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31 ABSTRACT

32 The strikingly high transmissibility and antibody evasion of SARS-CoV-2 Omicron variant
33  have posted great challenges on the efficacy of current vaccines and antibody immunotherapy.
34  Here, we screened 34 BNT162b2-vaccinees and cloned a public broadly neutralizing
35 antibody (bNAb) ZCB11 from an elite vaccinee. ZCB11 neutralized all authentic SARS-
36  CoV-2 variants of concern (VOCs), including Omicron and Omicrongsssk With potent ICso
37  concentrations of 36.8 and 11.7 ng/mL, respectively. Functional analysis demonstrated that
38 ZCB11 targeted viral receptor-binding domain (RBD) and competed strongly with ZB8, a
39  known RBD-specific class Il NADb. Pseudovirus-based mapping of 57 naturally occurred
40 single mutations or deletions revealed that only S371L resulted in 11-fold neutralization
41  resistance, but this phenotype was not observed in the Omicron variant. Furthermore,
42  prophylactic ZCB11 administration protected lung infection against both the circulating
43  pandemic Delta and Omicron variants in golden Syrian hamsters. These results demonstrated
44  that vaccine-induced ZCB11 is a promising bNAb for immunotherapy against pandemic
45  SARS-CoV-2 VOCs.
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52 INTRODUCTION

53

54  After two years of the COVID-19 pandemic, the highly transmissible SARS-CoV-2 and its
55 variant of concerns (VOCs) have resulted in more than 279 million infections with 5.4

56  million deaths globally by December 26, 2021 (https://coronavirus.jhu.edu/map.html).

57  During this period, various types of COVID-19 vaccines have been quickly developed to
58  control the pandemic with over 8.9 billion doses administered in many countries. Although
59 the extensive implementation of vaccination has significantly reduced the rates of
60 hospitalization, severity and death *®, current vaccines do not confer complete or durable
61  prevention of upper airway transmission of SARS-CoV-2. The numbers of vaccine-
62  breakthrough infections and re-infections, therefore, have been continuously increasing °®.
63  The pandemic situation has been complicated by repeated emergence of new VOCs,
64 including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron
65 (B.1.1.529) *!° and waning of vaccine-induced immune responses, together with relaxed
66  preventive masking and social distancing "2,

67

68  After the World Health Organization (WHO) designated the Omicron as a VOC on
69  November 26, 2021, this variant has been quickly found in over 110 countries and is
70  replacing the Delta VOC within a month, becoming the dominant VOC in many places in the
71  South Africa, European countries, and the United States ***°. According to the GASAID
72  database, for example, the relative variant genome frequency of the current circulating Delta
73 VOC has declined from 89% to 19.6% while the Omicron VOC has increased from 0% to
74  67.4% in African countries during the period from October 4, 2021, to December 26, 2021.
75  The rapid global spread of the Omicron VOC has been associated with vaccine-breakthrough

76  infections and re-infections %

. Moreover, like previous findings that the Beta VOC
77  compromised vaccine-induced neutralizing antibody (NAb) *2*31° the Omicron VOC has
78  resulted in even worse NAD evasion due to more than 30 alarming mutations in SARS-CoV-2

20-23

79  spike glycoprotein Considering that current NAb combination for clinical

80  immunotherapy showed significantly reduced activities %

, We sought to search for vaccine-
81 induced broadly neutralizing antibody (bNAbs) among elite vaccinees.

82

83 RESULTS

84

85 ldentification of an elite vaccinee who developed bNAbs
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86  To isolate potent bNAbs against currently circulating SASR-CoV-2 VOCs, we searched for
87  elite vaccinees, who had developed potent bNAbs among a Hong Kong cohort of 34
88  vaccinees, around average 30.7 days (range, 7-47 days) after their second dose of the
89  BNT162b2 vaccination (BioNTech-Pfizer) (Supplementary Table 1) **. 100% subjects
90 developed NADs against the pseudotyped SARS-CoV-2 wildtype (WT, D614G) (Fig. 1a, top
91 left). To seek for vaccinees with bNAD, we then tested the full panel of pseudotyped SARS-
92  CoV-2 VOCs including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and
93  Omicron (B.1.1.529). Only two study subjects (2/34), BNT162b2-26 and BNT162b2-55,
94  were considered as elite vaccinees who harbored bNADbs with I1Cgg or 1Cs values higher than
95  the mean titers of all VOCs tested in the cohort. BNT162b2-26 displayed significantly high
96 bNADbs titers against the Beta and Delta variants (Fig. 1a, mid left and bottom left,
97  Supplementary Table 2), the known most resistant VOC and the dominant VOC,
98  respectively, before the Omicron variant *. After measuring binding antibodies to spike
99  protein (Fig. 1b), we calculated the neutralizing potency index as previously described #’. We
100  found that Omicron resulted in the highest reduction of the mean neutralizing potency index
101 as compared with other VOCs (Fig. 1c). BNT162b2-26, however, displayed neutralizing
102  potency index scores consistently higher than the mean ones against all VOCs tested. We,
103  therefore, chose this elite vaccinee for subsequent search of bNAb.
104
105 Isolation of NAbs against SARS-CoV-2 from the elite vaccinee
106 ~ With vaccinee informed consent, we obtained another blood sample donated by BNT162b2-
107 26 at day 130 after his second vaccination. Fresh PBMCs from BNT162b2-26 were stained
108 for antigen-specific memory B cells (CD19, CD27, 1gG) using the 6xHis-tagged SARS-CoV-
109 2 WT spike as the bait as previously described 2. Spike-specific memory B cells were found
110  in BNT162b2-26 but not in the healthy donor (HD) control (Supplementary Fig. 1) and were
111  sorted into each well with a single B cell for antibody gene amplification. After antibody
112 gene sequencing, we recovered 14-paired heavy chain and light chain for antibody IgG1l
113  engineering. Seven of these 14 paired antibodies including ZCB3, ZCB8, ZCB9, ZCB11,
114  ZCC10, ZCD3, ZCD4 in antibody expression supernatants showed positive responses to WT
115  spike by ELISA 48 hours post transient transfection (Supplementary Fig. 2a). Five of these
116  seven spike-reactive antibodies including ZCB3, ZCD4, ZCB11, ZCC10 and ZCD3 targeted
117  spike S1 subunit (Supplementary Fig. 2b), whereas ZCB8 and ZCB9 were S2-specific
118  (Supplementary Fig. 2c). Moreover, among these five S1-reactive antibodies, only ZCD4 was

