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Abstract: (~150 words) 33 

Emergence of variants of concern (VOC) with altered antigenic structures and waning 34 

humoral immunity to SARS-CoV-2 are harbingers of a long pandemic. Administration 35 

of a third dose of an inactivated virus vaccine can boost the immune response. Here, 36 

we have dissected the immunogenic profiles of antibodies from 3-dose vaccinees, 2-37 

dose vaccinees and convalescents. Better neutralization breadth to VOCs, expeditious 38 

recall and long-lasting humoral response bolster 3-dose vaccinees in warding off 39 

COVID-19. Analysis of 171 complex structures of SARS-CoV-2 neutralizing 40 

antibodies identified structure-activity correlates, revealing ultrapotent, VOCs-41 

resistant and broad-spectrum antigenic patches. Construction of immunogenic and 42 

mutational heat maps revealed a direct relationship between “hot” immunogenic sites 43 

and areas with high mutation frequencies. Ongoing antibody somatic mutation, 44 

memory B cell clonal turnover and antibody composition changes in B cell repertoire 45 

driven by prolonged and repeated antigen stimulation confer development of 46 

monoclonal antibodies with enhanced neutralizing potency and breadth. Our findings 47 

rationalize the use of 3-dose immunization regimens for inactivated vaccines.  48 

 49 

 50 

 51 

One sentence summary 52 

A third booster dose of inactivated vaccine produces a highly sifted humoral immune 53 

response via a sustained evolution of antibodies capable of effectively neutralizing 54 

SARS-CoV-2 variants of concern.  55 

 56 

 57 

 58 
  59 
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Main Text:  60 

The ongoing coronavirus disease 2019 (COVID-19) pandemic caused by severe 61 

acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has lasted for one and a 62 

half years, resulting in an unprecedented public health crisis with over 4 million 63 

deaths globally. Progress in halting this pandemic seems slow due to the emergence 64 

of variants of concern (VOC), such as the B.1.1.7 (Alpha), B.1.351 (Beta), P.1 65 

(Gamma, also known as B.1.1.28.1) and more recent B.1.617.2 (Delta), that appear 66 

to be high transmissible and more resistant to neutralizing antibodies (1-4). While 67 

several types of COVID-19 vaccines are being deployed at a large scale, new variants 68 

are thought to be responsible for re-infections, either after natural infection or after 69 

vaccination, as observed in Brazil and the United States, respectively (5, 6). Closely 70 

correlated with these, a general decrease in immune protection against SARS-CoV-71 

2 variants within 6-12 months after the primary infection or vaccination is also 72 

observed (6-8). The prospect of genetic recombination and antigenic drift in recent 73 

SARS-CoV-2 variants together with non-uniform immune protections arising from 74 

heterogeneously waning humoral immunity in COVID-19 convalescent or 75 

vaccinated individuals, point to the potential risks of a long-term pandemic that could 76 

endanger the global human health, diminishing social, economic and outdoor leisure 77 

activities. A plausible approach to solving this problem is the administration of a 78 

third dose of the vaccine somewhere between 6 and 12 months after the 2nd dose of 79 

vaccination for enhancing and prolonging the protection. However, not much is 80 

known about the immunogenic features of such a booster dose of a COVID-19 vaccine. 81 

In addition, there are large gaps in our understanding about correlating immunogenic 82 

findings from surrogate endpoints to gauge vaccine efficacy.  83 

 84 

The CoronaVac, a 2-dose β-propiolactone-inactivated vaccine against COVID-19, 85 

has been approved for emergency use by the World Health Organization (9, 10). In 86 

human clinical trials (phase I/II, registration number: NCT04352608), a subgroup 87 

with a 3-dose immunization schedule at months 0, 1, 7 was also included. To evaluate 88 

immune features, we recruited 22 COVID-19 convalescents, 6 healthy participants 89 

(SARS-CoV-2 negative, confirmed by RT-PCR) and 38 volunteers who received 90 
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either 2 or 3 doses of the Coronavac vaccine for blood donation. The volunteers 91 

ranged from 16 to 69 years old (median 33); 30 (45.5%) were men and 36 (54.5%) 92 

were women. None of the volunteers recruited for vaccination was infected by 93 

SARS-CoV-2 prior to the study. Blood samples from convalescents and vaccinees 94 

collected 1.3 months after infection and the indicated times after vaccination were 95 

used in this study, respectively, to compare humoral immune responses elicited 96 

against circulating SARS-CoV-2 variants.  97 

 98 

Neutralizing antibodies (NAbs) are a major correlate of protection for many viruses, 99 

including SARS-CoV-2, and have also provided the best correlate of vaccine 100 

efficacy. Several types of SARS-CoV-2 neutralization assays have been described 101 

using either live SARS-CoV-2 or a pseudo-typed reporter virus carrying SARS-CoV-102 

2 spike protein (S). Both types of assays could yield reproducible neutralizing titers, 103 

with the pseudo-typed virus neutralization assay exhibiting higher sensitivity (11, 104 

12). Neutralizing activity of plasma samples from 66 participants was measured 105 

against WT, B.1.351, P.1 and B.1.617.2 using live SARS-CoV-2 and VSV-106 

pseudoviruses with the S from WT, B.1.1.7, P.1 variants and SARS-CoV (Fig. 1). 107 

