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Abstract 

SARS-CoV-2 is a newly identified member of the coronavirus family that has caused the Coronavirus disease 2019 

(COVID-19) pandemic. This rapidly evolving and unrelenting SARS-CoV-2 has disrupted the lives and livelihoods of 

millions worldwide. As of 23 August 2021, a total of 211,373,303 COVID-19 cases have been confirmed globally with a 

death toll of 4,424,341. A strong understanding of the infection pathway of SARS-CoV-2, and how our immune system 

responds to the virus is highly pertinent for guiding the development and improvement of effective treatments. In 

this review, we discuss the current understanding of neutralising antibodies (NAbs) and their implications in clinical 

practice. The aspects include the pathophysiology of the immune response, particularly humoral adaptive immunity 

and the roles of NAbs from B cells in infection clearance. We summarise the onset and persistence of IgA, IgM and IgG 

antibodies, and we explore their roles in neutralising SARS-CoV-2, their persistence in convalescent individuals, and 

in reinfection. Furthermore, we also review the applications of neutralising antibodies in the clinical setting—from 

predictors of disease severity to serological testing to vaccinations, and finally in therapeutics such as convalescent 

plasma infusion.
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Background

�e Coronavirus disease 2019 (COVID-19) is a disease 

caused by the etiological agent Severe Acute Respira-

tory Syndrome Coronavirus 2 (SARS-CoV-2), a newly 

identified β-coronavirus [1]. SARS-CoV-2 is closely 

related to SARS-CoV, the coronavirus responsible for 

the severe acute respiratory syndrome (SARS) epidemic 

that emerged from 2002 to 2003. SARS-CoV-2 belongs 

to the lineage B of the Betacoronavirus genus in the 

Coronaviridae family [2]. As of 23 August 2021, a total 

of 211,373,303 COVID-19 cases have been confirmed 

worldwide, resulting in 4,424,341 deaths [3]. As of 23 

August 2021, a total of 4,615,260,567 vaccine doses have 

been administered [3].

�ere are four genera in the Coronaviridae family, 

namely α, β, γ, δ [4]. �ere are seven known coronavi-

ruses that infect humans. HCoV-229E and HCoV-NL63 

belong to genus α, while HCoV-OC43, HCoV-HKU1, 

SARS-CoV, MERS-CoV, and SARS-CoV-2 belong to 

genus β [5]. Infections with HCoV-229E, HCoV-NL63, 

HCoV-OC43, and HCoV-HKU1 mainly cause mild res-

piratory diseases, whereas infections by SARS-CoV, 

MERS-CoV and SARS-CoV-2 may potentially lead to 

severe pneumonia and even death [5].
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Complete genome sequence homology comparison 

was used to analyse SARS-CoV-2 samples against sev-

eral viruses circulating in animals being suspected as 

likely progenitors of SARS-CoV-2. �e SARS-CoV-2 

samples shared 96.2% sequence identity with bat-cor-

onavirus (bat-nCoV) RaTG13 [6]. Another bat-nCoV 

(denoted RmYN02) also shared 93.3% sequence identity 

with SARS-CoV-2 at the whole genome level [6]. Bats 

are regarded as the natural reservoir of SARS-CoV-2 

due to their biological characteristics as well as the high 

sequence identity between bat-nCoV and SARS-CoV-2 

[6, 7]. However, the intermediate host from which SARS-

CoV-2 acquired part of or all the mutations necessary for 

effective transmission in humans is unknown. �ere are 

differences in the genetic sequences encoding the SARS-

CoV-2 spike (S) protein that mediates virus entry into 

human cells, which may account for many of the unique 

pathogenic properties of SARS-CoV-2 [8, 9]. It has been 

highlighted in a study that there is a wide phenotypic var-

iation in human antibody responses against SARS-CoV-2 

[10], which is important as one needs a standardized and 

scalable assay for universal and large cohort assessments. 

To obviate the need to use live virus within a biosafety 

level 3 (BSL3) facility, an HIV-based lentiviral vector 

pseudotyped with the SARS-CoV-2 spike protein has 

been established as a surrogate for use in anti-S neutralis-

ing antibody assays in a BSL2 laboratory [10].

SARS-CoV-2 shares some similarities to the two known 

coronavirus predecessors that caused severe infections 

in humans to date, i.e. SARS-CoV and MERS-CoV with 

79.5% and 50% sequence identity, respectively [9]. How-

ever, the SARS-CoV-2 spike protein displays 10 to 20 

times greater affinity for angiotensin-converting enzyme 

2 (ACE2) receptors on human target cells [9]. �e impor-

tance of these differences arises from SARS-CoV-2’s 

infection pathway.

Immune responses against SARS‑CoV‑2

�e outer surface of SARS-CoV-2 contains the spike 

(S), matrix (M), and envelope (E) proteins. �e S pro-

tein plays a role in viral host range and infectivity—it is 

a critical target for inducing antibodies, particularly neu-

tralising antibodies (NAbs) specific against SARS-CoV-2 

[11]. �e M protein is the most abundant protein on the 

viral surface, and is involved in viral budding from the 

host cell membrane. �e E protein is the smallest protein, 

and is thought to play a role in viral intracellular traffick-

ing and protein assembly [12]. �e viral core contains the 

nucleocapsid protein (NP)—given that NP is “shielded” 

by viral or cellular membranes, NP antibodies are less 

likely to directly neutralise SARS-CoV-2 [13].

