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Abstract  33 
SARS-CoV-2 entry is mediated by the spike (S) glycoprotein which contains the 34 
receptor-binding domain (RBD) and the N-terminal domain (NTD) as the two main 35 
targets of neutralizing antibodies (Abs). A novel variant of concern (VOC) named 36 
CAL.20C (B.1.427/B.1.429) was originally detected in California and is currently 37 
spreading throughout the US and 29 additional countries. It is unclear whether antibody 38 
responses to SARS-CoV-2 infection or to the prototypic Wuhan-1 isolate-based 39 
vaccines will be impacted by the three B.1.427/B.1.429 S mutations: S13I, W152C and 40 
L452R. Here, we assessed neutralizing Ab responses following natural infection or 41 
mRNA vaccination using pseudoviruses expressing the wildtype or the B.1.427/B.1.429 42 
S protein. Plasma from vaccinated or convalescent individuals exhibited neutralizing 43 
titers, which were reduced 3-6 fold against the B.1.427/B.1.429 variant relative to 44 
wildtype pseudoviruses. The RBD L452R mutation reduced or abolished neutralizing 45 
activity of 14 out of 35 RBD-specific monoclonal antibodies (mAbs), including three 46 
clinical-stage mAbs. Furthermore, we observed a complete loss of B.1.427/B.1.429 47 
neutralization for a panel of mAbs targeting the N-terminal domain due to a large 48 
structural rearrangement of the NTD antigenic supersite involving an S13I-mediated 49 
shift of the signal peptide cleavage site. These data warrant closer monitoring of signal 50 
peptide variants and their involvement in immune evasion and show that Abs directed 51 
to the NTD impose a selection pressure driving SARS-CoV-2 viral evolution through 52 
conventional and unconventional escape mechanisms. 53 
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Introduction 56 
Coronavirus disease 2019 (COVID-19) is caused by SARS-CoV-2 and is associated 57 

with acute respiratory distress syndrome (ARDS), but also with extra-pulmonary complications 58 
such as vascular thrombosis, coagulopathy, and a hyperinflammatory syndrome contributing 59 
to disease severity and mortality. SARS-CoV-2 infects target cells via the spike glycoprotein 60 
(S) that is organized as a homotrimer wherein each monomer is comprised of an S1 and an S2 61 
subunit(1, 2). The S1 subunit comprises the receptor-binding domain (RBD) and the N-terminal 62 
domain (NTD) as well as two other domains designated C and D(3, 4). The RBD interacts with 63 
the  angiotensin-converting enzyme 2 (ACE2) entry receptor on host cells through a subset of 64 
RBD amino acids designated the receptor binding motif (RBM)(1, 2, 5–7). The NTD was 65 
suggested to bind DC-SIGN, L-SIGN, and AXL which may act as auxiliary receptors(8, 9). Both 66 
the RBD and the NTD are targeted by neutralizing antibodies (Abs) in infected or vaccinated 67 
individuals and a subset of RBD-specific mAbs is currently being evaluated in clinical trials or 68 
are authorized for use in COVID-19 patients (10–22). The S2 subunit is the fusion machinery 69 
that merges viral and host membranes to initiate infection and is the target of Abs cross-70 
reacting with multiple coronavirus subgenera due to its higher sequence conservation 71 
compared to the S1 subunit(23–25). 72 

The ongoing global spread of SARS-CoV-2 led to the emergence of a large number of 73 
viral lineages worldwide, including several variants of concern (VOC). Specifically, the B.1.1.7, 74 
B.1.351, and P.1 lineages that originated in the UK, South Africa, and Brazil, respectively, are 75 
characterized by the accumulation of a large number of mutations in the spike as well as in 76 
other genes(26–28).  Some of these mutations lead to significant reductions in the 77 
neutralization potency of NTD- and RBD-specific mAbs, convalescent sera and 78 
Pfizer/BioNTech BNT162b2- or Moderna mRNA-1273-elicited sera(19, 29, 30). The B.1.1.7 79 
variant is on track to become dominant worldwide due to its higher transmissibility(28), 80 
underscoring the importance of studying and understanding the consequences of SARS-CoV-81 
2 antigenic drift. 82 

The SARS-CoV-2 B.1.427/B.1.429 variant originated in California in May 2020 and has 83 
been detected in more than 29 countries to date(31, 32). It is characterized by the S13I, W152C 84 
mutations in the NTD and by the L452R mutation in the RBD. The fast rise in the number of 85 
cases associated with the B.1.427/B.1.429 lineages led to their classification as a VOC by the 86 
US Center for Disease Control (https://www.cdc.gov/coronavirus/2019-ncov/cases-87 
updates/variant-surveillance/variant-info.html).  88 
 89 
 90 
Results 91 
 92 
The prevalence of B.1.427/B.1.429 lineages is increasing exponentially  93 
The novel SARS-CoV-2 VOC B.1.427/B.1.429 was reported for the first time at the beginning 94 
of 2021 in California(31, 33, 34). The two lineages B.1.427 and B.1.429 (belonging to clade 95 
20C according to Nextstrain designation) share the same S mutations (S13I, W152C and 96 
L452R), but harbor different mutations in other SARS-CoV-2 genes. Molecular clock analysis 97 
suggest that the progenitor of both lineages emerged in May 2020, diverging to give rise to 98 
the B.1.427 and B.1.429 independent lineages in June-July 2020(31). As of March 26, 2021, 99 
4,292 and 10,934 sequenced genomes are reported in GISAID for the B.1.427 and B.1.429 100 
lineages, respectively. These VOCs were detected in California and in other US states, and 101 
more recently in 29 additional countries worldwide (Fig. 1 A to G). The number of 102 
B.1.427/B.1.429 genome sequences deposited increased rapidly since December 2020 (Fig. 103 
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1 B to E), with a prevalence exceeding 50% in California since February 2021. Collectively, 104 
this analysis illustrates the increased prevalence of the B.1.427/B.1.429 VOC, and their 105 
progressive geographical spread from California to other US states and countries, which is 106 
consistent with the recent finding of their increased transmissibility relative to currently 107 
circulating strains(31).   108 

