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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 infection can trigger cytokine storm in some patients, which characterized by an
SARS-CoV-2 excessive production of cytokines and chemical mediators. This hyperactive immune response
COVID-19

may cause significant tissue damage and multiple organ failure (MOF). The severity of COVID-19
correlates with the intensity of cytokine storm, involving elements such as IFN, NF-kB, IL-6,
HMGBI, etc. It is imperative to rapidly engage adaptive immunity to effectively control the
disease progression. CD4" T cells facilitate an immune response by improving B cells in the
production of neutralizing antibodies and activating CD8" T cells, which are instrumental in
eradicating virus-infected cells. Meanwhile, antibodies from B cells can neutralize virus,
obstructing further infection of host cells. In individuals who have recovered from the disease,
virus-specific antibodies and memory T cells were observed, which could confer a level of pro-
tection, reducing the likelihood of re-infection or attenuating severity. This paper discussed the
roles of macrophages, IFN, IL-6 and HMGB1 in cytokine release syndrome (CRS), the intricacies of
adaptive immunity, and the persistence of immune memory, all of which are critical for the
prevention and therapeutic strategies against COVID-19.

Adaptive immunity
Cytokine storm
Immune memory

1. Introduction

With the decline of dead caused by the 2019 Coronavirus Disease (COVID-19), reduction in COVID-19-associated hospitalizations
and severe cases [1], as well as enhancement in community immunity against the novel coronavirus (SARS-CoV-2). The World Health
Organization (WHO) proclaimed the COVID-19 outbreak no longer constituted a public health emergency of international concern on
May 4, 2023, at the fifteenth session of the Emergency Committee convened under the International Health Regulations (2005) [2].
This announcement signified the epidemic shift toward a stage of sustained management. Despite this progress, the continual evolution
and potential for immune evasion by SARS-CoV-2 introduced elements of unpredictability [2]. By November 2023, WHO reported the
total number of confirmed COVID-19 cases had reached 772 million globally, with a death of 69.88 million while the number of
fatalities may surpass 20 million actually [1,3], reflecting a profound impact on both public health and the global economy.

SARS-CoV-2, the third beta coronavirus following MERS-CoV and SARS-CoV [4], is a single-stranded, positive-sense RNA virus
comprising an RNA genome, envelope (E) protein, membrane (M) protein, nucleocapsid (N) protein, and spike (S) protein [4,5]. The S
protein binds to angiotensin-converting enzyme 2 (ACE2) receptors on host cells and is cleaved by transmembrane serine protease 2
(TMPRSS2) [6], facilitating viral and cellular membrane fusion and subsequent viral RNA release into the cytoplasm [7-9]. Besides
ACE2-mediated entry, the virus can internalize via phagocytosis, acidification within the engulfing vesicles activates Cathepsin L
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(CTSL), triggering fusion with the endosomal membrane and release of viral RNA [10-12]. The virus then replicate, assemble, and are
released intracellularly. SARS-CoV-2 can also utilize other receptors like KREMEN1 [13], ASGR1 [13], and CD147 [14] to infect
various cells. The innate immune response, comprising cytokine release and the activation of adaptive immunity—antibodies from B
lymphocytes and T lymphocyte-mediated immunity (CD4*1 Th cells and CD8" Tc cells)—constitute the body’s initial defense [15].
Studies indicated that the immune dysregulation after SARS-CoV-2 infection may persist beyond two years [16-18]. This review
explored the immune dynamics in body post-SARS-CoV-2 infection.

2. Cytokine storm

In patients critically ill with COVID-19, we observed a marked elevation in cytokine levels, leading to CRS. This syndrome en-
compasses the increase of various cytokines, such as IL-6, IL-8, IL-12, TNFa, IL-17, MCP-1, IP-10, and IL-10. The surge of cytokine
triggers an immune imbalance and promotes inflammatory responses, infiltration by neutrophils and macrophages, and consequent
pulmonary damage [15].

2.1. The role of alveolar macrophages in CRS

Alveolar macrophages (AMs), occupying up to 95 % of the alveolar immune cell population, are a key component of pulmonary
defense, primarily distributed across the surface and deeper strata of pulmonary surfactant (PS) [12]. These cells are the alveoli’s
initial safeguard against microbial threats [19]. Typically assuming an M2 phenotype under physiological conditions, AMs maintain a
higher intracellular pH [12], suppressing the activity of cathepsin L (CTSL) and thus thwarting the release of viral RNA into the
cytoplasm [10]. M2 macrophages secrete an array of growth factors, including platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF)-a, and insulin-like growth factor 1 (IGF-1), which are indispensable for angiogenesis and cellular
proliferation, and thereby instrumental in tissue restoration post-injury. Conversely, SARS-CoV-2 prompts a shift in AM phenotype
from M2 to M1. These M1 AMs, with stronger acidic intracellular milieu, can further favor viral replication [12]. Enhanced phago-
cytosis by M1 AMs also aids in viral propagation [10]. Concurrently, M1 AMs release pro-inflammatory cytokines such as TNF-a and
IL-6, impeding the release of surfactant compounds by alveolar type II epithelial cells and disrupting PS structure. Inflammatory events
lead to increased secretion of cytokines and chemokines, including IL-6, IFN-y, MCP1, and IP-10,[20] which draw monocytes, T
lymphocytes, and other immune cells to the infection site [21]. Critically ill patients exhibited higher IL-6 levels, than milder cases
persistently [22-24], and showed a pronounced rise in the proportion of CD14", CD16", and inflammatory cells in the peripheral
blood [25], aggravating the cytokine storm depicted in Fig. 1.