Like other coronaviruses, the S protein, a large trans-

membrane homotrimer of approximately 140  kDa 

on the viral surface, plays an important role in recep-

tor binding and virus entry. �e S protein is a class I 

fusion protein, with each S protomer consisting of S1 

and S2 domains. �e receptor-binding domain (RBD) 

is located within the S1 domain [14], and it allows the 

virus to dock to its cellular receptor, ACE2 [13]. Anti-

bodies that target distinct areas of the S protein inhibit 

SARS-CoV-2 infection in different ways [11].

�e spike S1 subunit mediates viral entry into host 

cells by binding onto ACE2 [15]. It then fuses with viral 

and host membranes via the S2 subunit [15]. �e bind-

ing of S protein to its receptor allows genomic RNA to 

enter the cytoplasm [16]. Other receptors for SARS-

CoV-2, such as CD147 have also been reported [17]. 

Toll-like receptors (TLRs) are a class of proteins known 

as pattern recognition receptors that play pertinent 

roles in the initiation of the innate immune response. 

�ey recognise pathogen-associated molecular patterns 

and represent the first line of defence against infections. 

TLR-4 recognises the S protein on SARS-CoV-2 and 

induces the production of pro-inflammatory cytokines 

through the MyD88-dependent signalling pathway. It is 

likely that early T cell responses against SARS-CoV-2 

may be protective. However, a robust initial response is 

difficult to elicit because of the efficient innate immune 

evasion mechanism of SARS-CoV-2 in humans [18]. 

T cells and inflammatory cytokines may contribute to 

viral clearance [19], resulting in the more rapid increase 

in functional lymphocyte counts and higher frequency 

of CXCR3+ T follicular helper (Tfh) cells, especially in 

convalescent individuals with more severe disease.

Antibody evolution occurs in germinal centres, where 

antigens are stored in the form of immune complexes on 

the surface of follicular dendritic cells for prolonged peri-

ods of time, through somatic mutation and selection. Via 

adaptive immunity, antibodies identify the SARS-CoV-2 

S-protein and specifically target and bind to the RBD of 

S protein within the S1 sub-domain [20]. �is activates 

the antibody-dependent cell cytotoxicity (ADCC) and 

complement cascade which eliminates infected cells [21]. 

�is binding confers the antibodies with the potential 

to neutralise viral entry into cells which is crucial in the 

protective immune response to SARS-CoV-2 infection 

[22, 23]. Infections can also easily trigger SARS-CoV-

2-specific B and T cell responses [20]. �e SARS-CoV-

2-specific B cell responses elicited in COVID-19 patients 

lead to the development of specialised antibody-secreting 

cells (ASCs). �e pathogen-specific antibodies are then 

secreted in large quantities by these ASCs [22].
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Production of neutralising antibodies

Types of neutralising antibodies

Adaptive immunity involves the establishment of immu-

nological memory and the capacity of the immune sys-

tem to “learn” from many encounters with the same 

infections—thereby allowing the immune response to 

become more responsive and effective over time [24]. 

When all three immunoglobulin classes (i.e. IgG, IgM, 

and IgA) are found, the maximum neutralisation activity 

against SARS-CoV-2 is achieved. �is is a measure of the 

ability of the antibodies to work together in a synergistic 

manner [25] (Fig. 1). Following an infection, anti-SARS-

CoV-2 S-specific IgM antibodies are undetectable from 

days 0–3, and become detectable from day 4 onwards 

[26]. IgM antibody titre initially rises during the first 

week of disease onset due to the initial T-dependent 

humoral response to virus entry and lasts for 20 days to 

a month before gradually diminishing [15] (Fig.  1). Liu 

et  al. [26] reported that mild cases had a tendency to 

develop a faster peak of anti-SARS-CoV-2-specific IgM 

responses at around 17 days, as compared to severe cases 

whose IgM peaked around 21 days (Fig. 1).

IgG antibody is produced approximately 10–14  days 

after infection following antigen presentation to T cells 

and isotype switching [27–32] (Fig. 1). IgG antibody then 

peaks at around day 25 [26] (Fig. 1), and remains high for 

weeks [30, 33–38]. IgG has a half-life of only ~ 21 days—

hence, sustained antibody titres observed are likely pro-

duced by long-lived plasma cells in the bone marrow [13]. 

From day 15 onwards, there is a statistically significant 

difference between IgG antibody levels in mild versus 

severe cases. �ere is a more robust IgG response against 

Fig. 1 Humoral immune response (IgG, IgM, IgA) profiles of SARS-CoV-2 infections: onset and persistence of neutralising antibodies. a Onset within 

10–14 days [27–32]; levels remain elevated for weeks [30, 33–38]; peaks at around day 25 [26]. b Rises within the first week of infection [30, 31, 33, 

39]; lasts 1-2 months before gradually diminishing [15, 30, 38]; peaks at around 20–30 days post-symptom onset [40]. c Onset within 6–8 days [39]; 

lasts 71 days [38]; peaks at around 20–22 days post-symptom onset [39, 40]; high titres in severe COVID-19 cases [32]
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SARS-CoV-2 in severe cases as compared to mild cases 

[26], and this is correlated with neutralisation levels [27].

Patients with severe COVID-19 show a significant rise 

in SARS-CoV-2-specific serum IgA and IgG titres after 

symptom onset. Response of serum IgA against S pro-

tein is detectable from 6–8 days after symptom onset [39] 

and peaks at around 20–22 days post symptom onset [39, 

40]. High titres of serum IgA are correlated with severe 

acute respiratory distress syndrome. On the other hand, 

patients with mild disease are associated with transient, 

delayed or even absent production of S-protein-spe-

cific serum IgA, suggesting that there is stimulation of 

mucosal SARS-CoV-2-specific IgA secretion instead of 

systemic production [32] (Table 1). Serum IgA is the only 

antibody isotype that rapidly declines in levels, with sero-

positivity rate decreasing from month 2 onwards [41]. 