The geometric mean half-maximal neutralizing titers (GMT NT50) against live 108 

SARS-CoV-2 in plasma obtained from convalescents and from vaccinees (4 weeks 109 

after the final vaccination) suggest an approximately 60% higher neutralizing 110 

activity against WT after 3-dose inoculation when compared with 2-dose 111 

administration, and 20% higher than those from convalescents (Fig. 1A). 112 

Interestingly, for the samples from the convalescents, 2-dose and 3-dose vaccinees, 113 

neutralizing titers against B.1.351 were, on average, 7.7-fold, 5.7-fold and 3.0-fold 114 

reduced, respectively, compared with WT (Fig. 1A). Similarly, fold decreases in 115 

neutralization ID50 titers against P.1 and B.1.617.2 for the three cohorts were 5.3, 4.3 116 

and 3.1, and 5.3, 3.7 and 2.3, respectively (Fig. 1A). Overall, plasma of the 3-dose 117 

vaccinees displayed minimal reduction in neutralization titers against several 118 

authentic VOCs compared to the convalescents and 2-dose vaccinees (Fig. 1A). 119 

Remarkably, ~41% (9/22) and 50% (6/12) samples from the convalescents and 2-120 

dose vaccinees, respectively, failed to reach 50% neutralization at a plasma dilution 121 
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of 1: 10, with ~14% (3/22) and 16% (2/12) showing a near ineffectiveness in 122 

neutralizing B.1.351 in vitro (Fig. 1A). By contrast, only 1 out of 14 samples from 123 

the 3-dose vaccinees exhibited a weak neutralizing titer below 10 (Fig. 1A). 124 

Importantly, the 3-dose vaccinees showed over 2.5-fold higher neutralizing potency 125 

against B.1.617.2 than the convalescents and 2-dose vaccinees (Fig. 1A). The GMT 126 

NT50 values measured by a VSV-pseudovirus with the WT S were 840, 660 and 1,176 127 

for convalescents, 2-dose and 3-dose vaccinees, respectively, which were 8-10-fold 128 

greater than those determined by live WT SARS-CoV-2 (Fig. 1A, 1B), confirming 129 

higher sensitivity of pseudovirus-based assays in determining neutralizing titers. In 130 

line with the results of live SARS-CoV-2 neutralization assay, the mean fold decrease 131 

in the neutralization of B.1.1.7 relative to the WT was 2.8-fold for convalescents, 132 

2.2-fold for 2-dose vaccinees and 1.7-fold for 3-dose vaccinees (Fig. 1B). Similarly, 133 

plasma from convalescents, 2-dose and 3-dose vaccinees exhibited a 4.5-fold, 2.9-134 

fold and 2.4-fold reduction, in NAb titers against P.1, respectively, when compared 135 

to the WT (Fig. 1B). These results reveal that a third-dose boost of inactivated 136 

vaccine leads to enhanced neutralizing breadth to SARS-CoV-2 variants, bolstering 137 

the potential to ward off VOCs effectively when compared to convalescent plasma. 138 

Of note, neither vaccination nor SARS-CoV-2 infection boosts distinct neutralizing 139 

potency against SARS-CoV, presumably due to the relatively far phylogenic 140 

relationship (Fig. 1B).   141 

 142 

To seek information on potential binding-neutralization correlates, the abilities of 143 

antibodies present in plasma to bind the receptor-binding domain (RBD), N-terminal 144 

domain (NTD), S-trimer and nucleoprotein (N) from SARS-CoV-2 and its variants 145 

were measured by enzyme-linked immunosorbent assay (ELISA). As expected, all 146 

COVID-19 convalescents and vaccinees exhibited high anti-RBD, anti-NTD, anti-S 147 

and anti-N titers for SARS-CoV-2 variants, but weak antibody reactivity to SARS-148 

CoV (Fig. 1C and fig. S1). Unexpectedly, the amount of N-specific IgG elicited by 149 

2-dose and 3-dose vaccination schedules was 2-6-fold lower than those of 150 

convalescents, and 2-6-fold lower than the antibodies targeting S or RBD in 151 

vaccinees, reflecting distinct serological profiles (Fig. 1C and fig. S1). Overall 152 
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plasma neutralizing activity against the WT was substantially correlated with anti-S 153 

and anti-RBD binding titers in ELISA. However, only marginal correlates between 154 

binding and neutralization potency were established for VOCs (fig. S2). In spite of 155 

this, a 3-dose administration elicits a broader range of antibody binding activities to 156 

VOCs with minimal decreasing folds than those of 2-dose vaccination and 157 

convalescents (Fig. 1D and fig. S2).  158 

 159 

To evaluate the nature of humoral immune response elicited by a booster dose of 160 

CoronaVac, the S-specific IgA, IgM and IgG titers and neutralizing activities against 161 

SARS-CoV-2 variants were monitored before and 4 weeks after the third 162 

immunization. S-specific IgM and IgA titers were generally lower and were not 163 

significantly boosted in response to the third-dose vaccination (Fig. 1E). Similar to 164 

most convalescents (2), approximately 80~90% of both anti-S IgG and NAb titers 165 

against the WT waned 6 months after the second vaccination (13), while the third-166 

dose administration of CoronaVac boosted these titers by ~20-fold at 4 weeks post 167 

vaccination (Fig. 1E and F). Significantly, vaccinees 6 months after the second 168 

immunization did not have detectable in vitro neutralizing activities against B.1.351, 169 

P.1 and B.1.617.2, while all vaccinees exhibited a robust recall humoral response to 170 

efficiently neutralize circulating variants post the third-dose vaccination (Fig. 1E and 171 