2.2. TypeIIFN

Dendritic cells (DCs) initiate the immune system’s response to pathogens, with the engagement of conventional DCs (cDCs) and
plasmacytoid DCs (pDCs) in the secretion of interferons (IFNs), particularly Type I IFNs « and p°. During SARS-CoV-2 infection, pDCs
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Fig. 1. illustrated the pathophysiological cascade following SARS-CoV-2 invasion of lung. Virus triggers the differentiation of AM into the M1
phenotype. These M1 AM release pro-inflammatory cytokines to precipitate local inflammation. This inflammation escalates the production of pro-
inflammatory cytokines and chemokines, which contribute to CRS. Concurrently, the inflammatory mediators suppress the formation of protective
surfactant (PS), while the viral progeny propagated by M1 cells continue to infect type II alveolar epithelial cells (ATII), further exacerbating

the condition.
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express Toll-like receptors 7 (TLR-7) and 9 (TLR-9), which activate a cascade via myeloid differentiation primary response 88 (MyD88)
and IRF-7, leading to substantial production of IFN-a/p—a critical factor in defense [15]. Meanwhile, c¢DCs elicit an inflammatory
response by releasing cytokines such as IL-12 and TNF-a. Appropriate production of Type I IFN can significantly impede viral repli-
cation and engage adaptive immune system. Nonetheless, severe COVID-19 cases exhibit impaired IFN responses, thereby amplifying
viral proliferation and delaying acquired immunity. This delayed response precipitates expansive immune activation, resulting in
chronic cytokine emission, intensifying inflammation, and potentially culminating in a perilous CRS [26], as elucidated in Fig. 2. Those
cytokines were further produced to activate adaptive immune system through monocytes and lymphocytes [27]. Therefore, timely
production of Type I IFN by host cells can effectively inhibit virus and activate adaptive immunity. However, in severe COVID-19 cases,
the response to IFN-I will be delayed and reduced, leading to increased replication of the SARS-CoV-2 virus [28-31] and delayed
acquired immunity, and the innate immune system controls virus by expanding immune responses. This leads to continuous release of
cytokines such as IL-6, TNFa, promoting inflammatory responses, immune amplification, hyperimmunity, and potentially progressing
to CRS [15,30].

2.3. HMGBI1

High mobility group (HMG) is a non-histone chromosome-binding protein in eukaryotic cells [1]. Based on HMG molecular weight,
structural similarity and DNA-binding properties, HMG proteins have been classified into three gene families: HMGA, HMGB and
HMGN. HMGB1 is the most abundant non-histone nuclear protein in the HMGB gene family [32]. HMGB1 has a dual function as both a
non-histone nuclear protein and an extracellular inflammatory cytokine. Intracellular HMGB1 binds extensively to DNA and is
involved in transcriptional regulation, DNA replication and repair, telomere maintenance and nucleosome assembly. Extracellular
HMGBI is passively released or actively secreted by necrotic tissue or stressed cells. As a chemokine or cytokine, it binds to pattern
recognition receptors (PRR) and exerts damage-associated molecular patterns (DAMP) effects [33]. Pathogen-associated molecular
patterns (PAMPs) and DAMPs are critical in triggering the hyperactive immune response of severe COVID-19 cases [34], as they are
notably present in blood and lung [35]. PAMPs initiate the activation of PRRs, propelling downstream signaling cascades that result in
the release of cytokines such as interleukins (ILs), tumor necrosis factor (TNF), and IFNs [25]. Meanwhile, DAMPs, which are ubig-
uitously expressed and can be liberated passively from necrotic cells, engage PRRs as well, potentially leading to immune dysregu-
lation and pronounced inflammatory responses which threaten patients’ survival [36,37].