However, neutralising IgA remains detectable in saliva 

for a longer period, i.e. day 49–73 post-symptoms [42]. 

IgA is also the main isotype in early neutralising activity 

of sera [41]. IgA antibodies are dominant in serum, saliva 

and broncho-alveolar lavage fluid of infected patients, as 

compared to IgG and IgM. �is is also associated with 

the expansion of IgA plasmablasts with mucosal-homing 

characteristics [42]. Hence, IgA antibodies are thought 

to be a major component of NAbs developed in response 

to SARS-CoV-2 infection [41]. Anti-RBD IgA exhibits a 

comparable kinetic profile to that of IgG, and its antibody 

responses are rapid and persistent [40, 43] (Table  1)—

perhaps due to the mucosal immune responses in the 

lungs and intestines. �e mucosal IgA production may 

correlate with viral load, duration of viral exposure, and 

virus entry route [44, 45].

�e dynamics of humoral immune response determine 

the speed of viral elimination. Faster viral clearance is 

associated with earlier antibody responses—where low 

initial SARS-CoV-2 RNA was detected in patients who 

did not have S IgG—suggesting that induction of adap-

tive humoral response may be dependent on the strength 

of viral replication [54]. Interestingly, men have higher 

antibody titres compared to women in the acute phase 

[27].

Overall, the distribution and variation of IgM, IgG 

and IgA antibody dynamics may be associated with the 

patients’ age, gender, co-morbidities, viral load, and other 

factors that influence disease severity.

Roles of neutralising antibodies

NAbs are crucial for virus clearance and to achieve pro-

tection against SARS-CoV-2 [23]. �ey may achieve this 

in several ways—including interfering with virion bind-

ing to receptors, blocking virus uptake into host cells, 

and preventing uncoating of viral genomes in endosome 

or causing aggregation of virus particles. In the case of 

COVID-19, however, their roles remain less defined, e.g. 

the predictive value of neutralisation with regard to dis-

ease outcome [40, 55].

Dispensiri et al. [53] concluded that the level of NAbs 

is correlated to survival and virus control in infected 

patients. �e absence of NAb response early after disease 

onset showed the strongest correlation with mortality 

and delayed viral control—more so than the difference 

in NAb titre. Almost all patients develop NAb by week 

4 of infection, and severely ill patients exhibit higher 

peak, faster and stronger NAb titres compared to mild 

cases [40, 55, 56]. Hospitalised patients harbour greater 

NAb titres than mildly symptomatic and asymptomatic 

patients whose titres were below the detection limit in 

half of the cases [57].

Early studies showed that most convalescent plasma 

samples from recovered individuals do not have high lev-

els of neutralising activity. However, convalescent indi-

viduals have rare but recurring anti-SARS-CoV-2 RBD 

antibodies with potent antiviral activity. Notably, a set of 

RBD-binding monoclonal antibodies (mAb) was derived 

from convalescent individuals who recovered from 

COVID-19. �ese mAb included C121, C144 and C135 

which are potent neutralising antibodies against SARS-

CoV-2, with half-maximal inhibitory concentrations 

(IC50) of less than 5 ng/ml [58]. �is may be attributed 

to the possible conformational differences of neutralis-

ing epitopes. N-terminal domain (NTD) and RBD are 

both found on S1 protein. Hence, when NTD-targeting 

mAb or their fragments target and bind NTD to form a 

mAb-NTD complex, they avert conformational changes 

in the viral S protein, thereby blocking membrane fusion 

and viral entry. Similarly, when RBD-targeting mAbs 

and nanobodies (Nbs) target and bind to RBD, they form 

RBD-mAb or RBD-Nb complexes that inhibit the binding 

of RBD to ACE2. Generally, antibodies which target viral 

RBD of S protein as their binding site are more potent 

than those targeting other regions [11]. Amongst various 

other antibodies studied, human mAb 47D11 was shown 

to target the conserved core structure of the S1 RBD and 

to exhibit some cross-neutralising activity through a yet 

unknown mechanism; and mAb S309 exhibited neutrali-

sation of SARS-CoV-2 through binding to a protein/gly-

can epitope on SARS-CoV-2 RBD that is distinct from 

the receptor-binding motif [59, 60]. Hence, there may be 

broad cross-neutralising epitopes that exist within the 

lineage B [1]. Other potent neutralising antibodies that 

bind to ACE2 include P2C-1F11, P2B-2F6 and P2C-1A3, 

which were most competitive with ACE2 [61].

�e correlation between anti-RBD antibody levels and 

NAbs remains unclear as there are contradictory reports 

on their association. Billon-Denis et al. [62] studied two 

patients—one who presented with a strong anti-RBD IgG 
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immune response that correlated with a low and rapidly 

waning NAb titre, whereas the other had strong IgG anti-

RBD immune response, but high NAb titres. Hence, they 

propose that other host factors (e.g. age, gender, clinical 

severity) may be more dominant drivers of the immune 

response as opposed to NAb titres. In contrast, Ju et al. 

[61] analysed the RBD-specific mAbs of 8 infected 

patients, and concluded that NAb competing with ACE2 

may be a better predictor for virus-neutralising antibody 

potency rather than binding affinity. Hence, blocking the 

interaction between RBD and ACE2 may be a useful sur-

rogate for neutralisation. �e hindrance of the crystal 

structure of RBD-bound antibody inhibits viral binding 

to ACE2, thus blocking viral entry—suggesting that anti-

RBD antibodies are mainly viral species-specific inhibi-

tors. Another study also noted the correlation of NAb 

titres to anti-RBD IgG levels [51].

