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Background: Since the outbreak of coronavirus disease (COVID-19), the high infection rate and mutation fre- 

quency of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent, have contributed 

to the ongoing global pandemic. Vaccination has become the most effective means of controlling COVID-19. Tra- 

ditional neutralizing tests of sera are complex and labor-intensive, therefore, a rapid test for detecting neutralizing 

antibodies and antibody status post-immunization is needed. 

Methods: Based on the fact that antibodies exhibit neutralizing activity by blocking the binding of the S protein 

receptor-binding domain (S-RBD) to ACE2, we developed a rapid neutralizing antibody test, ACE2-Block-ELISA. 

To evaluate the sensitivity and specificity, we used 54 positive and 84 negative serum samples. We also tested 

the neutralizing activities of monoclonal antibodies (mAbs) and 214 sera samples from healthy individuals im- 

munized with the inactivated SARS-CoV-2 vaccine. 

Results: The sensitivity and specificity of the ACE2-Block ELISA were 96.3% and 100%, respectively. For neu- 

tralizing mAb screening, ch-2C5 was selected for its ability to block the ACE2–S-RBD interaction. A plaque assay 

confirmed that ch-2C5 neutralized SARS-CoV-2, with NT 50 values of 4.19, 10.63, and 1.074 μg/mL against the 

SARS-CoV-2 original strain, and the Beta and Delta variants, respectively. For the immunized sera samples, the 

neutralizing positive rate dropped from 82.14% to 32.16% within 4 months post-vaccination. 

Conclusions: This study developed and validated an ACE2-Block-ELISA to test the neutralizing activities of an- 

tibodies. As a rapid, inexpensive and easy-to-perform method, this ACE2-Block-ELISA has potential applications 

in rapid neutralizing mAb screening and SARS-CoV-2 vaccine evaluation. 
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. Introduction 

Coronavirus disease (COVID-19) first appeared at the

nd of 2019, then spread rapidly worldwide. Common

ymptoms include fever, fatigue, a dry cough and breath-

ng difficulties. Some patients develop life-threatening

omplications such as severe pneumonia, respiratory fail-
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re, acute respiratory distress syndrome or multiple organ

ailure [1] . 

The causative agent of COVID-19 is severe acute res-

iratory syndrome coronavirus 2 (SARS-CoV-2), a novel

train of human 𝛽-coronavirus that belongs to the Coro-

aviridae family. The genome comprises a plus-sense,

ingle-stranded RNA of 29 kb that encodes four major

tructural proteins [spike (S), nucleocapsid (N), mem-
ang) . 
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96 
rane (M) and envelope (E)] and several non-structural

roteins [2] . The S protein, which mediates entry of

ARS-CoV-2 into host cells, comprises two subunits (S1

nd S2) [3] . The S1 subunit contains the N-terminal do-

ain and the receptor-binding domain (RBD); the latter

inds to human angiotensin converting enzyme 2 (ACE2)

hrough the receptor-binding motif [4] . S2 promotes fu-

ion between the virus and the host cell membrane. The

 protein therefore plays an essential role in virus attach-

ent, receptor binding, membrane fusion, tissue tropism

nd host range, and it induces the production of neutral-

zing antibodies, as well as T cell responses [ 5 , 6 ]. 

In some cases of mild and severe COVID-19 infection,

reatment with convalescent plasma led to a marked clin-

cal improvement [7] . Some studies also indicated that

ntibodies targeting the RBD of SARS-CoV-2 or Middle

ast respiratory syndrome coronavirus (MERS-CoV) exert

ffective neutralizing activity by blocking binding of the

 protein to its corresponding receptor [ 8 , 9 ], suggesting

hat passive administration of neutralizing monoclonal

ntibodies (mAbs) could play a major role in controlling

ARS-CoV-2. Many therapeutic mAbs are under develop-

ent; therefore, the ability to screen and analyze the neu-

ralizing activity of a large number of samples is crucial. 

