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decades, underscoring their high potential of infectivity in humans. Insights from previous out-
breaks of SARS and MERS have played a significant role in developing effective strategies to
mitigate the global impact of SARS-CoV-2. As of January 7, 2024, there have been 774,075,242
confirmed cases of COVID-19 worldwide. To date, 13.59 billion vaccine doses have been
administered, and there have been 7,012,986 documented fatalities (https://www.who.int/)

Despite significant progress in addressing the COVID-19 pandemic, the rapid evolution of
SARS-CoV-2 challenges human defenses, presenting ongoing global challenges. The emergence of
new SARS-CoV-2 lineages, shaped by mutation and recombination processes, has led to successive
waves of infections. This scenario reveals the need for next-generation vaccines as a crucial
requirement for ensuring ongoing protection against SARS-CoV-2. This demand calls for formu-
lations that trigger a robust adaptive immune response without leading the acute inflammation
linked with the infection.

Key mutations detected in the Spike protein, a critical target for neutralizing antibodies and
vaccine design —specifically within the Receptor Binding Domain region of Omicron variant
lineages (B.1.1.529), currently dominant worldwide, have intensified concerns due to their as-
sociation with immunity evasion from prior vaccinations and infections.

As the world deals with this evolving threat, the narrative extends to the realm of emerging
variants, each displaying new mutations with implications that remain largely misunderstood.
Notably, the JN.1 Omicron lineage is gaining global prevalence, and early findings suggest it
stands among the immune-evading variants, a characteristic attributed to its mutation L455S.
Moreover, the detrimental consequences of the novel emergence of SARS-CoV-2 lineages bear a
particularly critical impact on immunocompromised individuals and older adults. Immunocom-
promised individuals face challenges such as suboptimal responses to COVID-19 vaccines,
rendering them more susceptible to severe disease. Similarly, older adults have an increased risk
of severe disease and the presence of comorbid conditions, find themselves at a heightened
vulnerability to develop COVID-19 disease. Thus, recognizing these intricate factors is crucial for

* Corresponding author. Laboratorio de Investigacion en Ingenieria Celular y Molecular, IDCBIS, 111611, Bogota D.C., Colombia.
E-mail address: cramirezbiologo@gmail.com (C.A. Ramirez-Segura).

https://doi.org/10.1016/j.heliyon.2024.e26423

Received 12 October 2023; Received in revised form 12 February 2024; Accepted 13 February 2024

Available online 19 February 2024

2405-8440/© 2024 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://www.who.int/
mailto:cramirezbiologo@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e26423
https://doi.org/10.1016/j.heliyon.2024.e26423
https://doi.org/10.1016/j.heliyon.2024.e26423
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.A. Arevalo-Romero et al. Heliyon 10 (2024) e26423

effectively tailoring public health strategies to protect these vulnerable populations. In this
context, this review aims to describe, analyze, and discuss the current progress of the next-
generation treatments encompassing immunotherapeutic approaches and advanced therapies
emerging as complements that will offer solutions to counter the disadvantages of the existing
options. Preliminary outcomes show that these strategies target the virus and address the
immunomodulatory responses associated with COVID-19. Furthermore, the capacity to promote
tissue repair has been demonstrated, which can be particularly noteworthy for immunocom-
promised individuals who stand as vulnerable actors in the global landscape of coronavirus in-
fections. The emerging next-generation treatments possess broader potential, offering protection
against a wide range of variants and enhancing the ability to counter the impact of the constant
evolution of the virus. Furthermore, advanced therapies are projected as potential treatment al-
ternatives for managing Chronic Post-COVID-19 syndromeand addressing its associated long-term
complications.

1. Introduction

SARS-CoV-2, like other coronaviruses, can infect animal species and humans due to mutations in the spike (S) protein, specifically
within the receptor-binding domain (RBD), which interacts with the angiotensin-converting enzyme 2 (ACE2) receptor on host cells
[1]. Coronaviruses (CoV) have been identified as agents that pose a significant risk to public health, causing mild to upper respiratory
tract infections that are associated with 15-30% of colds. Four seasonal coronaviruses—HCoV-0C43, NL63, HKU1, and 229E—have
been identified in recent history [2]. In addition to these seasonal coronaviruses, the potential of dynamic transmission made it
possible to evolve to more severe forms identified as three notable outbreaks in recent decades: In 2002, SARS-CoV emerged in China.
In 2012, Middle East respiratory syndrome CoV (MERS-CoV) was detected in Saudi Arabia. Finally, in 2019, the pandemic SARS-CoV-2
was first identified in China. These viruses have a natural reservoir in bats with the ability to adapt and infect human respiratory tracts,
whose severity can vary among individuals [3].

SARS-CoV-2, like other RNA viruses, has a high mutation rate because its RNA-dependent RNA polymerase (RdRp) lacks proof-
reading mechanisms. In addition, the large genome of SARS-CoV-2, a common feature of members of the Coronaviridae family, in-
creases the likelihood of mutations during replication. Recent research has provided essential data on the intrinsic characteristics of
SARS-CoV-2, paving the way for the rapid development of biotechnological tools to combat COVID-19, such as vaccines and drugs.
These scientific advances and public health measures have mitigated the impact of the COVID-19 pandemic [4].

While the public health emergency linked to the COVID-19 pandemic officially ended on May 11, 2023 [5], the swift molecular
adaptation patterns of SARS-CoV-2 are quickly giving rise to new lineages, signifying a potential new threat [6]. The mutations
associated with these new lineages confer an adaptive evolution ability, altering the transmission’s impact [7], the severity of illness,
and enabling the virus to evade immunity acquired through vaccination or infection [8-10]. Due to the dynamic nature of the virus, the
vaccination process is constantly updated to address emerging lineages, which can make it both expensive and challenging. Addi-
tionally, the available vaccines are focused on preventing symptomatic disease for short periods and may provide less protection
against preventive infection [11]. This scenario underscores the urgency for the implementation of next-generation SARS-CoV-2
vaccines and drugs that effectively provide enhanced breadth of protection to variants and improve durability [12-14]. Initiatives like
Project NextGen could accelerate the arrival of this new technology to stay ahead of COVID-19 [15]. This implementation would be
socioeconomically beneficial for low- and middle-income countries that lack the technological platforms for local production and rely
on importation processes to obtain vaccines [16].

Aligned with this perspective, advanced therapy options represent a hallmark of the new medical era, enriching the repertoire
available to complement current strategies in mitigating the impact of SARS-CoV-2 infection. As the battle against the virus persists,
these promising therapies are initially prioritized for individuals at higher risk of severe disease or complications, encompassing
immunocompromised individuals, severely ill COVID-19 patients, and high-risk populations [17,18].

Within the subset of immunocompromised individuals, a heterogeneous population constituting approximately 3% of US adults
[19], exhibit a limited response to standard vaccine strategies [20] that made vulnerable with a higher impact by SARS-CoV-2. Recent
studies have associated this population with challenges linked to COVID-19 on healthcare systems [21], attributed 22% of hospital-
izations, 28% of ICU admissions and 24% of deaths on 2022 [22]. That way, innovative molecular and cell-based therapeutic platforms
against SARS-CoV-2 have preliminary outcomes from clinical trials that unveiled encouraging findings, demonstrating in many cases
both safety and remarkable effectiveness exhibiting the potential to eliminate viruses adeptly, alleviate the distressing symptoms of
acute respiratory distress syndrome (ARDS), and foster the regeneration of damaged tissues [23]. Initial results strongly indicate that
therapies promise to significantly diminish the mortality rates linked with SARS-CoV-2 infections, while also substantially improving
the spectrum of symptoms and syndromes associated with severe cases of COVID-19.

Next-generation strategies play a pivotal role in combating the ongoing evolution of SARS-CoV-2, serving as critical initiatives to
counteract potential pathogenic effects. These strategies are designed to alleviate the burden on health systems by addressing broader
aspects, including the challenges faced by the immunocompromised population. Despite constituting a smaller proportion, it is
imperative to highlight the substantial impact of COVID-19 on these individuals. Vaccination schemes alone may not be entirely
sufficient to safeguard their lives, underscoring the necessity for additional approaches.

Moreover, it is crucial to recognize the impact of extended infections by SARS-CoV-2 in fostering an environment conducive to virus
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mutation, particularly in immunocompromised individuals. Additionally, dedicating increased resources to research and develop-
ment, specifically focusing on initiatives like the Disease X initiative, holds significant importance [24]. These endeavors are essential
in fortifying our preparedness for the next pandemic, ensuring more resilient responses to novel challenges.

