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Abstract

The World Health Organization has highlighted the importance of an international standard (IS)

for severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) neutralizing antibody titer

detection to calibrate diagnostic techniques. We applied an IS to calibrate neutralizing antibody

titers (NTs) (international units/mL) in response to coronavirus disease 2019 (COVID-19)

vaccination. Moreover, the association between different factors and neutralizing antibodies was

analyzed. A total of 1,667 serum samples were collected from participants receiving different

COVID-19 vaccines. Antibody titers were determined by a microneutralization assay using live

viruses in a biosafety level 3 (BSL-3) laboratory and a commercial serological MeDiPro Kit. The

titer determined using the MeDiPro kit was highly correlated with the NT determined using live

viruses and calibrated using IS. Fever and antipyretic analgesic treatment were related to

neutralizing antibody responses in ChAdOx1-S and BNT162b2 vaccinations. Individuals with

diabetes showed a low NT elicited by MVC-COV1901. Individuals with hypertension receiving

the BNT162b2 vaccine had lower NTs than those without hypertension. Our study provided the

international unit (IU) values of NTs in vaccinated individuals for the development of vaccines

and implementation of non-inferiority trials. Correlation of the influencing factors with NTs can

provide an indicator for selecting COVID-19 vaccines based on personal attributes.

Keywords: COVID-19 vaccines, neutralizing antibody titers, international standard
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1. Introduction

Identification of the immune correlates of protection against severe acute respiratory syndrome-

coronavirus 2 (SARS-CoV-2) remains a challenge. While neutralizing antibody (NAD) titer (NT)

is not the only determinant of vaccine efficacy, the neutralization level is highly predictive of

immune protection [1-3]. The NT can be determined using many approaches, such as plaque

reduction assay, focus reduction assay, microneutralization assay using real viruses, and

pseudovirus assay [4, 5]. The assays differ substantially, including variations in protocols for

similar assay types and among laboratories [6, 7]. For calibration, establishment of international

standards (I1Ss) for SARS-CoV-2 NT detection remains a major goal of the World Health

Organization (WHO). Various standards are widely used to establish a baseline for comparing NTs

across different datasets (laboratories, protocols, and assays) [6]. An IS was established based on

the pooled human plasma data from convalescent patients [8]. For different pooled cohorts,

different standard sera were obtained, each having predetermined international units (1Us) for

converting NTs. This enabled the conversion of immunogenicity characteristics for accurate

comparison across laboratories and vaccine developers. Although many laboratories have applied

IUs to represent NTs in patients with coronavirus disease 2019 (COVID-19) or vaccinated

individuals, the reference data are still insufficient. Furthermore, neutralization tests using live

viruses in biosafety level 3 (BSL-3) laboratories are laborious and time-consuming. Binding assays
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based on the anti-spike (S) protein or anti-receptor-binding domain (RBD) are widely used to

evaluate NAbs [9-11]. However, the correlation between antibody titers from enzyme-linked

immunosorbent assay (ELISA) binding assays and NTs (IU/mL) remains unknown.

In this study, serum samples were obtained from participants vaccinated with different

COVID-19 vaccines and were analyzed before vaccination, as well as after the first and second

doses, to estimate the correlation between titers obtained via microneutralization assays using live

viruses in a BSL-3 laboratory (1U/mL) and antibody titers measured using a commercial MeDiPro

serological assay. Serum samples of vaccinated individuals from Taiwan, where the local COVID-

19 infection rates were low during the period of sample collection, were also examined. We

analyzed whether factors, such as sex, age, side effects of vaccines, and underlying diseases, could

affect NADb response, and estimated the half-life of NTs after primary vaccination.
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2. Materials and Methods

2.1. Serum sample collection

A total of 1,667 serum samples were collected from vaccinated individuals at the Chang Gung

Memorial Hospital and Chang Gung University (ethics approval number: 202001041A3C)

between January 20, 2021, and April 8, 2022. An additional 120 serum samples from vaccinated

individuals were purchased from Access Biologicals (Vista, CA, USA). The samples were

collected as per protocol SDP-003, Human Biological Specimens Collection, data September 22,

2017, and qualifications of the principal investigator (Robert Pyrtle, M.D.) were reviewed and

approved by the Diagnostics Investigational Review Board (Cummaquid, MA, USA).