HMGBI has been emerged as a pivotal DAMP in this context. There are two known nuclear localization signaling (NLS) sites on the
HMGBI1 protein, NLS1 and NLS2.Stimulated by inflammatory responses triggered by DAMPs or PAMPs, they are modified by
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Fig. 2. Upon invasion by SARS-CoV-2, pDCs express TLR-7 and TLR-9, initiating signaling through MyD88 and IRF-7 that induce type I IFN re-
sponses, resulting in the substantial secretion of IFN-a/f. Subsequently, dsRNA activates TLR-3 through the involvement of TRIF and TRAF-3,
culminating in the release of NF-kB and numerous pro-inflammatory cytokines. The interaction between HMGB1 and TLR4 triggers the TLR
signaling pathway through the intermediation of MyD88 and TRIF. Subsequently, this leads to the activation of NF-kB. Concurrently, the binding of
HMGBI to the RAGE initiates the Ras-mediated activation of ERK and p38, culminating in NF-kB pathway activation. This sequence of events
promotes the translocation of NF-kB to the nucleus, fostering the transcription of various proinflammatory genes and synthesis of pro-IL-1f, pro-IL-
18, IL-6 and TNF-a. Caspase 1 processes pro-IL-1p and pro-IL-18 into their mature forms, IL-1p and IL-18, thereby contributing to CRS associated
with SARS-CoV-2 infection.
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phosphorylation and acetylation, respectively, to promote the nuclear localization of HMGBI1, thereby transporting HMGB1 from the
nucleus to the cytoplasm, and the transfer of HMGB1 in the cytoplasm can be achieved by the induction of type I and type II IFNs; after
that, HMGB1 secretes lysosome formation or programmed cell death mechanisms to be released into the extracellular fluid [37].
Toll-like receptor 4(TLR4) and receptor for advanced glycation end products (RAGE) serve as HMGB1’s functional PRRs [38].
Interaction with TLR4 activates MyD88 and TRIF-dependent pathways, culminating in NF-kB and interferon regulatory factor 3 (IRF3)
activation, thus amplifying inflammatory cytokine and IFN production [39]. Upon interaction with RAGE, HMGBI triggers the
activation of Ras, leading to the stimulation of the NF-xB pathway. This signaling cascade involves extracellular regulated protein
kinases (ERK) and p38, which facilitate the translocation of NF-kB from the cytoplasm to the nucleus [34]. Subsequently, this process
activates the transcription of various pro-inflammatory genes, induces the formation of inflammatory vesicles like NOD-like receptor
thermal protein domain associated protein 3(NLRP3), and promotes the production of pro-IL-1f, pro-IL-18, IL-6, and TNF-a. Enhanced
NLRP3 activity has been corroborated in severely ill patients [40], further intensifying caspase-1 activity [41], which not only pro-
cesses pro-IL-1p and pro-IL-18 into their active forms [34], but also activates IL-1a through Gasdermin-D (GSDMD), thus contributing
to the CRS driven by SARS-CoV-2 [42], as depicted in Fig. 2. IL-18, belonging to the IL-1 family, augments natural killer (NK) cell
cytotoxicity and is a potent IFN-y inducer [43]. Persistently elevated IL-18 is also implicated as a principal contributor to CRS [43,44].
Collectively, in COVID-19, the HMGB1-RNA (SARS-CoV-2) complex perpetuates an escalated output of pro-inflammatory cytokines,
fostering a detrimental feedback loop.

2.4. Key pro-inflammatory mechanism of IL-6 in CRS

IL-6 plays a critical role in SARS-CoV-2 infection and CRS, exerting both pro-inflammatory and anti-inflammatory actions. This
cytokine engages IL-6R and activates the STAT3 pathway by Glycoprotein130 (gp-130) [15]. Three distinct signaling mechanisms
mediate IL-6 signal transduction: (1) The classical pathway involves IL-6 binding with membrane-bound IL-6R to form a complex that
associates with gp-130, triggering signal transduction that influences the adaptive immune system, including B and T lymphocytes,
potentially leading to CRS. (2) Trans-signalling: aberrant regulation of IL-6 trans-signalling plays a key role in the development of SCR
in COVID-19 patients [45]. High levels of IL-6 release induced by SARS-CoV-2 infection result in the formation of a complex of IL-6
with the soluble IL-6 receptor (sIL-6R) and signaling through the membrane-bound gp130 signal transduction sub unit for signaling
[45,46]. This cross-signaling mechanism also leads to depletion of immune cells, which in turn leads to respiratory failure and
multi-organ failure [47]. (3) Interaction with membrane-bound IL-6R (mIL-6R) on immune cells forms a complex with gp-130 on
Helper T cell 17 (Th17), which modulates T cell signaling and facilitates the progression of acute respiratory distress syndrome (ARDS)
[15]. Additionally, IL-6, in conjunction with IL-23 and TNF-a, promote the differentiation of naive Th cells into Th17 cells [48], which
secrete the potent pro-inflammatory cytokine IL-17, observed in abundance in COVID-19. IL-17 activates an array of cytokines and
chemokines like IL-1, IL-6, IL-8, IL-21, MCP-1, and TNF-a, exacerbating CRS [49]. Moreover, IL-6 and IL-17 act synergistically to boost
the expression of pro-survival genes such as Bcl-2 and Bcl-xL, impeding apoptosis in infected cells and facilitating viral persistence.
This infiltration of IL-6 and Th17 is pivotal in ARDS initiation and progression [15]. In COVID-19, elevated IL-6 may suppress the
activity of NK cells and CD8™ T cells, enhancing the inflammatory cascade and disease severity [50,51], potentially by dampening NK
cell cytotoxicity through diminished release of perforin and granzyme [51,52]. Macrophages, key to innate immunity, primarily
recognize RNA viruses through PRRs such as TLR, RIG-I, and MDAS5, which activate NF-kB and IRF3/7 pathways and promote the
production of pro-inflammatory cytokines, CXCL10, ITAM, and TRAM [30,53-55], thereby stimulating macrophages to release
copious inflammatory mediators. Recent findings suggested that IL-6R signaling may spur bone marrow proliferation and foster tissue
migration during acute infections, leading to monocyte accumulation in the lungs [16]. In severe COVID-19 cases, IL-6R activation can
effect transcription factors’ epigenetic modulation, enhance bone marrow proliferation, and alter the genetic phenotype of
granulocyte-macrophage progenitor cells (GMP) [16], making IL-6R blockade a potential target for modifying GMP’s genetic
phenotype.