119  not specific to RBD (Supplementary Fig. 2d) and none of them interacted with NTD
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120  (Supplementary Fig. 2e, Supplementary Table 3). Eventually, only four RBD-specific ZCB3,
121  ZCB11, ZCC10 and ZCD3 showed neutralizing activities against WT by the pseudovirus
122 neutralization assay (Supplementary Fig. 2f). These results demonstrated that RBD-specific
123 NAbs were primarily obtained from memory B cells of BNT162b2-26 at 130 days after his
124  second vaccination.

125

126  Notably, besides the previously published control ZB8 *®, ZCB11 had the strongest binding
127  capability to both RBD and Spike with the same ECs, values of 20 ng/ml by ELISA (Fig. 2a,
128  Supplementary Table 5). Moreover, the binding dynamics of ZCB11 to SARS-CoV-2 RBD
129  was determined using the surface plasmon resonance (SPR). We found that ZCB11 exhibited
130 the fast-on/slow-off kinetics with an equilibrium dissociation constant (KD) value of
131  5.75x10™ M, suggesting an RBD-specific high-binding affinity (Supplementary Fig. 2g and
132 Supplementary Table 6). In subsequent quantitative neutralization analysis against WT, we
133 found that two of these four NAbs, ZCB3 and ZCB11, showed high neutralization potency
134  with ICs values below 100 ng/mL (Fig. 2b top left, Supplementary Table 7). Sequence
135 analysis revealed that ZCB3, ZCC10 and ZCD3 utilized IGHV3-53/3-66 heavy chain,
136  whereas their paired light chains had distinct IGKV1-9, IGKV3-20 and IGKV1-27,
137  respectively (Supplementary Table 3). In contrast, ZCB11 utilized different IGHV1-58 heavy
138 chain and IGKV3-20 light chain. Our four new NAbs were all considered as public
139  antibodies characterized by a IGHV3-53/3-66 heavy chain with 10-12 residues in the CDR3
140  region or a IGHV1-58 heavy chain with 15-17 residues in CDR3 region as previous reported
141 by others *?*%®_ These results demonstrated BNT162b2-26 developed mainly public NAbs
142  after two doses of vaccination.

143

144  Antibody neutralization of SARS-CoV-2 VOCs

145  To understand the breadth of these four newly cloned public RBD-specific NAbs, we
146  performed SARS-CoV-2 neutralization assays using both pseudoviruses and authentic VOC
147  isolates, including Alpha, Beta, Gamma, Delta and Omicron variants (Fig. 2b). ZB8, a known
148 RBD-specific class Il NAb, was included as a positive control. Testing pseudoviruses in
149  293T-ACE2 cells, we found that ZCB11 was the best bNAb that neutralized all VOCs
150  potently, including the most alarming Omicron variant %, with 1Cs, values of around 30
151  ng/mL for Gamma and Delta variants and 6 ng/mL for Alpha, Beta and Omicron variants
152 (Fig. 2b, Supplementary Table 7). ZCB3 was the second best bNAb and neutralized Alpha,
153  Beta, Gamma and Delta variants potently, but not the Omicron variant. ZCC10 and ZCD3
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154  neutralized Alpha, Gamma and Delta variants at relative low potency, but lost neutralization
155  totally against Beta and Omicron variants. Importantly, testing authentic VOC viruses in
156  Vero-E6-TMPRSS2 cells, we consistently found that ZCB11 was the most potent bNAD,
157  followed by ZCB3 (Fig. 2c). The ICs values of ZCB11 for neutralizing Alpha, Beta, Gamma,
158  Delta, Omicron and Omicrongrsssk variants were 85.1, 39.9, 56.9, 11.2, 36.8 and 11.7 ng/mL,
159  respectively, which were comparable to the ICso value of 51 ng/ml for neutralizing the WT
160  (Supplementary Table 7). ZCB3 was about 10-fold less potent than ZCB11 for neutralizing
161  Beta and Omicron variants. Notably, the potency of ZCB11 in the pseudovirus assay was
162  higher than that in the authentic virus assay, which was probably related to different target
163  cells used. ZB8 showed unmeasurable and weak neutralization against Delta pseudovirus and
164  Delta authentic virus, respectively. Conversely, ZCC10 and ZCD3 showed weak and
165 unmeasurable neutralization against Gamma pseudovirus and Gamma authentic virus,
166  respectively. These results demonstrated that ZCB11 functioned as an elite bNAb potently
167  neutralized all circulating SARS-CoV-2 VOCs in vitro. Notably, although BNT162b2-26
168  developed mainly public NAbs, ZCB11 was unlikely dominantly elicited due to the reduced
169 titer against Omicron as compared with WT (Fig. 1).

