduced capacity
to mount a proper anti-viral response that could drive
to more severe outcomes. In our cohort, we confirmed
that older individuals who did not receive vaccination
or only 2 doses experienced worse clinical outcome an
higher probability of death. On the other hand, we con-
firmed that completion of the vaccine schedule (3 vacci-
nation doses at the time of the study) was associated with
an efficient immune response and milder clinical out-
come, confirming general guidelines that seek to priori-
tise the elderly population for vaccination to avoid severe
COVID-19 symptoms [15].

Patients within our cohort experienced respiratory dis-
tress syndrome (ARDS) caused by SARS-CoV-2 infec-
tion. All had a positive clinical outcome, excluding two
patients over 70 years, one non-vaccinated and one that
did not complete the vaccination schedule, who did not
survive the infection, despite being initially assigned a
score in the range of the study group. Despite the simi-
lar clinical course, we observed differences driven by the
vaccination status (VAC,,, VAC,, VAC,,) that affected
the immune responses during natural infection.

Vaccinated individuals also had elevated levels of Th2
cells, which are known to prevent immune-driven lung
damage [35, 36]; this data is in line with others confirm-
ing the protective role of the vaccines towards worse
clinical outcomes [37-40]. Whilst plasma cytokines
appeared to be similar between vaccinated and non-
vaccinated individuals, when stratifying the population
according to the number of vaccine doses, we could make
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Fig. 1 Levels of SARS-CoV-2 specific antibodies and neutralizing activity. The dashed lines represent the cutoff values. p-values correspond to the com-
parison against the group VACno adjusted for age, gender and cancer. Tobit regression models for IgG-N (index), IgM-S (index) and IgG-RBD-S (BAU/mL).
Linear regression models for the other outcomes. Full statistics report is available in Table 2 and Supplementary Table 2.

some observations. First, the levels of GM-CSF, which is
known to be associated with virus clearance from lungs,
[36] were significantly higher in VAC, but not in VAC,
compared to VAC_ . Second, the levels of the pro-inflam-
matory cytokine IFN-a were significantly reduced in
VAC,; vs. VAC, . As an expected consequence of the vac-
cination, VAC, , 5 individuals showed higher anti-SARS-
CoV-2 humoral response levels and expansion of B and
CD8 cell populations, which appeared to be independent
of age, gender or cancer history.

Neither vaccination nor variants driving infection had
an impact on the neutralization activity vs. human sea-
sonal coronaviruses. On the other hand, we observed dif-
ferences in the anti-SARS-CoV2 humoral response when
looking independently at VAC, and VAC, vs. VAC,,
which could be explained by the intrinsic variability of
the group, vaccine doses or it could be attributed to the
variants driving pneumonia, considering that majority

of VAC, were infected with Delta virus and VAC; with
Omicron virus. Thus, we explored whether virus variants
driving pneumonia could impact the immune responses,
including humoral, cellular and soluble markers. Com-
pared to VAC,, VAC, group (Delta infections) but not
VAC; (Omicron infections) showed higher anti-SARS-
CoV-2 IgG levels. Whilst this could be attributed to pos-
sible immune tolerance driven by multiple doses [14], we
previously demonstrated that Delta viruses are associ-
ated with anti-RBD-IgG/neutralizing antibodies against
Wuhan [34]. Our analysis confirmed that infections with
Delta are not only capable of eliciting a higher immune
humoral response, but they also support an increase in
the B cell compartments (resting and switched).

In line with previous studies, we found that Omicron
variant (mainly detected in VAC;) had proportion-
ally lower production of circulating anti-RBD-S IgG
and higher levels of IgG-N antibodies. This could be a
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reflection of the spike epitope immune escape mecha-
nisms adopted by Omicron virus, which does also lead
to an increment of CD8 T-cells (mainly cytotoxic) that
we observed consistently with others [40, 41]. Consis-
tently with the knowledge that Delta is more aggressive
towards lung tissue than Omicron [42-44], we found
that GM-CSF and IFN-a levels are higher in Delta vs.

Omicron. Furthermore, whilst we reported above that
variants could have an impact on the distribution of some
cell populations, we observed that Th2 cells, which are
associated with prevention from lung damage, were not
affected by virus variants, but only a consequence of the
vaccination, confirming again the protective role of vac-
cination against worse clinical outcome.
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Table 4 Multiple regressions for comparison of Omicron and Delta, adjusted for vaccine doses, age, gender and cancer. Tobit
regression models for IgG-N (index), IgM-S (index) and IgG-RBD-S (BAU/mL). Linear regression models for the other outcomes