 109 

 110 

Fig. 1. Geographic distribution and evolution of prevalence over time of the SARS-CoV-111 
2 B.1.427/B.1.429 VOC. (A) World map showing the geographic distribution and sequence 112 
counts of B.1.427/B.1.429 VOC as of March 26, 2021. (B) Cumulative and individual 113 
B.1.427/B.1.429 VOC sequence counts by month. (C-E). Total number of SARS-CoV-2 (grey) 114 
and B.1.427/B.1.429 VOC (blue/orange) sequences deposited on a monthly basis worldwide 115 
(C), in the US (D) and in California (E). (F and G) Total number of B.1.427 and B.1.429 116 
sequences deposited by country (F) and by US states (G) as of March 26, 2021. 117 
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 119 
B.1.427/ B.1.429 S reduces sensitivity to vaccinees’ plasma 120 

To assess the impact of the three mutations present in the B.1.427/B.1.429 S 121 
glycoprotein on neutralization, we first compared side-by-side the neutralization potency of 122 
mRNA vaccine-elicited Abs against wildtype (D614G) S and B.1.427/B.1.429 S 123 
pseudoviruses. We used plasma from eleven individuals who received two doses of Moderna 124 
mRNA-1273 vaccine and from fourteen individuals who received two doses of Pfizer/BioNtech 125 
BNT162b2 vaccine collected between 7 and 27 days after booster immunization. All vaccinees 126 
had substantial plasma neutralizing activity against wildtype SARS-CoV-2 S pseudotyped 127 
viruses. Using a lentiviral (HIV) pseudotyping system, geometric mean titers (GMTs) showed 128 
that the average neutralization potency of the Moderna mRNA1273-elicited plasma was 129 
reduced 2.8-fold for B.1.427/B.1.429 S (GMT: 204) compared to wildtype (D614G) S (GMT: 130 
573) whereas it was reduced 4-fold with Pfizer/BioNtech BNT162b2-elicited plasma (wildtype 131 
GMT: 128 versus B.1.427/B.1.429 GMT: 535)  (Fig. 2A-B). Using a vesicular stomatitis virus 132 
(VSV) pseudotyping system, we observed a 3-fold average reduction of Pfizer/BioNtech 133 
BNT162b2-elicited plasma neutralizing activity against B.1.427/B.1.429 S (GMT: 95) 134 
compared to wildtype (D614G) S (GMT: 257) pseudoviruses (Fig. 2C-D). In a parallel analysis, 135 
we analyzed 18 individuals, 5 of which were previously infected with SARS-CoV-2, who 136 
received two doses of Pfizer/BioNtech BNT162b2 vaccine and whose samples were collected 137 
between 14 and 28 days after booster immunization. We compared side-by-side the 138 
neutralization potency of Pfizer/BioNtech BNT162b2 vaccine-elicited Abs against wildtype 139 
(D614) S, B.1.427/B.1.429 S, as well as B.1.1.7 S, B.1.351 S and P.1 S VSV pseudotyped 140 
viruses using Vero E6 expressing TMPRSS2 as target cells. GMTs plasma neutralization 141 
potency was reduced 2.8-fold for B.1.427/B.1.429 S (GMT: 248) compared to wildtype (D614) 142 
S (GMT: 681), which is a comparable decrease to that observed with B.1.351 (GMT: 211, 3.2-143 
fold reduction) and greater to that observed with B.1.1.7 and P.1 (GMT: 545 and 389, 1.2-fold 144 
and 1.7-fold reduction, respectively) pseudotyped viruses (Fig. 3E-H). These data indicate 145 
that the B.1.427/B.1.429 S mutations lead to a modest but significant reduction of 146 
neutralization potency from vaccine-elicited plasma due to the substitution of one RBD and 147 
two NTD residues. 148 

We also analyzed plasma from 9 convalescent donors, who experienced symptomatic 149 
COVID-19 in early 2020 (likely exposed to the Wuhan-1 or a closely related SARS-CoV-2 150 
isolate) collected 15 to 28 days after symptom onset, and 13 additional plasma samples from 151 
healthcare workers collected approximately 1 month after infection with the B.1.1.7 VOC 152 
during an outbreak occurring in a nursing home in January 2021 in Ticino, Switzerland. The 153 
neutralization potency of the 9 convalescent donor plasma was reduced 4.9-fold for 154 
B.1.427/B.1.429 S (GMT: 70) compared to wildtype (D614G) S (GMT: 348), similar to what 155 
we observed with B.1.351 (6.2-fold, GMT: 82) and P.1 (4.2-fold, GMT: 55) pseudotyped 156 
viruses (Fig. 2I-K). In several cases the level of neutralizing activity against the VOC was 157 
found to be below the limit of detection. The plasma neutralizing activity of the 13 healthcare 158 
workers infected with B.1.1.7 VOC was found to be highest against the homotypic pseudovirus 159 
(i.e., B.1.1.7, GMT: 265) and to be reduced to undetectable levels in most cases against the 160 
wildtype (D614G) pseudovirus and the other VOC tested, including B.1.427/B.1.429 (Fig. 2 161 
I,L-M), which is different from what was observed with B.1.351-elicited Abs (35, 36). Since 162 
B.1.1.7 is now the prevalent lineage in Europe and several other countries(26) the finding that 163 
infection with B.1.1.7 elicits a low level of cross-neutralizing Abs towards the other co-164 
circulating lineages is concerning.  165 
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These findings show that the three mutations present in the B1.427/B.1.429 S 166 
glycoprotein decrease the neutralizing activity of vaccine-elicited and infection-elicited Abs, 167 
suggesting that these lineage-defining residue substitutions are associated with immune 168 
evasion. However, the data also underscore the higher quality of Ab responses induced by 169 
vaccination compared to infection and their enhanced resilience to mutations against all VOC.  170 
 171 