With regards to seroconversion, patients who did not 

seroconvert or had reduced or delayed seroconversion 

had the lowest viral loads [54] or were asymptomatic 

[27] (Table 1). Long et al. [29] reported that seroconver-

sion for IgG and IgM occurred concurrently or sequen-

tially, and that the titres for both reached a plateau within 

6 days after seroconversion. Iyer et al. [38] noted that the 

median time to seroconversion from symptom onset was 

nearly 12 days across all three isotypes tested: 10.7 days 

for IgG (95% CI 9.6–11.9), 11.7 days (95% CI 10.4–13.0) 

for IgA and 11.9 days (95% CI 10.5–13.4) for IgM. How-

ever, IgA and IgM antibodies against RBD were short-

lived, with seroreversion of 71 and 49 days after symptom 

onset. On the other hand, anti-RBD IgG decayed more 

slowly through 90  days. In hospitalised patients, the 

median time to seroconversion was faster by 4 days com-

pared with non-hospitalised patients [38]. �is is congru-

ent with other observations that seroconversion in mild 

COVID-19 may take a longer time to mount [13].

Critically ill COVID-19 patients have the highest lev-

els of anti-RBD and anti-spike antibodies. �is may be 

attributed to the host response that includes hyperin-

flammation and/or uncontrolled viral replication, culmi-

nating in an overproduction of antibodies which act as 

severity biomarkers [49] (Table  1). Patients with severe 

COVID-19 show significant rise in SARS-CoV-2-specific 

serum IgA and IgG titres 3 to 5 days after symptom onset 

[32, 63]. Anti-RBD IgG antibodies are strongly correlated 

to anti-S neutralising antibody titres (as determined by 

microneutralisation assays and virus culture), showing 

that RBD-targeted antibodies can be used to accurately 

classify individuals with recent versus old infections. 

�is finding concurs with the accumulating body of data 

[64–67] suggesting that there is development of robust 

systemic immune memory in individuals with severe 

infection. Proinflammatory cytokines and antibody titres 

against RBD and spike protein decreased within a month, 

but not for nucleocapsid (N) protein [51]. Of note, out of 

the two major immunogenic proteins, more N proteins 

are generated, which may account for the earlier appear-

ance of anti-N IgG compared to anti-spike IgG [68]. In 

particular, larger S1 or RBD relative to N IgG antibody 

ratios are strongly related with clinically milder illness.

Since there are structural similarities between SARS-

CoV-2 and other coronaviruses, several studies explored 

the possibility of cross-binding and cross-reactivity 

between them. Some studies [29, 69] reported no cross-

reactivity to the S1 sub-unit of SARS-CoV spike antigen 

in the serum samples of COVID-19 patients. However, 

COVID-19 patients showed some antibody cross-reac-

tivity to the spike S2 antigens of SARS-CoV and MERS-

CoV. Cross-reactivity may be explained in part by the 

sequence homology of spike proteins, with SARS-CoV-2 

sharing ~ 76% of amino acid sequences with SARS-CoV 

spike and ~ 35% with MERS-CoV spike [69, 70] (Fig.  1). 

Studies revealed absence of cross-reactivity between 

SARS-CoV-2 antibodies and the RBDs of SARS-CoV 

and MERS-CoV, despite their sequence and structural 

similarities [10, 61]. �ere was also no observed cross-

reactivity of SARS-CoV-2 RBD-targeted antibodies with 

other circulating coronaviruses such as HKU1, 229E, 

OC42, NL63 [38]. �is suggests that the different RBDs 

are immunologically distinct [61]. Zhang et al. [69] noted 

that the serum antibodies from convalescent COVID-19 

patients had cross-reactivity with SARS-CoV S1 (38.8%) 

and SARS-CoV S2 (89.6%). Another study showed no 

antibody cross-reactivity to SARS-CoV S1 antigen but 

observed cross-reactivity to SARS-CoV nucleocapsid 

antigens [29].

Onset and persistence of neutralising antibodies 

in SARS‑CoV‑2 infection

NAbs to SARS-CoV-2 develop in most individuals fol-

lowing infection, but decay over time, and this antibody 

decay after acute viral antigenic exposure is approxi-

mately exponential [71]. Studies have been conducted to 

assess the humoral immunity to SARS-CoV-2. Some con-

clude that there is sustained humoral immunity in recov-

ered patients suggesting prolonged immunity, whilst 

others raise concerns that humoral immunity to SARS-

CoV-2 may be short-lived in patients with the moderate 

disease who constitute the majority of COVID-19 cases 

[19, 72–74]. �ere are contradictory reports regarding 

severity of disease and antibody titre—Zhao et  al. [28] 

(Table  1) reported a correlation, whereas To et  al. [63] 

claimed otherwise.

Following infection or immunization, the initial peak 

and early decrease in antibodies are common, as most 

short-lived antibody-secreting plasmablasts responsible 
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for early antibody peak would have died by month 3. 

Long-lived plasma cells responsible for longer term per-

sistence of antigen-specific antibodies are primarily 

responsible for antibody production during month 6 and 

thereafter [75].

In germinal centres, persistent antibody development 

occurs when B cells are exposed to antigen trapped in the 

form of immune complexes on follicular dendritic cells. 