As an increasing number of people are vaccinated

orldwide, the prevalence of antibodies specific for

ARS-CoV-2 is increasing; however, data are lacking on

he systemic surveillance of neutralizing antibody titers in

he sera of inoculated individuals. The virus-based plaque

eduction neutralization test (PRNT) is the conventional

nd most reliable test for neutralizing activity. However,

t entails culturing infectious virus in a biosafety level

 laboratory, and the assay takes 72–96 h to complete;

herefore, it is unsuitable for most research and clini-

al laboratories. A pseudovirus-based neutralization test

pVNT) has been developed as a more convenient method

f detecting neutralizing activity. Nie et al. [10] con-

tructed a SARS-CoV-2 pseudovirus expressing the S pro-

ein on its surface, which simplified detection of SARS-

oV-2 neutralizing activity. The pVNT assay can be com-

leted within 24 h and reduces the researcher’s risk of in-

ection. However, as for the PRNT, the pVNT is expensive

nd requires specialized equipment and operators. There-

ore, neither is suitable for rapid testing of large numbers

f samples. 

Thus, there is a demand for a simple and rapid assay

or detecting serum neutralizing antibody activity and/or

creening of neutralizing mAbs. Therapeutic mAbs and

rugs currently under development inhibit virus infec-

ion by blocking binding of the S1-RBD to ACE2 [ 11 , 19 ].

ased on this mechanism, we established a simple method

f detecting neutralizing mAbs, ACE2-Block-ELISA, which

easures the blocking activity of antibodies specific for

1-RBD protein. This assay was used to screen mAbs

nd serum samples for neutralizing activity against SARS-

oV-2. 
. Materials and methods 

.1 Cells and virus strains 

The SARS-CoV-2 BetaCoV/Beijing/IME-BJ05/2020

train, and variant strains Beta CSTR.16698.06.NPRC

.062100001 and Delta CSTR.16698.06.NPRC 6.CCPM-

-V-049–2105–6, were preserved at the Institute of

icrobiology and Epidemiology (Beijing, China). The

seudoviruses (SARS-CoV-2, Beta, and Delta strains)

ere purchased from Beijing Tiantan Biological Products

o., Ltd. 

.2 Clinical serum samples 

Serum samples were obtained from healthy individuals

 n = 214) who were vaccinated with the inactivated vac-

ine in Beijing, China. In addition, 82 serum samples col-

ected from patients with common fever symptoms at the

ir Force Medical Center (Beijing, China) before Decem-

er 2019 were used for the specificity assay, and 54 serum

amples collected from patients with COVID-19 from the

DC in Hubei province were used for the sensitivity as-

ay. All samples were diluted in 10 times the volume of

hosphate-buffered saline (PBS) and inactivated at 56°C

or 30 min before testing. 

Written informed consent was obtained before sample

ollection. This study was approved by the ethics commit-

ee of the Academy of Military Medical Science (Number:

F/SC-08/02.91). 

.3 ACE2-Block-ELISA 

The S1-RBD proteins (Sino Biological Inc., Beijing,

hina) derived from the original SARS-CoV-2 strain and

xpressed in the insect eukaryotic system were coated

nto ELISA plates overnight at 4°C. After blocking with

BS containing 0.05% Tween-20 (PBS-T) and 3% bovine

erum albumin (BSA), 50 μL of serially diluted mAb or

erum were mixed with 50 μL of biotin-labeled ACE2

nd then applied to the wells. Equivalent concentrations

f biotin-ACE2 protein without mAb or serum were ap-

lied to the wells as controls, and wells containing dilu-

ion buffer (PBS-T containing 1% BSA) only were used as

lanks. Horse radish peroxidise (HRP)-conjugated strep-

avidin (1:5000; Bioss,Suzhou, China) was added to each

ell for 1 h. Then, for color development, 100 μL of

, − 3 ́,5, − 5 ́-tetramethylbenzidine (TIANGEN, China) was

dded to each well in the dark at room temperature (RT)

or 15 min, and the reaction was stopped by adding stop

olution (50 μL of 2 M H 2 SO 4 ). The OD 450 was measured

sing a spectrophotometer (BioTek SLEXFA, USA) [12] . 

The cutoff was set as the average OD 450 value for the

ontrol plus three times the standard deviation. Samples

ith an average OD 450 lower than the cutoff value were
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onsidered positive, and the rate of inhibition was cal-

ulated as follows: inhibition rate = (OD 450 of control –

D 450 of sample) / OD 450 of control × 100%. 