2. Literature search strategy

The literature search commenced with a comprehensive query in PubMed, incorporating key terms related to each thematic
section. The search was meticulously executed, covering titles and abstracts, followed by a meticulous evaluation of the full text of
selected studies to determine eligibility. In addition to this, our search strategy encompassed a thorough review of reference lists from
identified publications and targeted searches within key journals. To gauge the scholarly impact and relevance, the papers were further
examined on Google Scholar for citation metrics. To ensure the inclusion of the most recent information, a subsequent search was
conducted in PubMed for recently indexed papers.

2.1. SARS-CoV-2: current landscape and challenges by Omicron variant

SARS-CoV-2 has emerged as one of the most extensively researched pathogens in recent years due to its notable pathogenicity and
disease-causing potential due its recombination mechanisms, principally product of cross-species transmission [25,26]. One of the first
efforts performed was the comprehensive molecular characterization of the virus [27] (Supplemental Fig. 1). This endeavor led to the
development of crucial biotechnological tools, including vaccines and monoclonal antibodies, which played a pivotal role in con-
taining the outbreak [28-31]. Interestingly, SARS-CoV-2 has exhibited significant diversification in its genome due to various
adaptation patterns stemming from its biological features. These include mutation, substitution, and recombination mechanisms [32],
which extend even to structural proteins. Notably, the Spike protein has been a focal point of mutations, particularly within the
receptor-binding domain (RBD) [33]. These mutations have the potential to alter the binding affinity to the ACE2 receptor, potentially
conferring resistance to neutralizing antibodies (NAbs), thereby altering viral infectivity [34]. Following this pattern, five variants of
concern (VOC) emerged and have been characterized (Alpha, Beta, Gamma, Delta, and Omicron) (Fig. 1) [35].

The Omicron variant, identified in November 2021, has attracted substantial attention owing to its remarkable genetic diversity
compared to its predecessors. The virus has demonstrated the ability to evolve into multiple subvariants, among which JN.1
(commonly known as June), a descendant of BA.2.8635 [37], currently holds the status of the predominant variant. With the detection
of BA.2.86 in July 2023, scientist observed interesting findings, including approximately 30 Spike mutations in comparison to the
ancestral BA.2. Furthermore, virus exhibited the ability to neutralize using bivalent-vaccinated sera or XBB.1.5-adapted vaccine but
displayed distinct biological tropism compared to BA.2 and XBB variants. Notably, there was a striking increase in infectivity in the
CaLu-3 cell line, a model derived from human lung epithelia with endogenous expression of ACE2 and the transmembrane protease
serine 2 (TMPRSS2), suggesting a changing pattern of tropism attributed to S50L and K356T mutations, resembling the tropism of the
initial variants [38,39].

On the other hand, JN.1, initially identified in the United States in September 2023, demonstrates comparable antigenic diversity to
BA.2.86, coupled with an additional mutation in the RBD region (L455S). This mutation is linked to a potent immune evasion feature,
as evidenced by pseudovirus-based neutralization assays. The assays involved exposing the JN.1 variant to plasma from individuals
who had previously gained immunity against XBB through prior exposure [40]. Another intrinsic characteristic of this variant is its
ability to develop resistance against RBD domain class 1, 2, and 3 antibodies, exhibiting lower affinity to hACE2 when compared to its
predecessor, BA.2.86 [40,41].

The molecular characterization of Omicron subvariants reveals a broader perspective on their genetic evolution. The subvariants
demonstrate significant adaptive changes, accumulating over 50 amino acid mutations compared to the ancestral virus. Of particular
interest, 15 of these mutations are concentrated within the Spike-RBD region, shedding light on the intricate molecular landscape and
emphasizing the dynamic nature of the Omicron lineage [42-44] (Fig. 2).

These novel antigenic modifications are linked to an antigenic shift [47], responsible for modifying virological features of
SARS-CoV-2, impacting the knowledge acquired of its biological behavior [48]. Recent studies relate an increased transmissibility of
Omicron when compared to its predecessor’s variants [49,50]. This feature is also associated with escape antibody-mediated
neutralization acquired by vaccination, previous infection, or treatment by therapeutical antibodies [51-55], suggesting a potential
role for mutations R346T, K444T, and F4868S [56]. Moreover, recent research has demonstrated that many Omicron subvariants may
utilize an alternative mechanism for host cell entry. This mechanism involves endocytosis, setting it apart from the entry strategies
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Fig. 1. SARS-CoV-2 variants over time. Data retrieved from Nextstrain [36].
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Fig. 2. RBD mutations in SARS-CoV-2 variants and subvariants. including the prevalence of mutations is shown in purple, highlighting Omicron
subvariants with multiple mutations compared to the predecessor variants. Data were taken from outbreak.info [45,46] (updated on January
28, 2024).

employed by previous SARS-CoV-2 variants. Unlike its predecessors, Omicron SARS-CoV-2 exhibits the ability to enter cells without
depending on transmembrane serine protease 2 (TMPRSS2). This innovative mode of cellular entry obviates the requirement for
TMPRSS2 and the subsequent plasma membrane fusion, resulting in changes in cellular tropism [57,58]. These alterations are being
linked to upper respiratory tract infection, associated with milder clinical symptoms.

Considering the adaptation mechanisms observed in SARS-CoV-2, exemplified by the genetic divergence of Omicron subvariants,
promising advancements are being made in the realm of next-generation vaccines, passive immunotherapy, and cell-based platforms.
These emerging strategies have shown initial success and are poised to complement each other effectively. Their collective potential
holds promise in mitigating the impact of SARS-CoV-2 [19].

3. NEXT-GENERATION vaccine strategy as a promising approach

The unwavering global commitment in the fight against SARS-CoV-2 has emphasized the pivotal role of vaccination as a paramount
tool for disease control. Current vaccines have proven effective in not only diminishing illness severity but saving lives. Recent studies,
particularly highlighting the efficacy of the AZD1222 vaccine, reveal compelling statistics. In the age group of 40-59 years, mortality
reduction reaches an impressive 88%, soaring to a remarkable 100% in both the age groups of 16-44 years and 65-84 years. Similarly,
mRNA vaccines such as BNT162b2 and mRNA-1273 exhibit substantial efficacy, reducing mortality rates across different age groups,
ranging from 80.3% to a comprehensive 100% [59].

However, the swift emergence of new variants—marked by multiple mutations in the S protein, as seen notably in the Omicron
variant—continuously challenges the effectiveness of existing vaccines [60,61]. The altered dynamics of spread and tropism associated
with these variants further underscore the urgency for adaptive vaccine strategies. Recognizing the imperative for sustained immunity
and the pressing need for innovative, cost-effective, and swift technologies, there is a compelling call for the development of a next
generation of vaccines. This imperative reflects the evolving nature of the virus and emphasizes the necessity to stay ahead in the
ongoing battle against the ever-changing SARS-CoV-2 landscape.

A new generation of broader platform vaccines is presently in the developmental and evaluative phases, with ongoing exploration
of innovative initiatives. A pivotal aspect to enhance for the initial vaccine generation is the induction of immunity in the nasal and oral
cavities, considering these are the entry points for SARS-CoV-2 [62,63]. A live-attenuated SARS-CoV-2 mucosal vaccine named IBIS is
currently in development, displaying promising potential to offer broad-spectrum protection against SARS-CoV-1, SARS-CoV-2, and
their variants in small rodents. The capacity for cross-protection, the induction of a robust lung CD8™ T cell response, and the acti-
vation of mucosal virus-specific CD4" T cells are crucial attributes that position it as a candidate for a pan-sarbecovirus vaccine [64].

Furthermore, another parameter to be scrutinized involves the use of nanoparticle platforms as vaccine delivery systems, aimed at
improving vaccine efficacy and immunogenicity while showcasing attributes of safety, tolerability, and effectiveness [65]. Ferritin is a
biological product currently under exploration for its potential use in nanoparticle platforms due to its notable biological stability,
biocompatible features, and its ability to simultaneously integrate various antigens, holding promise for enhancing the host immune
response [66], This platform is being utilized in SARS-CoV-2 next-gen vaccines, displaying spike proteins or RBD regions and offering
potential pan-coronavirus capabilities [67,68]. On the other hand, although the S protein is the most immunogenic region of the virus,
unfortunately, it is the most susceptible to adapting mutations under immune pressure, potentially leading to immune escape. Thus,
new approaches are targeting more conserved regions of the virus, with the Nucleocapsid (N) protein emerging as a candidate. The N
protein has shown the ability to induce strong T-cell immunity and could represent a promising approach [14].