Since follicular dendritic cells do not internalize immune 

complexes, this type of antigen can persist for a long 

time. Moreover, low levels of persistent viral antigen may 

aid antibody development. �e persistence of anti-RBD 

IgA antibodies and continuing antibody development 

are compatible with the detection of SARS-CoV-2 RNA 

and protein in the small intestinal epithelium in many 

infected individuals months after infection [71]. As a 

result, memory responses are responsible for protection 

against reinfection and are critical for effective vaccina-

tion. In a study to determine if there was altered breadth 

in antibodies expressed by memory B cell (MBCs), Gae-

bler et  al. [71] compared MBCs at 6.2  months to ear-

lier clonal relatives in binding assays using control and 

mutant RBDs. Results revealed that 83% of tested anti-

body clonal pairs displayed an overall increased binding 

to mutant RBDs at the 6.2-month time-point. Hence, the 

observation that MBC responses do not disappear after 

6.2 months, but rather evolve, strongly suggests that indi-

viduals infected with SARS-CoV-2 could mount a rapid 

and effective response to the virus if they are re-exposed 

to it [71].

Duration of neutralising antibodies

Decay of NAbs is thought to occur in two phases: a 

steeper decline before day 70, and a more gradual decline 

after day 70 [20]. In a study [71], on the humoral mem-

ory response of SARS-CoV-2 in patients at 1.3  months 

and 6.2  months after infection, IgM showed the great-

est reduction in anti-RBD reactivity (53%), followed by 

anti-RBD IgG (32%), anti-RBD IgA (15%), and anti-N 

IgG (22%). Another study showed that N-specific IgG 

decays significantly and more rapidly than S-specific 

IgG [20]. Hence, it was concluded that although plasma 

neutralising activity decreases significantly between 1.3 

and 6.2  months after infection, antibody titres are still 

detectable in most infected people, and thus there is 

the persistence of humoral immunity. During the first 

6 months following infection, the anti-SARS-CoV-2 MBC 

response emerges, with an accumulation of immuno-

globulin somatic mutations and the production of Abs 

with increasing neutralising potency and breadth [13, 

71]. L’Huillier et al. [76] also evaluated the persistence of 

humoral immunity for up to 6 months in individuals with 

mild COVID-19. At 6 months, 36.7% of their participants 

had anti-RBD values that were at least twice higher than 

at 1 month, 4.6% had twofold lower values, and anti-RBD 

antibodies remained stable for 58.7% of participants. 

NAbs were detectable in 99.5% of participants 6 months 

after infection, and mean concentrations of anti-RBD 

antibody increased gradually over time. RBD-ACE2 

inhibiting antibody and anti-RBD antibody concentra-

tions showed a strong correlation [76].

During convalescence, S-specific IgG+ MBCs prolifer-

ate, contributing to the additive long-term immunologi-

cal protection against SARS-CoV-2. Antiviral memory B 

and T cell responses will almost certainly contribute to 

long-term immunological protection against COVID-19 

[20]. �e consistent and sustained increase in S-specific 

IgG+ MBC frequencies over time is consistent with 

previous reports of SARS-CoV-2 convalescent partici-

pants [77]. Aside from IgG+ and IgA+ MBC popula-

tions, most memory immune cell subsets show a general 

decline in serological immunity over time. More signifi-

cantly, immunological degradation rates most likely sta-

bilise over time, approaching homeostatic maintenance 

values. For SARS-CoV-2 infections, however, this set 

point has yet to be determined. Neutralising antibodies 

are currently the most generally recognised and accepted 

protective correlation against a wide range of human 

respiratory infections. However, there is hitherto no evi-

dence of a link between in vitro neutralisation titres and 

in vivo protection against SARS-CoV-2 [20].

Röltgen et al. [78] noted that waning antibody levels do 

not necessarily equate to lost immunity. Local mucosal 

antibody synthesis in the airways may help prevent or 

hinder SARS-CoV-2 infection following re-exposure. 

Even if serum antibodies fade to undetectable levels, 

infection-stimulated memory B and T cells may generate 

a faster or more effective response in the future. Initial 

reinfection reports suggest that SARS-CoV-2 behaves 

similarly to other community coronaviruses, with rein-

fection causing milder symptoms than the first infection 

[79, 80]. It was also observed that outpatients with less 

severe disease had higher ratios of IgG antibodies tar-

geting spike RBD and S1 domains compared to the N 

antigen, in the first 2 weeks after symptom onset. �is 

suggests that early humoral immune response focused 

on spike antigen can help constrain viral infection, even 

when antibody titres are not yet sufficiently high to be 

detected in blood [78].

It is highly unlikely that serum antibody persistence is 

the sole determinant of long-term SARS-CoV-2 protec-

tion—with an anamnestic recall of stably maintained 

memory T and B cell populations likely lowering infec-

tion or disease. Further research is needed to determine 

the quantity, quality, and protective potential of cellular 

immune responses to SARS-CoV-2. Even mild to severe 
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COVID-19 infections induce substantial cellular immu-

nological memory, as evidenced by a consistent rise in 

S-specific IgG+ memory B cells reaching a median level 

of 0.8% of all IgG+ memory B cells after 4 months. Cel-

lular immunological memory is highly likely to minimise 

the rate of reinfection. More detailed research is needed 

to better understand how epitope immunodominance 

changes over time during convalescence [20].

Neutralising antibodies in reinfection

�e phenomenon of reinfection of SARS-CoV-2 presents 

a case against the protective nature of humoral immunity 

against this pathogen [81]. �e new cases of reinfections 

suggest that immunity against SARS-CoV-2 may only be 

temporary and incomplete, given that newly emerging 

viral variants are able to escape natural immunity [82]. 

Recovered asymptomatic patients susceptible to reinfec-

tion may act as SARS-CoV-2 reservoirs for continuous 

viral spread [81].