.4 Biolayer interferometry 

The affinity assay was conducted at RT using a Gator TM 

abel-Free Bioanalysis system (Gator Bio). For all mea-

urements, proteins were exchanged into Q Buffer (PBS

t pH 7.4 with 0.02% Tween 20, 0.2% BSA and 0.05%

aN 3 ) in advance. The blank channel of the chip served

s the negative control. To measure the affinity of ch-2C5

or the S1-RBD protein, the S1-RBD protein was diluted to

92 nM and pre-coated onto an anti-probe chip. Next, ch-

C5 antibody was serially diluted two-fold (from 125 nM

o 1.95 nM) and loaded onto the sensor chip. After each

ycle, the sensor was regenerated with Gly-HCl (pH 1.5).

ffinity was calculated by the Gator evaluation software

sing a 1:1 (Rmax local fit) binding model [13] . 

.5 PRNT 

The PRNT was performed to measure the neutralizing

ctivity of mAbs ch-2C5 and MW05, as described previ-

usly [14] . Briefly, the mAbs were serially diluted three-

old (100–0.14 μg/mL), mixed with an equal volume of

irus culture (10 

3 plaque-forming units (pfu)/mL), then

ncubated at 37°C for 1 h. Then, the mixture (200 μL

er well) was added to Vero cells in a 24-well culture

late (duplicate wells per sample). A mixture compris-

ng 100 μL of virus and 100 μL of Dulbecco’s modified

agle’s medium (DMEM; Gibco) was applied to the virus-

nly control wells. After incubation at 37 °C for 1 h in

n incubator containing 5% CO 2 , the culture media in

ach well were discarded and 1 mL of agarose mixture

DMEM containing 2% fetal bovine serum (v/v) and 50%

ow melting agarose solution; Promega) was added to

ach well. Cytopathic effects were observed daily under

 light microscope (Olympus). After 72 h, the cells were

xed by adding 4% (v/v) poly formaldehyde (1 mL per

ell) at RT for 30 min. Then, the cultured cells were

ashed with PBS and bathed in 1% crystal violet solu-

ion. After washing with water, plaques were observed

nd counted. The inhibition rate for each mAb concen-

ration was calculated as follows: inhibition rate = (num-

er of plaques in virus-only wells − number of plaques in

he mAb and virus mixture wells) / number of plaques in

irus-only wells × 100%. A Probit regression curve was

rawn and the concentration resulting in 50% inhibition

f binding (NT 50 ) was calculated using GraphPad Prism

oftware [15] . 

.6 Pseudovirus-based neutralization test 

The SARS-CoV-2 pVNT was performed as previously

escribed [10] . Briefly, mAb MW05 or ch2C5 was serially
97 
iluted three-fold (100–0.14 μg/mL) and incubated with

n equal volume of SARS-CoV-2 pseudovirus (1.3 × 10 

4 

CID 50 /mL) for 1 h at 37°C in a humidified 5% CO 2 in-

ubator. Next, 100 μL of Huh-7 cells (2 × 10 

5 cells/mL)

ere added and cultured for 24 h, then luciferase sub-

trate (PerkinElmer) was added for 2 min. The mixture

as transferred to a white plate and the relative light units

RLU) were read using a luminometer (Promega). In the

ssay, wells containing only cells with SARS-CoV-2 pseu-

ovirus were set as the positive control, wells contain-

ng only cells were set as the blank. The inhibition rate

as calculated as follows: Inhibition (%) = [1 − (sam-

le RLU − blank RLU) / (positive control RLU − blank

LU)] × 100. 

.7 Statistical analysis 

Statistical analysis was performed using GraphPad

rism 7.0 software. Neutralization rates were plotted

gainst concentration, and the points were fitted using a

inear interpolation model. The NT 50 was defined as the

eciprocal of the concentration resulting in 50% neutral-

zation activity. 

To determine the sensitivity and specificity of the

CE2-Block-ELISA, one-way analysis of variance was per-

ormed to compare the results for SARS-CoV-2-uninfected

ases and SARS-CoV-2-infected cases. The level of signif-

cance was set at p < 0.05. 

. Results 

.1 Development of the ACE2-Block-ELISA for the rapid 

etection of neutralizing activity 

MW05 is a human monoclonal neutralizing antibody

pecific for the RBD of SARS-CoV-2. This antibody in-

ibits the interaction between the virus and target cells by

inding specifically to a neutralizing epitope [16] . In this

tudy, MW05 was used as a positive control and 20 serum

amples negative for SARS-CoV-2, identified by PRNT,

ere used as negative controls to optimize and validate

he ACE2-Block-ELISA. 