In summary, the immune mechanisms of CRS in patients with COVID-19 are very complex, and studies of drugs targeting cytokines
or cytokine receptors are unsatisfactory.Chloroquine inhibits HMGB1 and Toll-like receptor 9, but its therapeutic efficacy in COVID-19
is not satisfactory due to the lack of a precise target [56]. Only the IL-6 receptor-targeting antibodies tolizumab and sarilizumab have
more positive efficacy in COVID-19 critically ill patients [57,58]. Future drug studies need to explore precise target therapy, such as
IL-6 trans-signalling, RAGE and TLR4 targets.

3. Adaptive immunity induced by SARS-CoV-2

B lymphocytes, CD4" T cells, and CD8" T cells are critically involved in the control and eradication of viral infections and are
integral to vaccine efficacy. Consequently, researches on SARS-CoV-2’s adaptive immunity are paramount. Typically, the innate
immune system rapidly detects viral infection within hours, initiating a Type I IFN response and provoking the release of immune
mediators [59]. It impedes viral replication and the congregation of both innate immune cells and molecules, curbing the virus’s
spread. The paramount function of innate immunity, however, lies in its capacity to activate the adaptive immune response. Adaptive
immune cells undergo a phase of brisk proliferation and differentiation, taking approximately 6-10 days to become effectual.
SARS-CoV-2 is able to postpone the activation of cellular IFN-I and IFN-III responses associated with innate immunity [60], resulting in
an early lack of viral replication control. This latency can cause asymptomatic infections [61]. Investigations involving patients in both
acute and recovery phases of COVID-19 have revealed a significant association between SARS-CoV-2-specific T cell responses and
milder symptoms [23,62], underscoring the potential criticality of T cells in rapidly curtailing SARS-CoV-2 infection.
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3.1. Adaptive immunity resulting from SARS-CoV-2 infection

The human immune response effectively combats SARS-CoV-2 primarily through the action of SARS-CoV-2-specific antibodies,
CD4" T cells, and CD8" T cells [63,64], which are pivotal in managing viral infections, as depicted in Fig. 3. Notably, there is a
pronounced correlation between specific CD4" T cell responses and the severity of COVID-19 cases [65].

3.1.1. CD4" T cells

Studies had indicated that CD4" T cells elicit a more potent response to SARS-CoV-2 than CD8" T cells [62,63], with their
detectable reactivity in the majority of COVID-19 patients [62,63,65]. Individuals who had recovered from COVID-19 exhibit CD4T T
cell responses to an extensive array of SARS-CoV-2 proteins, notably the M, S, and N antigens, although a small subset of proteins
remains unrecognized by these cells [63]. The M protein—an inherently modest transmembrane protein involved in multiple chan-
nels—serves as one of the antigens for CD4" T cells, although it demonstrates relatively low binding affinity to Class Il MHC-restricted
T cells [66]. In contrast, the S protein is recognized as a significant antigen of SARS-CoV-2 [63,65,67,68], with roughly half of specific
CD4™ T cell responses associated with it, and is vital for Major Histocompatibility Complex (MHC) class I molecule recognition. CD4*
T cells predominantly differentiate into Th1 and follicular helper T cells (TFH), where Th1 cells contribute to antiviral defense by
secreting IFN-y and associated cytokines, while TFH cells are integral to neutralizing antibodies, memory B cell formation, and sus-
tained humoral immunity [69].