In summary, developing next-generation vaccines against SARS-CoV-2 involves addressing viral variability, ensuring long-term
immunity, enhancing global accessibility, fostering cross-protection, and harnessing cutting-edge technologies to improve the pos-
sibilities for effectively managing pandemics in the future. Initiatives like Project NextGen, under the auspices of the U.S. Department
of Health & Human Services, have received an initial investment of $5 billion. This project aims to coordinate with laboratories to
develop vaccines with a broader spectrum against variants and include different Sarbecoviruses. Additionally, it emphasizes the
protection of mucosal tissues to block the initial phase of infection. Furthermore, the initiative aims to develop a new generation of
monoclonal antibodies that can remain effective amidst the continuous evolution of SARS-CoV-2 [15].

4. Passive immunotherapy as an immunotherapeutic approach

Passive immunotherapy strategies have played a central role in the COVID-19 pandemic. Their use has proven especially beneficial
in the recovery of patients, with a notable impact on immunocompromised individuals who are particularly susceptible to the virus.

COVID-19 convalescent plasma remains a topic of debate within the medical community due to heterogeneous outcomes associated
with the lack of consensus on application criteria. On the other hand, the efficacy of monoclonal antibodies is encountering challenges
in response to the emergence of various Omicron subvariants. Nonetheless, these therapeutic tools remain relevant, and ongoing
clinical studies continually refine the criteria for their enhanced application.
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4.1. Transfusion of COVID-19 convalescent plasma (CCP)

This therapeutic strategy involves plasma transfusion from individuals who have successfully recovered from COVID-19 to patients
with COVID-19 infection to provide immediate antibody-mediated passive immunity [69]. This approach treats different viral in-
fections [70], including the SARS outbreak [71]. During the SARS-CoV-2 pandemic, the U.S. Food and Drug Administration (FDA)
initially issued an Emergency Use Authorization to use CCP in hospitalized patients affected by the disease. However, after several
revisions, the FDA has limited the use of CCP with elevated anti-SARS-CoV-2 antibody titers, restricting it to treating patients with
immunosuppressive disease or receiving immunosuppressive therapy [72]. Results of clinical trials of CCP therapies have exhibited a
wide range of findings, often characterized by heterogeneity and contradictions. These disparities may be due to differences in
treatment protocols, such as varying dosages, specific units of CCP used, and types of antibodies employed [73-78]. Consequently,
establishing a meaningful basis for comparing and evaluating the efficacy of this therapy has proven to be a challenging endeavor.

Reports have indicated improved efficacy of CCP therapy when administered during the early stages of the disease, with higher
dosage levels and increased antibody concentrations (>160 of neutralizing titer) [79-82] all while maintaining a heightened degree of
safety [73,83].

While standardizing protocols for CCP application is an ongoing process, recent research underscores its broader potential effec-
tiveness in immunocompromised patients, particularly considering the current challenge posed by immune system evasion by Omicron
subvariants. Recent clinical reports describe two cases involving patients with B-cell depletion associated with a clinical history of
lymphoma who experienced prolonged COVID-19 infection. Following the administration of CCP in two doses, each ranging from 300
to 500 ml and featuring significantly elevated levels of IgG anti-spike antibodies (12,635.3 Au/mL to >40,000 Au/mL; 5680 Au/mL),
the CCP therapy proved safe and effective. Subsequently, these patients exhibited significant clinical improvement, with their long
COVID-19 symptoms resolving or markedly improving. Afterward, SARS-CoV-2 infection was confirmed to have remitted, based on
negative qualitative PCR results from a series of nasopharyngeal swabs [84]. Similarly, Denkinger and colleagues conducted a ran-
domized, open-label, multicenter trial involving patients with solid and hematological tumors. Their study revealed a notable rise in
anti-SARS-CoV-2 neutralizing antibodies (Nabs) in the plasma of patients following CCP infusions. This increase in NAbs correlated
with enhanced overall recovery while maintaining a favorable safety profile [85].

Preliminary findings from a comprehensive systematic review reveal promising outcomes in enhancing the efficacy of CCP. This
plasma was obtained from donors who received vaccinations or recovered from pre-Omicron Variants of Concern (VOC). Conse-
quently, this hybrid plasma can neutralize Omicron subvariants. These findings indicate that protection titers of CCP under these
conditions were nearly 100% effective against the BA.1, BA.2, and BA.4/5 Omicron subvariants. Thus, these results suggest a sig-
nificant role for vaccinated convalescent plasma as a broad-spectrum therapeutic option during the Omicron wave [86].

Recent studies have revealed additional effector properties of CCP beyond its NAbs. The antibodies exhibit antiviral effects through
their conventional neutralizing activity and contribute to complement activation and enhance phagocytosis [87]. Furthermore, a
potential immunomodulatory role for CCP is suggested, given the presence of anti-inflammatory cytokines that can potentially be
associated with diminishing C-reactive protein (CRP) levels after CCP transfusion [82,88].

Although the conditions for the universal use of CCP have not yet been fully standardized, this therapeutic strategy has found
strategic significance in the recent Omicron era, playing a vital role in the battle against SARS-CoV-2. This prominence has emerged

Table 1
Anti-SARS-CoV-2 RBD therapeutic monoclonal antibodies.

Therapeutic mAb Use mAb-resistant SARS-CoV-2 Status PDB ID

variants

Bebtelovimab Treatment Omicron: (BQ.1; BQ.1.1; BA.2; Not currently authorized by the 7MMO

BA.2.12.1 and BA.5) [52,115] FDA [116] [103]

Regdanvimab (CT-P59) Treatment Gamma [117] Paused by Omicron resistance 7CM4

(Regkirona) Delta [118] [99]
Omicron: B.1.1.529 [119]
Sotrovimab (S309) Treatment Delta [120] Strong recommendation against 7TNO
Omicron [121] its use [121] [107]
Amubarvimab (BrlI-196), Romlusevimab (BRII- Treatment [122] Omicron [123] Available in China -
198)

Bamlanivimab (LY-CoV555) and Etesevimab (CB6)  Treatment Beta [124] Paused by Omicron resistance 7KMH
Post-exposure Gamma [124] [104]
prophylaxis Omicron [124] 7F7E

[125]

REGEN-COV: [Casirivimab (REGN10933)/ Treatment Omicron [51] Paused by Omicron resistance 6XDG

Imdevimab (REGN10987)] [106]
Post-exposure 6XDG

prophylaxis [106]

7ZJL

Evusheld [126] [Cilgavimab (COV2-2130 [105, Pre-exposure Omicron [123] Not authorized for emergency 8D8Q

126]/tixagevimab (COV2-2196 [126])] prophylaxis use in the U.S [127]. [128]
8D8R
[128]

2PDB ID. Protein Data Bank identification code.
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due to the impairment of the efficacy of mAbs approved for emergency use [89]. Currently, in efforts to standardize global conditions,
there are 45 ongoing clinical studies with heterogeneous outcomes [90].

4.2. Monoclonal antibody-based therapy

The pressing need to find new therapeutic strategies to combat the COVID-19 pandemic led to the design of numerous anti-SARS-
CoV-2 mAbs [91]. Plasma from patients recovered from COVID-19, enriched in anti-SARS-CoV-2 antibodies, as well as the memory
B-cells that synthesize them, have been used as primary sources to produce mAbs against the SARS-CoV-2 S protein and the RBD
domain [92,93]. Other methods to generate anti-SARS-CoV-2 mAbs comprise transgenic mice, genetically engineered proteins, and
yeast library screening [93,94].

Monoclonal antibodies against the SARS-CoV-2 S protein act through mechanisms related to their structure. First, the antigen-
binding fragments (Fab) prevent the virus from binding to the ACE2 receptors, and second, the Fc fragment can activate the com-
plement system and bind to the Inmunoglobulin Fc receptors (FcRs) on cytotoxic cells that can eliminate virus-infected cells through
Ab-dependent cell-mediated cytotoxicity (ADCC) [95]. Unfortunately, some mAbs can bind to macrophage FcRs and induce a
hyperinflammatory response resulting from Ab-dependent enhancement (ADE) of cytokine production [96,97].

