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Research in context  37 

Evidence before this study 38 

Several newly emerged SARS-CoV-2 variants have raised significant concerns globally , 39 

and there is concern that SARS-CoV-2 variants can evade immune responses that are 40 

based on the prototype strain. It is not known to what extent do emerging SARS-CoV-2 41 

variants escape the immune response induced by previous infection or vaccination. 42 

However, existing studies of neutralizing potency against SARS-CoV-2 variants are based 43 

on limited numbers of samples and lack comparability between different laboratory 44 

methods. Furthermore, there are no studies providing whole picture of neutralizing 45 

antibodies induced by prior infections or vaccination against emerging variants. 46 

Therefore, we systematically reviewed and quantitively synthesized evidence on the 47 

degree to which antibodies from previous SARS-CoV-2 infection or vaccination 48 

effectively neutralize variants. 49 

 50 

Added value of this study 51 

In this study, 56 studies, including 2,483 individuals and 8,590 neutralization tests, were 52 

identified. Antibodies from natural infection or vaccination are likely to effectively 53 

neutralize B.1.1.7, but neutralizing titers against B.1.351 and P.1 suffered large 54 

reductions. Lineage B.1.351 escaped natural-infection-mediated neutralization the most, 55 

with GMT of 79.2 (95% CI: 68.5-91.6), while neutralizing antibody titers against the 56 

B.1.1.7 variant were largely preserved (254.6, 95% CI: 214.1-302.8). Compared with 57 
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lineage B, we estimate a 1.5-fold (95% CI: 1.0-2.2) reduction in neutralization against the 58 

B.1.1.7, 8.7-fold (95% CI: 6.5-11.7) reduction against B.1.351 and 5.0-fold (95% CI: 59 

4.0-6.2) reduction against P.1. The neutralizing antibody response after vaccinating with 60 

non-replicating vector vaccines against lineage B.1.351 was worse than responses 61 

elicited by vaccines on other platforms, with levels lower than that of individuals who 62 

were previously infected. The neutralizing antibodies induced by administration of 63 

inactivated vaccines and mRNA vaccines against lineage P.1 were also remarkably 64 

reduced by an average of 5.9-fold (95% CI: 3.7-9.3) and 1.5-fold (95% CI: 1.2-1.9). 65 

 66 

Implications of all the available evidence 67 

Our findings indicate that antibodies from natural infection of the parent lineage of 68 

SARS-CoV-2 or vaccination may be less able to neutralize some emerging variants, and 69 

antibody-based therapies may need to be updated. Furthermore, standardized protocols 70 

for neutralizing antibody testing against SARS-CoV-2 are needed to reduce lab-to-lab 71 

variations, thus facilitating comparability and interpretability across studies.72 
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Abstract 73 

Background: Immunity after SARS-CoV-2 infection or vaccination has been threatened 74 

by recently emerged SARS-CoV-2 variants. A systematic summary of the landscape of 75 

neutralizing antibodies against emerging variants is needed. 76 

Methods: We systematically searched PubMed, Embase, Web of Science, and 3 77 

pre-print servers for studies that evaluated neutralizing antibodies titers induced by 78 

previous infection or vaccination against SARS-CoV-2 variants and comprehensively 79 

collected individual data. We calculated lineage-specific GMTs across different study 80 

participants and types of neutralization assays. 81 

Findings: We identified 56 studies, including 2,483 individuals and 8,590 82 

neutralization tests, meeting the eligibility criteria. Compared with lineage B, we 83 

estimate a 1.5-fold (95% CI: 1.0-2.2) reduction in neutralization against the B.1.1.7, 84 

8.7-fold (95% CI: 6.5-11.7) reduction against B.1.351 and 5.0-fold (95% CI: 4.0-6.2) 85 

reduction against P.1. The estimated neutralization reductions for B.1.351 compared to 86 

lineage B were 240.2-fold (95% CI: 124.0-465.6) reduction for non-replicating vector 87 

platform, 4.6-fold (95% CI: 4.0-5.2) reduction for RNA platform, and 1.6-fold (95% CI: 88 