2.2 Cell culture and virus

African green monkey kidney (Vero E6) cells (CRL-1586) were purchased from the American

Type Culture Collection (Bethesda, MD, USA) and maintained in Dulbecco’s modified Eagle

medium (DMEM,; Gibco, Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Gibco)

at 37 °C. The SARS-CoV-2/human/TWN/CGMH-CGU-01/2020 isolate was used in the live virus

microneutralization assay.
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2.3. Live virus microneutralization assay

Vero E6 cells (2 x 10* cells/well) were seeded in 96-well plates and incubated at 37 °C for 24 h.
The medium was then replaced by 100 uL fresh DMEM containing 2% FBS. The assay was
performed in a BSL-3 laboratory using the SARS-CoV-2/human/TWN/CGMH-CGU-01/2020
strain. All serum samples were heat-inactivated at 56 °C for 30 min and then serially diluted two-
fold in DMEM without FBS. From a starting dilution of 1:8 for each sample, ten 2-fold dilutions
were performed to obtain a final dilution of 1:8,192. Each serum sample was incubated with 100
median tissue culture infectious doses of SARS-CoV-2 at 37 °C for 1 h prior to infection of Vero
EG6 cells. Subsequently, the virus-serum mixtures (100 pL) at each dilution were added to a 96-
well plate containing a confluent Vero E6 monolayer. Infected cells were incubated at 37 °C for 5
d and then fixed with 10% formaldehyde and stained with crystal violet. The neutralization titer
was calculated as logarithm of the 50% endpoint using the Reed—Muench method, based on the
presence or absence of cytopathic effects. Each serum sample was tested in four replicates.
Geometric mean titers (GMTs) were calculated with 95% confidence intervals (Cls) using

GraphPad Prism version 8 (GraphPad Software, San Diego, CA, USA).

2.4. Serological assay
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Each serum sample was analyzed by MeDiPro SARS-CoV-2 antibody ELISA according to the

manufacturer’s instructions. The assay detected antibodies against S1 and RBD, and values <

34.47 1U/mL were considered negative.

2.5. WHO IU conversion

WHO 1S sera (NIBSC code 20/136) and WHO Reference Panel for anti-SARS-CoV-2 antibody

(NIBSC code 20/268, including NIBSC codes 20/150, 20/148, 20/144, and 20/140) were obtained

from the National Institute for Biological Standards and Control (NIBSC). The WHO IS (NIBSC

code 20/136) involves pooled plasma from 11 patients that recovered from SARS-CoV-2 infection

and has an arbitrarily assigned unitage of 1,000 1U/mL for neutralizing and binding activities. It is

used to standardize and calibrate SARS-CoV-2 serological assays across different laboratories.

The WHO Reference Panel (NIBSC code 20/268), including NIBSC codes 20/150, 20/148, 20/144,

and 20/140, was prepared from four pools of plasma from convalescent patients that tested SARS-

CoV-2-positive. Negative control plasma (NIBSC code 20/142) was obtained from healthy donors.

Antibody titers of the WHO Reference Panel were determined via neutralization assays based on

live virus or pseudovirus, and by ELISA that targeted S1, RBD, and N of SARS-CoV-2. Serum

characteristics in the Reference Panel were as follows: NIBSC code 20/150 (high titer), 20/148

(mid titer), 20/144 (low anti-S, relatively high anti-N protein antibodies), and 20/140 (low titer).
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Convalescent plasma (NIBSC code 20/130) with a relatively high antibody titer was obtained from

an individual donor. The 50% neutralization titer (NTso) values for the WHO 1S and Reference

Panel sera were determined using a live virus microneutralization assay (Table S1). Each standard

serum sample was tested in duplicate, except for 20/130.