During the acute phase of SARS-CoV-2 infection, specific circulating follicular helper T cells (cTFH) are generated, including
memory cTFH cells [62,65,70]. The presence of SARS-CoV-2-cTFH has been associated with disease severity [65]. Predominantly,
SARS-CoV-2-specific CD4" T cells produce IFN-y and can differentiate into cytotoxic T cells (CD4-CTL), directly contributing to viral
clearance [65,67,71]. These cells also recruit additional effector cells to areas with viral antigens by emitting chemokines such as
CCL3/4/5 (MIP-1s) and XCL1 [70]. Additionally, there is a potential for specific CD4™ T cells to become Th17 cells, releasing IL-22
which is vital for tissue restoration, particularly in lung. Study indicated that mucosal CD4" T cells stably express IL-22, implying
that these cells may facilitate lung tissue repair [63,65,72]. Memory CD4" T cells targeting SARS-CoV-2 also appear to retain the
capability to produce IL-22%%, Moreover, CD4™ T cells may support the CD8" T cell immune response, with IL-21 potentially plays a key
role [73], although the precise mechanism remains to be fully elucidated.
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Fig. 3. illustrated that the S and N proteins of SARS-CoV-2 constitute the primary antigens for generation of specific antibodies. Upon activation of
the adaptive immune response, select B cells transform into plasma cells that produce quantities of antibodies, including IgM, IgA, IgG, and
neutralizing antibodies, which function to directly neutralize virus. Concurrently, another subset of B lymphocytes mature into memory cells for
long-term immunity. SARS-CoV-2-specific CD4" T cells predominantly secrete IFN-y and often differentiate into T helper 1 (Th1) and T follicular
helper (TFH) cells. Th1 cells promote antiviral responses through the production of IFN-y and associated cytokines, whereas TFH cells are integral to
the generation of neutralizing antibodies, the sustenance of memory B cells, and the establishment of enduring humoral immunity. Additionally,
specific CD4" T cells may become Th17 cells, releasing interleukin-22 (IL-22) to aid in the repair of lung tissue. SARS-CoV-2-specific CD8" T cells
show elevated levels of activation markers and cytotoxic molecules, playing a pivotal role in the eradication of the virus and infected host cells.
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3.1.2. CD8" T cells

SARS-CoV-2-specific CD8" T cells demonstrate specificity to a plethora of viral antigens, including the S, N, and M proteins, along
with ORF3a and NSP6 [63,68,74]. Furthermore, the predominant fraction of SARS-CoV-2-specific CD8" T cell response is identifiable
through HLA-I class molecules [63]. During acute COVID-19, these cells manifest pronounced cytotoxic effects, marked by the
expression of molecules such as [FN-y, granzyme B, and perforin [62,65,75]. Notably, there exists a considerable overlap in T-cell
receptor (TCR) repertoires between cytotoxic and memory subsets of CD8" T cells [76], leading to a resemblance in the expression
profiles of memory SARS-CoV-2-specific CD8™ T cells [62,63,65,68]. Research indicated [77] that post-infection, memory CD8™ T cells
bifurcate into two distinct subsets: early fase memory cells, which arise during the initial stages of infection and display heightened
activation and cytotoxic potential with broad antigen specificity; late fase memory cells, which emerge in the subsequent phases,
characterized by reduced activation, diminished cytotoxic molecule expression, and a more restricted antigen specificity.

Exposure to SARS-CoV-2 antigens markedly influences the phenotype and specificity of memory CD8™ T cells, which exhibit higher
activation markers and cytotoxic molecule expression upon repeated encounters with virus, leading to an enriched T cell memory
repertoire. Sarah Adamo and his colleagues [78], using flow cytometry and single-cell RNA sequencing, observed the evolution of
specific memory CD8" T cells post-infection. These cells, displaying distinct phenotypic and functional traits, are vital in providing
resistance to subsequent SARS-CoV-2 infections [75]. Moreover, research conducted by Anthony Kusnadi and Ciro Ramirez-Sudstegui
highlighted the differences in CD8" T cell responses among COVID-19 patients [79]; those with mild symptoms tended to have a
predominance of "exhausted" SARS-CoV-2 reactive CD8™ T cells, whereas severe cases exhibited "non-exhausted" cells, characterized
by transcripts indicative of co-stimulation, NF-«B signaling, and anti-apoptotic pathways—suggesting the generation of strong memory
response. The correlation of CD8" T cell dynamics with COVID-19 outcomes is further supported by Katie E Lineburg and associates
[80], who demonstrated that SPRWYFYYLN105-113 (SPR) specific CD8™ T cells could be identified both in individuals recovered from
COVID-19 and those with no prior SARS-CoV-2 exposure, implying a potential cross-reactive immunity from seasonal coronaviruses.
The persistence of the SPR epitope indicated its potential role in long-term protection against the virus [80].