The results from ACE2-Block-ELISA are affected by sev-

ral factors, including the concentration of the coating

ntigen (i.e., S-RBD protein) and the biotin-labeled ACE2

rotein. Therefore, to optimize the ACE2-Block-ELISA, we

sed the PRNT assay results as a standard ( Fig. 1 A), and

ompared the inhibition rates of mAb MW05 and nega-

ive serum samples in the presence of different concen-

rations of S1-RBD protein (two-fold dilutions from 1.6

o 0.2 μg/mL) and biotin-labeled ACE2 (0.5, 1 and 2

g/mL). Tests revealed that the optimal concentration of

1-RBD protein was 0.8 μg/mL and that of ACE2 was 1

g/mL( Fig. 1 B, C). The results using these concentrations

ere similar to those obtained in the PRNT. In the ACE2-
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Fig. 1. Optimization of the ACE2-Block-ELISA. ( A ) Evaluation of the neutralizing activity of the MW05 antibody by PRNT. MW05 was serially diluted three-fold 

(from 10 to 0.004 μg/mL) and mixed with an equal volume of SARS-CoV-2 (10 3 pfu/mL). Plaques were counted under a microscope. The inhibition rate at different 

concentrations of mAb MW05 was calculated as follows: inhibition rate = (number of plaques in the virus-only wells – number of plaques in the mAb and virus 

wells) / number of plaques in the virus-only wells × 100%. A Probit regression curve was drawn and the 50% inhibitory concentration (NT 50 ) was calculated using 

GraphPad Prism software. The NT 50 of MW05 for SARS-CoV-2 was 0.11 μg/mL. ( B ) Evaluation of the inhibition rate of MW05 antibody in the presence of different 

concentrations of coating antigen in the ACE2-Block-ELISA. The S1-RBD protein was coated onto ELISA plates at concentrations of 0.2–1.6 μg/mL. Biotin-labeled 

ACE2 (1 μg/mL) was added and the OD 450 value was measured. The inhibition rate was calculated as follows: inhibition rate = (OD 450 of control – OD 450 of sample) 

/ OD 450 of control × 100%. ( C ) Inhibition rate of the MW05 antibody in the presence of different concentrations of biotin-labeled ACE2. Plates were coated with 

S1-RBD protein (0.8 μg/mL), followed by the addition of biotin-labeled ACE2 at concentrations of 0.5, 1 and 2 μg/mL. The OD 450 was measured and the inhibition 

rate was calculated as described in B. 
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Fig. 2. Sensitivity and specificity of the ACE2-Block-ELISA. SARS-CoV-2 nega- 

tive sera ( n = 84; collected before December 2019) were applied to the ACE2- 

Block-ELISA to assess specificity. In addition, 54 serum samples from COVID-19 

patients (positive by PRNT) were used to test sensitivity. The inhibition rate was 

calculated as follows: Inhibition rate = (OD 450 of control − OD 450 of sample) / 

OD 450 of control × 100%. Samples were regarded as having neutralizing activity 

if they exhibited > 20% inhibition in the ACE2-Block-ELISA. 

N  

t  

i  

p  
lock-ELISA, all of the negative samples showed an inhi-

ition rate lower than 15%. MW05 inhibited binding of

1-RBD by 20% at 0.125 μg/mL, equivalent to an NT 50 of

.11 μg/mL in the PRNT. The rate of inhibition increased

n a dose-dependent manner, reaching 90% at 1 μg/mL, a

oncentration equivalent to the NT 90 in PRNT. After com-

aring the inhibition rate of MW05 in the ACE2-Block-

LISA with that in PRNT, we decided on a cutoff value for

 positive antibody test in the ACE2-Block-ELISA of 20%

nhibition, meaning that an antibody could be regarded

s having neutralizing activity if it showed an inhibition

ate > 20% in the ACE2-Block-ELISA. 