F). To further characterize the expeditiousness, longevity and immunological 172 

kinetics of recall response stimulated by the third-dose immunization, neutralizing 173 

potencies at days 0, 7, 14, 28, 90 and 180 post the third-dose vaccination were 174 

determined (Fig. 1G and H). Remarkably, NAb titer surged by ~8-fold (from 7 to 53) 175 

at week 1, peaked by ~25-fold increase (up to 177) at week 2 after the 3rd-booster 176 

and slowly decreased over time (Fig. 1G). Notably, NAb titer was maintained at 177 

around 60 on 180 days post the 3rd-booster, comparable to the high level of NAb titer 178 

elicited by the 2-dose administration (Fig. 1H). Taken together, these serological 179 

results reveal a third-dose booster can elicit an expeditious, robust and long-lasting 180 

recall humoral response.   181 

 182 

The molecular mechanism underlying these potent, broad and durative antibody 183 
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responses elicited by a third-dose booster 6 months after the administration of the 184 

second dose of the vaccine, might involve ongoing antibody somatic mutation and 185 

evolution of antibody by affinity maturation through prolonged and repeated antigen 186 

stimulation (14, 15). Although circulating antibodies derived from plasma cells wane 187 

over time, long-lived immune memory can persist in expanded clones of memory B 188 

cells (16). Thereby, we used flow cytometry to sort the SARS-CoV-2 S-trimer-189 

specific memory B cells from the blood of seven selected CoronaVac vaccinees, 190 

including four samples from 3-dose vaccinees and three samples from 2-dose 191 

vaccinees (Fig. 2A and fig. S3). The averaged percentage of S-binding memory B 192 

cells in 3-dose vaccinees was substantially greater than those in 2-dose vaccinees 193 

(Fig. 2A and fig. S3). Due to differences in labeling strategies employed for sorting 194 

SARS-CoV-2-specific B cells, the above percentage of memory B cells was not 195 

directly comparable with those reported in naturally infected individuals and in 196 

mRNA vaccinated individuals. The gated double-positive cells were single cell 197 

sorted and immunoglobulin heavy (IGH; IgG isotype) and light (IGL or IGK) chain 198 

genes were amplified by nested PCR. Overall, we obtained 422 and 132 paired heavy 199 

and light chain variable regions from S-binding IgG+ memory B cells from four 3-200 

dose and three 2-dose vaccinees, respectively (Fig. 2B and fig. S4). Surprisingly, 201 

expanded clones of cells comprised 45-61% of the overall S-binding memory B 202 

compartment in 3-dose vaccinees, which is approximately 2-fold higher than those 203 

in COVID-19 convalescents and in mRNA or 2-dose vaccinated individuals (Fig. 2B 204 

and C). When compared to 2-dose vaccinees, the increase in the number of persistent 205 

clones and various clonal compositions in 3-dose vaccinated group suggested an 206 

ongoing clonal evolution (Fig. 2B and C). Shared antibodies with the same 207 

combination of IGHV and IGLV genes in 3-dose vaccinees comprised ~20% of all 208 

the clonal sequences. Similar to natural infection and mRNA vaccination (2, 14, 16), 209 

IGHV3-30, IGHV3-53 and IGHV1-69 remained significantly over-represented in 3-210 

dose vaccinees (fig. S5). Meanwhile, notable differences in the frequency of human 211 

V genes between 3-dose vaccinated and the other two groups were observed as well 212 

(fig. S5). In 3-dose vaccinees, IGHV3-21, IGHV4-39 and IGHV7-4-1 were largely 213 

abundant, but IGHV5-51, IGHV3-66 and IGHV1-2 were significantly scarce when 214 
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compared to the other two groups (fig. S5), indicative of memory B cell clonal 215 

turnover. Notably, large-scale, single-cell sequencing datasets generated from two 216 

cohorts of 2-dose, 3-dose vaccinees and a group of convalescents revealed no distinct 217 

preference in the frequency of V genes at total B cell repertoire level (fig. S6), 218 

suggesting that a large abundance of antibodies with low expression or affinities exist 219 

in B cells. Additionally, the number of nucleotide mutations in the V gene in 3-dose 220 

vaccinees is higher than those in both 2-dose vaccinees and naturally infected 221 

individuals assayed after 1.3 and 6.2 months, but slightly lower than those in 222 

convalescent individuals 1 year after infection (Fig. 2D), revealing ongoing somatic 223 

hypermutation of antibody genes. There was no significant difference in the length 224 

of the IgG CDR3 between vaccinated (either mRNA or inactivated) and convalescent 225 

(after 1.3 or 6.2 or months) groups (fig. S7). These results reveal that a third-dose 226 

booster 6 months after the second vaccination elicits an enhanced and anamnestic 227 

immune response, which is led by clonal evolution of memory B cell and ongoing 228 

antibody somatic mutations, resulting in enhanced neutralizing potency, breadth and 229 

longevity of the immune response against SARS-CoV-2.          230 

 231 

To further explore the immunogenic characteristics of the antibodies obtained from 232 

memory B cells in 3-dose vaccinees, 48 clonal antibodies, designated as XGv01 to 233 

XGv50 (no expression for XGv37 and XGv48) were expressed and their antigen 234 

binding abilities verified by ELISA (fig. S8). Biolayer interferometry affinities (BLI) 235 

measurements demonstrated that all antibodies bound to WT SARS-CoV-2 at sub-236 

nM levels (fig. S9 and table S1). The normalized geometric mean ELISA half-237 

maximal concentration (EC50) revealed that all antibodies (EC50=4.5 ng/ml) obtained 238 

from 3-dose vaccinees, in particular RBD-specific mAbs (EC50=3.5 ng/ml), 239 

possessed higher binding activities than RBD-mAbs from early convalescents (at 1.3 240 

and 6.2 months after infection, EC50=5.0 and 6.8 ng/ml, respectively) and mRNA 241 

(EC50=4.4 ng/ml) vaccinated individuals (2, 14-18), but were comparable to those 242 

from late convalescent individuals (EC50=2.6 ng/ml) assessed at 12 months after 243 

infection (Fig. 2E). These results indicate the possibility of the loss of antibodies 244 

with low binding affinities over time or an ongoing increase in affinity under the 245 
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repeated exposures of antigen. Among these antibodies tested, 26 bound to RBD, 16 246 

targeted NTD, and 6 interacted with neither RBD nor NTD, but bound S1 (S1/non-247 

RBD-NTD) (fig. S9 and table S1). Pseudovirus neutralization assay revealed that all 248 