3.1.3. B lymphocytes

In the majority of individuals infected with SARS-CoV-2, seroconversion typically occurs within 5-15 days post-infection, with
approximately 90 % will experience seroconversion by day 10[65,81,82]. The S and N proteins serve as principal antigens for detecting
seroconversion. Specifically, the receptor-binding domain (RBD) of the S protein is the focal point for over 90 % of the neutralizing
antibodies [83,84]. MHC Class I molecules assume an "up" conformation when engaging with the RBD, while MHC Class II molecules
can present in both "up" and "down" configurations [85]. The neutralizing antibodies, developed by B cells with a diversity of heavy
and light chain variable (V) genes [86,87], tend to be readily produced against SARS-CoV-2 as they require minimal to no affinity
maturation [88]. During antigen presentation, MHC Class I and II molecules present the processed antigens to T cells, which then
coalesce to eliminate the infected cells and regulate the immune response. Concurrently, some B cells commence differentiation into
plasma cells that secrete copious antibodies. Importantly, IgM play a crucial role in the initial response to infection as the first antibody
produced. The B cell reaction to SARS-CoV-2 is pivotal for generating an effective neutralizing antibody defense.

Following an initial IgM response, there is a shift in the profile of secreted antibodies, predominantly to IgG (mainly subtypes 1 and
3) and IgA [89]. IgG titer elevate over several months after acute infection, with the concentration of IgG1 appearing higher than those
of IgG3 subsequent in SARS-CoV-2 cases [90]. The transition to IgA is strongly influenced by the severity of clinical symptoms, which
means patients with more pronounced COVID-19 symptoms exhibit elevated IgA titers, conferring protection to the mucosa of the
respiratory tract [91]. As COVID-19-induced inflammation intensifies, antibody production within the body increases [92]. Patients
requiring intensive care for prolonged durations present the highest levels of neutralizing antibodies. In contrast, children exhibit
lower antibody titers when compared to adults [89,93]. Additionally, a subset of B cells differentiate into memory B cells, which can
persist for several months. These memory B cells, along with memory T cells, play a pivotal role in long-term immunity against
SARS-CoV-2 [94].

3.2. Immune response induced by vaccines

COVID-19 mRNA vaccines are known to stimulate the maturation of CD4+T and CD8+T lymphocytes [95], and to generate B
lymphocytes alongside high levels of IgG and IgM antibodies [96]. That levels of RBD memory B lymphocytes elicited by these vaccines
are on par with those resulting from natural infection [96]. Research had demonstrated that memory T lymphocytes and B lym-
phocytes maintain relative stability for 3-6 months post-vaccination [97]. Valerie Oberhardt and colleagues [98], using a mouse
model, investigated the immunological impacts of the SARS-CoV-2 mRNA vaccine (bnt162b2), revealed a rapid induction of durable, S
protein-specific CD8+T cell response within a week of vaccination, independent of the strength of CD4+T cells and neutralizing
antibodies at that time. These CD8+T cells, capable of identifying and neutralizing virus-infected cells, maintain their efficacy
following a booster dose. Additionally, neutralizing antibodies serve as a critical indicator of protective immunity, with the primary
goal of a vaccine being the induction of potent, specific neutralizing antibodies against the SARS-CoV-2 S protein. Studies had indi-
cated that COVID-19 mRNA vaccines can initiate germinal center reactions and TFH cell responses specific to the SARS-CoV-2 S
protein, critical to neutralizing antibody production [99,100]. Moreover, such vaccines are capable of inducing S antigen-specific IgA
and IgG antibodies that sustain high titers six months following the second vaccination dose [101,102]. In examining the immune
responses prompted by COVID-19 vaccines, it is essential for researchers to extend their focus beyond antibody responses to include
investigations into memory cells, cellular immunity, and innate immune memory within T lymphocytes [103,104].

A longitudinal study of vaccine-induced immune responses in cancer patients revealed varying levels of sustained antibody
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responses based on the treatment modalities received [105]. And another observational study found that patients with hematologic
malignancies may have a lower immune response to the SARS-CoV-2 vaccine and may experience vaccine failure and infection
breakthrough, especially in patients treated with rituximab [106]. Patients with end-stage renal disease (ESRD), including those
undergoing hemodialysis, peritoneal dialysis, and renal transplantation, have compromised cellular and humoral immune responses,
which may result in reduced immunity to the vaccine after vaccination [107]. Similarly, Another longitudinal study in hemodialysis
patients demonstrated robust cellular and humoral immune responses following repeated vaccinations with mRNA SARS-CoV-2
vaccine over an extended period [108]. These findings underscored the distinct immune responses elicited by SARS-CoV-2 vaccina-
tion across diverse patient groups, emphasizing the necessity of longitudinal studies in specialized populations to inform more tailored
vaccination approaches. Such insights are crucial for optimizing vaccine booster schedules and patient selection criteria.

Vaccination of pregnant women with the COVID-19 mRNA vaccine, whether in early, mid- or late pregnancy, produces a strong and
long-lasting antibody response, which is passed on to the fetus through the placenta, providing protection for the newborn [109]. It has
been found that after vaccination of the mother, babies have higher levels of neutralizing antibodies than babies born to mothers
infected with SARS-CoV-2 [110]. Therefore, maternal vaccination provides passive protection against asymptomatic infections in early
infancy. However, antibody levels decline significantly in the fetus during the first 3 months of life [111,112], and early vaccination in
late pregnancy (27-31 weeks) increases the proportion of placenta-transmitted antibodies compared with late vaccination in late
pregnancy (32-36 weeks) [113]. Therefore, vaccination early in late pregnancy is more likely to enhance neonatal immune protection
[113,114].COVID-19 vaccination is associated with a significant increase in the levels of anti-SARS-CoV-2 IgG, IGM and IgA in breast
milk, which can be passed on to the infant through breastfeeding, thus providing protection to the infant [110,115]. However, different
vaccine types may affect antibody levels differently [110].