Many factors need to be considered in assessing the 

effectiveness of an individual’s immune response when 

reinfected with SARS-CoV-2. Bartsch et  al. [83] found 

that neutralisation, Fc function, and SARS-CoV-2 spe-

cific T cell responses are only seen in subjects who elic-

ited RBD-specific antibody titres above a threshold. Only 

individuals with high IgG titres possess broad and robust 

RBD-, N- and S-specific humoral immune responses 

of different subclasses, isotypes, and additional innate 

immune effector functions. On the other hand, limited 

humoral immune responses across all three antigens are 

observed in individuals with low anti-RBD titres. �is 

may be due to the “switch-like” relationship between 

measured antibody titre and function—a certain level of 

antibody is needed to generate vigorous humoral and cel-

lular responses. �is may be pertinent in conferring indi-

viduals with long-lasting protection against SARS-CoV-2 

[83].

Another cause of reinfection may be due to the lack 

of high avidity; avidity being the strength of binding 

between IgG and its specific target epitope. Avidity is 

established during affinity maturation, and the failure to 

achieve high avidity IgG may result in the lack of protec-

tive immunity towards infection and disease. For SARS-

CoV-2, however, avidity maturation is incomplete, and 

this is followed by decreased serological response [84]. 

Due to the high degree of variability in kinetic patterns of 

IgM and IgG responses towards SARS-CoV-2, acute and 

past infections cannot be differentiated by only meas-

uring IgM and IgG [85]. Due to the lack of high avidity, 

cases of reinfection are on the rise, potentially rendering 

herd immunity difficult to achieve [84]. In terms of cor-

relation between avidity and clinical severity, anti-spike 

avidity is associated with higher NAb titres. Avidity is 

significantly higher in hospitalised patients compared to 

non-hospitalised ones, possibly due to higher viral loads 

or elevated antibody titres [68]. SARS-CoV-2 RBD IgG 

avidity was found to be relatively low in most sera col-

lected up to 2 months following symptom onset, with lit-

tle increase over time [86].

Long et al. [87] proposed that the inference from these 

results is that memory B cell activation, differentiation, 

and formation of antibody-secreting B cells (i.e. plas-

mablasts and plasma cells) may be lacking and not syn-

chronous in recovered individuals. �e effective humoral 

immune response is not conferred to every infected per-

son, and there is no correlation between the magnitude 

of B cell spot number and virus-specific IgG in periph-

eral blood. �is was evident in their study where positive 

results were found in only 2 of 13 participants who recov-

ered from asymptomatic infection, and in 6 of 20 who 

recovered from symptomatic infection.

Predictors of disease severity

�ere are several antibody-related predictors of disease 

severity and/or mortality. Kutsuna et  al. [88] reported 

greater antibody titres associated with male gender, dia-

betes mellitus, and high maximal levels of C-reactive pro-

tein (CRP). Higher CRP levels were correlated to higher 

antibody titres more so than disease severity. CRP is 

often used as a sensitive marker of inflammation [88]. In 

contrast, Gozalbo-Rovira et  al. [86] reported weak cor-

relations between antibody assays and inflammatory bio-

markers (ferritin, D-dimer, CRP, lactate dehydrogenase 

(LDH), interleukin-6 (IL-6)). Hence, the latter offers a 

counter argument against the relationship between the 

magnitude of antibody response and state of inflamma-

tion in COVID-19 patients.

It is believed that the ‘cytokine storm’ plays a key role in 

disease progression and thus COVID-19 prognosis [89]. 

Disease severity is also strongly related to NAb levels and 

anti-S IgG titres [90]. NAb levels in recovered COVID-

19 patients are positively linked with the severity of lung 

injury [91]. �e strongest T cell signals and significant 

neutralising activity are detected in patients with the 

most severe form of disease—with most patients being 

old, given that age is a major risk factor [90]. However, 

Gozalbo-Rovira et al. [86] do not support the association 

between high SARS-CoV-2 antibody levels and COVID-

19 severity. After measuring levels of SARS-CoV-2 RBD 

IgG and SARS-CoV-2 NAb within the first 30 days after 

symptom onset, there were no differences between ICU 

versus non-ICU patients [86].

Batra et  al. [12] suggested that IgG antibodies against 

the N protein are linked to the antibody-dependent 

enhancement (ADE) phenomenon and increased viremia 

levels. COVID-19 patients who have recovered may be 



Page 12 of 17Pang et al. Military Med Res            (2021) 8:47 

reinfected, and ADE may play a role during the course of 

COVID-19 pneumonia [91]. Higher anti-N IgG levels are 

linked to poorer outcomes such as longer hospital stays, 

increased chance of ICU admission, longer ICU stays, 

and increased mortality during hospitalization. COVID-

19 patients hospitalized for hypoxemia are likely to have 

high levels of IgG against the SARS-CoV-2 N protein. 

Hence, it is deduced that IgG against N protein stimu-

lates a stronger inflammatory response during infection, 

and may thus be a potential marker for severity [12].

Other possible markers that may be used are the pat-

tern of viral shedding or antibody avidity. �ere are dif-

ferent patterns of viral shedding and antibody responses 

in various tissues. In particular, viral shedding is more 

common in respiratory and faecal material, as opposed 

to urine and blood. To assess disease severity, antibody 

responses in urine and other body fluids may be used as 

markers [30].