170

171 Naturally occurred mutations or deletions conferring antibody resistance

172 Since Omicron variant escaped from NTD-specific NAbs and majority of known RBD-

173  specific NAbs in the class I, class II, class Il and class IV groups %3

, We sought to
174  determine possible mutations or deletions responsible for antibody resistance for ZCB3 and
175 ZCB11 as compared with the control ZB8. We first constructed and tested a large panel of
176  pseudoviruses carrying individual mutations or deletions found in Omicron variant as
177  compared with those previously found in Alpha, Beta, Gamma and Delta variants (Fig. 3a).
178 For ZB8, we consistently found that the E484 is essential for its neutralization activity.
179  E484K in Beta, E484Q in Delta and E484A in Omicron were responsible for the significant
180  ZBS8 resistance, followed Q493R for about 10-fold resistance. For ZCB3, none of single
181  mutations or deletions tested conferred resistance for equal to or more than 10-fold. Only and
182  Q493R in Omicron reduced neutralization potency of around 3.5-fold. For ZCB11, only
183  S371L in Omicron showed 11.2-fold resistance (Fig. 3a). Moreover, Q493R, Y505H, T547K
184  and Q954H in Omicron exhibited over 6-fold resistance. Unexpectedly, when all these and
185  other mutations combined in Omicron, they did not confer significant resistance at all.
186  Subsequently, we performed antibody competition by Surface SPR. Although they engaged
187  different clonotype and antibody resistant profiles, ZCB11 exhibited as a strong competitor
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188  for WT RBD binding against either ZCB3 or ZB8, respectively (Fig. 3b and Supplementary
189  Fig. 3), suggesting overlapped antibody binding epitopes in RBD between them. To further
190  predict the binding mode of ZCB11, we searched structural database for RBD-specific NAbs
191  with similar B cell clonotype. Interestingly, the patient-derived S2E12 Nab, which used the
192  same IGHV1-58 heavy chain and IGKV3-20 light chain *, shared the high amino acid
193  identity of 82.2% in heavy chain variable regions with ZCB11. A model of ZCB11 variable
194  regions was generated based on the protein sequence by the SWISS-MODEL using the
195  crystal structure of S2E12 Fab fragment (Research Collaboratory for Structural
196  Bioinformatics [RCSB] PDB code 7K3Q) as the template. The superimposed ZCB11 and
197  S2E12 variable regions (Fig. 3c) showed that the secondary elements and most of loops are
198 relatively conserved, except for the HCDR1 and KCDR3 which contained a single amino
199 acid insertion and deletion, respectively. It is possible that ZCB11 also recognized the convex
200 receptor binding motif (RBM) like S2E12. S477N, Q493R and Y505H mutations that
201  conferred partial ZCB11 resistance in the pseudovirus assay were close to the binding
202  interface between S2E12 and RBM (Fig. 3d).

203

204  Invivo efficacy of ZCB11 against SARS-CoV-2 Delta and Omicron variants

205 To determine the in vivo potency of ZCB11 against the dominant circulating VOCs, we
206  conducted viral challenge experiments using the golden Syrian hamster COVID-19 model as
207  compared with ZB8 **. Since ZB8 conferred nearly complete lung protection against SARS-
208  CoV-2 WT intranasal challenge at 4.5 mg/kg as we previously described *, we tested it in
209  parallel with ZCB11 using the same dose according to our standard experimental procedure
210 (Fig. 4a). One day prior vial challenge, three groups of hamsters (n=8) received the
211  intraperitoneal injection of ZCB11, ZB8 and PBS, respectively. Twenty-four hours later, half
212 of the animals (n=4) in each group were separated into subgroups and were challenged
213 intranasally with 10° PFU of SARS-CoV-2 Delta variant and Omicron variant, respectively.
214  Animal body weight changes were measured daily until day 4 when all animals were
215  sacrificed for endpoint analysis. For three subgroups challenged with the SASR-CoV-2 Delta
216  variant, we found that the infection caused around 10% body weight loss overtime in the PBS
217  and ZB8 pre-treatment groups. In contrast, transient and less than 4% body weight decrease
218 was observed for the ZCB11-treated hamsters (Fig. 4b). Moreover, relatively lower sub-
219  genomic viral loads (Fig. 4c) and unmeasurable numbers of live infectious viruses (six orders
220  of magnitude drop) (Fig. 4d) were achieved by ZCB11 than by ZB8. For hamsters challenged

221 with the SASR-CoV-2 Omicron variant, no significant body weight loss was found in all
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222  three subgroups, indicating relatively weaker pathogenicity caused by Omicron than by Delta
223 (Fig. 4e). However, significantly lower sub-genomic viral loads (Fig. 4f) and unmeasurable
224 numbers of live infectious viruses (Fig. 4g) were achieved only by ZCB11. These results
225 demonstrated that ZCB11 conferred significant protection against both Delta and Omicron
226  variants, whereas ZB8 exhibited only partial protection against Delta but not Omicron. These
227  findings were consistent with in vitro neutralizing activities of ZCB11 and ZB8 against live
228  Delta and Omicron variants, respectively (Fig. 2c). Since the number of infectious viruses in
229  the PBS group of Delta-challenged hamsters was over one order of magnitude higher than
230  that in the PBS group of Omicron-challenged animals (Fig. 4d and 4g), higher amount of
231  ZCB11 might be needed for improved suppression of sub-genomic viral loads against the
232 Delta variant.