The SARS-CoV-2 RBD has become the main target of mAbs because of its crucial role in virus entry into host cells (Table 1) [91,93].
Analysis of the structural relationship between RBD and anti-RBD NAbs has led to the classification of these antibodies according to
structural features and mechanism of action [98]. Class 1 NAbs, e.g,, CT-P59 (regdanvimab) [99], target the receptor binding motif
(RBM). They recognize the RBD in the up conformation, thus blocking the interaction with the ACE2 receptor [100-102]. Class 2 NAbs,
e.g LY-CoV1404 (bebtelovimab) [103], target the ACE2 binding site of the RBD in both up and down conformations [104-106]. Class 3
antibodies, e.g., S309 (sotrovimab) [107], target the conserved core domain of the RBD without altering interactions with the ACE2
receptor [106,108]. Class 4 antibodies, e.g., S2X259 [109], target epitopes in both the RBM and the core domain of the RBD [110].
Unfortunately, frequent mutations in the RBD have modified the epitopes recognized by mAbs, resulting in the emergence of viral
variants resistant to mAbs [111-113]. To address this issue, researchers are exploring other SRS-CoV-2 regions as potential targets for
therapeutic mAbs [114].

5. Advanced therapies for COVID-19
5.1. ACE2 decoys

Preventing SARS-CoV-2 from entering human cells by neutralization is a logical strategy to reduce mortality resulting from pul-
monary infection [129,130]. To SARS-CoV-2 enter into host cells, the RBD of the viral S protein must interact with the ACE2 receptor
on host cells [131-135]. Therefore, blocking such protein-protein interaction (PPI) becomes an important alternative to prevent
SARS-CoV-2 infection [130,136]. The binding surface on ACE2 that directly interacts with the RBD is a good template for designing
neutralizing proteins. Indeed, clinical-grade human recombinant soluble ACE2 (hrsACE2) is a decoy receptor that enhanced
SARS-CoV-2 recovery from cultures in Vero cells and in vivo hamster models [137-139]. Furthermore, the hrsACE2 showed encour-
aging results in the treatment of severe COVID-19 [140,141]. Theoretically, engineered ACE2 decoy receptors could overcome
SARS-CoV-2 scape variants, as it is unlikely that the virus could evade the hrsACE2-mediated neutralization without simultaneously
decreasing its affinity for the native ACE2, which would prevent its entry into target cells [142,143]. Certainly, in practice, ACE2 decoy
receptors are resistant to mutations of Omicron escape subvariants and other emerging SARS-CoV-2 variants [138,144]. Recent up-
dates to the platform have demonstrated improved functionality. As highlighted by Kegler et al. in their 2023 study, they developed an
ACE2-minibody target module lacking the capacity to activate Fc gamma receptors (FcyR) but equipped with an epitope tag at the
C-terminal end, enabling recognition by T-cells bearing a universal artificial receptor. This innovation efficiently contributes to the
elimination of viral reservoirs by effectively targeting and eliminating virus-infected cells, all the while exerting immunomodulatory
effects. Moreover, the ACE2-minibody target module has shown remarkable proficiency in neutralizing various VOCs, including
BQ.1.1 and XBB.1.5 [145].

Given the evolutionary tendency of SARS-CoV-2 to retain its ACE2 binding capacity, research groups worldwide have used the
extracellular domain of the ACE2 to insert modifications to increase affinity for RBD and fuse a human Ig Fc fragment to combat
COVID-19. This engineered ACE2-Fc construct would neutralize the virus while triggering Fc-mediated effector functions [138,143,
144,146-148] and would be resistant to SARS-CoV-2 scape variants [142,149,150].

Using virus-targeted receptors to design specific blocking proteins is a clever approach that could be widely applied to design
therapeutic strategies to control other pathogenic viruses. Of course, it depends on the knowledge about the entry mechanisms
characteristic of each viral agent.

5.2. Cell-based therapy

Cell therapy emerges as a promising strategy in the comprehensive management of COVID-19, specifically addressing diverse
vulnerable populations grappling with severe pulmonary and systemic consequences of the disease. This approach holds therapeutic
potential, notably for the immunocompromised population [151], individuals burdened with comorbidities like diabetes mellitus
(DM) and chronic obstructive pulmonary disease (COPD) [152,153] and elderly individuals, where the mortality rate for severe cases
in the 70-89 age group reaches 67% [154].
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While vaccination stands as the optimal therapeutic alternative to prevent diseases associated with SARS-CoV-2 [155], it is oc-
casionally insufficient to prevent all severe cases. In such instances, cellular therapy emerges as a potential therapeutic platform to
enhance the quality of life for affected patients. Encouragingly, the preliminary results from early-phase clinical studies are promising,
hinting at the potential for cell-based therapy to emerge as a proactive platform for addressing future pandemic outbreaks.

6. T-CELL-ASSOCIATED therapies
6.1. SARS-CoV-2-specific T cell-based therapy

Adoptive cell therapy with SARS-CoV-2-specific T-cells (SSTs) is a well-established strategy widely used over the past two decades
for prophylactic and therapeutic purposes against various viral infections. This approach has effectively combated diseases caused by
viruses such as BK, Epstein-Barr, adenovirus, and cytomegalovirus [156]. Moreover, it has shown encouraging results, especially in
patients who have undergone hematopoietic stem cell transplantation (HSCT) [157-159] [157-159] [157-159]. The generation of
SSTs usually involves ex vivo expansion of circulating lymphocytes obtained from healthy convalescent COVID-19 donors. This
expansion process usually takes ten to twelve days to ensure the development of a high-quality product capable of responding to
different variants of SARS-CoV-2 [160]. SST therapy could be administered as a prophylactic strategy in immunocompromised in-
dividuals or as early therapy for COVID-19 in high-risk patients. The SSTs could be cryopreserved to provide an off-the-shelf solution
with a partial HLA match [161-164]. Immunophenotypic characterization of ex vivo expanded SSTs reveals a predominance of CD4 ™"
T-cells specific for the SARS-CoV-2 S, M, and N proteins. These T-cells produce high levels of IL-2, IFN-y, and TNF-a related to their
cytotoxic effect against SARS-CoV-2 [165]. Clinical studies are currently evaluating the effectiveness of SST therapy in combating
COVID-19. It is important to note that this strategy cannot be administered to patients with COVID-19 receiving corticosteroids [166]
because these drugs induce T-cell apoptosis [167].

Furthermore, the results of a randomized, open-label, phase 1/2 clinical trial (NCT05447013) assessed the efficacy and safety of
partially HLA-matched, off-the-shelf SSTs. This study was conducted during a period when the Delta variant was prevalent among
high-risk hospitalized patients, involving the intravenous administration of SST to patients. The outcomes revealed no GVH reactions
associated with the administration of SSTs. Moreover, preliminary findings indicated an improved recovery rate when SSTs were
administered alongside dexamethasone and remdesivir, resulting in a significant 53% reduction in the risk of mortality. Furthermore,
SST displayed a broader spectrum of activity against all variants of concern (VOCs), including Omicron [168]. This comprehensive
coverage holds the therapeutical potential to address challenges related to immune evasion, which have been observed in various
biotechnological approaches such as vaccines and monoclonal antibodies [54].

6.2. Regulatory T cell-based therapy

Regulatory T-cells, commonly referred to as Tregs, are a subset of CD4 " T-cells characterized by the expression of CD25 and FOXP3
[169], which play a crucial role in immune regulation by suppressing the activation and proliferation of inflammatory cells [170].
Therefore, Tregs are involved in immune tolerance, regulation of tissue homeostasis, and tissue repair in organs such as the heart, lung,
bone, liver, kidney, muscle, and central nervous system. The tissue repair functions of Tregs are associated with the expression of the
epidermal growth factor receptor (EGFR), amphiregulin (AREG), CD73/CD39, and the keratinocyte growth factor [171].

The benefit of Treg-based therapy for COVID-19 remains controversial, as studies have yielded conflicting results. Studies reported
higher numbers of circulating Tregs in patients with COVID-19 [172], while others have found a decrease in these cells, particularly in
patients with severe disease [173]. The role of Tregs in the treatment of COVID-19 remains a matter of debate, as they have been linked
to both proinflammatory effects and suppression of antiviral T-cell responses during the severe phase of the disease, strikingly similar

Table 2
Summary of ongoing NCT registered clinical trials of T regulatory Cell-based therapy for COVID-19 (updated on January 28, 2024).
NCT number Title Study Design Specification of the Number Phase/Status Location
biological product of patients
NCT04468971  REgulatory T Cell infuSion fOr Lung Randomized Cryopreserved, off-the- 45 Phase I - completed USA
Injury Due to COVID-19 PnEumonia placebo shelf, cord blood-derived T
(RESOLVE) controlled regulatory cells
NCT04482699  Phase I/Phase II Trial of Allogeneic Randomized Allogeneic off-the-shelf 1 Terminated. Change in ~ USA
Hybrid TREG/Th2 Cell (RAPA-501- placebo- RAPA-501 cells an eligible patient
ALLO) Therapy for COVID-19-Related  controlled population
ARDS
NCT05027815 A Phase 1/2a Study of Cryopreserved Treated arm Cryopreserved Ex Vivo 7 Terminated. A USA
Ex Vivo Expanded Polyclonal Expanded Polyclonal decrease in COVID-19
CD47CD127lo/-CD25" T Regulatory CD4*CD127%/-CD25* T cases made further
Cells (cePolyTregs) for the Treatment Regulatory Cells enrollment infeasible.

of Acute Respiratory Distress
Syndrome (ARDS) Associated With
SARS-CoV-2 Infection (regARDS)

NCT number: National Clinical Trial Number. Data retrieved from https://clinicaltrials.gov/search?cond=tregs%20covid.
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to tumor-infiltrating Tregs that suppress antitumor responses [174]. The lack of consensus suggests the need for further research to
determine whether Tregs exhibit a dual role, depending on the clinical phase of COVID-19.