RBD-specific antibodies, 10 (~60%) of the 16 NTD-directed antibodies and 3 249 

(~50%) of the 6 S1/non-RBD-NTD antibodies were neutralizing, presenting a 250 

relatively high ratio for NAbs (Fig. 2F, fig. S10 and table S2). Authentic SARS-CoV-251 

2 neutralization assay results largely verified their neutralizing activities, albeit with 252 

that higher concentrations were required for some NAbs (fig. S11). Compared to 253 

RBD antibodies, many NTD NAbs exhibited very limited neutralizing activities. 254 

Notably, approximately 30% of RBD antibodies showed extra potent activities with 255 

half-maximal inhibitory concentration values (IC50) < 0.1 nM. In line with binding 256 

affinity, the normalized geometric mean IC50 of the RBD antibodies of 3-dose 257 

vaccinees was 80 ng/ml, substantially lower than those from naturally infected 258 

individuals (ranging from 1.3 to 6.2 months, IC50=130-160 ng/ml) and mRNA 259 

vaccinated individuals (IC50=150 ng/ml), but similar to those from late convalescents 260 

(IC50=78 ng/ml) (Fig. 2E) (2, 14-18). The overall increased neutralizing potency 261 

might have resulted from the ongoing accumulation of clones expressing antibodies 262 

with tight binding and potent neutralizing activities. Our experimental observations 263 

are consistent with a more recent study where antibodies generated from clonal B 264 

cells after 12 months showed enhanced neutralizing activities (14, 15).     265 

 266 

To examine the cross-reactivity against VOCs and other human coronaviruses, 267 

binding responses of these antibodies to WT, B.1.1.7, P.1, B.1.351, B.1.617.2, SARS-268 

CoV, HuCoV NL63, HuCoV 229E and HuCoV HKU1 were measured. All but 2 of 269 

the 48 antibodies showed strong cross-binding to SARS-CoV-2 VOCs and about one-270 

third of antibodies exhibited clear cross-reactivity to SARS-CoV, but none of these 271 

bound to HuCoV NL63, HuCoV 229E or HuCoV HKU1 (fig. S12). For ~ 20% and 272 

25% of RBD- and NTD-targeting antibodies, respectively, binding affinities against 273 

B.1.351/B.1.617.2 were over 10-fold reduced compared with WT (Fig. 2E). To 274 

further determine the neutralization breadth, the neutralizing activity of these 275 

antibodies was assayed against five VOCs and SARS-CoV. Out of 26 RBD NAbs, 276 
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24 possessed cross-neutralization activity against all five SARS-CoV-2 VOCs (Fig. 277 

2F and fig. S13). Among these, six RBD antibodies could cross-neutralize SARS-278 

CoV, of which 2 exhibited more potent neutralization activity against SARS-CoV 279 

with IC50 values of 41 and 73 ng/ml. However, most of the NTD and S1/non-RBD-280 

NTD NAbs lost their abilities to inhibit viral infection (Fig. 2F and fig. S13), 281 

indicative of higher variations for the NTD in VOCs. In comparison with NAbs from 282 

early convalescents, antibodies isolated from 3-dose vaccinees showed overall 283 

enhanced neutralizing potency and breadth to VOCs.    284 

 285 

RBD is one of the main targets of neutralization in SARS-CoV-2 and other 286 

coronaviruses. Due to its inherent conformational flexibility, RBD exists in either an 287 

“open” (ACE2 receptor accessible) or “closed” (ACE2 receptor inaccessible) 288 

configuration (19, 20), bearing antigenic sites with distinct “neutralizing sensitivity”. 289 

To dissect the nature of the epitopes of RBD targeted by NAbs, 171 SARS-CoV-2 290 

RBD-targeting NAbs with available structures (2, 15, 21-82), including 8 cryo-EM 291 

structures determined in this manuscript (fig. S14-S15 and table S3), were examined. 292 

By using cluster analysis on epitope structures, the antibodies were primarily 293 

classified into six sites (Ⅰ, Ⅱ, Ⅲ, Ⅳ, Ⅴ and Ⅵ) (Fig. 3A and fig. S16), that are related 294 

to the four or five classes assigned in recent studies (22, 31). Additionally, we 295 

superimposed structures of RBDs from these complex structures and calculated the 296 

clash areas between any 2 NAbs (Fig. 3B). Both strategies yielded identical results. 297 

Combining the results of the characterization of binding and neutralization studies 298 

reported previously with those determined here, the key structure-activity correlates 299 

for the six classes of antibodies were analyzed (Fig. 3). Antibodies with sites Ⅰ, Ⅱ and 300 

Ⅲ, most frequently elicited by SARS-CoV-2 early infection, target the receptor-301 

binding motif (RBM), and potently neutralize the virus by blocking the interactions 302 

between SARS-CoV-2 and ACE2 (Fig. 3C and D). Class I antibodies, mostly derived 303 

from IGHV3-53/IGHV3-66 with short HCDR3s (generally <15 residues), recognize 304 

only the “open” RBD, and make contact with K417 and N501, but not 305 

L452/T478/E484 (Fig. 3C and D, and fig. S16-S17). Notably, mutations such as 306 

K417N, L452R, T478K, E484K and N501Y, or combinations of these mutations, 307 
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identified in several VOCs like B.1.1.7, B.1.617.2, P.1 and B.1.351, have been 308 

demonstrated to be key determinants for the viral escape of neutralization by many 309 

NAbs (fig. S18) (1, 81). Approximately ~75% and 60% of class I NAbs were 310 

significantly impaired in binding and neutralizing activities against B.1.351 as well 311 

as P.1, respectively, due to the combined mutations of K417N/T and N501Y (Fig. 3D 312 

and E, and fig. S18). Contrarily, Class III antibodies that are encoded by IGHV1-2 313 

and other variable heavy (VH)-genes and bound to RBD either in “open” or “closed” 314 

conformation, extensively associate with E484, and partially with L452, but not 315 