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism version 8. Pearson’s correlation

coefficients (r) were used to determine the correlation between the titers obtained using different

serological assays and those from live SARS-CoV-2 NT assay. Data were analyzed using

Student’s two-tailed unpaired t tests. Significance was set at P < 0.05.

10
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3. Results

The NT is an important factor for evaluating the protection against viral infections after

vaccination. Varying NTs were observed in fully vaccinated individuals. Serum samples were

obtained from 336 individuals receiving homologous vaccinations with Vaxzevria (previously

called COVID-19 vaccine, AstraZeneca, ChAdOx1-S), Spikevax (previously called COVID-19

vaccine Moderna mRNA-1273), Pfizer BioNTech162b2 (BNT162b2), and Medigen MVC-

COV1901. To convert the NT to IU, NTso values for the WHO 1S and Reference Panel for anti-

SARS-CoV-2 immunoglobulin (obtained from NIBSC) were determined using a live virus

neutralization assay (Table S1) with linear regression, defining the conversion of NTso values to

IU/mL (Fig. 1A). A total of 336 serum samples were tested to determine NTs using a live SARS-

CoV-2 microneutralization assay. We obtained NTso values that represented 50% protection

against SARS-CoV-2-induced cell death. We further determined antibody titers using a

commercial serological assay, the MeDiPro SARS-CoV-2 antibody ELISA [12]. MeDiPro is a

Taiwan FDA-approved kit for quantifying S1- and RBD-binding antibodies. The assay analyzed

data of S1 and RBD fusion proteins to accurately predict NTs. We used live virus NTso (IU/mL)

values as a standard to assess whether the MeDiPro assay reflected NTs based on the detection of

antibodies against S1 and RBD (Fig. 1B). A good correlation was observed between titers obtained

using MeDiPro and live SARS-CoV-2 NT assays (r = 0.853). The sensitivity and specificity of the

11
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MeDiPro assay were 92.5% and 91.1%, respectively (Table 1). Therefore, the MeDiPro assay

represented an efficient tool for detecting SARS-CoV-2 NAbs without requiring a live virus

neutralization assay in a BSL-3 laboratory.

We collected serum samples from 916 individuals vaccinated with the first or second dose of

COVID-19 vaccines in Taiwan to further compare homologous COVID-19 vaccination. Although

the highest (292 IU/mL) and lowest (21 IU/mL) GMTs elicited by Moderna mRNA-1273 and

MVC-COV1901 were observed after the first dose, respectively (Fig. 2A), all GMTs elicited by

different vaccines increased after the second dose (Fig. 2B). However, NTs elicited by AZ

ChAdOx1-S varied to a greater extent than those elicited by the other three vaccines (Fig. 2), and

approximately 22% of individuals had NTs below the cut-off value (34.47 1U/mL). We collected

144 serum samples from individuals vaccinated with heterologous primary or booster COVID-19

vaccines. Heterologous primary COVID-19 vaccination (ChAdOx1-S/mRNA-1273 or ChAdOx1-

S/BNT162b2 combination) elicited higher GMTs than homologous primary COVID-19

vaccination (ChAdOx1-S/ChAdOx1-S) (Fig. 2C). Moreover, a significant increase in GMTs was

observed after heterologous booster COVID-19 vaccination (booster MRNA-1273 or BNT162b2),

except for MVC-COV1901, which was comparable to homologous primary COVID-19

vaccination (ChAdOx1-S/ChAdOx1-S) (Fig. 2C).