The tissue repair function of Tregs can be exploited to design therapies against COVID-19-related lung diseases. In murine models,
adoptively transferred Tregs alleviated acute lung injury (ALI)-associated fibroproliferation by down-regulating CXCL12 expression
[175].

In 2020, the first cell therapy with allogeneic Tregs was administered to two patients with COVID-19 ARDS. After receiving two to
three doses of 1 x 10® umbilical cord blood (UCB)-derived Tregs, these patients showed a significant clinical improvement and no
adverse events. The clinical response was primarily related to the infusion of Tregs, as evidenced by the rapid reduction in IL-6, TNF-a,
and IFN-y levels [176]. Currently, the utility of Treg-based therapy for COVID-19 is a subject of significant interest and investigation in
various clinical trials (Table 2). One promising approach involves the use of UCB Treg off-the-shelf, cryopreserved, allogeneic cells,
known as CK0802. In a randomized, multicenter, double-blinded, placebo-controlled clinical trial (NCT04468971), the administration
of CK0802 in patients diagnosed with SARS-CoV-2 infection and moderate-to-severe ARDS. The patients received either 100 million
Tregs (CK0802-100) or 300 million Tregs (CK0802-300) per infusion on day 0, day 3, and day 7. The results indicated an 89.7%
probability of beneficial effects for CK0802-100 compared to placebo, and 28.4% for CK0802-300 compared to placebo. Importantly,
the infusion of Tregs was found to be safe, as none of the patients exhibited >3 toxicity outcomes related to the therapy [177].

6.3. CAR-T cells as a model to combat SARS-CoV-2

CAR-T cells have emerged as a groundbreaking therapeutic approach, demonstrating notable success in treating certain types of
cancer, particularly hematologic malignancies [178-180]. Encouraged by this success, researchers have explored the potential of
CAR-T therapy as a weapon against infectious viruses, including Hepatitis C Virus, Hepatitis B Virus, and Human Immunodeficiency
Virus [181,182]. Despite its promise, the use of CAR-T cell therapy against SARS-CoV-2 has been hindered by the significant side effect
of Cytokine Release Syndrome (CRS) [183], introducing potential risks associated with its application and leading to a reluctance to
explore this platform for COVID-19.

Nonetheless, there are ongoing technological initiatives aimed at overcoming these challenges. Guo and colleagues, for instance,
presented the development of cytolytic CAR-T cells, which were tested in mice. These cells demonstrated an induced response
involving key effectors such as IFN-y, GZMB, Perforin, and FasL upon binding to the RBD peptide [184]. As CARs recognition usually
relies on antibody-derived sequences, they will still be hampered by the high evasion capacity of the virus. So, Gonzalez-Garcia et al.
developed a CAR-like construct with a recognition domain based on the ACE2 and one affinity-optimized ACE2 viral receptor, with the
assumption that the ability to bind the virus will not wane, as Spike/ACE2 interaction is pivotal for viral entry. Both CARs drive a T cell
line activation in response to SARS-CoV-2 Spike protein expressed on a pulmonary cell line [185].

In another initiative, a system was devised to replicate a SARS-CoV-2-specific immune environment, offering a valuable tool for
drug screening. Thus, a SARS-CoV-2 spike protein-specific CAR (SARS-CoV-2-S CAR-T) was designed to infect human T cells and
exhibit T-cell responses closely mirrored those observed in COVID-19 patients. Subsequent screening of FDA-approved drugs identified
felodipine, fasudil, imatinib, and caspofungin as effective agents, capable of suppressing cytokine release by these CAR-T cells while
inhibiting the NF-xB pathway in vitro [186]. Despite challenges, these technological advancements signal potential breakthroughs in
addressing the hurdles associated with CAR-T therapy for SARS-CoV-2.

7. Natural killer cell-based therapy

Since the onset of the COVID-19 pandemic, researchers have been characterizing the role of NK cells in controlling SARS-CoV-2
infection. Notably, they have observed impaired NK cell function in COVID-19 patients [187]. In severe cases of COVID-19, there is
an inverse correlation between high IL-6 levels and the expression of granzyme A by NK cells, further impairing the antiviral immune
response [188]. Moreover, patients with severe COVID-19 exhibit heightened activation and signs of exhaustion in peripheral NK cells,
evidenced by increased expression levels of HLA-DR, CD38, and CD69, as well as PD-1 and TIM-3, respectively [189]. Adoptive transfer
of allogeneic NK cells for the treatment of COVID-19 has several advantages, such as direct antiviral activity, a less stringent
requirement for donor-recipient HLA-matching [190], and the flexibility necessary to be administered in emergency scenarios.
Moreover, NK cell-based therapy does not carry the risk of either graft-versus-host disease (GVHD) or cytokine release syndrome, as is
the case when Ag-specific T-cell-based therapies are administered [187].

Ongoing clinical trials of NK cell-based therapies against SARS-CoV-2 are diverse. For example, the NCT04365101 trial is evalu-
ating the potential of human placental CD34" cells-derived NK cells (CYNK-001) as an off-the-shelf, allogenic immunotherapy for
patients with moderate COVID-19. In addition, the chimeric antigen receptor (CAR) platform tailored to NK cells (CAR-NK cells) has
also been implemented to combat COVID-19. The CAR-NK platforms offer several advantages over CAR-T, including diminished risk of
GVHD, off-the-shelf availability, and an enhanced safety profile attributed to their shorter persistence in the body. Moreover, CAR-NK
cells may be better suited for effectively targeting solid tumors and overcoming immunosuppression [191]. In line with this perspective
applied to viral agents, Lu et al. designed a novel approach by engineering UCB-derived NK cells to express soluble interleukin 15
(sIL15) to increase their survival and a CAR consisting of the extracellular domain of ACE2 to target the S protein (mACE2-CAR sIL15
NK cells). These CAR-NK cells bound to the S1 subunit of a recombinant S protein and chimeric VSV-SARS-CoV-2 viral particles.
Moreover, mACE2-CAR sIL15 NK cells reduced viral load and prolonged survival of transgenic mice expressing the human ACE2
receptor (K18-hACE2) after infection with live SARS-CoV-2 [192]. In another study, NK cells engineered to express the CAR
H84T-BananaLec (BanLec) directed against SARS-CoV-2 envelope mannose glycans showed antiviral activity. The H84T-BanLec CAR
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construct comprises an extracellular H84T-BanLec domain, CD8a hinge and transmembrane domains, and the intracellular domains of
4-1BB (CD137) and the CD3¢ chain. The H84T-BanLec CAR-NK cells showed promising results when assayed in vitro: They reduced the
potency of lentiviruses pseudotyped with a SARS-CoV-2 S protein envelope; significantly diminished the entry of those pseudotyped
lentiviruses into ACE2-expressing 293T cells; and showed increased secretion of IFN-y and TNF-q, indicating their capacity to eliminate
infected cells [193].

Although NK cell-based therapeutics have shown promising results in laboratory settings, they must undergo rigorous evaluation in
clinical trials to assess their safety and efficacy as feasible cell therapies. Clinical trials are currently in progress, according to data
available at https://clinicaltrials.gov/(Table 3).