K417/T478/N501 (Fig. 3D and fig. S17C). Interestingly, IGHV3-53/IGHV3-66 RBD 316 

antibodies with long HCDR3s (>15 residues) switch their epitopes from the site I to 317 

site III, indicating a clear antigenic drift during the process of somatic 318 

hypermutations (fig. S17C). Disastrously, over 90% class III antibodies showed a 319 

complete loss of activity against B.1.351 as well as P.1 largely owing to an E484K 320 

mutation (Fig. 3E). Against B.1.617.2, the substantially decreased activity of ~half 321 

of the class III antibodies is presumably mediated by L452R (Fig. 3E). Class II 322 

antibodies use more diverse VH-genes and target the patch lying between sites I and 323 

III (Fig. 3D and fig. S19). Surprisingly, antibodies binding to site II possess relatively 324 

lower specificity in recognition of epitope clusters ranging from K417, L452, S477, 325 

E484 to N501 (fig. S16). Like site I, site II can only be accessed when the RBD is in 326 

“open” conformation (Fig. 3A). As expected, the effects of mutations on the activity 327 

of class II antibodies were severe, two-thirds of these antibodies had >10-fold fall in 328 

neutralization activities against VOCs (Fig. 3E). Overall, the above analysis reveals 329 

that the RBD mutations identified in several VOCs can significantly reduce and, in 330 

some cases, even abolish the binding and neutralization of classes I to III antibodies, 331 

albeit being the most potent neutralizing antibodies against WT SARS-CoV-2.  332 

 333 

By contrast, antibodies of the other three classes recognize evolutionarily conserved 334 

regions distinct from the RBM and some of these are often cross-reactive with other 335 

sarbecoviruses (65-67, 79). The binding of class IV antibodies, albeit attached to the 336 

apical shoulder of the RBM, is focused on a condensed patch that comprises residues 337 

345-346, 440-441, 444-446, 448-450, which are not related to mutations observed in 338 
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VOCs (Fig. 3C and fig. S16). Related to the binding position, site IV epitopes, 339 

accessible in both “open” and “closed” conformations, exist either as partially 340 

overlapped with or outside ACE2 binding sites (Fig. 3A). Interestingly, class IV 341 

antibodies can execute their neutralizations via multiple mechanisms, such as (i) 342 

direct blockage of RBD-ACE2 associations, (ii) bridging adjacent “closed” RBDs to 343 

lock the S-trimer into a completely closed prefusion conformation, (iii) blockage of 344 

viral membrane fusion by locking conformational changes of the S-trimer, or (iv) Fc-345 

dependent effector mechanisms (31, 62, 67). Class IV antibodies, e.g. 1-57, 2-7, S309 346 

and BD-812, hold the greatest potential for harboring ultra-potent neutralization 347 

activity and markedly high tolerance to most VOCs (63, 67). Not surprisingly, all class 348 

IV antibodies, but CV07-270, exhibited excellent neutralizing breadth and potency to 349 

VOCs (Fig. 3E). The probable reason underlying the exception could be that CV07-350 

270 bears an unusually long HCDR3, directly contacting E484, distal to the site IV (46). 351 

Site V locates beneath the RBM ridge, opposite to the site I, and adjacent to the site 352 

III. None of the class V antibodies compete with ACE2 binding (Fig. 3D and fig. 353 

S17). Due to ~40% targeting frequency to L452, B.1.617.2, but not other VOCs, 354 

partially decreased the activities of some class V antibodies (Fig. 3E). Class VI 355 

antibodies recognize a patch on one side of the RBD, distal from the RBM. Among 356 

these, some compete with ACE2 binding, while some do not, and this largely depends 357 

on the orientation/pose of the antibodies bound. Both sites V and VI contain cryptic 358 

epitopes that are only accessible when at least one RBD is in the open state (Fig. 3A 359 

and C). In some cases, e.g. FC08 and CR3022, belonging to class V and VI, 360 

respectively, epitopes are only accessible in the prefusion S-trimer under the 361 

condition that all RBDs are open, suggesting that binding of these antibodies would 362 

facilitate the destruction of the prefusion S-trimer (83, 84). In spite of less potency, 363 

antibodies targeting sites V to VI are mostly tolerant to the VOCs.    364 

 365 

Low levels of NAbs elicited by either natural infection or vaccination during in vivo 366 

viral propagation may impose strong selection pressure for viral escape, leading to 367 

an increase in the number of SARS-CoV-2 variants. To further understand the drivers 368 

of viral evolution, we constructed immunogenic and mutational heatmaps for RBD 369 
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using the 171 NAb complex structures to estimate in vivo NAb-targeting frequencies 370 

on the RBD and viral mutation frequencies (calculated from the datasets in the 371 

GISAID), respectively (Fig. 3D and fig. S19). Briefly, for each antibody, we 372 

identified epitope residues and calculated the frequency of each RBD residue being 373 

recognized by antibody. Immunogenic heatmap revealed that the epitope residues of 374 

sites I to III showed predominantly higher NAb recognition frequencies (about 53.8, 375 

55.0 and 49.2 antibodies per residue on average for site I, II and III, respectively) 376 

compared with those of sites IV to VI (about 19.4, 9.1 and 14.3 antibodies per 377 

residues on average for site IV, V and VI, respectively), suggesting that class I to III 378 

antibody epitopes are “hot” immunogenic sites (Fig. 3D and fig. S19). In line with 379 

this, residues within sites I to III exhibited dramatically higher mutation frequencies, 380 

as revealed in circulating variants that include mutations of K417, L452, S477, T478, 381 

E484 and N501 residues (Fig. 3D and fig. S19). Surprisingly, none of the top 9 hottest 382 

immunogenic residues had a high mutation frequency. In particular, residues, such 383 

as F486, Y489, Q493, L455, F456, et.al (top 5, having 96, 96, 81, 73 and 70 384 

antibodies per residue, respectively) with large side chains exhibited extremely low 385 

mutation frequencies in circulating SARS-CoV-2 strains (Fig. 3D and fig. S20). It’s 386 

worthy to note that all these residues are extensively involved in the recognition of 387 