1.2-2.1) reduction for protein subunit platform. The neutralizing antibodies induced by 89 

administration of inactivated vaccines and mRNA vaccines against lineage P.1 were also 90 

remarkably reduced by an average of 5.9-fold (95% CI: 3.7-9.3) and 1.5-fold (95% CI: 91 

1.2-1.9). 92 

Interpretation: Our findings indicate that the antibody response established by 93 

natural infection or vaccination might be able to effectively neutralize B.1.1.7, but 94 
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neutralizing titers against B.1.351 and P.1 suffered large reductions. Standardized 95 

protocols for neutralization assays, as well as updating immune-based prevention and 96 

treatment, are needed. 97 

Funding: Chinese National Science Fund for Distinguished Young Scholars   98 
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Introduction 99 

Since the first sequence of SARS-CoV-2 was published in January of 20201, over 1.1 100 

million strains have been documented in Global Influenza Surveillance and Response 101 

System (GISAID)2, with recent reports of several newly emerged lineages , which has 102 

raised significant concerns globally. Of particular concern has been the emergence of 103 

lineage B.1.1.7 (UK variant, also known as 501Y.V1), lineage B.1.351 (South Africa 104 

variants, 501Y.V2), and lineage P.1 (Brazil variant, 501Y.V3), harboring several 105 

significant mutations in spike glycoproteins, which are key domains of virus-neutralizing 106 

antibodies3. These mutants rapidly became the dominant circulating virus strains in the 107 

regions where they were first isolated, and especially for B.1.1.7 and B.1.351, spread 108 

globally. Several vital mutations in the receptor-binding domain (RBD), such as N501Y in 109 

B.1.1.7 and E484K in B.1.351 and P.1, are associated with increased infectivity and 110 

decreased neutralizing potency, with potential to evade humoral immunity from prior 111 

infections or vaccinations4-8. Another variant of lineage B.1.427/B.1.429, which first 112 

emerged in California, was categorized as a Variant of Concern (VOC) in March 2021 113 

according to classification developed by SARS-CoV-2 Interagency Group (SIG) in United 114 

States, containing a single L452R mutation in RBD in spike, whose ability of reduced 115 

sensitivity to neutralization has yet to be determined9. 116 

 117 

There is concern that SARS-CoV-2 variants can evade immune responses elicited by 118 

natural infections and vaccines that are based on the prototype strain (Wuhan-Hu-1). It 119 

has been shown that neutralization against variants by convalescent plasma is 120 
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remarkably reduced by several mutations, including E484K shared by lineage B.1.351 121 

and P.110. Serum collected from recipients of licensed vaccines have a decreased ability 122 

to neutralize emerging SARS-CoV-2 mutants to varying degrees, from 1.6-fold reduction 123 

for China’s protein subunit vaccines to over 6-fold reduction for mRNA vaccines11-15. 124 

Additionally, consistent with immunogenicity results, a major loss of efficacy against 125 

B.1.351 was seen in NVX-CoV2373 and ChAdOx1 nCoV-19 vaccines16,17, though the 126 

efficacy was retained against B.1.1.7 for other vaccines18. However, existing studies of 127 

neutralizing potency against SARS-CoV-2 variants are based on limited numbers of 128 

samples and lack comparability between different laboratory methods. Furthermore, 129 

there are no studies providing whole picture of neutralizing antibodies induced by prior 130 

infections or vaccination against emerging variants. 131 

 132 

Here, we systematically summarize the evidence on neutralization ability against 133 

various SARS-CoV-2 variants among those previously-infected with strains from the 134 

original SARS-CoV-2 lineage and those who have been vaccinated.135 
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Methods 136 

Study Selection and Data Extraction 137 

We conducted a systematic search from six databases, including three peer-reviewed 138 

databases (PubMed, Embase and Web of Science) and three preprint servers (medRxiv, 139 

bioRxiv and Europe PMC), for studies published in English between Sep 1, 2020 and Apr 140 