12
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Next, we analyzed the factors that influence NTs elicited by COVID-19 vaccines, including

sex, age, fever, antipyretic analgesic medication, and underlying diseases. Sex was independently

related to NTs in different COVID-19 vaccination groups (Fig. 3A). Participants vaccinated with

MVC-COV1901 (aged > 61 years) showed the lowest GMTs compared to those in other younger

age groups (Fig. 3B). However, NTs elicited by two doses of COVID-19 vaccine were not

correlated with age (Fig. 3B). Side effects of vaccines, such as fever, were positively associated

with NTs in the ChAdOx1-S vaccination group; however, an opposite trend was observed for NTs

in the BNT162b2 vaccination group (Fig. 3C). Fever was not observed in the MVC-COV1901

vaccination group. Antipyretic analgesic treatment increased the NTs elicited by ChAdOx1-S

vaccines, but not by other vaccines (Fig. 3D). Underlying medical conditions are known to be

associated with a high risk of severe COVID-19; however, the correlation between underlying

medical conditions and NTs elicited by COVID-19 vaccines remains unknown. Our results

indicated that underlying diabetes may not affect NAbs elicited by primary ChAdOx1-S and

mMRNA-1273 vaccination. However, participants with diabetes, who were vaccinated with MVC-

COV1901, had lower GMTs than those without underlying diabetes (Fig. 3E). Moreover,

BNT162b2 vaccination elicited fewer NAbs in participants with hypertension than in participants

without hypertension (Fig. 3F).

13
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Since NTs are known to reduce over time, we analyzed the half-life of NTs in serum samples

from participants vaccinated with different COVID-19 vaccines after 14 and up to 185 d. The NTs

elicited by different COVID-19 vaccines reduced over time. However, the NTs elicited by the

homologous MRNA-1273 vaccine reduced with an estimated half-life of 79 d during this period,

representing the longest half-life of NTs compared to other vaccines. Although the NTs in

participants vaccinated with different COVID-19 vaccines declined over time, very few NTs

reached the cut-off value (34.47 IU/mL), except for those elicited by homologous ChAdOx1-S

vaccination. Moreover, the one-phase decay curve of NTs elicited by ChAdOx1-S and MVC-

COV1901 vaccination almost reached the cut-off value at 150 d after a second dose of vaccination

(Fig. 4A and D), in contrast to that by the mRNA-1273, BNT162b2, and ChAdOx1-S/mRNA-

1273 combination group (Fig. 4B, C, and E).

14
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4. Discussion

Antibody titers gradually increase over a few weeks after vaccination and the time span may vary

across individuals [13, 14]. Therefore, testing for NAbs to determine whether protective antibody

titers are elevated after vaccination is highly essential. VVaccinated individuals may still need to

take measures to prevent infection. Hence, such assays are important for protecting vaccinated

individuals and for the control and prevention of epidemics [15].

In this study, we used standard serum samples to develop an approach that utilizes a

commercial kit to quantify antibody titers after vaccination. Titers determined using MeDiPro,

which is designed to detect NTs, were strongly correlated with those determined using live SARS-

CoV-2 NT assays via IS calibration. Previous studies had indicated that MRNA vaccines (MRNA-

1273 and BNT162b2) elicit higher NTs than adenovirus-based vaccines (ChAdOx1-S) [16, 17]. In

the present study, we compared the protein subunit COVID-19 vaccine (MVC-COV1901), which

has been approved for use in Taiwan [18], with other vaccines used worldwide. We obtained

GMTs of 100, 922, 844, and 399 for NAbs in serum samples from recipients of ChAdOx1-S,

MRNA-127, BNT162b2, and MVC-COV1901 vaccines, respectively, after two doses. Our results

are consistent with other studies reporting low antibody titers after the first dose followed by their

dramatic increase after the second dose [19]. Moreover, the NT for individuals vaccinated with

15
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heterologous COVID-19 vaccines was determined in our study. The estimates may be valuable to

vaccine developers for implementing non-inferiority tests.

Studies have shown that antibody titers are correlated with the risk of COVID-19 infection

and vaccine efficacy [1, 3]. However, many factors may influence NAb responses. Individuals

aged > 80 years show a lower neutralization response than younger individuals after BNT162b2

vaccination [20, 21]. The antibody response is higher in women than in men, and decreases with

age in those receiving BNT162b2 and ChAdOx1-S [22, 23]. However, we did not observe a

significant difference in NTs between males and females, which was consistent with findings of a

study in which participants received BNT162b2 vaccination [24-26]. Moreover, we did not

observe an association between NTs and age of individuals vaccinated with ChAdOx1-S, mRNA-