ACE2. The buried surface area (BSA) of these residues upon binding to ACE2 388 

confirmed that extensive interactions would be significantly reduced by amino acid 389 

substitutions, thereby affecting ACE2-mediated viral entry. Thus, genetic, structural 390 

and immunogenic analysis explains why mutations at these positions would not be 391 

selected.   392 

 393 

A few studies have reported that a subset of NTD-targeting antibodies can be as 394 

potent as best-in-class RBD specific antibodies. They work via inhibiting a step post-395 

attachment to cells like blocking fusion of the virus to the host cell membrane (85-396 

88). We performed cluster analysis on 26 structures of the NTD-NAb complexes 397 

(including 2 structures solved in this manuscript) (fig. S21A) (54, 85-93). A 398 

dominant site α, defined as the “supersite” in more recent studies (85-88), comprising 399 

of three flexible loops (N1, N3 and N5), is the largest glycan-free surface of NTD 400 
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facing away from the viral membrane (facing up). Antibodies targeting site α 401 

generally exhibited the most potent neutralizing activity compared to other sites on 402 

the NTD (85, 90) (fig. S21B and C). The NTD supersite antibodies are primarily 403 

derived from a subset of VH-genes with an over-representation of IGHV1-24. Sites 404 

β and γ, as the left and right flank clusters, construct a shallow groove beneath the 405 

supersite and locate at the back of the groove, eliciting less potent antibodies. By 406 

contrast, δ antibodies, bound to a patch beneath the groove have their Fab constant 407 

domains directed downward toward the virus membrane (facing down) (fig. S21B 408 

and C). In line with binding orientation, many of the δ antibodies were shown to 409 

present infection enhancing activities in vitro (54, 90). Perhaps correlated with being 410 

a “hot” immunogenic site that is amenable to potent neutralization, highly frequent 411 

mutations, including a number of deletions within the NTD supersite were identified 412 

in most VOCs under ongoing selective pressure, leading to significant reduction and 413 

in some cases even complete loss of neutralization activity for these NTD supersite 414 

NAbs (94).  415 

 416 

More recent studies have reported that SARS-CoV-2 infection can produce a long-417 

lasting memory compartment that continues to evolve over 12 months after infection 418 

with ongoing accumulation of somatic mutations, emergence of new clones and 419 

increasing affinity of antibodies to antigens (14, 15). Consequently, an increase in 420 

breadth and overall potency of antibodies produced by memory B cells over time has 421 

been revealed (14), akin to the experimental observations elicited by a 3-dose 422 

vaccination strategy using an inactivated vaccine described in this study. To 423 

investigate whether changes in the frequency of distribution of the six types of RBD 424 

antibodies is associated with evolution time, we collated and categorized human 425 

SARS-CoV-2 NAbs from available literatures. For antibody clustering, we combined 426 

structural and square competition matrix analysis for 273 RBD NAbs in total (Fig. 427 

4A and fig. S22). In the earliest documented studies (before Dec 2020), NAbs 428 

belonging to classes I to III were predominantly identified in early COVID-19 429 

convalescent and 2-dose vaccinated individuals (defined as early time point), 430 

accounting for up to ~80% of total antibodies. By contrast, a low ratio of NAbs from 431 
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IV to VI was reported possibly due to their less potent activities at the early time 432 

point (Fig. 4A). In recent literatures (after Dec 2020), NAbs with enhanced 433 

neutralizing potency and breadth from IV to VI have substantially been enriched in 434 

the late convalescents or 3-dose vaccinees, almost equal in frequency to antibodies 435 

from I to III and further becoming ascendant in individuals immunized with 3 doses 436 

of inactivated vaccine (Fig. 4A). Differential frequency of distribution of antibody 437 

types may provide an additional possible explanation for the observed enhanced 438 

neutralizing breadth of plasma in late convalescent individuals and 3-dose vaccinees. 439 

These results suggest that memory B cells display clonal turnover after about 6 440 

months, subsequently resulting in changes in the composition of antibodies in B cell 441 

repertoire and thereby partially contributing to enhanced activities of antibodies 442 

secreted in the plasma over time. To explore the underlying mechanism, we measured 443 

the binding affinities of 167 type-classified antibodies that are also further 444 

categorized into early and late time point groups (table S1 and fig. S9). For the late 445 

time group, there was a 10-20 fold increase in binding affinity for individual classes, 446 

compared to those in the early time point group (Fig. 4B). In early time point group, 447 

antibodies from IV to VI exhibited higher binding affinities to the RBD than those 448 

from I to III, in particular, antibodies from V and VI despite limited numbers (Fig. 449 

4B). Possibly higher affinities for these antibodies are required to accomplish 450 

neutralization successfully. Thus, most antibodies from V and VI with low affinities 451 

and activities might be screened out in the early time point. In the late point group, 452 

sub-nM binding affinities for individual class antibodies with no distinct variations 453 

were observed, reflecting ongoing affinity maturation over time. This might also 454 

explain the observation that some antibodies,  from I to III isolated in the late time 455 

point possess potent cross-neutralization activities (Fig. 3E). Our antibody clustering 456 

and V gene usage analysis suggests that individual class antibodies can be derived 457 

from multiple V genes and the shared V gene antibodies belong to different classes. 458 