The emergence of mutant strains diminishes the effectiveness of current vaccines against the virus, increasing the risk of reinfection
and immune evasion, thereby impacting the control of outbreaks. Variants like omicron XBB.1.16 [116] and omicron XBB.1.5 [117]
have demonstrated significant immune evasion capabilities. The decline in neutralizing effectiveness of various vaccines against
emerging variants like beta, epsilon, subsequent omicron subtypes [118], and novel variants has posed challenges in outbreak pre-
vention and control. Moreover, frequent administration of vaccine booster doses may potentially lead to immune exhaustion,
particularly with the BNT162b2 and mRNA-1273 vaccines [119]. Mucosal vaccines, by stimulating robust mucosal immunity in the
respiratory mucosa, not only have the capacity to combat the disease but also to hinder SARS-CoV-2 infection and transmission at the
initial viral entry and replication site [120]. However, the lack of clear markers for mucosal immunity and protection, as well as the
complexity of designing clinical studies to evaluate transmissibility, present additional challenges. Emerging novel vaccine design
ideas have brought about exciting developments. In an animal study [121], researchers introduced a new helper lipid, replacing
ionizable lipids, which significantly enhanced the innate immunity of the SARS-CoV-2 mRNA-LNP vaccine. This optimized vaccine
triggered the production of potent NAbs against various SARS-CoV-2 variants, robust Th1-biased cellular immunity, as well as strong
B-cell and long-lasting plasma cell responses. Magnus A.G. Hoffmann et al. developed the EABR technique, which allows membrane
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Fig. 4. illustrated the timeline of immune responses following SARS-CoV-2 infection. Typically, effector T cells and B cells proliferate in significant
numbers within 6-10 days post-invasion. Subsequent to the adaptive immune system’s successful eradication of the virus, an enduring immune
memory is established, enduring for a variable duration. Recent studies had documented immune memory persistence for up to 2 years, marking the
longest observed follow-up interval to date.



J. Zhang Heliyon 10 (2024) e34577

proteins to trigger the self-assembly and detachment of enveloped virus-like particles (eVLPs). This results in the presentation of S
proteins on both the cell surface and the detached eVLPs, leading to a significant increase in mRNA-vaccine induced antibodies and
neutralizing capacity. This effect was particularly pronounced for the omicron mutant, with levels increasing by more than 10-fold
[122].

In conclusion, although the effectiveness of the new crown vaccine has been proven, there are still many limitations and large
individual variability.

4. Duration of protective immunity

In recent years, researches had increasingly concentrated on the longevity of immune memory elicited by natural infection with
SARS-CoV-2 or by vaccination-induced immunity. Upon invasion by SARS-CoV-2, the pathogen is eradicated through a collaborative
effort of the body’s innate and induced adaptive immune responses, culminating in the establishment of immune memory, which is
depicted in Fig. 4. This immune memory is critical in preventing subsequent infections or in reducing disease severity, representing a
key factor in managing the global pandemic.

In a 2020 study, Christian Gaebler and colleagues [123] investigated the humoral memory responses in 87 cases, examining these
responses at approximately 1.3 and 6.2 months post-infection. They reported that memory B cell responses to the virus remained
stable, closely mirroring the duration of antigen presence. Subsequently, a 2021 prospective cohort study by Yan Zhan et al. [124]
followed 121 COVID-19 convalescent patients in Xiangyang, China. It revealed that, within a year of infection, neutralizing antibodies
provided lasting protection against severe reinfection in 87 % of the participants, albeit with reduced efficacy against emerging
variants. This research additionally highlighted that while the total levels of RBD antibodies remained steady over the year, anti-RBD
IgG and neutralizing antibodies decreased to one-third of their initial concentration. The endurance of these antibodies correlated with
factors such as the severity of the initial disease and gender. Another longitudinal cohort study in China [18], which followed up with
1096 recovered COVID-19 patients, found that 82 % of patients had N-IgG, 92.5 % had S-IgG, 94.2 % had RBD-IgG, and 81.6 % had
neutralizing antibodies in 12 months after SARS-CoV-2 infection (D614G, p and § variants). However, the old and severe cases showed
a decline in neutralizing antibody levels between 6 and 12 months post infection. Additionally, virus-specific T cells were detectable in
all recovered patients. This study also revealed that [18], in patients who lost neutralizing antibody response, memory T cells still
retained the ability to mediate cellular immunity.