 172 

Fig. 2. B.1.427/B.1.429 S pseudotyped virus neutralization by vaccine-elicited and 173 
COVID-19 convalescent plasma. (A-B) Neutralizing Ab titers shown as pairwise connected 174 
(A) or the geometric mean titer, GMT (B) against HIV pseudotyped viruses harboring wildtype 175 
(WT) D614G SARS-CoV-2 S or B.1.427/B.1.429 (B.1.429) S determined using plasma from 176 
individuals who received two doses of Pfizer/BioNtech BNT162b2 mRNA vaccine (red) or of 177 
Moderna mRNA-1273 vaccine (blue). (C) Neutralizing Ab GMT against VSV pseudotyped 178 
viruses harboring WT D614G SARS-CoV-2 S or B.1.427/B.1.429 S determined using plasma 179 
from individuals who received two doses of Pfizer/BioNtech BNT162b2 mRNA vaccine. (D) 180 
Fold change of neutralizing GMTs compared to wildtype based on (C). (E-H) Neutralizing Ab 181 
titers (ID50) against VSV pseudotyped viruses harboring WT (D614) SARS-CoV-2 S, B.1.429 182 
S, B.1.1.7 S, B.1.351 S, or P.1 S determined using plasma from naïve (blue, G) and immune 183 
(red, H) individuals who received two doses of Pfizer/BioNtech BNT162b2 mRNA vaccine. (I) 184 
Fold change of neutralizing GMTs compared to wildtype based on (E). (J-M) Neutralizing Ab 185 
titers against VSV pseudotyped viruses harboring WT (D614) SARS-CoV-2 S, B.1.429 S, 186 
B.1.1.7 S, B.1.351 S or P.1 S determined using plasma from convalescent individuals who 187 
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were infected with wildtype (J, K) or B.1.1.7 SARS-CoV-2 (L, M). Fold change of neutralizing 188 
GMTs was compared to wildtype (K) or B.1.1.7 (M). Neutralization data shown in (A-D) and 189 
(E-M) performed using 293T-ACE2 and VeroE6-TMPRSS2, respectively. 190 

 191 
B.1.427/B.1.429 S mutations reduce sensitivity to RBD- and NTD-specific antibodies 192 

To evaluate the contribution of RBD and NTD substitutions to the reduced 193 
neutralization potency of vaccinees and convalescent plasma, we compared the neutralizing 194 
activity of 34 RBD and 10 NTD mAbs against the wildtype (D614 S or B.1.427/B.1.429 S 195 
variant using a VSV pseudotyping system(1, 37).  196 

We used a panel of RBD-specific mAbs (including 6 clinical mAbs) recognizing distinct 197 
antigenic sites spanning the receptor-binding motif (RBM, antigenic sites Ia and Ib), the cryptic 198 
antigenic site II, the exposed, N343 glycan-containing antigenic site IV and the newly 199 
discovered, cryptic antigenic site V(10, 11). A total of 14 out of 35 mAbs showed a reduced 200 
neutralization potency when comparing B.1.427/B.1.429 S and wildtype (D614G) S 201 
pseudoviruses (Fig. 3A-D and Supplemental Fig. 2). Regdanvimab (CT-P59), and to a 202 
smaller extent etesevimab, showed a reduction in neutralization potency, whereas 203 
bamlanivimab (LY-CoV555) entirely lost its neutralizing activity due to the central location of 204 
L452R in the epitopes recognized by these mAbs (Supplemental Fig. 1). Neutralization 205 
mediated by the casirivimab/imdevimab mAb cocktail (REGN10933 and REGN10987)(14, 206 
15), which received an emergency use authorization in the US, and by VIR-7831 mAb(10, 38) 207 
(derivative of S309), which recently was shown to provide 85% protection against 208 
hospitalization and deaths in the COMET clinical trial, is unaffected by the L452R mutation. 209 
To address the role of B.1.427/B.1.429 L452R mutation in the neutralization escape from 210 
RBD-specific antibodies, we tested the binding of 35 RBD-specific mAbs to WT and L452R 211 
mutant RBD by biolayer interferometry (Supplemental Fig. 3). The 10 RBD-specific mAbs 212 
that showed at least 10-fold reduced neutralization of B.1.427/B.1.429 variant were also found 213 
to poorly bind to L452R RBD mutant, demonstrating a role for this mutation as an escape 214 
mechanism for certain RBD-targeting mAbs. Moreover, we found that the neutralizing activity 215 
of all NTD-specific neutralizing mAbs tested was abolished as a result of the presence of the 216 
S13I and W152C mutations (Fig. 3E-H). These data suggest that the decreased potency of 217 
neutralization  of the B.1.427/B.1.429 variant observed with vaccine-elicited and infection-218 
elicited plasma results from evasion of both RBD- and NTD-specific mAb-mediated 219 
neutralization. 220 

 221 
 222 
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 224 
 225 
Fig. 3. Neutralization by a panel of RBD- and NTD-specific mAbs against wildtype and 226 
B.1.427/B.1.429 SARS-CoV-2 S pseudoviruses. (A,E) Neutralization of SARS-CoV-2 227 
pseudotyped VSV carrying wild-type (grey) or B.1.427/B.1.429 (blue) S protein by clinical-228 
stage RBD mAbs (A) and an NTD-targeting mAb (S2X333) (E). Data are representative of n 229 
= 2 replicates. (B,F) Neutralization of SARS-CoV-2-VSV pseudotypes carrying wildtype or 230 
B.1.427/B.1.429 S by 35 mAbs targeting the RBD and 10 mAbs targeting the NTD. Data are 231 
the mean of 50% inhibitory concentration (IC50) values (ng/ml) of n = 2 independent 232 
experiments. Non-neutralizing IC50 titers were set at 105 ng/ml. (C,G) Neutralization by RBD-233 
specific (C) and NTD-specific (G) mAbs showed as mean IC50 values (top) and mean fold 234 
change for B.1.427/B.1.429 S (blue) relative to wildtype (D614G) S (grey) VSV pseudoviruses. 235 
VIR-7831 is a derivative of S309 mAb. *, VIR-7832 (variant of VIR-7831 carrying the LS-236 
GAALIE mutations in Fc) shown as squares. Non-neutralizing IC50 titers and fold change were 237 
set at 105 ng/ml and 104, respectively.  (D) Surface representation of the SARS-CoV-2 RBD 238 
bound to the S2H14 (antigenic site Ia), S2X259 (antigenic site IIa), S309 (antigenic site IV) 239 
and S2H97 (antigenic site V) Fab fragments shown as surfaces. (H) Surface representation 240 
of the SARS-CoV-2 NTD bound to the S2M28 (antigenic site i) Fab fragment shown as 241 
surface.  242 
 243 
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 244 
 245 
 246 