7.1. Extracellular vesicle-based therapy

Extracellular vesicles (EVs) are potential therapeutic tools due to their intrinsic biological properties, such as lower immunoge-
nicity, higher safety, flexibility to be modified in vitro, and immediate availability for clinical application [194,195]. Recent studies
have shown that modified EVs could be helpful in the treatment of COVID-19. For example, Scott et al. developed EVs containing a
CD63 receptor fused to an anti-SARS-CoV-2 nanobody (VHH72-CD63), capable of neutralizing SARS-CoV-2 by binding to the viral
S-RBD domain [196]. Another approach consists of EVs carrying palmitoylated ACE2, which binds to the SARS-CoV-2 S-RBD with high
affinity. These EVs effectively compete with the cell surface ACE2 receptor, block viral load, and thus protect the host against
SARS-CoV-2-induced lung inflammation [197]. Furthermore, EVs derived from engineered dermal fibroblasts, known as ASTEX
(activated specialized tissue effector extracellular vesicles), showed synergistic antiviral and cytoprotective effects in vitro, associated
with suppression of the PI3K/mTOR pathway in lung epithelial cells [198].

One of the most prominent EV-based therapeutics involves mesenchymal stromal cell (MSC)-derived EVs. Compared to MSCs, MSC-
derived EVs offer advantages for therapeutic use, such as lower immunogenicity and tumorigenicity and higher permeability [199]. In
animal models of SARS-CoV-2-induced acute lung injury, inhalation of MSC-derived EVs has shown promising results. These EVs
exhibit strong anti-inflammatory and antioxidant activities, which contribute to alleviating the inflammatory syndrome [200].

The fundamental biological functions of EVs are the subject of intense research aimed at harnessing their therapeutic potential in
various diseases, including COVID-19. However, comprehensive clinical studies are needed to address critical challenges, such as
standardization of protocols and evaluating EVs as carriers of biomolecules. Five ongoing clinical trials are focused on characterizing
EVs derived from various sources as potential therapeutic tools against COVID-19 (Table 4).

7.2. Multipotent mesenchymal/stromal cell-based therapy (MSC)

MSCs take the lead in cellular therapy strategies, constituting the focus of 72% of research studies [201]. The efficacy and safety of

Table 3
Summary of ongoing NCT registered clinical trials of Natural Killer cell-based therapies for COVID-19 (updated on January 28, 2024).
NCT number Title Study Design Specification of the biological product Number of  Phase/ Location
patients Status

NCT04634370  PhaseIClinical Trial on NK Cells for ~ Single arm Natural Killer Cells infusion 24 Unknown Brazil
COVID-19

NCT04900454  Allogeneic Natural Killer (NK) Cell Single Group Single infusion of DVX201, an allogeneic 18 Unknown USA
Therapy in Subjects Hospitalized Assignment NK cell therapy derived from CD34"
for COVID-19 hematopoietic stem cells

NCT04365101  Natural Killer Cell (CYNK-001) Randomized- Allogeneic off-the-shelf cell therapy 86 Phase 1/11 USA
Infusions in Adults With COVID-19  controlled enriched for CD56"/CD3 NK cells
(CYNKCOVID) expanded from human placental CD34™

cells.
NCT04280224  NK Cells Treatment for COVID-19 Randomized NK-cells 30 Phase I - China
Recruiting

NCT04324996 A Phase I/1I Study of Universal Off-  Randomized CAR-NK cells are universal off-the-shelf 90 Phase I/1I - China
the-shelf NKG2D-ACE2 CAR-NK NK cells enriched from umbilical cord Unknown
Cells for Therapy of COVID-19 blood and engineered genetically.

NCT04578210  Safety Infusion of NatuRal KillEr Randomized Single infusion of NK from a healthy 84 Completed Spain
celLs or MEmory T Cells as donor recovered from COVID-19

Adoptive Therapy in COVID-19
pnEumonia or Lymphopenia

(RELEASE)
NCT04363346  Study of FT516 Safety and Non- FT516: off-the-shelf cryopreserved NK 5 Completed USA
Feasibility for the Treatment of randomized cell product derived from an iPSC that
Coronavirus Disease 2019 (COVID- was transduced with a high affinity,
19) in Hospitalized Patients With ADAM17 non-cleavable CD16 (Fc
Hypoxia receptor) that maintains CD16 on the

cell surface, which remains fully
functional after NK cell activation.

NCT number: National Clinical Trial Number. Data retrieved from https://clinicaltrials.gov/.
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Table 4
Summary of ongoing NCT registered clinical trials of extracellular vesicle-based therapies for COVID-19 (updated on January 28, 2024).
NCT number Title Study Design Specification of the Number of Phase/Status Location
biological product patients
NCT04493242  Extracellular Vesicle Infusion Randomized Intravenous administration 102 Phase II - USA
Treatment for COVID-19 Associated  placebo- of bone marrow Completed
ARDS (EXIT-COVID19) controlled mesenchymal stem cell-
derived extracellular
vesicles
NCT05787288 A Clinical Study on Safety and Randomized Extracellular Vesicles from 240 Early phase I China
Effectiveness of Mesenchymal Stem Mesenchymal Stem Cells - recruiting
Cell Exosomes for the Treatment of from umbilical cord blood
COVID-19.
NCT04657458  Expanded Access for Use of bmMSC- ~ Expanded Access ExoFlo: Intravenous Intermediate- Phase 11/ Not
Derived Extracellular Vesicles in administration of bone size population Expanded provided
Patients With COVID-19 Associated marrow mesenchymal stem Access
ARDS cell-derived extracellular
vesicles
NCT05808400  Safety and Efficacy of Umbilical Non-randomized MSC-derived exosomes 80 Early PhaseI  China
Cord Mesenchymal Stem Cell - Recruiting
Exosomes in Treating Chronic
Cough After COVID-19
NCT04969172 A Phase II Randomized, Double- Randomized, Exosomes overexpressing 155 Phase II - Israel
blind, Placebo-controlled Study to Double-blind, CD24 Unknown
Evaluate the Safety and Efficacy of Placebo-
Exosomes Overexpressing CD24 to controlled
Prevent Clinical Deterioration in
Patients with Moderate or Severe
COVID-19 Infection
NCT05216562  Efficacy and Safety of EXOSOME- Randomized, Exosome-MSC Intravenous 60 Phase 11/ Indonesia
MSC Therapy to Reduce Hyper- double-blind injection Phase III -
inflammation In Moderate COVID- clinical trial. Recruiting
19 Patients (EXOMSC-COV19)
NCT04902183  Safety and Efficacy of Exosomes Randomized Exosomes overexpressing 90 Phase II Greece
Overexpressing CD24 in Two Doses CD24 -Unknown
for Patients with Moderate or
Severe COVID-19
NCT04602442  Safety and Efficiency of Method of Randomized Aerosol inhalation of the 90 Phase II Russian
Exosome Inhalation in COVID-19 exosomes -Unknown Federation
Associated Pneumonia (COVID-
19EX02)
NCT05191381  Immune Modulation by Stem Cell Observational Application of exosomes in 40 NA Germany
Derived Exosomes in Critically I11 a whole blood assay
COVID-19
NCT04389385  Aerosol Inhalation of the Exosomes Single arm COVID-19 Specific T Cell 60 Phase I - Turkey
Derived from Allogenic COVID-19 T derived exosomes (CSTC- Unknown
Cell in the Treatment of Early Stage Ex0)
Novel Coronavirus Pneumonia
NCT05387278  Safety and Effectiveness of Placental ~ Randomized EV-Pure™ and WJ-Pure™ 20 Phase 1 — USA
Derived Exosomes and Umbilical placebo Recruiting
Cord Mesenchymal Stem Cells in controlled
Moderate to Severe Acute
Respiratory Distress Syndrome
(ARDS) Associated with the novel
Corona Virus Infection (COVID-19)
NCT04491240  Evaluation of Safety and Efficiency Randomized aerosol inhalation of the 30 Phase 1/ Russian
of Method of Exosome Inhalation in ~ placebo exosomes Phase II Federation
SARS-CoV-2 Associated Pneumonia.  controlled
(COVID-19EXO)
NCT05116761 ExoFlo™ Infusion for Post-Acute Randomized Bone Marrow Mesenchymal 60 Phase I/11 Not
COVID-19 and Chronic Post-COVID-  placebo Stem Cell Derived provided
19 Syndrome controlled Extracellular Vesicles

adoptive transfer of MSC for treating COVID-19 are being evaluated in many clinical trials. As the published results are promising but

inconclusive, further studies are warranted to gather convincing evidence and draw definitive conclusions.

A phase II placebo-controlled trial (NCT04288102) evaluated the long-term safety and efficacy of intravenous administration of
4.0 x 10”7 UC-MSCs in three total doses transfused to patients with severe COVID-19 and pulmonary lesions. After one year of
treatment, the lung lesions had shrunk. Furthermore, two years after the end of treatment, MSC therapy showed sustained efficacy and
long-term safety as it was non-tumorigenic in patients with COVID-19 [202].