18, 2021 with predefined search terms (Table S1). We included studies that 1) reported 141 

neutralizing antibodies against SARS-CoV-2 variants by using serum or plasma collected 142 

from individuals with virologically or serologically-confirmed SARS-CoV-2 infections, 143 

and vaccine recipients; and 2) reported or displayed individual antibody titers with 144 

summary tables or high-resolution images. Studies that 1) investigated the efficacy of 145 

monoclonal and therapeutic antibodies against variants; 2) reported seroprevalence of 146 

variants; 3) only detected non-neutralizing antibodies; or 4) reported specific mutation 147 

sites from a view of biological mechanism, were excluded. We also excluded abstracts of 148 

congress meetings or conference proceedings, study protocols, media news, 149 

commentaries, and reviews. 150 

 151 

We screened all eligible studies to extract the study characteristics, study participants, 152 

types of variants, laboratory methods and antibody titers (Table S2). Data were 153 

digitized from the figures in papers by pre-trained investigators with a digital extraction 154 

tool if individual titer values were not available in table format19. We only extracted the 155 

titers expressed as reciprocal dilution of serum that neutralizes or inhibits 50% of the 156 

virus (e.g., NT50, PRNT50, etc.). When titers were not explicitly stated, but a category 157 
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defined as less than some value exists, we assumed a titer of half of this value (e.g., titer 158 

of 10 is assumed when “<20” was present). For individuals with multiple specimens, we 159 

only included one sample that most likely to have neutralization antibodies for each 160 

study participant to avoid repeated inclusion. The inclusion and exclusion of studies, 161 

screening and scrutinization of included studies, data extraction and verification were 162 

performed by two independent researchers, a third researcher was consulted when 163 

disagreement arose. 164 

 165 

Data Synthesis and Analysis 166 

The primary outcome variable was a pooled geometric mean titer (GMT), expressing an 167 

average level SARS-CoV-2 neutralizing titers for a group of individual titers. To be 168 

specific, we calculated lineage-specific GMT with extracted dataset across different study 169 

participants and types of neutralization assays, indicating three stratified factors (i.e., 170 

study participants, types of neutralization assays and lineages). 171 

 172 

Individual-level data were classified into four groups (Table S3). Briefly, 1) 173 

non-variant-infected individuals, which indicates acutely-infected or convalescent 174 

COVID-19 patients infected with parental strains or asymptomatic cases infected with 175 

non-variants; 2) variant-infected individuals, which refers to individuals infected with 176 

SARS-CoV-2 variants; 3) uninfected vaccine recipients, which refers to healthy vaccines 177 

who were not infected with either parental strains or the variants of SARS-CoV-2; 4) 178 

previously-infected vaccine recipients, which refers to vaccines who had been infected 179 
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with parental strains.  180 

 181 

Among different study participants, we further stratified studies by types of 182 

neutralization assays. Multiple neutralization assays used in included studies were 183 

classified into three categories based on the type of virus (authentic or pseudo) used and 184 

the types of vectors [lentivirus or vesicular stomatitis virus (VSV)] used in pseudovirus 185 

neutralization assays, namely, live virus neutralization assays, lentivirus-vector 186 

pseudovirus neutralization assays, and VSV-vector pseudovirus neutralization assays.  187 

 188 

Within specific study participants and types of neutralization assays, we calculated 189 

lineage-specific GMTs. The categories of SARS-CoV-2-variant lineages among included 190 

studies was consistent with taxonomy and classification of Phylogenetic Assignment of 191 

Named Global Outbreak Lineage (PANGO lineage)20. Specifically, lineage B.1.1.117, 192 

B.1.1.26, B.1.1.50, and B.1.1.29 served as the reference strains when comparing with 193 