A study by Sarah Adamo et al. [78] identified that a year after acute SARS-CoV-2 infection, CD8" T cells with CD45RA, IL-7
receptor-a, and TCF1 expression persisted, albeit with consistently low CCR7 expression. Kim P and Gordon SM’s retrospective
analysis in 2021 demonstrated that prior infection conferred substantial protection against reinfection by the Delta variant, with
immunity enduring for a minimum of 13 months [125]. Many researchs corroborated these findings [126-128]. studies from China
had shown that specific T cell responses critically contribute to preventing reinfection, thereby providing prolonged and
variant-transcending immune defense [18]. Notably, a longitudinal cohort study in China [129], involving 1192 unvaccinated in-
dividuals recovered from COVID-19, found that although neutralizing antibody levels waned over 6 months to 2 years with a half-life
of 141.2 days, memory B cell responses to the original viral strains persisted beyond 2 years, demonstrating cross-reactivity with the
Delta and Omicron BA.1 variants. Remarkably, there was no significant difference in interferon-gamma and T cell responses to
SARS-CoV-2 between the one and two-year marks post-infection [129], indicating a robust, enduring cross-reactive memory T cell
response. Furthermore, a meta-regression analysis highlighted [130] that hybrid immunity—resulting from both infection and vac-
cination—afforded enhanced protection against hospitalization or severe disease at 6 months compared to prior infection or initial
vaccination alone, and also offered markedly better defense against reinfection at 6 months relative to vaccine-induced immunity.
Consequently, some researchers suggested that natural immunity may confer reinfection and disease protection on par with two doses
of the SARS-CoV-2 vaccine [131].

Since its emergence at the end of 2021, the Omicron variant of SARS-CoV-2 has garnered worldwide attention due to its elevated
transmissibility and potential to circumvent vaccine-induced immunity, posing significant challenge for sustained immune memory
and defense against severe disease and reinfection [132-136]. The presence of N501Y mutations in various SARS-CoV-2 strains
enhance their affinity for ACE2 [137], while K417 and E484 mutations may help the virus escape from the neutralization by N protein
antibodies [138]. Yet, immunological imprinting appears to has hindered a diverse immune response to the Omicron variant,
increasing selective pressure on its RBD and driving further mutations [139]. A nationwide retrospective cohort study in Singapore
indicated the superior immune-evasion capabilities of the XBB Omicron lineage [140]. Additionally, a systematic review and
meta-regression analysis suggested that prior infection and hybrid immunity—derived from both past infection and vacci-
nation—confer protection against the Omicron variant and severe outcomes for at least 15 months [141]. Nonetheless, for unvacci-
nated individuals and the previously vaccinated, research gaps regard the protective impact of prior Omicron infection [141] and its
longevity impede a comprehensive understanding of long-term immune memory following natural exposure.

5. Conclusion and prospect

Immune damage inflicted by novel coronavirus infection substantially contributes to the wide array of observed clinical symptoms.
During the initial phase of immune dysregulation, elements such as macrophages, IFN, NF-kB, IL-6, and HMGB1 are pivotal,
precipitating CRS. Prompt engagement of adaptive immunity is critical for effective disease management and viral elimination,
explaining the severity and increased mortality risk in immunocompromised and older patients. Combined immunity offers the most
robust defense. Memory T cells, which exceed neutralizing antibodies in longevity, can preserve immune memory for upwards of two
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years, a fact that bears significance for COVID-19 prevention and treatment strategies. Although the intensive studies of SARS-CoV-2
had shed light on the enigmatic pathogenetic mechanisms of COVID-19, continued research is paramount to address the remaining
unknowns.

FOA8 Presently, the diagnosis of CRS depends mainly on the assessment of clinical symptoms and cytokine concentration, with a
notable absence of early and precise predictive biomarkers. Additionally, comprehending the enduring health consequences of
CRS on individuals is crucial.

FOA8 Which form of immunity offers the greatest efficacy in safeguarding against diverse variants of a pathogen? Furthermore, is
there an existing vaccine that provides broad-spectrum protection against these variants?

FOA8 Dysregulation of adaptive immunity may occur in post-COVID-19 sequelae.

FOA8 Following recovery after COVID-19, monocytes may experience sustained epigenetic modifications that substantially alter the
epigenomes and transcriptomes of hematopoietic stem cells and their progenitors. This includes variations in bone marrow
proliferation and antigen presentation [16]. Nonetheless, the implications of epigenetic mechanisms in tissue repair and disease
pathogenesis warrant additional investigation

Despite evidences that prior infections and resulting hybrid immunity confer enduring protection against SARS-CoV-2 variants, it
remains imperative to investigate the precise longevity of this protection and its effectiveness against novel variants. Further research
should be expanded to encompass additional variants and extend follow-up periods, enabling a precise assessment of the persistence of
immune memory. This will also inform the evaluation of the need and optimal scheduling for vaccine booster doses.
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