233

234  DISCUSSION

235 It remains unclear what type of human monoclonal NAbs can potently neutralize all current
236 SARS-CoV-2 VOCs including the Omicron Variant. In this study, we showed that the
237  standard two-dose BNT162b2 vaccination was able to induce spike-specific memory B cells,
238  from which we successfully cloned the elite bNAb ZCB11 around 130 days post the second
239  vaccination. We demonstrated that ZCB11 not only neutralized all authentic SARS-CoV-2
240  VOCs including Omicron and Omicrongssek at comparable high potency in vitro but also
241  protected golden Syrian hamsters against the major circulating Omicron and Delta variants.
242 Till now, few existing NAbs under clinical development have displayed similar neutralization
243 breadth and in vivo potency 22!, Since sequence analysis revealed that ZCB11 was a family
244 member of public antibodies with the IGHV1-58 heavy chain and IGKV3-20 light chain, our
245  findings have significant implication to vaccine design for inducing high amounts of ZCB11-
246 like bNAb for broad protection and for clinical development of ZCB11-based
247  immunotherapy against the pandemic SARS-CoV-2 VOCs.

248

249  ZCB11 overcomes naturally occurred spike mutations and deletions across current SARS-
250 CoV-2 VOCs. Alpha variant with D614G and N501Y mutations enhanced RBD binding to
251  human ACE2 receptor, transforming it into the most prevalent variant at the early stage of
252 2021 **. N501Y alone was found conferring partial resistance to RBD-specific class | 910-30
253  and NTD-specific 4-18 NAbs ?!. Subsequently, Beta, Gamma and Delta variants displayed
254  the most troublesome mutations including K417N, E484K/Q/A and N501Y, conferring high
255  resistance to RBD-specific class | and class 1l NAbs %% E484K/Q/A led to almost
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256 complete loss of neutralization by potent RBD-specific class Il LY-CoV555 and 2-15 2,
257  Attributed probably by antibody evasion, Delta variant, carrying
258 L452R/T478K/D614G/P681R mutations, were found in more than 170 countries and
259  accounted for 99% of newly confirmed cases before the Omicron variant ***'. After the
260 emergence of the Omicron variant with more than 30 mutations in viral spike protein **, the
261 ongoing wave of COVID-19 pandemic has already been dominated by it over the Delta
262  variant in many countries probably due to further antibody evasion to almost all current
263  vaccines and NAbs including those approved for clinical use or emergency use **3%%,
264  N440K and G446S in Omicron conferred resistance to class Ill antibodies such as
265 ~REGN10987 and 2-7 ?'. G142D and del143-145 led to resistance to NTD-specific 4-18 and
266  5-7, whereas S371L conferred much broader resistance to RBD-specific class I, class 11l and
267  class IV NAbs including potent Brii-196, REGN10987 and Brii-198 in clinical development
268  *L. In this study, we consistently found that E484K/Q/A in Beta, Delta and Omicron variants
269  conferred strong resistance to our RBD-specific class 11 ZB8 NAb. These resistant mutations,
270  however, did not affect the potency of ZCB11 significantly. Although S371L in Omicron
271  displayed partial resistance (~11-fold) to ZCB11, similar amount of resistance was not
272  observed against Omicron and Omicrongasek that also contained S371L (Fig. 2c). Although
273  ZCB11 shared 86.5% amino acid identity in variable regions with the previously reported
274 ultrapotent S2E12 bNAb ¥ it is critical to solve the real structure of RBD-ZCB11 Fab
275  complex in future studies to understand if ZCB11 and S2E12 use an identical mode of action,
276  which will be useful for novel vaccine design to elicit ZCB11-like bNADb responses.

277

278  Most public antibodies were RBD-specific class | NAbs 29304546

. Accordingly, public
279 antibody is encoded by B cell clonotypes isolated from different individuals that share similar
280  genetic features *'. In a previous study, 7 of 13 NAbs were found using IGHV3-53/3-66
281 heavy chain and paired predominantly with IGKV1-9*01 light chain #. These NAbs
282  displayed abolished neutralizing activity after K417N in Beta variant was introduced into the
283  pseudovirus neutralization assay. Interestingly, our newly cloned NAbs ZCB3, ZCC10 and
284  ZCD3 utilized the same IGHV3-53/3-66 heavy chain but paired with IGKV1-9, IGKV3-20
285 and IGKV1-27 light chains, respectively (Supplementary Table 4). ZCB3, our second best
286  bNADb, used the identical pair of IGHV3-53/3-66 and IGKV1-9 but did not display
287  neutralization reduction against the K417N pseudovirus. ZCB3, however, showed reduced
288  neutralization potency for over 10-fold against Beta and Omicron variants as compared with

289  ZCB11. More interestingly, our elite bNAb ZCB11 used IGHV1-58 heavy chain and IGKV3-
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290 20 light chain, which also belongs to public antibodies reported by other groups 224’48 |n