SARS-CoV-2 variants in some studies11,16,21,22, and they were classified as lineage B.1 due 194 

to close phylogenetic distance and shared mutation site of 614G22,23. Emerging and 195 

circulating SARS-CoV-2 variants have been divided into three classes by SIG: variant of 196 

interest (VOI), variant of concern (VOC), and variant of high consequence (VOHC)24. VOIs 197 

include lineage B.1.526, B.1.525 and P.2, with increased transmissibility and disease 198 

severity, and VOCs include lineage B.1.1.7, B.1.351, P.1, B.1.427, and B.1.429, with 199 

significant reduction in neutralization and increased hospitalizations or deaths24. At the 200 

time of writing, no variants have been classified as VOHC24. The classification of all 201 
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lineages involved in eligible studies were shown in Table S4. 202 

 203 

For non-variant-infected subjects, we further explored potential determinants affecting 204 

the GMT, such as the sampling interval post symptom onset, and disease severity. 205 

Disease severity was assessed by classifying individuals as either hospitalized or 206 

non-hospitalized, based on World Health Organization COVID-19 Clinical management 207 

criteria25. We divided the post-symptom-onset sampling interval into three periods (i.e., 208 

0-30 days, 31-90 days, and >90 days) according to the distribution of sampling times in 209 

the extracted data (Figure S9). We stratified the uninfected vaccine recipients by 210 

vaccine platforms (e.g., non-replicating vector, RNA, inactivated, and subunit protein) 211 

and the sampling interval post vaccination (i.e., <14 days, 14-90 days, and >90 days) 212 

based on a study that evaluated antibody persistence through 6 months after 213 

vaccination26. Furthermore, we conducted a matched analysis for samples that had been 214 

tested simultaneously against reference strains and variants and calculated the fold 215 

changes of GMT. 216 

 217 

Statistical Analysis 218 

We first performed univariate subgroup analysis, then used multivariate linear 219 

regression models to control for potential confounding among non-variant-infected 220 

individuals and uninfected vaccinees to quantitatively explore potential factors that may 221 

affect GMT. For the multivariate regression model, we included pango lineage, vaccine 222 

platform, sampling interval after last dose, and sampling intervals post symptom onset, 223 
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and disease severity with available data. GMT was calculated as arithmetic mean of 224 

log-transformed titer based on natural logarithm form, and t-test 95% CI was estimated. 225 

Statistical significance was tested by Kruskal-Wallis rank sum test with Nemenyi’s 226 

post-hoc test. For paired samples, we used Wilcoxon matched-pairs signed-rank test. 227 

Only P-value less than 0.05 were considered statistically significant (P ≤ 0.05, *; P ≤ 0.01, 228 

**; P ≤ 0.001, ***). All statistical analyses were done using R (version 4.0.1). 229 
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Results 230 

Study selection and data extraction 231 

We identified a total of 5,182 studies after systematically searching multiple data 232 

sources with 2,307 coming from peer-reviewed databases, and 2,875 from preprint 233 

severs (Figure 1). After screening title, abstract, and full-text, 56 studies containing a 234 

total of 2,483 individuals and 8,590 neutralization measurements were included in our 235 

analysis, with previously uninfected vaccine recipients comprising more than half of 236 

studies (44 studies; 4,697/8,590 samples, 54.7%), followed by non-variant-infected 237 

individuals (41 studies; 3,440/8,590 samples, 40.0%), variant-infected individuals (8 238 

studies; 288/8,590 samples, 3.4%), and previously-infected vaccine recipients (6 studies; 239 

165/8,590 samples, 1.9%) (Figure 1). Live virus neutralization assays were most 240 

common (24 studies, 24/56, 42.9%), followed by lentivirus-vector pseudovirus 241 

neutralization assay (22 studies, 22/56, 39.3%) and VSV-vector pseudovirus 242 

neutralization assay (13 studies, 13/56, 23.2%) (Table S7). The lineage B.1.1.7 and 243 