1273, BNT162b2, or ChAdOx1-S/ mRNA-1273 combination, except for the MVC-COV1901

group. The results for MVC-COV1901 were consistent with those of a previous study [27]. In our

study, fever intensity or antipyretic analgesic medication was significantly related to NTs after two

doses of ChAdOx1-S or BNT162b2 vaccination. The results were inconsistent in the fact that fever

was not significantly associated with anti-S 1gG titers in individuals who received ChAdOx1-S or

BNT162b2 [28]. However, Tani et al. observed fever grade to be positively associated with anti-

RBD IgG titer and not with antipyretic medication after two doses of BNT162b2 vaccination [29].

Underlying medical conditions are associated with a high risk of COVID-19 [30]. NTs are higher

16
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in patients without diabetes than in those with type-2 diabetes mellitus, who received the

BNT162b2 vaccine [24]. Hypertension is not associated with low NTs [22, 24, 31]. However,

Watanabe et al. had reported that hypertension is associated with low Ab titers [26]. We found that

NTs were reduced in individuals with diabetes that received MVVC-COV1091 and in those with

hypertension that received BNT162b2 vaccines. The difference in immunogenicity observed in

our study may be attributed to ethnicity; the population analyzed in this study mainly represented

Asians living in Taiwan. Although the NTs elicited by the homologous mRNA-1273 vaccine

represented the longest estimated half-life of NTs compared to those of other vaccines, the higher

initial NT levels elicited by mRNA-1273 vaccine were observed at 14 d after the second-dose

vaccination compared to those of ChAdOx1-S and MVVC-COV1091. The one-phase decay curve

of NTs elicited by ChAdOx1-S and MVC-COV1091 reached the cut-off value after 150 days of

vaccination and might depend on lower initial neutralization level. The lower estimated half-life

of NTs elicited by BNT162b2 and ChAdOx1-S/ mRNA-1273 combination might be caused by the

smaller sample size than in the other vaccination group; however, the NTs were still maintained

in high levels in BNT162b2 and ChAdOx1-S/ mRNA-1273 combination groups compared to that

in ChAdOx1-S and MVVC-COV1091 groups.

In this study, we used commercially available kit for detecting COVID-19 antibodies based

on its binding affinity to S1 and RBD. We found antibody titers, measured using the MeDiPro

17
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SARS-CoV-2 antibody ELISA, to be strongly correlated with NTs determined via IS calibration.

The correlation between reactogenicity and NTs after COVID-19 vaccination would, however,

require further investigation. Several factors, such as different types of COVID-19 vaccines,

ethnicity, and collection period after vaccination, may affect the findings of different research

groups. More evidence would be required to determine the factors associated with NTs after

vaccination. Our current study described several factors that may lower the NAb response elicited

by COVID-19 vaccines, especially MVC-COV1901, which is a protein subunit vaccine approved

for use in Taiwan. Moreover, since the COVID-19 infection rates were low in Taiwan during the

period of sample collection, it might have excluded some factors affected by SARS-CoV-2

infection. We also observed that vaccine efficacy and antibody level declined over time, following

full immunization, which was consistent with previous studies [19, 32]. NTs are highly correlated

with protection. Therefore, monitoring the dynamics of antibody responses after vaccination would

be important to determine whether an additional vaccine booster would be required. Moreover,

our findings provided information that could be used to select vaccines based on the physical

condition and personalized needs of individuals.
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Legends of figures

Fig. 1. Correlation analysis of commercial MeDiPro serological assay with SARS-CoV-2 NT. (A)

A calibration curve (standard curve) was used for the conversion of NTso values to IU/mL. Results

are presented in technical duplicate and error bars show the standard deviation. (B) Correlation

between the live virus neutralization titer (IU/mL) and titers obtained using MeDiPro SARS-CoV-

2 antibody assay (IU/mL) in 336 serum samples. The vertical dashed line indicates the limit of

detection (NT = 34.47 IU/mL). The horizontal dashed lines indicate the cut-off values for MeDiPro