.2 Sensitivity and specificity of the ACE2-Block-ELISA 

To examine the specificity of the ACE2-Block-ELISA,

e tested 84 SARS-CoV-2-negative sera (collected be-

ore December 2019 that were negative for SARS-CoV-2

gM/IgG in an ELISA assay). The lack of a positive result

uggested 100% specificity, the rate of inhibition varied

rom –9.31% to 18.32%, with no false positives ( Fig. 2 ).
98 
ext, 54 serum samples from COVID-19 patients were

ested using the ACE2-Block-ELISA, all of which were pos-

tive in the PRNT assay with titers > 50. Of the 54 sam-

les, 52 tested positive, with inhibition rates varying from
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Table 1 

Analysis of serum samples by 

ACE2-Block-ELISA. 

MPV Total Positive(%) 

1 56 46 (82.14%) 

2 51 38 (74.51%) 

3 76 40 (52.6%) 

4 31 10 (32.26%) 

total 214 134 (62.62%) 

MPV, months post-vaccination. 
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0.48% to 95.50% ( Fig. 2 ), indicating that the sensitivity

f the AC2-Block ELISA was 96.3%. 

.3 Use of the ACE2-Block-ELISA to select a neutralizing 

ntibody, ch-2C5 

We screened a panel of mAbs with SARS-CoV neutral-

zing activities. A humanized mAb, ch-2C5, diluted from

.125 to 8 μg/mL exhibited an inhibition rate for the orig-

nal S1-RBD of 20%–90% ( Fig. 3 A, B). 

To determine the inhibitory effect of the ch-2C5 anti-

ody on SARS-CoV-2 variant strains, we used the recom-

inant S1-RBD protein from the Beta and Delta variants as

etection antigens in the ACE-2-block-ELISA ( Fig. 3 A, B).

he results demonstrated that ch-2C5 blocked the S1-RBD

rotein of both variants from binding to the ACE2 recep-

or, suggesting a broad spectrum of antiviral neutralizing

ctivity. 

Next, we performed biolayer interferometry to mea-

ure the affinity of ch-2C5 for the S1-RBD protein of SARS-

oV-2. The results demonstrated that ch-2C5 has high

ffinity for the S1-RBD protein of all SARS-CoV-2 vari-

nts tested: K D 

= 9.90 × 10 

− 11 M for the SARS-CoV-2

riginal strain; 1.87 × 10 

− 10 M for the Beta variant; and

.39 × 10 

− 11 M for the Delta variant ( Fig. 3 C, E). 

To verify the neutralizing activity of ch-2C5 against

ARS-CoV-2, we performed both pVNT and PRNT as-

ays( Fig. 3 F, G, respectively). The PRNT results showed

hat ch-2C5 exhibited marked neutralizing activity

gainst all 3 SARS-CoV-2 variant strains tested. The anti-

ody inhibited infection of Vero cells by the SARS-CoV-2

etaCoV/Beijing/IME-BJ05/2020 strain from 0.1 μg/mL,

nd the NT 50 values for ch-2C5 against the SARS-CoV-

 original strain, the Beta variant, and the Delta variant

ere 4.19, 10.63 and 1.072 μg/mL, respectively ( Fig. 3 G).

In the pVNT assay, ch-2C5 neutralized all three SARS-

oV-2 variants, with NT 50 values of 30.39, 29.62, and

4.39 μg/mL, respectively ( Fig. 3 F). 

.4 Use of the ACE2-Block-ELISA to measure neutralizing 

ntibody levels in serum from healthy individuals inoculated 

ith a SARS-CoV-2 vaccine 

For this experiment, we used 214 serum samples ob-

ained from healthy individuals. Samples were taken

ithin 1–4 months of vaccination. The results by ACE2-

lock-ELISA demonstrated that among the 214 serum

amples tested, 134 showed neutralizing activity, with

n inhibition rate from 20% to 90%, and approximately

2.62% of the vaccinated individuals had neutralizing an-

ibodies against SARS-CoV-2 ( Fig. 4 ). Then, we correlated

he time of sampling with the level of neutralizing an-

ibodies, as shown in the Table 1 , and the neutralizing

ositive rate dropped from 82.13% to 32.26% within 4

onths post-vaccination, which confirmed the weaken-

ng of humoral immunity over time after vaccination. 
99 
. Discussion 

The COVID-19 pandemic caused by SARS-CoV-2 has

eriously affected human populations worldwide [17] .