 247 
Supplemental Fig 1. Surface representation of the SARS-CoV-2 RBD (grey) bound to the 248 
bamlanivimab (LY-CoV555, orange, PDB 7CM4) and regdanvimab (CT-P59, purple, PDB 249 
7KMG) Fab fragments shown as ribbons. The L452 side chain is show as red spheres to 250 
indicate its central location within the epitopes of these two mAbs. The N343 glycan is 251 
rendered as blue spheres. 252 
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 253 
Supplemental Fig. 2 Neutralization by RBD- and NTD-specific mAbs against wildtype 254 
and B.1.427/B.1.429 SARS-CoV-2 S pseudoviruses. (A,B) Neutralization of SARS-CoV-2 255 
pseudotyped VSV carrying wild-type D614 (grey) or B.1.427/B.1.429 (blue) S protein by RBD-256 
targeting mAbs (A) and NTD-targeting mAbs (B). Data are representative of n = 2 replicates. 257 
 258 
 259 
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 260 
Supplemental Fig. 3. Kinetics of binding to wildtype and L452R SARS-CoV-2 RBD of 35 261 
RBD-specific mAbs. Biolayer interferometry analysis of binding to wildtype (black) and 262 
L452R (red) RBDs by 35 RBD-targeting mAbs.  263 
 264 
S13I-mediated immune evasion of B.1.427/B.1.429 265 
 To reveal the molecular basis of the observed loss of NTD-directed mAb neutralizing 266 
activity, we analyzed binding of a panel of NTD-specific mAbs to recombinant SARS-CoV-2 267 
NTD variants using ELISA. The S13I mutation dampened binding of 5 mAbs and abrogated 268 
binding of 5 additional mAbs out of 11 neutralizing mAbs evaluated (Figure. 4A and 269 
Supplemental Fig. 4). Furthermore, the W152C mutation reduced recognition of six NTD 270 
neutralizing mAbs, including a complete loss of binding for two of them, with a complementary 271 
pattern to that observed for S13I (Fig. 4A and Supplemental Fig. 4). The B.1.427/B.1.429 272 
S13I/W152C NTD did not bind to any NTD-directed neutralizing mAbs, which are known to 273 
target a single antigenic site (antigenic site i)(12), whereas binding of the non-neutralizing 274 
S2L20 mAb to the NTD antigenic site iv was not affected by any mutants, confirming proper 275 
retention of folding (Fig. 4A and Supplemental Fig. 4). 276 

We previously showed that disruption of the C15/C136 disulfide bond that connects 277 
the N-terminus to the rest of the NTD, through mutation of either residue or alteration of the 278 
signal peptide cleavage site, abrogates the neutralizing activity of mAbs targeting the NTD 279 
antigenic supersite (site i)(12). As the S13I substitution resides in the signal peptide and is 280 
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predicted to shift the signal peptide cleavage site from S13-Q14 to C15-V16, we hypothesized 281 
that this substitution indirectly affects the integrity of NTD antigenic site i, which comprises the 282 
N-terminus. Mass spectrometry analysis of the S13I and S13I/W152C NTD variants confirmed 283 
that signal peptide cleavage occurs immediately after residue C15 (Figure. 4B-D). As a result, 284 
C136, which would otherwise be disulfide linked to C15, is cysteinylated in the S13I NTD (Fig. 285 
4C and Supplemental Fig. 5). Likewise, the W152C mutation, which also introduces a free 286 
cysteine, was also found to be cysteinylated in the W152C NTD (Fig. 4E). Notably, dampening 287 
of NTD-specific neutralizing mAb binding is even stronger for the S13I mutant than for the 288 
S12P mutant (Fig. 4A). Conversely, we did not observe any effect on mAb binding of the S12F 289 
substitution, which has also been detected in clinical isolates, in agreement with the fact that 290 
it did not affect the native signal peptide cleavage site (i.e. it occurs at the native S13-Q14 291 
position), as observed by mass spectrometry (Fig. 4F). While the S13I and W152C NTD 292 
variants were respectively cysteinylated at positions C136 and W152C, due to the presence 293 
of unpaired cysteines, the double mutant S13I/W152C was not cysteinylated, suggesting that 294 
C136 and W152C had formed a disulfide bond with each other (Fig. 4C-E). Tandem mass-295 
spectrometry analysis of non-reduced, digested peptides identified linked discontinuous 296 
peptides containing C136 and W152C (Supplemental Fig. 5). The predominant observation 297 
of these two residues in the set of digested peptides thereby confirmed that a disulfide bond 298 
forms between C136 and W152C in the S13I/W152C NTD of the B.1.427/B.1.429 variant. 299 

 300 
Collectively, these findings demonstrate that the S13I and W152C mutations found in 301 

the B.1.427/B.1.429 S variant are jointly responsible for escape from NTD-specific mAbs, due 302 
to deletion of the SARS-CoV-2 S two N-terminal residues and overall rearrangement of the 303 
NTD antigenic supersite. Our data support that the SARS-CoV-2 NTD evolved a previously 304 
undescribed compensatory mechanism to form an alternative disulfide bond and that 305 
mutations of the S signal peptide occur in vivo in a clinical setting to promote immune evasion. 306 
 307 
 308 
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 310 
Fig. 4. The B.1.427/B.1.429 S S13I signal peptide mutation leads to immune evasion. (A) 311 
Binding of a panel of 11 neutralizing (antigenic site i) and 1 non-neutralizing (antigenic site iv) 312 
NTD-specific mAbs to recombinant SARS-CoV-2 NTD variants analyzed by ELISA displayed 313 
as a heat map. (B-F) Deconvoluted mass spectra of purified NTD constructs, including the 314 
wildtype NTD with the native signal peptide (B), the S13I NTD (C), the S13I and W152C NTD 315 
(D), the W152C NTD (E), and the S12F NTD (F). The empirical mass (black) and theoretical 316 
mass (red) are shown beside the corresponding peak. Additional 119 Da were observed for 317 
the S13I and W152C NTDs corresponding to cysteinylation (119 Da) of the free cysteine 318 
residue in these constructs (as L-cysteine was present in the expression media). The cleaved 319 
signal peptide (blue text) and subsequent residue sequence (black text) are also shown based 320 
on the MS results. Mutated residues are shown in bold. Cysteines are highlighted in light 321 
orange (unless in the cleaved signal peptide) while disulfide bonds are shown as dotted light 322 
orange lines between cysteines. Residues are numbered for reference. 323 
 324 
 325 
 326 
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 327 
Supplemental Fig. 4.  Effect of SARS-CoV-2 NTD mutations on mAb binding. Binding of 328 
a panel of 11 neutralizing (antigenic site i) and 1 non-neutralizing (antigenic site iv) NTD-329 
specific mAbs to recombinant SARS-CoV-2 NTD variants analyzed by ELISA. 330 