B.1.351 were the two SARS-CoV-2 variants that had been studied the most, comprising 244 

more than two third of studies (B.1.1.7: 37 studies, 66.1%; B.1.351: 40 studies, 71.4%) 245 

and nearly half of measurements (B.1.1.7: 1,852 measurements, 21.6%; B.1.351: 2,422 246 

measurements, 28.2%) (Table S7). Other VOCs, such as lineage P.1 and B.1.427/B.1.429 247 

were the subject of 20 studies including 863 data points (Table S7).  248 

 249 

Level of neutralizing antibodies against SARS-CoV-2 variants among 250 

non-variant-infected individuals 251 
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Overall, among studies that evaluated neutralizing antibodies in individuals previously 252 

infected with nonvariants, 26.3% (5/19), 95.7% (22/23), and 88.9% (8/9) of the studies 253 

found a significant decrease in neutralization against B.1.1.7, B.1.351 and P.1, 254 

respectively. The neutralization levels of 6.2% (47/757), 20.0% (204/1,028), and 6.4% 255 

(16/249) samples against B.1.1.7, B.1.351 and P.1 were reduced to below the limitation 256 

of detection. 257 

 258 

In aggregate, neutralizing titers against B.1.351 were significantly reduced, followed by 259 

P.1, while titers against B.1.17 were not, when compared to reference lineages titers. 260 

With live virus neutralization assays, the pooled GMT was 254.6 (95% CI: 214.1-302.8) 261 

for lineage B.1.1.7, 79.2 (95% CI: 68.5-91.6) for B.1.351, 253.1 (95% CI: 194.9-328.8) for 262 

P.1, and 275.5 (95% CI: 146.4-518.5) for B.1.427/B.1.429, with an average of 3.4-fold (95% 263 

CI: 3.0-4.0) in B.1.351 when comparing to lineage B (Figure 2A). The decrease in 264 

neutralization for B.1.351 (3.5, 95% CI: 3.0-4.0) is similar when compared to lineage B.1, 265 

which has the 614G mutation. In matched analyses, the reduction in the ability of 266 

neutralization against B.1.1.7, B.1.351 and P.1 was 1.5 (95% CI: 1.0-2.2), 8.7 (95% CI: 267 

6.5-11.7) and 5.0-fold (95% CI: 4.0-6.2) compared with lineage B (Figure S2). For 268 

lentivirus-vector pseudovirus assays, the average reductions of GMT were 8.1-9.7 fold, 269 

4.2-5.1 fold, and 1.4-1.6 fold for lineage B.1.351, P.1, and B.1.1.7 compared to lineage 270 

B/B.1/B+D614G (Figure 2B). In terms of VSV-vector pseudovirus assays, the average 271 

reductions of GMT were 2.0-12.3 fold, 1.2-7.9 fold, and 1.2-7.5 fold for lineage B.1.351, 272 

P.1, and B.1.1.7 respectively when compared to reference strains (Figure 2C). 273 
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 274 

Serum collected from individuals infected with SARS-CoV-2 variants show increased 275 

neutralizing antibodies level against corresponding mutant strains (Figure S3). Notably, 276 

B.1.1.7-infected persons also show significant decreased neutralizing antibodies titers 277 

against B.1.351 (Figure S3). Multivariate analysis also indicated B.1.351had significantly 278 

reduced neutralizing activity for all three neutralization assays after controlling for 279 

sampling intervals post symptom onset and/or clinical severity, compared to reference 280 

lineages (Table S8). 281 

 282 

Level of neutralizing antibodies against SARS-CoV-2 variants among vaccine 283 

recipients 284 

Significant reductions in neutralization against B.1.1.7, B.1.351 and P.1 were found in 285 

48.1% (13/27), 100.0% (26/26) and 66.7% (6/9) of the studies in SARS-CoV-2 naïve 286 

vaccine recipients, respectively. Partial reductions reached the background levels, with 287 

the proportion of 4.0 (41/1,014), 19.1 (237/1,239), and 11.3 (32/281) against B.1.1.7, 288 