(34.47 1U/mL). Correlations were checked using Pearson’s correlation coefficients (r). Geometric

mean titers with 95% confidence interval are shown for pre-vaccination, after the first dose, and

after the second dose. 1U, international unit; NT, neutralizing antibody titer; SARS-CoV-2, severe

acute respiratory syndrome-coronavirus 2; NTso, 50% NT

Fig. 2. Antibody response in 1,060 serum samples obtained from individuals receiving

homologous or heterologous COVID-19 vaccination. The responses of neutralizing antibodies

were determined using the commercial MeDiPro serological assay. (A) NTso values for serum

samples from recipients of ChAdOx1-S, mRNA-1273, BNT162b2, and MVC-CoV1901 after the

first dose (range, 14-40 d). (B) NTso values for serum samples from recipients of ChAdOx1-S,

MRNA-1273, BNT162b2, and MVC-CoV1901 after the second dose (range, 14-40 d). (C) NTso
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values for serum samples from recipients of heterologous primary or booster vaccines. The GMTs

with 95% CI are shown, after the vaccination. Vertical dashed lines indicate the limit of detection

(NT = 34.47 1U/mL). Data were analyzed using Student’s two-tailed unpaired t tests. **** P <

0.0001. NT, neutralizing antibody titer; NTso, 50% NT; GMTSs, geometric mean titers; CI,

confidence interval; ns, not significant

Fig. 3. Factors influencing the titers of neutralizing antibodies (range, 14-40 d). NTs elicited by

homologous or heterologous primary COVID-19 vaccination were analyzed based on (A) sex,

(B) age, (C) fever grade after vaccination, (D) use of antipyretic medicines, (E) diabetes, and (F)

hypertension. The GMTs with 95% CI are shown, after the vaccination. Vertical dashed lines

indicate the limit of detection (NT = 34.47 1U/mL). Data were analyzed using Student’s two-

tailed unpaired t tests. *, P < 0.05; ***, P < 0.001. NT, neutralizing antibody titer; GMT,

geometric mean titer; Cl, confidence interval; ns, not significant

Fig. 4. Reduction in neutralizing antibody titers following homologous or heterologous primary

COVID-19 vaccination. Estimated half-life of neutralizing antibody titers in the recipients of (A)

ChAdOx1-S, (B) MRNA-1273, (C) BNT162b2, (D) MVC-CoV1901, and (E) ChAdOX1-S

/mRNA-127 combination. The x-axis shows the 14-185-day period after the second-dose
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vaccination. The y-axis shows the NTso values (I1U/mL). Antibody half-life was estimated using a

one-phase decay exponential regression on GraphPad Prism 8. NTso, 50% neutralizing antibody

titer

28



Tables

Table 1. Comparison of a commercial serological assay with SARS-CoV-2 neutralizing

antibody titer

Total samples (336)

MeDiPro SARS-CoV-2 antibody ELISA

Live virus NT Positive PNegative
Positive 280 259 21
@Negative 56 5 51

Sensitivity=TP/(TP+FN)

92.5% (88.8%-95.0%)

Specificity=TN/(TN+FP)

91.1% (80.7%-96.1%)

PPV=TP/(TP+FP)

98.1% (95.6%-99.2%)

NPV=TN/(TN+FN)

70.8% (59.5%-80.1%)

TP, true positive; FP, false positive; TN, true negative; FN, false negative; PPV, positive predictive

value; NPV, negative predictive value

&b Negative < 34.47 IU/mL (limit of detection)
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IU/mL

ChAdOx1-S
Estimated half-liife: 45.21 days
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Days after the second dose vaccination

MVC-COV1901
Estimated half-liife: 36.60 days

30 60 9‘0 150 1 éﬂ 1 s';o
Days after the second dose vaccination

1U/mL

mRNA-1273

Estimated half-liife: 79.00 days
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ChAdOXx1-S/mRNA-1273

Estimated half-liife: 20.35 days
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Days after the second dose vaccination

IU/mL
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Estimated half-liife: 11.33 days
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