 331 
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332 
Supplemental Fig. 5. Mass spectrometry (MS) analysis of selected peptides. A-B. ESI-333 
MS (A) and MS/MS (B) analysis of peptides containing cysteinylated residue C136 from the 334 
S13I NTD mutant treated with Glu-C protease. MS/MS analysis shows the MS plot with the 335 
most prominent peaks labelled (left) and a list of the identified fragmented peptides (right). C-336 
D. ESI-MS (C) and MS/MS (D) analysis of peptides with a disulfide link between C136 and 337 
W152C from the S13I/W152C NTD mutant treated with Glu-C and trypsin proteases. MS/MS 338 
analysis shows the MS plot with the most prominent peaks labelled (left) and a list of the 339 
identified fragmented peptides (right).  340 

 341 

Discussion  342 
Serum or plasma neutralizing activity is a correlate of protection against SARS-CoV-2 343 

challenge in non-human primates(39, 40) and several monoclonal neutralizing Abs have 344 
demonstrated their ability to reduce viral burden as well as to decrease hospitalization and 345 
mortality in clinical trials(10, 14, 15, 22, 38, 41). The data presented here indicate that SARS-346 
CoV-2 B.1.427/B.1.429 is associated with a reduction of sensitivity to plasma neutralizing Abs 347 
elicited by vaccination with two doses of Pfizer/BioNTech BNT162b2 or Moderna mRNA-1273 348 
and by infection with the prototypic SARS-CoV-2 and the B.1.1.7 VOC. This reduction 349 
correlates with the loss of neutralizing activity observed with all human mAbs directed to the 350 
NTD evaluated as well as reduction or loss of inhibition for about a third of RBD-specific mAbs 351 
tested. These findings are reminiscent of recent observations made with other VOC, such as 352 
the B.1.1.7, B.1.351 and P.1, which also accumulated RBD and NTD mutations negatively 353 
affecting the neutralization potency of polyclonal Abs or mAb(12, 19, 29, 30, 42–44). 354 

The single L452R mutation present in the SARS-CoV-2 B.1.427/B.1.429 S RBD leads 355 
to a reduction or abrogation of the neutralizing activity of 10 out of 34 RBD-specific mAbs 356 
evaluated, including regdanvimab (CT-P59), etesevimab (LY-CoV016) and bamlanivimab (LY-357 
CoV555). Conversely, neutralization mediated by the Regeneron casirivimab/imdevimab mAb 358 
cocktail and by the VIR-7831/VIR-7832 (derivatives of S309) mAbs was indistinguishable 359 
against the wildtype and the B.1.427/B.1.49 variant. The observed L452R-mediated immune 360 
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evasion of B.1.427/B.1.429 S concurs with previous findings that this substitution reduced the 361 
binding or neutralizing activity of some mAbs prior to the description of the B.1.427/B.1.429 362 
variant(45–48). The acquisition of the L452R substitution by multiple lineages across multiple 363 
continents is suggestive of positive selection, which might result from the selective pressure of 364 
RBD-specific neutralizing Abs(34).  We anticipate that these data will guide public health 365 
policies regarding the deployment of these clinical mAbs for use in early therapy of COVID-19. 366 

Whereas RBD neutralizing mAbs target various antigenic sites, all known NTD-specific 367 
neutralizing mAbs recognize the same antigenic supersite(12, 16–18). Both types of mAbs 368 
represent a key aspect of immunity to SARS-CoV-2 influencing viral evolution(12). The SARS-369 
CoV-2 NTD undergoes fast antigenic drift and accumulates a larger number of prevalent 370 
mutations and deletions relative to other regions of the S glycoprotein(12, 49). For instance, 371 
the L18F substitution and the deletion of residue Y144 are found in 8% and 26% of viral 372 
genomes sequenced and are present in the B.1.351/P.1 lineages and the B.1.1.7 lineage, 373 
respectively. Both of these mutations are associated with reduction or abrogation of mAb 374 
binding and neutralization(12, 29). The finding that multiple circulating SARS-CoV-2 variants 375 
map to the NTD, including several of them in the antigenic supersite (site i), suggests that the 376 
NTD is subject to a strong selective pressure from the host humoral immune response, as 377 
supported by the identification of deletions within the NTD antigenic supersite in 378 
immunocompromised hosts with prolonged infections(50–52) and the in vitro selection of 379 
SARS-CoV-2 S escape variants with NTD mutations that decrease binding and neutralization 380 
potency of COVID-19 convalescent patient sera or mAbs(12, 29, 53, 54).  381 

The SARS-CoV-2 B.1.427/B.1.429 S NTD harbors the S13I and W152C substitutions 382 
and we demonstrate here that the former mutation leads to shifting the signal peptide cleavage 383 
site, effectively deleting the first two amino acid residues of the S glycoprotein (Q14 and C15). 384 
This deletion disrupts the C15/C136 disulfide bond that staples the N-terminus to the rest of 385 
the NTD galectin-like β-sandwich and thereby compromises the integrity of the NTD site of 386 
vulnerability. The SARS-CoV-2 B.1.427/B.1.429 S variant therefore relies on an indirect and 387 
unusual neutralization-escape strategy. 388 