B.1.351 and P.1, respectively. 289 

 290 

Serum collected from uninfected vaccine recipients had diverse neutralizing antibody 291 

levels against SARS-CoV-2 variants across different vaccine platforms. In studies using 292 

the live virus neutralization assay, the non-replicating adenoviral vectored vaccine 293 

showed generally low GMT against B.1.351 in contrast to other vaccine delivery 294 

platforms, with an average of GMTs of 2.1 (95% CI: 1.1-4.1), 70.9 (95% CI: 50.8-98.9), 295 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted May 5, 2021. ; https://doi.org/10.1101/2021.05.03.21256506doi: medRxiv preprint 

https://doi.org/10.1101/2021.05.03.21256506
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

85.9 (95% CI: 75.9-97.2), and 66.6 (95% CI: 51.0-86.9) for platforms of non-replicating 296 

vector, inactivated virus, RNA, and protein subunit, respectively (Figure 3A). Using 297 

lineage B as a reference lineage, we found that the average reduction fold of neutralizing 298 

antibodies against B.1.351 was 240.2-fold (95% CI: 124.0-465.6) for non-replicating 299 

vector platform, 4.6-fold (95% CI: 4.0-5.2) for RNA platform, and 1.6-fold (95% CI: 300 

1.2-2.1) for protein subunit platform (Figure 3A). The neutralizing antibodies induced 301 

by administration of inactivated vaccines and mRNA vaccines against lineage P.1 were 302 

also remarkably reduced by an average of 5.9-fold (95% CI: 3.7-9.3) and 1.5-fold (95% CI: 303 

1.2-1.9) (Figure 3A).  304 

 305 

In paired-sample analysis, neutralizing titers induced by mRNA vaccine were reduced 306 

3.1-fold (95% CI: 2.4-3.9) against B.1.1.7, 2.7-fold (95% CI: 2.3-3.2) against P.1, and 307 

7.4-fold (95% CI: 6.4-8.5) against B.1.351, compared to prototype strain Wuhan-Hu-1 308 

that was used for vaccine design (Figure S4). In comparison to lineage B+D614G, 309 

significant reductions of antibody levels elicited by all included vaccine platforms 310 

against lineage B.1.351 were also found in two pseudovirus neutralization assays 311 

(P<0.05). Neutralizing antibodies against lentiviral-encapsulated P.1, P.2, and 312 

B.1.427/B.1.429 were also significantly reduced when comparing to lineage B+614G 313 

(P<0.01) (Figure 3B). Additionally, antibodies in serum collected from 314 

previously-infected vaccine recipients receiving RNA vaccines or non-replicating-vector 315 

vaccines were significantly higher than uninfected vaccine recipients in pseudovirus 316 

assays (Figure S7). In multivariate regression mode, we found that B.1.351, P.1 and 317 
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B.1.427/1.429 had significant lower GMT of neutralizing antibodies assessed by live 318 

virus neutralization assay, and we found that other vaccine platform shows significant 319 

higher antibody level than non-replicating-vector vaccine across all included virus 320 

strains (Table S9). 321 

 322 

Comparison between GMT of neutralizing antibodies induced by natural infection 323 

and vaccination 324 

Comparisons of the GMT of neutralizing antibodies induced by natural infections 325 

(non-variant-infected individuals) and vaccination (uninfected vaccine recipients) 326 

showed that individuals infected with parental strains had similar antibodies titers with 327 

individuals vaccinated with mRNA vaccines, but significantly higher antibodies titers 328 

than individuals administrated with non-replicating vector vaccines against lineage B.1, 329 

B.1.1.7 and B.1.351, when using live virus neutralization assay to detect neutralizing 330 

antibodies (Figure 4A). No significant differences between titers were found between 331 

non-variant-infected individuals and RNA vaccine-recipients against B.1.1.7, B.1.351 and 332 