To decipher the intrinsic trends in the relationship between binding affinity and 459 

somatic hypermutation (SHM) rate, we determined the relative affinity (KD) and 460 

calculated the SHM rate of antibodies that are encoded by the same V gene and 461 

belong to the same class. The measured KD–SHM plots and KD–SHM log-log plots of 462 
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class I antibodies (n=61), including 32 NAbs derived from IGHV3-53, show least 463 

squares fitting of data to a power law with a strong correlation of -0.81 for IGHV3-53 464 

antibodies (-0.55 for all class I antibodies) (Fig. 4C).  The absolute value of its slope 465 

corresponding to a free energy change per logarithm (base e) SHM of cal	nmol!", 466 

where free energy change is 4.98,- + 1.48,- ln(123) (, = 2.0	cal	K!"	nmol!" 467 

and T = 298 K). Antibodies with adequate numbers tested from II and III exhibited 468 

similar trends by following a power law, among which IGHV3-66 antibodies in class 469 

II yielded a compelling correlation of -0.94 despite 6 plots involved in the fitting 470 

(Fig. 4C).  These trends indicate that as the SHM increase, the binding energy 471 

increases and KD value decreases.  472 

 473 

More recently, the B.1.617.2 variant has contributed to another surge in COVID-19 474 

cases worldwide, accounting for ~90% of new cases in the UK and >40% in the US, 475 

despite the fact that increasing number of people have been vaccinated. Evaluation 476 

of the effectiveness of several vaccines performed recently suggests that the efficacy 477 

for VOCs correlates with full vaccination status and the time that has passed since 478 

vaccination (95, 96). These may indicate that the effectiveness of the vaccines has 479 

started to decline as months pass after vaccination due to fading immunity. Our 480 

results demonstrate that a third-dose booster of inactivated vaccine can elicit an 481 

expeditious, robust and long-lasting recall humoral response which continues to 482 

evolve with ongoing accumulation of somatic mutations, emergence of new clones 483 

and increasing affinities of antibodies to antigens, conferring enhanced neutralizing 484 

potency and breadth. Collectively, our findings rationalize the use of 3-dose 485 

vaccination regimens. 486 

 487 
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 526 

Fig. 1 A 3rd-dose booster of an inactivated vaccine elicits an expeditious and 527 

long-lasting recall antibody response  528 

Plasma neutralizing activity evaluated by authentic SARS-CoV-2 (A) and pseudo-529 

typed SARS-CoV-2 neutralization assays (B) Left: half-maximal neutralizing titer 530 

(NT50) values for plasma from COVID-19 convalescents, 2-dose, 3-dose CoronaVac 531 

vaccine recipients (at week 4 after the last dose of vaccination) and negative controls 532 

(pre-COVID-19 historical control) against live SARS-CoV-2 WT, B.1.351, P.1 and 533 

B.1.617.2, and VSV-based SARS-CoV-2 pseudoviruses bearing WT or B.1.1.7 or P.1 534 

S protein. Black bars and indicated values represent geometric mean NT50 values. 535 

Statistical significance was determined using the two-tailed Wilcoxon matched-pairs 536 

test. Experiments were repeated in triplicate. Dotted lines indicate the limit of 537 

detection. Right: fold decrease in neutralization for each variant relative to WT for 538 
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each cohort of plasma samples (calculated from the left datasets) is shown.     539 

(C) IgG endpoint antibody responses specific to the N, RBD and S of WT SARS-540 

CoV-2 were measured in plasma samples collected from cohorts as described earlier.  541 

(D) Fold decrease in specific binding to the RBD, NTD and S for each variant over 542 

WT for each cohort of plasma samples as described above.  543 

(E) IgA, IgM and IgG endpoint antibody titers specific to the S of WT SARS-CoV-544 

2 or its variants in plasma samples collected from vaccinees before and 4 weeks after 545 

the 3rd-dose immunization.  546 

(F) Neutralizing titers against live SARS-CoV-2 WT, P.1, B.1.351 and B.1.617.2 for 547 

plasma from vaccinees before and 4 weeks after the 3rd-dose immunization. Black 548 

bars and indicated values represent geometric mean NT50 values. 549 

(G) Longitudinal neutralizing titers of plasma from 3-dose vaccinees at days 0, 7, 550 

14, 28, 90 and 180 post the 3rd-dose vaccination. The geometric mean NT50 values 551 

are labeled.  552 

(H) Kinetics of the 3rd-dose booster elicited recall response as indicated during 553 

monitoring of NAb titers at different time points. The green and blue curves show 554 

the changes in kinetics of NAb titers for pre-3rd-dose and post-3rd-dose vaccination, 555 

respectively.  556 

 557 
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 559 
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 568 

Fig. 2 Memory B cell antibodies elicited by a 3rd-dose booster of an inactivated 569 

vaccine 570 

(A) Representative flow cytometry plots showing dual allophycocyanin (APC)-S- 571 

and phycoerythrin (PE)-S-binding B cells for vaccinees and control donor.   572 

(B) Pie charts represent the distribution of antibody sequences from the four 3-dose 573 

vaccinees. The number in the inner circle is the number of sequences analyzed here. 574 

Pie-slice size is proportional to the number of clonally related sequences. The black 575 

outline indicates the frequency of clonally expanded sequences detected individually. 576 

Colored slices reveal clones that share the same IGHV and IGLV genes. 577 

(C) Graph shows relative clonality among seven individuals who received 2-dose or 578 

3-dose of inactivated vaccines. Relative clonality for COVID-19 convalescents 579 

assayed at 1.3, 6.2 and 12 months after infection, as well as 2-dose mRNA vaccine 580 

recipients (2, 14, 18), previously described by Michel’s group, was compared. Black 581 

 . CC-BY 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted September 5, 2021. ; https://doi.org/10.1101/2021.09.02.21261735doi: medRxiv preprint 

https://doi.org/10.1101/2021.09.02.21261735
http://creativecommons.org/licenses/by/4.0/


  

horizontal bars indicate mean values. Statistical significance was determined using 582 

two-tailed t-test. 583 

(D) Number of somatic nucleotide mutations in the IGHV (left) and IGLV (right) in 584 

antibodies from vaccinees, including 2-dose or 3-dose of inactivated vaccines and 2-585 

dose of mRNA vaccines and COVID-19 convalescents assayed at 1.3, 6.2 and 12 586 

months after infection (2, 14, 18). 587 

(E) Normalized ELISA binding (EC50) by antibodies isolated from the 3-dose 588 

inactivated and 2-dose mRNA vaccinees (ref) as well as COVID-19 convalescents to 589 