291  these studies, patient-derived S2E12 and vaccine-induced 2C08 NAbs that shared 95% amino
292 acid identity also used the same IGHV1-58 heavy chain and IGKV3-20 light chain. 2C08 was
293  able to prevent challenges against Beta and Delta variants in the hamster model. Like 82.2%
294  amino acid identity between ZCB11 and S2E12, ZCB11 and 2C08 shared 83.8% amino acid
295  identity in their heavy chain variable regions. Their potency difference for neutralizing
296  Omicron remained to be determined. Nevertheless, vaccine design in eliciting high amounts
297 of ZCB11-like bNAb should be considered as a research priority, especially after its
298  clonotype has been found in different ethnic human populations but have not been abundantly
299  induced by current vaccines. Since ZCB11 protected hamsters against both the Delta and
300 Omicron variants, the most dominant circulating SARS-CoV-2 VOCs in the world, our
301 findings warrant the clinical development of ZCB11 and ZCB11-like bNAbs for patient
302  immunotherapy and transmission prevention.

303

304 Limitations of the study

305 ZCB11 probably represents the broadest breadth among bNAbs reported thus far with
306 comparable potency against all current SARS-CoV-2 VOCs including Omicron and
307 Omicrongask. We are still in the process in determining its mode of action by solving
308  structures of the RBD-ZCB11 Fab complex. Such information will be useful to guide vaccine
309 design as mentioned because the frequency of elite vaccine remains low (2/34 in this study).
310  To understand the frequency of ZCB11-like bNAb among BNT162b2-vaccinees, we need to
311  investigate other elite responders who show equally potent bNAb responses. More ZCB11-
312 like bNAbs should be also discovered to improve current antibody-based cocktail
313 immunotherapy. For animal challenge experiments, we have done a single dose efficacy
314  experiment. Different doses and routes of administration or antibody combination will be
315 tested in future experiments to provide useful information to support clinical development of
316 ZCB11 and ZCB11-like bNAb.
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317 METHODS

318 Human subjects

319 A cohort of 34 vaccinees who received two doses of BNT162b2 before June 2021 were
320 recruited for this study. The exclusion criteria include individuals with (1) documented
321  SARS-CoV-2 infection, (2) high-risk infection history within 14 days before vaccination, (3)
322 COVID-19 symptoms such as sore throat, fever, cough and shortness of breath. Clinical and
323  laboratory findings were entered into a predesigned database. Written informed consent was
324  obtained from all study subjects. This study was approved by the Institutional Review Board
325  of The University of Hong Kong/Hospital Authority Hong Kong West Cluster (Ref No. UW
326  21-120 452).

327

328 Viruses

329  Authentic SARS-CoV-2 D614G (MT835143), Alpha (MW856794), Beta (GISAID:
330 EPL_ISL_2423556), Omicron (hCoV-19/Hong Kong/HKU-344/2021; GISAID accession
331 number EPI_ISL_7357684) and Delta (hCoV-19/Hong Kong/HKU-210804-001/2021;
332  GISAID: EPI_ISL_3221329) variants were isolated from respiratory tract specimens of
333 laboratory-confirmed COVID-19 patients in Hong Kong 2*. All experiments involving live
334  SARS-CoV-2 followed the approved standard operating procedures of the Biosafety Level 3
335 facility at The University of Hong Kong “**°.

336

337 Cdllines

338 HEKZ293T cells, HEK293T-hACE2 cells and Vero-E6-TMPRSS2 cells were maintained in
339 DMEM containing 10% FBS, 2 mM L-glutamine, 100 U/mL/mL penicillin and incubated at
340 37 [ in a 5% CO2 setting **. Expi293FTM cells were cultured in Expi293TM Expression
341  Medium (Thermo Fisher Scientific) at 37 11 in an incubator with 80% relative humidity and a
342 5% CO2 setting on an orbital shaker platform at 125 £5 rpm/min (New Brunswick innova™
343  2100) according to the manufacturer’s instructions.

344

345 ELISA analysisof plasma and antibody binding to RBD and trimeric spike

346 The recombinant RBD and trimeric spike proteins derived from SARS-CoV-2 (Sino
347  Biological) were diluted to final concentrations of 1 pug/mL/mL, then coated onto 96-well
348  plates (Corning 3690) and incubated at 4 °C overnight. Plates were washed with PBS-T (PBS
349  containing 0.05% Tween-20) and blocked with blocking buffer (PBS containing 5% skim
350 milk or 1% BSA) at 37 °C for 1 h. Serially diluted plasma samples or isolated monoclonal
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351 antibodies were added to the plates and incubated at 37 °C for 1 h. Wells were then incubated
352 with a secondary goat anti-human 1gG labelled with horseradish peroxidase (HRP)
353  (Invitrogen) or with a rabbit polyclonal anti-human IgA alpha-chain labelled with HRP
354  (Abcam) and TMB substrate (SIGMA). Optical density (OD) at 450 nm was measured by a
355  spectrophotometer. Serially diluted plasma from healthy individuals or previously published
356  monoclonal antibodies against SARS-CoV-2 (B8) were used as negative controls.