Another clinical trial (NCT04355728) evidenced the beneficial effect of MSCs when administered to patients with COVID-19 ARDS.
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Briefly, hospitalized patients with COVID-19 ARDS received two intravenous infusions at a dose of 100 + 20 x 10° UC-MSCs.
Compared to the control group, MSC-treated patients showed a lower concentration of GM-CSF, IFN- y, IL-5, IL-6, IL-7, TNF- a,
TNF- B, and platelet-derived growth factor composed of two B-subunits (PDGF-BB) [203].

Zhu et al. conducted a randomized, single-blind, placebo-controlled phase II trial (NCT04339660) to evaluate the effects of UC-
MSCs at a single dose of 1 x 10® UC-MSC/kg body-weight administered to hospitalized patients with COVID-19. This therapy was
associated with a shorter hospital stay, fewer adverse events, and immunomodulatory effects. In particular, MSC infusion significantly
decreased the levels of C-reactive protein and proinflammatory cytokines such as IL-18, IL-27, IL-17E, IL-25, IL-17F, CXCL-1, and IL-5.
In addition, the transfer of MSCs was associated with higher levels of anti-SARS-CoV-2 antibodies and increased expression of CD19
and CD81 on B-cells [204].

The MSC-based therapy, a potential tool for treating adults, is also being investigated as a therapeutic option for children with
multisystem inflammatory syndrome (MIS-C), an immune dysregulation following severe COVID-19. The NCT04456439 clinical trial
described the encouraging results observed in two hospitalized patients with MIS-C who received two intravenous infusions with space
of 48 h of adult bone marrow-derived MSCs (BM-MSC) at a dose of 2 x 10%/kg body weight per infusion. Patients showed improved
endothelial and myocardial function; in particular, the left ventricular ejection fraction normalized, and the severity of pan-valvular
regurgitation reduced as evidenced by serial echocardiographic imaging. Moreover, the levels of systemic and cardiac inflammatory
markers, such as the D-dimer, diminished significantly. The MSC treatment also proved safe, as no adverse reactions were observed
after cell infusion. Considering the lack of therapeutic options for patients with MIS-C and the results observed in this study, the
adoptive transfer of MSC could be considered a plausible therapy for children affected [205].

On the other hand, some clinical trials have shown no favorable results when administering MSC-based therapy. The placebo-
controlled phase IIb study (NCT04333368) reported that patients with COVID-19 ARDS who received three intravenous infusions
of UC-MSCs at a dose of 1.0 x 10°%/kg body-weight per infusion on D1, D3 + 1, and D5 + 1 showed similar results to those in the
placebo group. However, it should be noted that the infusions were safe, as none of the patients experienced any serious adverse events
throughout the study [206].

The MSC-based therapy is being broadly studied as a potential approach to managing different clinical conditions, with promising
results in the case of COVID-19. However, further characterization of the results observed in ongoing clinical trials is imperative before
this therapeutic strategy becomes available to the population. Although the data published on the https://clinicaltrials.gov/site
changes daily, to date, it lists around 15 clinical studies on MSCs derived from various sources.

8. Discussion

Considering the global challenges caused by the emergence of the SARS-CoV-2 virus, exploring effective therapeutic alternatives
for SARS-CoV-2 is crucial. This review aims to critically analyze the current therapeutic landscape and advancements in the fight
against the virus. By delving into diverse treatment modalities, ranging from traditional immunotherapies to cutting-edge advanced
therapies, we aim to provide an overview of therapeutic alternatives for SARS-CoV-2.

Omicron subvariants are exhibiting a tropism shift, primarily due to the modification of the conventional cellular entry route,
which typically depends on TMPRSS2 [1]. This transition, although linked to a reduction in pathogenicity that presently manifests as
milder infection symptoms, should be interpreted with caution. This is because the inherent molecular properties underlying this shift
have started to be characterized and the ongoing adaptive nature of SARS-CoV-2 may continue to influence its pathogenicity.
Therefore, it is essential to conduct careful and continuous monitoring is needed to assess any further developments. Tracking the
mutations acquired by each subvariant and assessing its biological variation are imperative tasks. Moreover, it is essential to incor-
porate into the variables influencing emergence, the phenomenon of cross-species recombination of the Coronavirus that involves at
least 34 species [207]. This process highlights the virus’s capacity to identify and infect intermediate species, facilitating a novel route
for cell entry and posing the potential risk of generating new recombinant strains capable of infecting human hosts with pandemic
potential.

At the beginning of the COVID-19 pandemic, new SARS-CoV-2 variants started to be selected based on their increased affinity for
the ACE2 receptor. Consequently, the prevalence of these viral variants rose in the population due to their higher infectibility.
However, the increasing population immunity against SARS-CoV-2 has turned the immune response into a new selection pressure on
new viral variants. The selective pressure exerted by the immune system has become relevant, as evidenced by the lack of correlation
between the new RBD variants and their binding affinity to the ACE2 receptor [54], as well as the impaired response induced by
vaccines against the new SARS-CoV-2 Omicron subvariants [4,55,208].

Viral evolution studies have shown that strong selection pressure should promote the protection of viral regions crucial to the viral
life-cycle from host immune responses [209]. In the case of SARS-CoV-2, this protection has been achieved by the low immunogenicity
of the ACE2-interacting surface (ACE2IS) located in the S-RBD domain [209]. The ACEZ2IS is located in the most distal part of the
S-protein, i.e., the most accessible to antibodies; therefore, ACE2IS is expected to be highly immunogenic. However, it is only exposed
in the RBD in the “up” conformation to mediate virus entry into target cells [210]. Indeed, although most COVID-19 convalescent
plasmas contain anti-S and anti-RBD antibodies, they exhibit low neutralizing activity [91,209,211].

A study by Hattory et al. [209] suggests that protein S has highly immunogenic regions outside the RBD that contribute to the
enrichment of anti-non-RBD antibodies and the depletion of anti-RBD antibodies. The high immunogenicity of these non-RBD regions
may be an evolutionary strategy of the SARS-CoV-2 to distract the immune system which could hinder the development of
ACE2IS-targeted universal vaccines against emergent SARS-CoV-2 variants and other coronavirus. Therefore, designing new biological
strategies that target immunogenic segments of SARS-CoV-2 beyond the S protein is imperative.
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One crucial challenge facing next-generation vaccine platforms against SARS-CoV-2 is enhancing safety and reliability. Existing
literature highlights potential, albeit rare, adverse events associated with current vaccines. For instance, cardiovascular events have
been reported, particularly in connection with mRNA vaccines [212-215]. Additionally, there have been documented cases of
neurological complications, such as Guillain-Barré syndrome (GBS) and Bell’s palsy, linked to COVID-19 vaccination [216-218].

Addressing these concerns is necessary, as ensuring the safety and reliability of vaccines remains a top priority. While it is required
to acknowledge that, in general, COVID-19 vaccines are considered safe, the occurrence of occasional adverse events, albeit infrequent,
can impact public perception. It is crucial to underscore that the overall benefits of immunization far outweigh the rare adverse events.
However, the existence of these events may contribute to vaccine hesitancy, potentially hindering broader vaccination efforts.
Therefore, next-gen vaccine platforms must aim for heightened efficacy against SARS-CoV-2 and prioritize advancements in safety
profiles that could involve refining formulations, dosages, and delivery systems to minimize the occurrence of adverse events and
bolster public confidence in the vaccination process.

Importantly, immunocompromised patients are not only disproportionally affected by COVID-19 but may also be essential res-
ervoirs and fonts of new SARS-CoV-2 variants. The impaired immune response of immunocompromised individuals favors longer viral
replication, facilitating the emergence of new viral escape variants [219]. Given their increased vulnerability, immunocompromised
individuals are often excluded from clinical trials due to protocol safety and efficacy guidelines. Therefore, innovations in models that
can evaluate the efficacy of biotechnological tools, such as vaccines in immunocompromised individuals, are needed. In line with the
development of new treatments, immunotherapeutic approaches and advanced therapies are next-generation promissory platforms for
managing COVID-19 in immunocompromised populations and patients with post-acute sequelae of COVID-19 (PASC). These patients
challenge healthcare systems due to the strict inclusion criteria of clinical trials [220].

Recent reports are shedding light on the role of host cell immune components in responding to Omicron infection, revealing critical
findings. Notably, platelets have been observed to orchestrate the recruitment of immune cells to form aggregates, which may inhibit
T-cell activation, potentially explaining the diminished immune response in hosts. Furthermore, it has been demonstrated that CD8™"
effector T cells (Teff) in re-positive patients display reduced cytotoxic signatures and heightened exhaustion signals, while NK cells
exhibit increased cytotoxicity and reduced levels of apoptosis [221]. Consequently, once established, cell-based therapies have the
potential to enhance cellular immunity in SARS-CoV-2 infections, providing an additional alternative to improve the outcomes for the
immunocompromised population.