The S13I/W152C mutations are efficiently evading the neutralizing activity of NTD-389 
specific mAbs, and the acquisition of additional RBD mAb escape mutations (in addition to 390 
L452R) could further dampen Ab-mediated SARS-CoV-2 neutralization for B.1.427/B.1.429. 391 
For example, the independent acquisition of the E484K mutation in the B.1.351, P.1, B.1.526 392 
variants and more recently the B.1.1.7 variant(29) suggests this could also occur in the 393 
B.1.427/B.1.429 lineages, as supported by the presence in GISAID of 4 genome sequences 394 
with the E484K RBD mutation in the B.1.427 variant . Alternatively, the S13I mutation could 395 
emerge in any of these variants. We note that the S13I mutation was also detected in the 396 
SARS-CoV-2 B.1.526 lineage, which was originally described in New York(55, 56). 397 
Understanding the newfound mechanism of immune evasion of the emerging variants, such 398 
as the signal peptide modification described herein, is as important as sequence surveillance 399 
itself to successfully counter the ongoing pandemic.  400 

 401 

402 
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 434 
MATERIALS AND METHODS 435 
Cell lines 436 
Cell lines used in this study were obtained from ATCC (HEK293T and Vero E6) or 437 
ThermoFisher Scientific (Expi CHO cells, FreeStyle™ 293-F cells and Expi293F™ cells). 438 
 439 
B.1.427/B.1.429 prevalence analysis 440 
The viral sequences and the corresponding metadata were obtained from GISAID EpiCoV 441 
project (https://www.gisaid.org/). Analysis was performed on sequences submitted to GISAID 442 
up to March 26th, 2021. S protein sequences were either obtained directly from the protein 443 
dump provided by GISAID or, for the latest submitted sequences that were not incorporated 444 
yet in the protein dump at the day of data retrieval, from the genomic sequences with the 445 
exonerate(57) 2 2.4.0--haf93ef1_3 446 
(https://quay.io/repository/biocontainers/exonerate?tab=tags ) using protein to DNA alignment 447 
with parameters -m protein2dna --refine full --minintron 999999 --percent 20 and using 448 
accession YP_009724390.1 as a reference. Multiple sequence alignment of all human spike 449 
proteins was performed with mafft(58) 7.475--h516909a_0 450 
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(https://quay.io/repository/biocontainers/mafft?tab=tags ) with parameters --auto --reorder --451 
keeplength --addfragments using the same reference as above. S sequences that contained 452 
>10% ambiguous amino acid or that were < than 80% of the canonical protein length were 453 
discarded. A total of 849,975 sequences were used for analysis. Figures were generated with 454 
R 4.0.2 () using ggplot 2 3.3.2 and sf 0.9-7 packages 455 
 456 
Sample donors 457 
Samples were obtained from SARS-CoV-2 recovered and vaccinated individuals under study 458 
protocols approved by the local Institutional Review Boards (Canton Ticino Ethics Committee, 459 
Switzerland,). All donors provided written informed consent for the use of blood and blood 460 
components (such as PBMCs, sera or plasma). Samples were collected 14 and 28 days after 461 
symptoms onset or after vaccination. 462 
 463 
Ab discovery and recombinant expression 464 
Human mAbs were isolated from plasma cells or memory B cells of SARS-CoV or SARS-CoV-465 
2 immune donors, as previously described(10, 59). Other clinical-stage mAbs (casirivimab, 466 
imdevimab, bamlanivimab, etesevimab and regdanbimab) were produced recombinantly 467 
based on gene synthesis of VH and VL sequences retrieved from publicly available 468 
sequences. Recombinant antibodies were expressed in ExpiCHO cells at 37 °C and 8% CO2. 469 
Cells were transfected using ExpiFectamine. Transfected cells were supplemented 1 day after 470 
transfection with ExpiCHO Feed and ExpiFectamine CHO Enhancer. Cell culture supernatant 471 
was col- lected eight days after transfection and filtered through a 0.2 μm filter. Recombinant 472 
antibodies were affinity purified on an ÄKTA xpress FPLC device using 5 mL HiTrapTM 473 
MabSelectTM PrismA columns followed by buffer exchange to Histidine buffer (20 mM 474 
Histidine, 8% sucrose, pH 6) using HiPrep 26/10 desalting columns. 475 
 476 
Antibody binding measurements using bio-layer interferometry (BLI) 477 
MAbs were diluted to 3 μg/ml in kinetic buffer (PBS supplemented with 0.01% BSA) and 478 
immobilized on Protein A Biosensors (FortéBio). Antibody-coated biosensors were incubated 479 
for 2 min with a solution containing 5 μg /ml of WT, L452R SARS-CoV-2 RBD in kinetic buffer, 480 
followed by a 2-min dissociation step. Change in molecules bound to the biosensors caused 481 
a shift in the interference pattern that was recorded in real time using an Octet RED96 system 482 
(FortéBio). The binding response over time was used to plot binding data using GraphPad 483 
PRISM software (version 9.0.0). 484 
 485 
Serum/plasma and mAbs pseudovirus neutralization assays 486 
VSV pseudovirus generation 487 
Replication defective VSV pseudovirus(60) expressing SARS-CoV-2 spike proteins 488 
corresponding to the different VOC were generated as previously described(61) with some 489 
modifications.  Lenti-X 293T cells (Takara, 632180) were seeded in 10-cm2 dishes at a density 490 
of 5e6 cells per dish c and the following day transfected with 10 µg  of spike expression 491 
plasmid with TransIT-Lenti (Mirus, 6600) according to the manufacturer’s instructions. One 492 
day post-transfection, cells were infected with VSV-luc (VSV-G) with an MOI of 3 for 1 h, rinsed 493 
three times with PBS containing Ca2+/Mg2+, then incubated for an additional 24 h in complete 494 
media at 37°C. The cell supernatant was clarified by centrifugation, filtered (0.45 um), 495 
aliquoted, and frozen at 80°C. 496 
 497 
 498 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 1, 2021. ; https://doi.org/10.1101/2021.03.31.437925doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.31.437925