357

358 Isolation of SARS-CoV-2 spike-specific |gG+ single memory B cellsby FACS

359  RBD-specific single B cells were sorted as previously described *. In brief, PBMCs from
360 infected individuals were collected and incubated with an antibody cocktail and a His-tagged
361 RBD protein for identification of RBD-specific B cells. The cocktail consisted of the Zombie
362  viability dye (Biolegend), CD19-Percp-Cy5.5, CD3-Pacific Blue, CD14-Pacific Blue, CD56-
363  Pacific Blue, IgM-Pacific Blue, IgD-Pacific Blue, 1gG-PE, CD27-PE-Cy7 (BD Biosciences)
364 and the recombinant SARS-CoV-2 Spike-His described above. Two consecutive staining
365  steps were conducted: the first one used an antibody and spike cocktail incubation of 30 min
366 at 4 °C; the second staining involved staining with anti-His-APC and anti-His-FITC
367  antibodies (Abcam) at 4 °C for 30 min to detect the His tag of the RBD. The stained cells
368  were washed and resuspended in PBS containing 2% FBS before being strained through a 70-
369  um cell mesh filter (BD Biosciences). SARS-CoV-2 spike-specific single B cells were gated
370 as CD19+CD27+CD3-CD14-CD56-IgM-IgD-1gG+Spike+ and sorted into 96-well PCR
371  plates containing 10 uL of RNAase-inhibiting RT-PCR catch buffer (1M Tris-HCI pH 8.0,
372 RNase inhibitor, DEPC-treated water). Plates were then snap-frozen on dry ice and stored at
373 =80 °C until the reverse transcription reaction.

374

375 SingleB cell RT-PCR and antibody cloning

376  Single memory B cells isolated from PBMCs of infected patients were cloned as previously
377  described *. Briefly, one-step RT-PCR was performed on sorted single memory B cell with a
378  gene specific primer mix, followed by nested PCR amplifications and sequencing using the
379  heavy chain and light chain specific primers. Cloning PCR was then performed using heavy
380 chain and light chain specific primers containing specific restriction enzyme cutting sites
381 (heavy chain, 5'-Agel/3'-Sall; kappa chain, 5'-Agel/3'-BsiWI). The PCR products were
382  purified and cloned into the backbone of antibody expression vectors containing the constant
383  regions of human Igyl. The constructed plasmids containing paired heavy and light chain

384  expression cassettes were co-transfected into 293T cells (ATCC) grown in 6-well plates.


https://doi.org/10.1101/2022.01.05.475037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475037; this version posted January 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

385  Antigen-specific ELISA and pseudovirus-based neutralization assays were used to analyze
386 the binding capacity to SARS-CoV-2 spike and the neutralization capacity of transfected
387  culture supernatants, respectively.

388

389  Geneticanalysis of the BCR repertoire

390 Heavy chain and light chain germline assignment, framework region annotation,
391  determination of somatic hypermutation (SHM) levels (in nucleotides) and CDR loop lengths
392 (in amino acids) were performed with the aid of the NCBI/IgBlast tool suite
393 (https://www.ncbi.nIm.nih.gov/igblast/). Sequences were aligned using Clustal W in the
394  BioEdit sequence analysis package (Version 7.2). Antibody clonotypes were defined as a set
395  of sequences that share genetic V and J regions as well as an identical CDRS3.

396

397 Antibody production and purification

398  The paired antibody VH/VL chains were cloned into Igy and Igk expression vectors using T4
399 ligase (NEB). Antibodies produced from cell culture supernatants were purified immediately
400 Dby affinity chromatography using recombinant Protein G-Agarose (Thermo Fisher Scientific)
401 according to the manufacturer’s instructions, to purify 1gG. The purified antibodies were
402  concentrated by an Amicon ultracentrifuge filter device (molecular weight cut-off 10 kDa;
403  Millipore) to a volume of 0.2 mL in PBS (Life Technologies), and then stored at 4 °C or -
404 80 °C for further characterization.

405

406  Pseudovirus-based neutralization assay

407  The neutralizing activity of NAbs was determined using a pseudotype-based neutralization
408 assay as we previously described °*. Briefly, The pseudovirus was generated by co-
409 transfection of 293T cells with pVax-1-S-COVID19 and pNL4-3Luc_Env_Vpr, carrying the
410 optimized spike (S) gene (QHR63250) and a human immunodeficiency virus type 1
411  backbone, respectively **. Viral supernatant was collected at 48 h post-transfection and frozen
412 at -80 °C until use. The serially diluted monoclonal antibodies or sera were incubated with
413 200 TCID50 of pseudovirus at 37 °C for 1 hour. The antibody-virus mixtures were
414 subsequently added to pre-seeded HEK 293T-ACE?2 cells. 48 hours later, infected cells were
415  lysed to measure luciferase activity using a commercial kit (Promega, Madison, WI). Half-
416  maximal (IC50) or 90% (IC90) inhibitory concentrations of the evaluated antibody were
417  determined by inhibitor vs. normalized response -- 4 Variable slope using GraphPad Prism 8
418  or later (GraphPad Software Inc.).
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419