Although cell-based therapy traces its origins back to the experiments of the 1950s, exemplified by the successful treatment of
marrow aplasia in rodent models using synergic marrow grafts [222], it has evolved into the contemporary era of market-integrated
cell-based therapies. Despite the wealth of accumulated knowledge, establishing advanced treatments as a powerful tool against
SARS-CoV-2 and improving its associated inflammation, immunomodulation, and tissue damage is still in its nascent stages; this is
highlighted by reports from clinical studies registered at https://clinicaltrials.gov/. However, a pivotal challenge that requires
attention is the harmonization of initial protocols to standardize technical concepts, including the number of doses, the number of
administered events per dose, and the time necessary for evaluating efficiency parameters. The overarching objective is to assess the
impact of this potential platform more objectively.

9. Limitation of the study

The review manuscript is grounded in the literature available up to January 30, 2024, and there may have been new studies or
developments in the field since then. Additionally, the variability in study designs, patient populations, and treatment protocols across
the reviewed studies may limit the ability to draw uniform conclusions.

10. SWOT analysis
10.1. Strengths

1. Current Relevance: Given the dynamic nature of SARS-CoV-2, the topic addresses a pressing issue, making the paper highly relevant
to the current scientific and healthcare landscape.

2. Timeliness: Given the ongoing relevance of COVID-19, the manuscript addresses a pressing issue, contributing valuable insights
and information that aligns with the current virus status.

3. Informative and Educational: The manuscript has an educational nature, offering insights into cutting-edge treatments and
contributing to the scientific community’s understanding of COVID-19 therapeutics.

4. Research Rigor: The manuscript is grounded in rigorous scientific research, encompassing diverse treatment platforms, presenting
a well-supported analysis of the literature.

10.2. Weaknesses

1. Evolving Landscape: The evolving nature of SARS-CoV-2 virus, may result in the manuscript becoming outdated relatively
quickly, necessitating periodic updates to maintain relevance.

2. Data Gaps: If there are limitations in the available data for specific therapies, it could hinder the manuscript’s ability to provide
conclusive insights into their efficacy.
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10.3. Opportunities

1. Future Research Directions: The manuscript could guide future research endeavors by highlighting gaps in current knowledge or
suggesting novel perspectives for exploration.
2. Collaboration: The manuscript might open avenues for collaboration between researchers.

10.4. Threats

1. Competing Research: Similar research topics may emerge, potentially overshadowing the paper’s contributions.
2. Public Perception: Anticipated public expectations for the immediate implementation of advanced therapies may surface,
potentially resulting in disappointment once these are not promptly in short-term.

11. Conclusion

The COVID-19 pandemic emerged as a significant health challenge in the 21st century. Extensive research and global cooperation
have provided a profound understanding of the fundamental biological and molecular characteristics of SARS-CoV-2. This knowledge
has proven invaluable in guiding the development of biotechnological approaches and preventive measures, particularly vaccines.
These strategies have played a central role in quelling the pandemic and safeguarding human health.

Even though the state of emergency brought about by COVID-19 officially ended in May 2023 [223], the continuous emergence of
new variants driven by mutation and genetic recombination mechanisms [224], has led to a wave of reinfection cases. These cases
challenge the efficacy of first-generation vaccines and monoclonal antibodies, emphasizing the need for updates. Additionally, vaccine
hesitancy and pandemic fatigue persist among the general population, indicating a lack of clarity regarding the dynamic course of the
virus over time. Thus, it demonstrates that the challenges posed by the virus extend beyond the biological aspects, encompassing
significant social difficulties that continue to impact communities in the post-pandemic era [225].

It is crucial to prioritize the development of a next-generation of vaccines equipped to efficiently thwart the potential risks posed by
the rapid emergence of SARS-CoV-2 variants. Researchers actively investigate cutting-edge technical approaches to create next-

Macrophage
Neutrophil

® Tecel

Antiviral SARS-CoV-2 therapy
AL,
‘\\
¢!
5 ).
T '!
SARS-CoV-2 Natural Killer CAR- NK cell Engineered Mesenchymal/ Mesenchymal/stromal cell- T
specific T cells (":K]r cell therapy ACE2 decoys stromal cells derived vesicles [=0s
erapy

Fig. 3. Advanced therapies against COVID-19. Therapeutics for COVID-19 include antiviral and immunomodulatory-regenerative strategies.
Antiviral approaches focus on the virus or virus-infected cells and include COVID-19 convalescent plasma containing anti-SARS-CoV-2 IgG and IgM
antibodies or monoclonal antibodies, SARS-CoV-2 specific T-cells, natural killer (NK) cells, and CAR-NK cells. Inmunomodulatory-regenerative
approaches focus on modulating the immune response and promoting tissue repair. They include COVID-19 convalescent plasma containing
anti-inflammatory cytokines; mesenchymal/stromal cells (MSCs) that secrete transforming growth factor beta (TGF-f) and indoleamine 2,3-Dioxy-
genase (IDO) that alleviate the cytokine storm syndrome, and hepatocyte growth factor (HGF) that facilitate tissue repair and regeneration of
injured tissues; MSC-derived extracellular vesicles (EVs), and regulatory T-cells (Tregs).
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generation vaccines, placing their bets on pan-coronavirus proposals. The success of these endeavors hinges on fostering international
collaborations and initiatives, as they are pivotal for enabling a global-scale implementation of this initiative. This review summarizes
the current technical approaches and international initiatives poised to drive this process forward in the coming years, ultimately
averting a significant new threat. Vaccination is the cornerstone of preventive public health strategy because it can confer widespread
immunity within a population, thereby contributing to herd immunity. The proven track record of vaccines has facilitated the
development of logistically strategic campaigns to implement on a large scale.

However, the potential role of advanced therapies against SARS-CoV-2 has introduced it as a new platform to encourage the
adaptation of emerging medical technologies for infectious diseases. In SARS-CoV-2, advanced therapeutic interventions aim to
provide targeted treatment for infected individuals, particularly in scenarios where vaccines may have limitations. Thus, it entails
modifying or enhancing the patient’s immune system, presenting a versatile platform with the promise to combat the virus and
regulate inflammatory responses, thereby facilitating the recovery of damaged tissues. (Fig. 3). Primary evidence suggests a thera-
peutic potential for MSCs in alleviating the clinical manifestations of Cytokine Storm (CS) in ARDS. CS is characterized by an over-
active and dysregulated immune response, resulting in the rapid release of a large amount of pro-inflammatory cytokines, which can
lead to widespread inflammation, tissue damage, multiple organ failure, and, consequently, death [226]. Studies conducted with
pediatric population [227] and adult populations [170] have confirmed that treating with MSCs is associated with improved health
and recovery. In addition to MSCs, using off-the-shelf SARS-CoV-2-specific T cells has shown potential for enhancing recovery rates.
Pilot studies with patients experiencing severe COVID-19 suggest with caution a significant 53% reduction in the risk of mortality
[168].

Although many clinical trials in cellular platforms for COVID-19 had demonstrated safety during the transition from Phase I to
Phase II, the pivotal Phase III remains critical. The structural design with a larger sample size, Phase III, seeks to provide compelling
evidence regarding the treatment’s effectiveness. This phase plays a crucial role in obtaining approval from regulatory authorities,
facilitating the progression to Phase IV. The latter phase is a post-marketing stage, ensuring continuous surveillance and treatment
monitoring in real-world scenarios [228].

Considering the transition and regulatory processes observed in other scenarios, such as gene therapy for cancer and genetic
diseases, a successful Phase 3 trial typically spans approximately 1-4 years. Consequently, cell therapies for COVID-19 are currently in
their early phases, and it is conceivable that they could become available on the market within less than a decade. In the upcoming
crucial phases of these biotechnological platforms, assessing safety and efficacy will address special populations, such as newborns,
who are unsuitable for vaccination. This evaluation will also extend to include pregnant and lactating women who could develop a
severe COVID-19 disease.

Studying the adaptation trajectory of SARS-CoV-2, it is crucial to anticipate possible future events rooted in the molecular
mechanisms that underpin the evolutionary success of SARS-CoV-2 is essential. Such research is vital for creating broader and
innovative interventions to address humanity’s new challenges, and advanced therapies are poised to occupy a central role in these
efforts in the near future.
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