revention and control of SARS-CoV-2 mainly follows the

rinciple of ‘early identification, early detection, early re-

orting, early treatment’; timely detection and diagnosis

re now the most essential steps. Detection of viral nu-

leic acid is the ‘gold standard’ for monitoring SARS-CoV-

 infections [ 18 , 27 ]. Detection of IgM antibodies is also

 widely used and effective approach to diagnosing infec-

ion because such assays are quick and easy to perform;

etection of IgG antibodies is used mainly for epidemio-

ogical investigations. As more of the population are be-

ng inoculated with SARS-CoV-2 vaccines, many individu-

ls possess some level of SARS-CoV-2-specific antibodies.

mong the polyclonal antibodies in serum, neutralizing

ntibodies exert the main protective function. However,

he neutralizing activity of antibodies, expressed in terms

f the neutralizing antibody titer, cannot be measured di-

ectly by detecting the binding activity of IgG/IgM anti-

odies. Traditional methods of detecting neutralizing ac-

ivity are based on live virus and pseudovirus neutraliza-

ion trials, which are complicated, expensive, and pose a

otential risk to researchers [19] . Hence, it is necessary

o find a safe and reliable neutralizing antibody detection

ethod for the prevention and control of SARS-CoV-2 in-

ection. 

Tan et al. established a surrogate SARS-CoV-2 (sVNT)

eutralization test based on antibody-mediated blockade

f the ACE2–S protein interaction [24] . Benjamin et al.

nd Ranawaka et al. validated this sVNT using an ex-

ensive panel of sera. Ranawaka et al. proved that this

VNT kit had a sensitivity of 98.9% and a specificity of

8.8% using PRNT 90 as the reference; and Benjamin et al.

howed that samples with a titer ≥ 160 were always posi-

ive in the sVNT [ 25 , 26 ]. Thus, the sVNT can be used as an

dditional neutralization assay to determine the immune

tatus of COVID-19-infected vaccinated individuals. 

Herein, we developed an ACE2-Block-ELISA for the

apid detection of neutralizing antibodies, which is simi-

ar to the sVNT mentioned above. The main difference is

hat in the sVNT, HRP-labeled S1-RBD is used in the com-

etition step, and a substrate is added to generate color in

he plates to obtain the result. In our ACE2-Block-ELISA,
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Fig. 3. Testing of the neutralizing monoclonal antibody ch-2C5. ( A, B ) Inhibitory effect of ch-2C5 on the binding of S1-RBD to the ACE2 receptor. The S1-RBD from 

the SARS-CoV-2 original and variant strains was used as the coating antigen for the ACE2-Block-ELISA. Different concentrations (8 to 0.3125 μg/mL, two-fold diluted) 

of ch-2C5 were tested and the OD 450 value was measured. The inhibition rate was calculated as follows: inhibition rate = (OD 450 of control – OD 450 of sample) / 

OD 450 of control × 100%. ( C –E ) Affinity of ch-2C5 for the S1-RBDs from the SARS-CoV-2 original, Beta variant and Delta variant strains. Affinity was measured on a 

Gator TM Label-Free Bioanalysis system. The S1-RBD was diluted and pre-coated onto an anti-probe chip, followed by the application of ch-2C5 at 125 nM – 1.95 nM 

(two-fold dilutions). Affinity was calculated by the Gator evaluation software using a 1:1 (Rmax local fit) binding model. The dissociation constant was calculated 

as follows: KD = K on / K off. The KD values for the SARS-CoV-2 original, Beta variant and Delta variant strain S1-RBDs were 9.90 × 10 − 11 M, 1.87 × 10 − 10 M and 

8.39 × 10 − 11 M, respectively. F. Neutralizing activity of ch-2C5 in the pVNT. MAb ch-2C5 was serially diluted three-fold (100 to 0.14 μg/mL) and incubated with 

an equal volume of SARS-CoV-2 pseudovirus (1.3 × 10 4 TCID 50 /mL). The number of relative light units (RLU) was read using a luminometer (Promega, USA). The 

neutralization rate was calculated as follows: inhibition (%) = [1 – (sample RLU – blank RLU) / (positive control RLU – blank RLU)] (%). A Probit regression curve 

was drawn and the 50% inhibitory concentration (NT 50 ) was calculated using GraphPad Prism software. The NT 50 values of ch-2C5 for the SARS-CoV-2 original, 