420 Neutralization activity of monoclonal antibodies against authentic SARS-CoV-2

421  The SARS-CoV-2 focus reduction neutralization test (FRNT) was performed in a certified
422  Biosafety level 3 laboratory. Neutralization assays against live SARS-CoV-2 were conducted
423  using a clinical isolate previously obtained from a nasopharyngeal swab from an infected
424  patient . The tested antibodies were serially diluted, mixed with 50 uL of SARS-CoV-2
425  (1x10° focus forming unit/mL, FFU/mL) in 96-well plates, and incubated for 1 hour at 37°C.
426  Mixtures were then transferred to 96-well plates pre-seeded with 1x10*well Vero E6 cells
427  and incubated at 37°C for 24 hours. The culture medium was then removed, and the plates
428  were air-dried in a biosafety cabinet (BSC) for 20 mins. Cells were then fixed with a 4%
429  paraformaldehyde solution for 30 min and air-dried in the BSC again. Cells were further
430 permeabilized with 0.2% Triton X-100 and incubated with cross-reactive rabbit sera anti-
431 SARS-CoV-2-N for 1 hour at RT before adding an Alexa Fluor 488 goat anti-rabbit IgG
432  (H+L) cross-adsorbed secondary antibody (Life Technologies). The fluorescence density of
433  SARS-CoV-2 infected cells were scanned using a Sapphire Biomolecular Imager (Azure
434  Biosystems) and the neutralization effects were then quantified using Fiji software (NIH).
435

436  Antibody binding kinetics and competition between antibodies measured by Surface
437  Plamon Resonance (SPR)

438  The binding kinetics and affinity of recombinant monoclonal antibodies for the SARS-CoV-2
439 RBD protein (SinoBiological) were analyzed by SPR (Biacore T200, GE Healthcare).
440  Specifically, the SARS-CoV-2 RBD protein was covalently immobilized to a CM5 sensor
441  chip via amine groups in 10mM sodium acetate buffer (pH 5.0) for a final RU around 250.
442  SPR assays were run at a flow rate of 10 uL/min in HEPES buffer. For conventional
443  Kinetic/dose-response, serial dilutions of monoclonal antibodies were injected across the
444  spike protein surface for 180s, followed by a 900s dissociation phase using a multi-cycle
445  method. Remaining analytes were removed in the surface regeneration step with the injection
446  of 10 mM glycine-HCI (pH 1.5) for 60s at a flow rate of 30 pl/min. Kinetic analysis of each
447  reference subtracted injection series was performed using the Biacore Insight Evaluation
448  Software (GE Healthcare). All sensorgram series were fit to a 1:1 (Langmuir) binding model
449  of interaction. Before evaluating the competition between antibodies, both the saturating
450  binding concentrations of antibodies for the immobilized SARS-CoV-2 RBD protein were
451  determined separately. In the competitive assay, antibodies at the saturating concentration

452  were injected onto the chip with immobilized spike protein for 120s until binding steady-state
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453  was reached. The other antibody also used at the saturating concentration was then injected
454 for 120s, followed by another 120s of injection of antibody to ensure a saturation of the
455  binding reaction against the immobilized RBD protein. The differences in response units
456  between antibody injection alone and prior antibody incubation reflect the antibodies’
457  competitive ability by binding to the RBD protein.

458

459  Mode building of ZCB11 and structure presentation

460 A model of ZCB11 variable regions was generated based on the protein sequence by the
461  SWISS-MODEL using the crystal structure of S2E12 Fab fragment (Research Collaboratory
462  for Structural Bioinformatics [RCSB] PDB code 7K3Q) as the template. The structure
463  alignment, cartoon representations, labeling of amino acids in RBD (from PDB 7K45) were
464  generated by PyMOL.

465

466 Hamster experiments

467  In vivo evaluation of monoclonal antibody ZB8 or ZCB11 in the established golden Syrian
468  hamster model of SARS-CoV-2 infection was performed as described previously, with slight
469  modifications *. The animal experiments were approved by the Committee on the Use of
470  Live Animals in Teaching and Research (CULATR 5359-20) of the University of Hong
471 Kong (HKU). Briefly, 6-10-week-old male and female hamsters were obtained from the
472  Chinese University of Hong Kong Laboratory Animal Service Centre through the HKU
473  Centre for Comparative Medicine Research. The hamsters were housed with access to
474  standard pellet feed and water ad libitum until live virus challenge in the BSL-3 animal
475  facility at Department of Microbiology, HKU. The viral challenge experiments were then
476  conducted in our Biosafety Level-3 animal facility following SOPs strictly, with strict
477  adherence to SOPs. The hamsters were randomized from different litters into experimental
478  groups. Experiments were performed in compliance with the relevant ethical regulations *.
479  For prophylaxis studies, 24 hours before live virus challenge, three groups of hamsters were
480 intraperitoneally administered with one dose of test antibody in phosphate-buffered saline
481 (PBS) at the indicated dose. At day 0, each hamster was intranasally inoculated with a
482  challenge dose of 100 pL of Dulbecco’s Modified Eagle Medium containing 10° PFU of
483  SARS-CoV-2 Delta variant or Omicron variant under anesthesia with intraperitoneal
484  ketamine (200 mg/kg) and xylazine (10 mg/kg). The hamsters were monitored daily for
485  clinical signs of disease. Syrian hamsters typically clear virus within one week after SARS-

486 CoV-2 infection. Accordingly, animals were sacrificed for analysis at day 4 after virus
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487  challenge with high viral loads *. Half the nasal turbinate, trachea, and lung tissues were
488  used for viral load determination by quantitative RT-gPCR assay *° and infectious virus
489 titration by plaque assay > as we described previously.