Neutralising antibodies in COVID‑19 vaccination

Vaccines need to stimulate the production of antibod-

ies that inhibit the entry of SARS-CoV-2 into cells by 

blocking either the ACE2-RBD binding interactions or 

S-mediated membrane fusion [92]. Studies on interac-

tions of SARS-CoV-2 with the host cell and on immune 

responses after infection identified the S protein as the 

antigenic target for the development of most vaccines 

[93]. �e development of long-lived memory B cells 

capable of engendering recall responses is also perti-

nent if antibodies in circulation fail to provide protection 

against future exposure [47] (Table 1).

�e theoretical risk of aggravating COVID-19 severity 

via ADE is one possible stumbling block for antibody-

based vaccinations and therapeutics. However, no defini-

tive evidence for ADE has been established so far. �is 

concern is raised due to the association of higher anti-

body titres with more severe clinical disease. ADE works 

via two distinct pathways that can occur when non-neu-

tralising or sub-neutralising antibodies bind to viral anti-

gens without blocking or eliminating the infection. First, 

by enhanced antibody-mediated virus uptake into phago-

cytic cells that express Fc gamma receptor IIa, leading 

to increased viral infection and replication. Second, by 

excessive Fc-mediated effector functions or immune 

complex formation causing exaggerated inflammation 

and immunopathology—via the secretion of pro-inflam-

matory cytokines, immune cell recruitment, and comple-

ment pathway activation [92]. For COVID-19, the ADE 

mechanism is likely to involve immune complex forma-

tion, complement deposition, and local immune activa-

tion. �e overactivation of the complement cascade has 

been shown to contribute to inflammatory lung injury 

[92].

Goel et  al. [47] measured the circulating antibody 

responses of SARS-CoV-2 naive individuals, pre-vac-

cination, post-primary vaccination, and post-booster 

vaccination. �ey found that in SARS-CoV-2 naive sub-

jects, levels of IgG antibodies specific for full-length 

spike protein, RBD, or spike-specific memory B cells 

were undetectable at baseline—however, these increased 

significantly with primary vaccination and were fur-

ther enhanced with booster dose. On the other hand, 

SARS-CoV-2 recovered individuals had detectable lev-

els of anti-spike and anti-RBD IgG at baseline, and these 

antibody and memory B cell responses increased sig-

nificantly after the first vaccine dose, but there was no 

increase in circulating antibodies, neutralising titres or 

antigen-specific memory B cells after the second dose. 

Remarkably, levels of anti-RBD IgG in SARS-CoV-2 

naive and SARS-CoV-2 recovered patients were simi-

lar, one week after the booster dose. In another study of 

volunteers who received two doses of the mRNA vac-

cine against SARS-CoV-2, plasma neutralising activity 

and relative numbers of RBD-specific memory B cells of 

vaccinees were equivalent to those who recovered from 

natural infection. However, neutralising antibody activ-

ity against certain viral variants-of-concern was reduced 

by a small but significant margin [94]. Vickers et al. [48] 

reported that non-vaccinated subjects had an average 

spike-specific antibody level of 81.7 AU/ml, whereas their 

vaccinated counterparts all had antibody levels greater 

than 1200 AU/ml and at least tenfold higher than before 

vaccination.

Serological tests of antibodies

Serological assays for infectious agents have two impor-

tant and separate applications: firstly, to diagnose chronic 

infections, and secondly, to determine prior infec-

tion or immunisation status which may be used to pre-

dict immunity against future infection [95]. Serology 

tests detect the presence of IgA, IgM and IgG antibod-

ies against SARS-CoV-2, and facilitate profiling of early 

humoral response in patients [96]. �ere are three main 

platforms in which serological tests are coupled with 

purified proteins of SARS-CoV-2—i.e. lateral flow immu-

noassay (a point-of-care or POC test), chemiluminescent 

immunoassay (CLIA), and enzyme-linked immunosorb-

ent assay (ELISA) [96].

ELISA remains the gold standard for antibody detec-

tion in view of its high flexibility and sensitivity [27]. 

Many serological assays employ two structural proteins 

as target antigens—namely, the nucleoprotein and the 

spike protein [13]. Specificity and sensitivity were high 

for anti-RBD IgG and IgA (92–97%), but slightly lower for 

IgM and for ELISA using spike and N proteins (90–85%) 

[51]. Antibody determination is influenced by factors 
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such as methods of viral inactivation, the complexity of 

RBD, monomeric, and dimeric mixtures. Higher levels of 

expression are attained with the comparatively smaller 

RBD as opposed to the spike protein—thereby rendering 

RBD the preferred choice to study [27].

Studies have investigated the differences between the 

rapid COVID-19 test kit versus the CLIA quantitative 

antibody test. �e results differed greatly—8.8% of sub-

jects tested positive using the rapid test kit (with 92% 

sensitivity, 97% specificity) compared with 0.9% using the 

CLIA quantitative IgG antibody test. Hence, a protocol 

should be adopted when rapid test kits are deployed in 

hospitals and communities—i.e. a standard follow-up for 

subjects who test IgM positive which currently is to per-

form real-time reverse transcriptase polymerase chain 

reaction (RT–PCR) testing. It is vital to evaluate sensitiv-

ity of subclinical infections with sera from asymptomatic 

RT-PCR-positive individuals as positive control, and to 

assess specificity with sera collected before COVID-19 

as negative control [97]. A study demonstrated that anti-

SARS-CoV-2 S-RBD IgG CLIA has outstanding linearity 

for range of values within and above the cut-off points, 

rendering it especially useful for vaccinated individu-

als where antibody values are above the detection limit 

[98]. Another study comparing the performance of GFP-

reporter-based pseudotyped virus neutralisation assay 

versus four commercial immunoassays targeting SARS-

CoV-2 S protein yielded results of 100% specificity for 

COVID-19 diagnosis, and correlation between neutralis-

ing antibody titres and SARS-CoV-2 IgG levels [99].