   
 

   
 

VSV pseudovirus neutralization for the testing of mAbs 499 
Vero-E6 and Vero E6-TMPRSS2 were grown in DMEM supplemented with 10% FBS and 500 
seeded into clear bottom white 96 well plates (PerkinElmer, 6005688) at a density of 2e4 cells 501 
per well. The next day, mAbs or plasma were serially diluted in pre-warmed complete media, 502 
mixed with pseudoviruses and incubated for 1 h at 37°C in round bottom polypropylene plates. 503 
Media from cells was aspirated and 50 µl of virus-mAb/plasma complexes were added to cells 504 
and then incubated for 1 h at 37°C. An additional 100 µL of prewarmed complete media was 505 
then added on top of complexes and cells incubated for an additional 16-24 h. Conditions 506 
were tested in triplicate wells on each plate and at least six wells per plate contained untreated 507 
infected cells (defining the 0% of neutralization, “MAX RLU” value) and infected cells in the 508 
presence of S2E12 and S2X259 at 25 µg/ml each (defining the 100% of neutralization, “MIN 509 
RLU” value). Virus-mAb/plasma-containing media was then aspirated from cells and 100 µL 510 
of a 1:2 dilution of SteadyLite Plus (Perkin Elmer, 6066759) in PBS with Ca++ and Mg++ was 511 
added to cells. Plates were incubated for 15 min at room temperature and then were analyzed 512 
on the Synergy-H1 (Biotek). Average of Relative light units (RLUs) of untreated infected wells 513 
(MAX RLUave) was subtracted by the average of MIN RLU (MIN RLUave) and used to normalize 514 
percentage of neutralization of individual RLU values of experimental data according to the 515 
following formula: (1-(RLUx - MIN RLUave) / (MAX RLUave – MIN RLUave)) x 100. Data were 516 
analyzed and visualized with Prism (Version 9.1.0). IC50 (mAbs) and ID50 (plasma) values 517 
were calculated from the interpolated value from the log(inhibitor) versus response – variable 518 
slope (four parameters) nonlinear regression with an upper constraint of ≤100, and a lower 519 
constrain equal to 0. Each neutralization experiment was conducted on two independent 520 
experiments, i.e., biological replicates, where each biological replicate contains a technical 521 
triplicate. IC50 values across biological replicates are presented as arithmetic mean ± 522 
standard deviation. The loss or gain of neutralization potency across spike variants was 523 
calculated by dividing the variant IC50/ID50 by the parental IC50/ID50 within each biological 524 
replicate, and then visualized as arithmetic mean ± standard deviation. 525 
 526 
HIV pseudovirus generation 527 
HIV D614G SARS-CoV-2 S and B.1.427/B.1.429 S pseudotypes were prepared as previously 528 
described (62, 63). Briefly, HEK293T cells were co-transfected using Lipofectamine 2000 (Life 529 
Technologies) with an S-encoding plasmid, an HIV Gag-Pol, HIV Tat, HIV Rev1B packaging 530 
construct, and the HIV transfer vector encoding a luciferase reporter according to the 531 
manufacturer’s instructions. Cells were washed 3 × with Opti-MEM and incubated for 5 h at 532 
37°C with transfection medium. DMEM containing 10% FBS was added for 60 h. The 533 
supernatants were harvested by spinning at 2,500 g, filtered through a 0.45 μm filter, 534 
concentrated with a 100 kDa membrane for 10 min at 2,500 g and then aliquoted and stored 535 
at −80°C. 536 
 537 
HEK203-hACE2 cells were cultured in DMEM with 10% FBS (Hyclone) and 1% PenStrep with 538 
8% CO2 in a 37°C incubator (ThermoFisher). One day or more prior to infection, 40 μL of poly-539 
lysine (Sigma) was placed into 96-well plates and incubated with rotation for 5 min. Poly-lysine 540 
was removed, plates were dried for 5 min then washed 1 × with water prior to plating cells. 541 
The following day, cells were checked to be at 80% confluence. In a half-area 96-well plate a 542 
1:3 serial dilution of HCP was made in DMEM in 22 μL final volume. 22 μL of diluted 543 
pseudovirus was then added to the serial dilution and incubated at room temperature for 30-544 
60 min. Mixture was then added to cells for two hours. Following the two hour incubation, 44μL 545 
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of DMEM with 20%FBS (Hyclone) and 2% PenStrep was added and incubated for 48 hours. 546 
After 48 hours, 40 μL/well of One-Glo-EX substrate (Promega) was added to the cells and 547 
incubated in the dark for 5-10 min prior reading on a BioTek plate reader. Measurements were 548 
done in at least duplicate. Relative luciferase units were plotted and normalized in Prism 549 
(GraphPad) using as zero value cells alone or infected with virus alone as 100%. Nonlinear 550 
regression of log(inhibitor) versus normalized response was used to determine IC50 values 551 
from curve fits. Kruskal Wallis tests were used to compare two groups to determine whether 552 
they were statistically different. 553 
 554 
Mutant generation 555 
The SARS-CoV-2 NTD construct with the native signal peptide was mutated by PCR 556 
mutagenesis to generate S13I and W152C mutations using the eponymously named primers 557 
(Supplementary Table 1). Plasmid sequences were verified by Genewiz sequencing facilities 558 
(Brooks Life Sciences). 559 
Amino acid substitutions were introduced into the D614G pCDNA_SARS-CoV-2_S plasmid 560 
as previously described(64) using the QuikChange Lightening Site-Directed Mutagenesis kit, 561 
following the manufacturer’s instructions (Agilent Technologies, Inc., Santa Clara, CA). 562 
Sequences were checked by Sanger sequencing. 563 
Plasmids encoding the SARS-CoV-2 S glycoprotein corresponding to the VOC 564 
B.1.427/B.1.429 (referred as B.1.429), B.1.1.7, B.1.351 and P.1 SARS-CoV-2 S glycoprotein-565 