490

491 Quantification and statistical analysis

492  Statistical analysis was performed using PRISM 8.0 or later. Ordinary one-way ANOVA and
493  multiple comparisons were used to compare group means and differences between multiple
494 groups. Unpaired Student's t tests were used to compare group means between two groups
495  only. A P-value <0.05 was considered significant. The number of independent experiments
496  performed, the number of animals in each group, and the specific details of statistical tests are
497  reported in the figure legends and the Methods section.

498

499 SUPPLEMENTAL INFORMATION

500 The supplemental information includes 7 Tables and 3 Figures.
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739

740 FIGURE LEGENDS

741

742  Fig. 1. Identification of an elite vaccinee who developed bNADs. Plasma samples derived
743  from 34 BNT162b2-vaccinees were tested at average 30.7 days (range 7-47 days) after
744  second vaccination (BioNTech-Pfizer). (a) Serially diluted plasma samples were subjected to
745  neutralization assay against the pseudotyped SARS-CoV-2 WT and five variants of concern.

746 The neutralizing curve of the elite BNT162b2-26 vaccinee (red) was compared with the mean
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747  curve of all vaccinees tested (dark black). (b) Binding activity of spike-specific plasma IgG
748  was determined by ELISA at serial dilutions. The binding curve of the elite BNT162b2-26
749  vaccinee was presented as red. (c) The neutralization antibody potency index was defined by
750  the ratio of ICs0/AUC of anti-spike 1gG in BNT162b2-vaccinees. Neutralizing 1Cso values
751  represented plasma dilution required to achieve 50% virus neutralization. The area under the
752  curve (AUC) represented the total peak area was calculated from ELISA OD values. Each
753  symbol represented an individual vaccinee with a line indicating the median of each group.
754  The elite BNT162b2-26 vaccinee was presented as red dots.

755

756  Fig. 2. Comparison of bNADbsisolated from the éite vaccinee. (a) RBD- and spike-specific
757  binding activities of 4 newly cloned NADbs including ZCB3, ZCB11, ZCC10 and ZCD3 were
758  determined by ELISA at serial dilutions. A known NAb ZB8 was included as a control. (b)
759  Neutralizing activities of ZCB3, ZCB11, ZCC10 and ZCD3 were determined against six
760  pseudotyped SARS-CoV-2 variants of concern including D614G (WT), Alpha, Beta, Gamma,
761  Delta and Omicron as compared with the control NAb ZB8. (c) Neutralizing activities of
762  ZCB3, ZCB11, ZCC10 and ZCD3 were determined against the same six but authentic SARS-
763  CoV-2 variants of concern as compared with the control NAb ZB8. The color coding was
764  consistently used in a-c. Notably, the authentic SARS-CoV-2 Omicrongsassx Was also tested
765  (bottom right in ¢ with empty dots). The dashed line in each graph indicated 50%
766  neutralization.

767

768  Fig. 3. Naturally occurring mutations or deletions conferring antibody resistance in
769 VOCs. (a) Fold change of ICs, values relative to WT was determined by pseudoviruses
770  carrying individual mutations or deletion against bNAbs ZCB3 and ZCB11 as compared with
771  ZB8. (b) Antibody competition by SPR between ZCB11 and ZC8 (top) as well as between
772  ZCB11 and ZCB3 (bottom). (c) Structural alignment between S2E12 and ZCB11 variable
773  regions. The structure of the ZCB11 variable region predicted by the SWISS-MODEL is
774  superimposed into the structure of S2E12 (PDB: 7K3Q). Cartoon representation of ZCB11
775  variable region of heavy chain (VH) is shown in purple and the variable region of light chain
776 (VK) in orange. The S2E12 VH and VK are shown in yellow and green, respectively. The
777 CDRs of VH and VK are labelled. (d) The structure of RBD in complex with the S2E12
778  variable region (from PDB 7K45). RBD is shown in cyan with receptor binding motif (RBM)
779  highlighted in light pink and the amino acids whose substitution confers resistance to ZCB11
780 in (a) are highlighted in red.
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781

782  Fig. 4. Efficacy of ZCB11 against authentic SARS-CoV-2 Delta and Omicron in golden
783  Syrian hamsters as compared with ZB8. (a) Experimental schedule and color coding for
784  different treatment groups. Three groups of hamsters (n=8) received a single intraperitoneal
785 injection of PBS (grey), 4.5 mg/kg of ZB8 (purple) or 4.5 mg/kg of ZCB11 (blue) at one day
786  Dbefore viral infection (-1 dpi). 24 hours later (day 0), each group was divided into two
787  subgroups for intranasal challenge with 10° PFU live SARS-CoV-2 Delta and Omicron
788  variants, respectively. All animals were sacrificed on day 4 for final analysis. (b, €) Daily
789  Dbody weight was measured after viral infection. (c, f) The nucleocapsid protein (NP)
790 subgenomic RNA copy numbers (normalized by p-actin) in lung homogenates were
791  determined by a sensitive RT PCR. (d, g) Live viral plaque assay was used to quantify the
792  number of infectious viruses in lung homogenates. Log10-transformed plaque-forming units
793  (PFU) per mL were shown for each group. LOD: limit of detection. Each symbol represents
794  an individual hamster with a line indicating the mean of each group. The color coding was
795  consistently used in each graph. Statistics were generated using one-way ANOVA followed
796 by Tukey's multiple comparisons test. **p<0.01; ***p<0.001.

797
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