�ere are certain limitations with respect to the util-

ity of serological testing. Individual disparities in anti-

body titres may be influenced by differences in antigen 

exposure. Relationships between viral load and anti-

body responses are difficult to establish due to a variety 

of factors. �ese factors include variations in viral load 

trajectories; time of diagnosis and sampling relative to 

infection; sampling efficiency using swab samples; and 

the relationship between nasal viral load and systemic 

antigen exposure. As a result, serological data cannot 

always be harnessed to precisely predict the trajectory 

of neutralising antibody levels [95]. Antibodies that arise 

during the infection may be difficult to detect in the early 

stages, but they persist long after infection has passed. 

Hence, assays that measure these antibodies should pro-

vide additional information on the fraction of individuals 

who have been infected. Due to the time taken for ade-

quate antibody response to develop, false negative results 

may occur depending upon when sampling was done 

[100].

Whilst serological tests are not critical in the early 

diagnosis of infection, and cannot assume the major role 

of direct viral testing to diagnose an acute infection [101], 

they are crucial in providing data on pathogen exposure, 

prevalence of infection, and selection of convalescent 

plasma donors to serve a therapeutic function [98]. By 

measuring SARS-CoV-2 IgG levels using immunoassays 

targeting the S protein in sera from infected patients, 

the degree of correlation between neutralising antibody 

binding the SARS-CoV-2 S protein and producing the 

most potent antibodies for virus neutralisation may be 

estimated [102]. Serological tests are useful for acute 

diagnosis of COVID-19 infection in patients who present 

late, or when the sensitivity of RT-PCR testing is decreas-

ing [101].

Transfer of antibodies using convalescent sera

In efforts to treat severely ill COVID-19 patients, pas-

sive transfer of antibodies from convalescent COVID-19 

patients has been employed. A study [103] on 6 convales-

cent donors suggested that recovered COVID-19 patients 

may serve as suitable donors for convalescent plasma 

(CP) therapy, provided they fulfil other blood dona-

tion criteria. All the 6 participants showed positive IgM 

results. However, IgM as a serological marker to repre-

sent recent or current infection may not be suited as part 

of the mandatory criteria for CP donation. Currently, 

there is insufficient information on the relative neutralis-

ing capacity of antibodies from convalescent donors, thus 

affecting standardisation in the implementation of CP 

therapy.

Benefits may be reaped from using CP treatment. 

Administering CP in older adult patients within 72 h of 

symptomatic COVID-19 reduces the risk of progres-

sion from early or mild stage to severe respiratory dis-

ease by 48%. �ere is also a dose-dependent IgG effect 

in CP infusion, and early infusion may bridge the time 

gap between recovery and vaccination [104]. In a clinical 

trial where severely ill COVID-19 patients were trans-

fused with plasma, the variability in clinical response and 

recipient antibody titres post-transfusion suggests that 

CP therapeutic efficacy is dependent on when treatment 

is administered, and the composition of CP [105].

In recruiting CP donors, the factors for high viral neu-

tralisation to consider include older age, male gender, and 

patients with more severe infection and higher CRP lev-

els [57, 106, 107]. To ensure a high likelihood of achieving 

sufficiently high RBD-specific IgG titres, Li et  al. [108] 

also recommend the following selection criteria for opti-

mal CP donation, i.e. 28 days after symptom onset with 

fever more than 3 days or temperature over 38.5℃. �is 

therapeutic method may yield better results than anti-

spike monoclonal antibodies due to the rising number of 

variants. However, it is costly and requires more exten-

sive equipment and personnel [107]. Wang et  al. [109] 

identified RBD-targeting antibodies from convalescent 
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donors with potent neutralising activity against 23 vari-

ants of SARS-CoV-2. Antibody avidity represents another 

potential screening parameter to identify CP donors. 

�is is based on data that anti-spike IgG avidity has a 

stronger association with neutralising titres—although 

more research is needed to justify this factor [68].

Limitations of this review

Several limitations must be considered when review-

ing information presented in this review. �e informa-

tion presented here is based on reports published before 

May 2021. Due to the evolving nature of COVID-19, 

coupled with a multitude of study techniques, statistical 

approaches, demographic characteristics and geographi-

cal locations, interpretation of certain data may have 

been confounded. Another limitation is that the contri-

bution and cooperation of cell-mediated immunity with 

neutralising antibodies were not considered. For exam-

ple, CD8+ memory T cells that specifically recognize 

conserved epitopes from previous seasonal coronavirus 

infections correlate with milder COVID-19 [110]. Never-

theless, as the pandemic continues to evolve, it is perti-

nent to better understand antibodies and their functions, 

as they play critical roles—from infection, to persistence, 

to reinfection, and finally to therapeutic applications.

Conclusion

In order to better understand the pathophysiology 

of COVID-19, it is vital to understand the immune 

responses against SARS-CoV-2 and how different anti-

bodies are generated during infection. Information on 

the onset, peak and persistence of various antibodies is 

useful in evaluating host immunity against SARS-CoV-2.

More importantly, the neutralising antibodies and their 

persistence are critical in determining clinical sever-

ity, including how they influence chances of reinfec-

tion in recovered individuals. Moving forward, it is vital 

that these data are harnessed to improve therapeutic 

efforts such as using convalescent sera from recovered 

patients. Given that the understanding of SARS-CoV-2 

is constantly evolving and dynamic, with multiple new 

mutations emerging, it is therefore pertinent to bet-

ter understand the underlying mechanisms and clinical 

applications of antibodies.
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