Delta vs. Omicron

Outcome Estimate Std.er. p-value
IgG-N (index) 06217 0.7509 04077
IgM-S (index) 15062 06943 0.0301
IgG-RBD-S (BAU/mL) 15130 0.8395 0.0715
IC50 229E 0.2817 03223 0.3879
IC50 HKU1 04711 0.3242 0.1551
IC50 NL63 0.3086 0.3594 0.3963
IC50 DELTA 07124 0.2698 00123
IC50 BAT 05759 0.8979 0.5254
IC50 BA4/5 12422 0.9360 0.1931
GM-CSF pg/ml 04751 0.3420 0.1744
IFN-al pg/m! 0.6852 0.3305 0.0463
IFN-y pg/ml 01774 0.3240 0.5879
IL-4 pg/ml 14.1453 137252 03105
IL-5 pg/ml 0.2850 0.3324 0.3976
IL-6 pg/ml 16181 04454 0.0010
IL-10 pg/ml 13452 0.7703 0.0903
IL-12p70 pg/ml 05763 04677 0.2269
IL-17 A pg/ml 0.8790 04731 0.0724
TNF-a pg/ml 0.3995 03129 0.2109
leukocytes -2.9011 7.8949 0.7156
B cells count 269.8776 2243362 0.2375
B cells (% on CD45+) 0.7588 06113 0.2232
B activated (CD19+/CD27+/IgD-/CD21-) 00173 03028 0.9548
B resting (CD19+/CD27+/IgD-/CD21+) 09019 04162 0.0400
CD21low/CD38 low (CD19+/ CD21'°/CD38'°%) 0.6866 0.3888 0.0896
DN (CD19+/CD27-/IgD-) 04834 04337 0.2757
Marginal Zone (MZ) (CD19+/CD27+/IgD+) -0.1516 0.2872 0.6024
Memory B cells (MB) (CD19+/CD27+/IgD-) 0.6686 0.3927 0.1011
Naive B cells (CD19+/CD27-/IgD+/CD21-) 7.1532 9.1820 04433
Plasmablast (CD19+/CD27+/IgM-/IgG-/CD38"") 7.5426 5.1543 0.1558
SWI (CD19+/CD27+/IgM-/1gG-) 0.9232 03633 00176
TLM (CD19+/CD27-/CD21-) -0.7770 04384 0.0885
Trans B (CD19+/CD27-/ CD38M9N/CD24 Nah) -0.0005 0.3564 0.9988
UNSWI (CD19+/CD27+/IgM+/1gG+) -1.7455 47323 0.7154
CD4+T cells count 786.8960 8743323 0.3746
CD4+ (% of CD3+) 106719 7.0755 0.1410
CM-CD4 (CD4+/CD45RA-/CCR7+) 0.2753 43295 0.9497
N-CD4 (CD4+/ CD45RA+ /CCR7+) 134578 40624 0.0025
EM-CD4 (CD4+/ CD45RA-/ CCR7-) -12.8855 44594 0.0072
TEMRA CD4 (CD4+/ CD45RA+/ CCR7+) 02333 0.5096 0.6505
CD4+/PD1-/CD57- 145185 5.5581 0.0141
CD4+/PD1-/CD57+ -0.3390 0.2534 0.1913
CD4+/PD1+/CD57- -9.2431 5.2551 0.0891
CD4+/PD1+/CD57+ -0.8698 05173 0.1034
CD4+/CD27-/CD28- -0.9335 04966 0.0702
CD4+/CD27-/CD28+ -9.1499 3.5254 0.0147
CD4+/CD27+/CD28- -0.3853 0.3559 0.2879
CD4+/CD27+/CD28+ 15239 50018 0.0049
CD8+T cells count -1262.3090 653.8846 0.0622
CD8+ (%of CD3+) -8.1591 6.7983 0.2386

N-CD8 (CD8+/ CD45RA+ /CCR7+) 0.0348 0.2200 0.8753
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Table 4 (continued)
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Delta vs. Omicron

CM-CD8 (CD8+/CD45RA-/CCR7+)
EM-CD8 (CD8+/ CD45RA-/ CCR7-)
TEMRA-CDS8 (CD8+/ CD45RA+/ CCR7+)
CD8+/CD57-/PD1-

CD8+/CD57-/PD1+
CD8+/CD57+/PD1-
CD8+/CD57+/PD1+
CD8+/CD27-/CD28-
CD8+/CD27-/CD28+
CD8+/CD27+/CD28-~
CD8+/CD27+/CD28+

Th1 (CD4+/CCR6- /CXCR3+);

Th17 (CD4+/CCR6+/ CCRA+)

Th17-1 (CD4+/CCR6+/CXCR3+)

Th2 (CD4+/CCR6-/CCRA+)

Treg (CD4+/CD25+/CD127'°%)

-8.3449 6.0393 0.1772
0.5504 5.1589 0.9157
0.7101 06322 0.2703
-1.1609 29039 0.6922
1.2502 6.0777 0.8384
-0.2581 0.6660 0.7011
1.8455 4.8351 0.7054
-5.2644 70267 04596
-0.4830 0.2425 0.0555
-1.2794 1.8300 0.4899
9.8105 6.4971 0.1415
-1.9562 44188 06612
-0.1706 0.3736 06512
0.3190 0.3979 0.4290
0.0029 0.3346 0.9931
-0.0103 0.1517 0.9463

This study presents some limitations that deserve dis-
cussion. First, the sample size was small and analysed
cross-sectionally, thus subjected to casualties. Second,
our study lacked a control group of vaccinated/non vac-
cinated subjects with COVID-19 mild disease without
pneumonia, which could have helped to better define the
impact of vaccination on preventing severe clinical out-
come. Third, which is common to other similar studies,
is the lack of clinical history before hospitalisation and
thus the inability to accurately estimate timing of infec-
tion which can have an impact on the humoral response
dynamic. Further and similarly to other studies, patients
were treated with corticosteroids which may have an
impact on the measured immune markers; however,
administration was provided according to clinical prac-
tice to all patients and blood was collected after maxi-
mum 2 days. It is reasonable to think that the exposure
to corticosteroids was similar in all patients and thus the
putative impact of corticosteroids was negligible. Last
point that deserves to be mentioned is that would have
been interesting to explore in vitro activation towards
SARS-CoV-2 specific peptides but considering that
patients were treated with corticosteroids before sample
collection, this approach was not feasible due to poor via-
bility of the cells after resting.

Conclusions

The present study indicates that vaccination was protec-
tive of worse clinical outcome in individuals older than
70 years, that virus variants driving infection has a direct
impact on the shape of the immune response and the set
of data presented in this work can guide future studies
on the impact of variants on the disease progression and
outcome.
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