SARS-CoV-2 S trimer (left) and normalized pseudovirus neutralization activity 590 

(IC50) (right) against SARS-CoV-2 assayed at 1.3, 6.2 and 12 months after infection 591 

(ref). Among these, eight antibodies reported by Michel’s group were expressed and 592 

assessed for both binding by ELISA and pseudovirus neutralization activity for 593 

normalized comparison here. Black horizontal bars indicate mean values. 594 

(F) BLI binding affinities (upper panel) and pseudo-typed virus neutralization 595 

(bottom panel) by antibodies isolated from the 3-dose vaccinees to circulating SARS-596 

CoV-2 variants. Color gradient for upper panel indicates KD values ranging from 0 597 

(green), through 2.5 (yellow) and 5 (red) to 25 nM (purple). Gray suggests no/very 598 

limited binding activity (>1000 nM). Color gradient for bottom panel indicates IC50 599 

values ranging from 0 (green), through 20 (yellow) and 200 (red) to 2000 ng/ml 600 

(purple). Gray suggests no/very limited neutralizing activity (>2000 ng/ml).  601 

 602 
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 610 

Fig. 3 Structural landscape and immunogenic features of RBD NAbs 611 

(A) Structure-based antigenic clustering of SARS-CoV-2 RBD NAbs. A total of 171 612 

RBD NAbs with available structures were classified into six clusters (Ⅰ, Ⅱ, Ⅲ, Ⅳ, Ⅴ 613 

and Ⅵ). NAbs that can block ACE2 binding or not are outlined by light pink and 614 

light yellow, respectively. NAbs that can attach to the closed RBD or not are outlined 615 

by gray blue and gray green, respectively. 616 

(B) Superimposition matrix of 171 RBD NAb structures’ output from clashed areas 617 

(Å2) between variable regions of any two Fab fragments showing the clustering into 618 
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six antibody classes.   619 

(C) Surface representative model of six types of NAbs bound to the RBD. Fab 620 

fragments of six representative antibodies are shown in different colors and the RBD 621 

is colored in gray. Insets illustrate the antigenic patches targeted by six representative 622 

antibodies. Dashed dots indicate the overlaps between two adjacent antigenic 623 

patches. 624 

(D) Structural landscapes of the six classes of RBD NAbs (upper panel). Antigenic 625 

patches (with targeting frequency >30%) recognized by six classes of NAbs are 626 

outlined in the assigned color scheme (same to Fig. 3C), among which residues with 627 

“hot targeting frequency” (generally over 65%, but over 85% in class I) are shown 628 

in bright colors corresponding to the patches they belong to. Residues involved in 629 

two (such as Y489, L452) or three (such as F486) neighboring antigenic patches are 630 

presented in a mixed color. Representative “hot” antigenic residues are labeled. 631 

Middle: hot map for antigenic residues on the RBD. Per residue frequency 632 

recognized by the 171 NAbs were calculated and shown. The top 9 of the hottest 633 

antigenic residues and key residues with substitutions in several VOCs are marked 634 

and labeled. Bottom: hot map for circulating variants with mutations on the RBD. 635 

Mutation frequency for each residue was calculated based on the datasets from 636 

GISAID. 637 

(E) Immunogenic characteristics of six classes of RBD-targeting NAbs. Hot maps 638 

show relative fold changes in KD values (up) and IC50 values (down) against several 639 

VOCs for the six classes of NAbs, including previously reported (97-108) and newly 640 

isolated antibodies described in this manuscript. Color gradients for upper and 641 

bottom panels indicate relative fold changes and are shown at right side. “-”: no 642 

related datasets in the original studies and related references are listed. Ref “A” 643 

indicates that the datasets were produced in this manuscript. Other letters in Ref 644 

correspond to different reference numbers shown as below. B – 91 and this 645 

manuscipt, C – 99 and this manuscript, D – 97, E – 30, 81, 103 and 104, F – 99, G – 646 

98, H – 100 and 108, J – 101, K – 94 and 102, L – 105 and 106, M – 94, N – 105, O 647 

– 107, P – 82, Q – 66, respectively.  648 
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  649 

Fig. 4 Antibody evolution and affinity maturation 650 

(A) Uniform manifold approximation and projection (UMAP) plot displaying the 651 

antibodies defined as the early time point group (left) and late time point group 652 

(right). The antibodies are colored based on their cluster assignments by the 653 

hierarchical clustering algorithm. Antibodies from I to III and IV to VI are 654 

highlighted in cyan and gray blue background, respectively. Pie charts represent the 655 

frequency distribution of antibodies belonging to I to III and IV to VI. Antibodies 656 

isolated from 3-dose vaccinees are outlined by black lines.   657 

(B) Dissociation constants (KD) of the antibodies from I to VI. Individual class 658 

antibodies are represented in colors corresponding to the classes they belong to. The 659 

color scheme is same as Fig. 4A. BLI traces are shown in fig. S9.  660 

(C) The measured KD–SHM plots (left) and KD–SHM log-log plots (right) of 661 

antibodies from I and II are shown. IGHV3-53 and IGHV3-66 antibodies belonging 662 

to class I and II are colored in yellow and green, respectively. The straight curves 663 

and lines are the least squares fits of the data to the power law with the values of the 664 

slope for IGHV3-53 and IGHV3-66 antibodies. The black curves and lines indicate 665 

the fitting of antibodies from I or II; the yellow and green ones suggest the fitting of 666 

IGHV3-53 and IGHV3-66 antibodies, respectively. The cyan lines are the 90% 667 

predicted interval.  668 
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