encoding-plasmids used to produce SARS-CoV-2-VSV, were obtained using a multistep 566 
based on overlap extension PCR (oePCR) protocol(29). Briefly, the mutations of the different 567 
VOC lineages were encoded on each primer pair used to amplify sequential, overlapping 568 
fragments of the SARS-CoV-2 D19 plasmid, which encodes a C-terminally truncated Spike 569 
proteins, known to support higher plasma membrane expression(65). Two to three contiguous 570 
PCR fragments were subsequently joined by oePCR using the most external primers.  For all 571 
PCR reactions the Q5 Hot Start High fidelity DNA polymerase was used (New England Biolabs 572 
Inc.), according to the manufacturer’s instructions and adapting the elongation time to the size 573 
of the amplicon. After each PCR step the amplified regions were separated on agarose gel 574 
and purified using Illustra GFX™ PCR DNA and Gel Band Purification Kit (Merck KGaA). The 575 
last oePCR step was performed to amplify the complete SARS-CoV-2S D19 sequence using 576 
primers carrying 15bp long 5’ overhangs homologous to the vector backbone, the amplicon 577 
was then cloned into the pCDNA3 vector using the Takara In-fusion HD cloning kit, following 578 
manufacturer’s instructions. 579 
 580 
Production of California-B.1.429 (L452R) receptor binding domain and recombinant 581 
ectodomains 582 
The SARS-CoV2 RBD-L452R construct California-B.1.429 (L452R) was synthesized by 583 
GenScript into CMVR with an N-terminal mu-phosphatase signal peptide and a C-terminal 584 
octa-histidine tag (GHHHHHHHH) and an avi tag. The boundaries of the construct are N-585 
328RFPN331 and 528KKST531-C35. The B.1.429 RBD gene was synthesized by GenScript 586 
into pCMVR with the same boundaries and construct details with a mutation at L452R. This 587 
plasmid was transiently transfected into Expi293F cells using Expi293F expression medium 588 
(Life Technologies) at 37°C 8% CO2 rotating at 150 rpm. The culture was transfected using 589 
ExpiFectamine™ 293 Transfection Kit (Gibco, #A14524) and cultivated for 7 days. 590 
Supernatants were clarified by centrifugation (30 min at 4000xg) prior to loading onto a Strep-591 
Tactin®XT 4Flow® high-capacity cartridge 5ml column (IBA-Lifesciences) and eluted with 592 
50mM Biotin, 100 mM Tris-HCl, 150 mM NaCl, 1mM EDTA, pH 8.0, prior to buffer exchange 593 
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by size exclusion chromatography (SEC) into formulation buffer 100mM Tris-HCl, 150 mM 594 
NaCl, 1mM EDTA, pH 8.0. 595 
 596 
All SARS-CoV-2 S NTD domain constructs (residues 14-307) with a C-terminal 8XHis-tag 597 
were produced in 100 mL culture of Expi293F™ Cells (ThermoFisher Scientific) grown in 598 
suspension using Expi293™ Expression Medium (ThermoFisher Scientific) at 37°C in a 599 
humidified 8% CO2 incubator rotating at 130 r.p.m. Cells grown to a density of 3 million cells 600 
per mL were transfected using pCMV::SARS-CoV-2_S_NTD derivative mutants with the 601 
ExpiFectamine™ 293 Transfection Kit (ThermoFisher Scientific) with and cultivated for five 602 
days at which point the supernatant was harvested. His-tagged NTD domain constructs were 603 
purified from clarified supernatants using 2 ml of cobalt resin (Takara Bio TALON), washing 604 
with 50 column volumes of 20 mM HEPES-HCl pH 8.0 and 150 mM NaCl and eluted with 600 605 
mM imidazole. Purified protein was concentrated using a 30 kDa centrifugal filter (Amicon 606 
Ultra 0.5 mL centrifugal filters, MilliporeSigma), the imidazole was washed away by 607 
consecutive dilutions in the centrifugal filter unit with 20 mM HEPES-HCl pH 8.0 and 150 mM 608 
NaCl, and finally concentrated to 20 mg/ml and flash frozen.  609 
 610 
Intact mass spectrometry analysis of purified NTD constructs 611 
The purpose of intact MS was to verify the n-terminal sequence on the constructs. N-linked 612 
glycans were removed by PNGase F after overnight non-denaturing reaction at room 613 
temperature. 4 μg of deglycosylated protein was used for each injection on the LC-MS system 614 
to acquire intact MS signal after separation of protease and protein by LC (Agilent PLRP-S 615 
reversed phase column). Thermo MS (Q Exactive Plus Orbitrap) was used to acquire intact 616 
protein mass under denaturing condition. BioPharma Finder 3.2 software was used to 617 
deconvolute the raw m/z data to protein average mass.        618 
 619 
Non-reducing Peptide Mapping mass spectrometry analysis of purified NTD constructs 620 
The purpose of peptide mapping was to verify the disulfide linkage between C136 and C152 621 
on S13I/W152C variant. Combo protease with Glu-C and trypsin was used for protein 622 
digestion without adding reducing reagent. 50 μg of deglycosyated protein was denatured (6M 623 
guanidine hydrochloride), alkylated (Iodoacetamide), and buffer exchanged (Zeba spin 624 
desalting column) before digestion. 10 µg of digested peptide was analyzed on the LC-MS 625 
system (Agilent AdvanceBio peptide mapping column and Thermo Q Exactive Plus Orbitrap 626 
MS) to acquire both MS1 and MS2 data under HCD fragmentation. Peptide mapping data was 627 
analyzed on Biopharma Finder 3.2 by searching the possible disulfide linkages on the 628 
construct.       629 

630 
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Supplementary Table 1. Primers used in this study. 631 
Primer 
name 

Sequence 

S13I_fwd TCCAGTGCGTGAACCTGAC 
S13I_rev TAGAAACCAGAGGGAGCAGGAC 
W152C_fwd CATGGAGTCTGAGTTTCGC 
W152C_rev CAGGACTTATTGTTCTTGTGATAGTAC 
CAL4_NTD_
fwd 

TATAATGGTACCGCCACCATGTTCGTCTTTCTG 

CAL4_NTD_
rev 

TATAATAAGCTTTCAGTGGTGGTGGTGGTGGTGATGATGCGCGGTAAAGGACT
TCGCTGTACACTTTG 

 632 
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