P.1 tested by VSV-based pseudovirus neutralization assays (Figure 4C). 333 

 334 

Discussion 335 

Overall, we comprehensively estimate the antibody levels against preexisting 336 

SARS-CoV-2 viruses and recently emerging variants among different study participants 337 

using neutralizing antibodies as a protective biomarker. Our analyses found that 338 

antibodies in both naturally-infected and vaccine-immune sera/plasma had slightly 339 
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reduced but largely retained neutralizing activity against B.1.1.7. The neutralizing 340 

potency against B.1.351 and P.1 was significantly reduced compared to reference 341 

lineages. The antibody response after vaccinating with non-replicating vector vaccines 342 

against lineage B.1.351 was worse than responses elicited by vaccines on other 343 

platforms, and the level of neutralizing antibodies is lower than that of individuals who 344 

were previously infected. This finding suggests that immunity derived from natural 345 

infection or vaccination might be less able to neutralize some recently emerging variants, 346 

and antibody-based therapies may need to be updated.  347 

 348 

Neutralizing antibodies titers induced from both natural infections and vaccination 349 

against B.1.351 and P.1 were significantly lower than that against other variants or 350 

reference strains, mainly due to mutations in spike protein that were associated with 351 

decreased neutralizing potency to evade humoral immunity (e.g., E484K) 27. However, 352 

the decrease of neutralizing potency was more obvious in B.1351 than P.1, although both 353 

variants shared the E484K mutation, which could be partly explained by the distinct set 354 

of other mutations and/or deletions in the NTD region or enhanced neutralization of P.1 355 

by anti-RBD antibodies that bind outside of the RBD28. We found that convalescent and 356 

vaccine-induced immune sera had neutralizing potency against B.1.1.7 and B.1.427/ 357 

B.1.429 that are comparable with reference strains, suggesting that those mutations do 358 

not remarkably affect neutralizing activity. While mutations at 501 can increase affinity 359 

for angiotensin converting enzyme 2 (ACE2) and enhance transmissibility of B.1.1.729-31, 360 

variants of B.1.427/B.1.429 bearing spike mutations L452R, S13I, and W152C were only 361 
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associated with modest increases in secondary household attack rates, while no 362 

evidence of reduced neutralization capacity for these L452R SARS-CoV-2 variants were 363 

found32.However, continued vigilance is warranted given the potential for further 364 

mutations that might affect the immunogenicity of the vaccines or reduce the 365 

cross-reactivity of previously-induced antibodies by natural infections. 366 

 367 

Both previous infection and vaccination have been shown to provide potent protection 368 

against similar strains, but it is unclear how neutralizing antibodies against variants 369 

induced by natural infection and vaccination might be different. For the other two most 370 

prevalent variants, B.1.1.7 and B.1.351, natural infection-induced sera/plasma had 371 

significantly higher neutralizing levels than that attained by those vaccinated with 372 

non-replicating vector vaccine in live virus neutralization assay. Additionally, antibodies 373 

induced by RNA-vaccine had similar neutralizing level with antibodies derived from 374 

naturally-infected individuals against prevalent variants. This suggests that the 375 

neutralizing potency elicited by natural infection of previous prototype strains is 376 

relatively robust, whereas the immunity induced by vaccination depends on vaccine 377 

platform. 378 

 379 

Although some studies have shown that the neutralization levels from live virus and 380 

pseudovirus correlate well,33-35 we stratified the results by each of three neutralization 381 

assays to enhance comparability. The results from live virus assays could provide a 382 

comprehensive way to assess inherent viral fitness and the potential impact of other 383 
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mutations outside the spike region6,33-35. However, even within the same live virus 384 

neutralization test, different methods were used for experimental endpoints (e.g., 385 

cytopathic effect, fluorescence, etc.), and to report their final individual titers (e.g., NT50, 386 

NT80, etc.,). In addition, experimental procedures, such as virus titration, serum dilution, 387 

virus-serum neutralization, varied greatly across reports from different laboratories. 388 

Thus far, there is no integrated or standardized operation procedure for SARS-CoV-2 389 

neutralization assay (neither live virus nor pseudovirus), making comparison between 390 

studies difficult. International efforts to standardize laboratory methods for SARS-CoV-2 391 

neutralization tests are urgently needed. The previous work by WHO in standardizing 392 

procedures for avian influenza neutralization assays provides one useful example.36,37 393 