Beta variant and Delta variant strains were 30.39, 29.62, and 24.39 μg/mL, respectively. G. Neutralizing activity of ch-2C5 in the PRNT. The ch2C5 mAb was serially 

diluted three-fold (100–0.14 μg/mL) and mixed with an equal volume of the SARS-CoV-2 original, Beta variant or Delta variant strain (10 3 pfu/mL). Plaques were 

counted. The inhibition rate at different concentrations of ch2C5 was calculated as follows: inhibition rate = (number of plaques in virus groups – number of plaques 

in the experimental groups) / number of plaques in the virus groups × 100%. A Probit regression curve was drawn and the 50% inhibitory concentration (NT 50 ) 

was calculated using GraphPad Prism software. The NT 50 values of ch-2C5 for the SARS-CoV-2 original, Beta variant and Delta variant strains were 4.19, 10.63 and 

1.072 μg/mL, respectively. 

100 
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Fig. 4. Application of immune serum to the ACE2-Block-ELISA. Serum samples 

from 214 vaccinated healthy individuals were collected and applied to the ACE2- 

Block-ELISA to measure neutralizing activity. Of these, 134 showed marked neu- 

tralizing activity, with inhibition rates varying from 20% to 90%. 
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iotin-labeled ACE2 is used for the competition step, fol-

owed by the application of HRP-labeled streptavidin and

 substrate; thus, our assay has one more step than the

VNT. This extra step may make the ACE2-Block-ELISA

ore sensitive than the sVNT since the HRP-labeled strep-

avidin will enhance the positive signal. 

The ACE2-Block-ELISA was used to screen a panel

f neutralizing mAbs for SARS-CoV developed in 2003,

hich identified ch-2C5 as a neutralizing humanized

Ab. This antibody inhibited binding of all three SARS-

oV-2 strains to ACE2, not only the original strain of

ARS-CoV-2, but also the variants including Beta and

elta strains. The PRNT and pVNT experiments confirmed

hat ch-2C5 has a broad spectrum of neutralizing activity.

hus, ch-2C5 is of great value for studying neutralization

pitopes and for developing vaccines and therapeutic an-

ibodies against SARS-CoV-2. 

Immunization is regarded as the most effective method

f obtaining herd immunity against SARS-CoV-2 [ 20,21 ].

owever, antibody titers decline significantly after 6

onths [22] , and vaccinated individuals can be re-

nfected, which may be related to the decrease in anti-

ody titers and the low level of neutralizing Abs gener-

ted after vaccination. In this case, there is a risk of re-

ound. Patients who recover from COVID-19 and individ-

als inoculated with two or three doses of vaccine show a

trong immune response, particularly a humoral immune

esponse, which is often associated with a 10–20-fold in-

rease in the antibody titer; such individuals also show

ore broad spectrum neutralization of multiple variants,

uch as Delta [23] . These data indicate that timely mon-

toring of neutralizing antibody titers in the vaccinated

opulation will help to guide immunization strategies. 

Therefore, we also used the ACE-Block-ELISA to detect

eutralizing antibodies in individuals vaccinated with

ARS-CoV-2 vaccines. Of the 214 serum samples tested,

he neutralizing positive rate dropped from 82% to 32%
101 
ithin 4 months post-vaccination, with 62.62% showing

nhibition of binding between the S1-RBD protein and the

CE2 receptor. Since the neutralizing antibodies declined

reatly after inoculation, booster immunization and some

revention measures may still be necessary for effective

ontrol of SARS-CoV-2 infection. However, we cannot di-

ectly deduce that immunization has no protective effect

s a result of the absence of neutralizing antibodies, be-

ause neutralizing antibodies are only part of the mech-

nism by which vaccination fights infection. When indi-

iduals are re-exposed, memory B and T cells can respond

nd mount an appropriate response even in the presence

f low neutralizing antibodies, which can attenuate the

ourse of the disease. In summary, the immune response

fter COVID-19 vaccination is complex and deserves fur-

her study. 

In this study, we show that the ACE2-Block-ELISA is

aster, cheaper and easier to perform than conventional

ssays for the rapid qualitative and quantitative detection

f neutralizing activity. The ACE-Block-ELISA therefore

as potential applications in evaluating the immunity in-

uced by vaccines, identifying candidate therapeutic an-

ibodies and serum testing. 
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