 394 

Our study has several limitations. First, this study synthesized different neutralization 395 

assay results to estimate pooled GMTs. While we stratified analyses by neutralization 396 

assays according to virus types and vectors to get the most comparable results, 397 

significant variation between assays persists. Second, in many studies, individual-level 398 

details were not reported, thus limiting our ability to adjust for potential confounding 399 

factors in multivariate regression. We tried to contact study authors, but the response 400 

rate was generally low. Thirdly, we did not assess the impact of preexisting cellular 401 

immunity, which could provide a degree of protection as reported in previous studies38.  402 

 403 

In conclusion, our study provides a comprehensive mapping of the neutralizing potency 404 

against SARS-CoV-2 variants induced by natural infection or vaccination. Our findings 405 
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suggest that immune sera/plasma retained most of its neutralizing potency against 406 

B.1.1.7 and B.1.427/ B.1.429 variants, but significantly lost neutralizing potency against 407 

B.1.351 and P.1 variants, with B.1.351 having the worst reductions. The evolution of 408 

SARS-CoV-2 lineage is still in process, and it’s unknown whether long-term 409 

accumulation of mutations can erode the neutralizing effectiveness of natural and 410 

vaccine elicited immunity, especially in the context of waning immunity. Therefore, 411 

longitudinal monitoring of emerging variants and antibody-induced immunity is of high 412 

importance, and standardized protocols for neutralizing antibody testing against 413 

SARS-CoV-2 are urgently needed. 414 
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Figure legends 545 

Figure 1. Selection flowchart of studies, study participants, and variants 546 

studied. 547 

 548 

Figure 2. Neutralizing antibodies against SARS-CoV-2 variants in 549 

non-variant-infected individuals. Neutralizing antibodies against reference 550 

strains (blue dot) and variants of concern (red dot) were determined in A) live 551 

virus neutralization assay, B) lentivirus-vector pseudovirus neutralization assay, 552 

and C) VSV-vector pseudovirus neutralization assay. The solid point represents 553 

the GMT and the error bar represents the 95% confidence interval. The 554 

scattering dot represents individual titers. The numbers in the bottom orange 555 

rectangle represent the number of studies and sample sizes (no. of studies/no. of 556 

samples). Significant statistical differences are indicated by asterisks (P ≤ 0.05, *; 557 

P ≤ 0.01, **; P ≤ 0.001, ***). 558 

 559 

Figure 3. Neutralizing antibodies against SARS-CoV-2 variants in uninfected 560 

vaccine recipients after the administration of different vaccine platforms. 561 

Neutralizing antibodies against reference strains (blue dot), variants of concern 562 

(red dot), variants of interest (green dot), and other variants (black dot) were 563 

determined in A) live virus neutralization assay, B) lentivirus-vector pseudovirus 564 

neutralization assay, and C) VSV-vector pseudovirus neutralization assay. The 565 

solid point represents the geometric mean titer (GMT) and the error bar 566 
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represents the 95% confidence interval. The scattering dot represents individual 567 

titers. The numbers in the bottom orange rectangle represent the number of 568 

studies and sample sizes (no. of studies/no. of samples). Significant statistical 569 

differences are indicated by asterisks (P ≤ 0.05, *; P ≤ 0.01, **; P ≤ 0.001, ***). 570 

 571 

Fig 4. Comparison between GMT of neutralizing antibodies induced by 572 

natural infection and vaccination by platforms. Neutralizing antibodies 573 

comparison were determined in A) live virus neutralization assay, B) 574 

lentivirus-vector pseudovirus neutralization assay, and C) VSV-vector 575 

pseudovirus neutralization assay. Neutralization against same lineage induced by 576 

natural infection and different platforms of vaccination was compared. The solid 577 

point represents the GMT and the error bar represents the 95% confidence 578 

interval. The scattering dot represents individual titers. The numbers in the 579 

bottom orange rectangle represent the number of studies and sample sizes (no. 580 

of studies/no. of samples). Significant statistical differences are indicated by 581 

asterisks (P ≤ 0.05, *; P ≤ 0.01, **; P ≤ 0.001, ***). N-R vector, non-replicating 582 

vector. 583 
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