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37  Abstract

38  Antibody-dependent enhancement (ADE) of viral entry remains a mechanistically
39  unresolved phenomenon in SARS-CoV-2 variants, with its variant-specificity and
40  pathological consequences poorly defined. Through systematic profiling of 114
41 monoclonal antibodies (mAbs) across major variants of concern (VOCs), we discover that
42  the Delta variant exhibits uniquely potent ADE mediated by mAbs targeting specific spike
43 (S) epitopes. Crucially, integrative single-cell RNA sequencing of Delta-infected patients
44  provides direct in vivo evidence of ADE-associated immunopathology, revealing
45  significant depletion of FcyR* and C1qR* immune cells (particularly CD16* monocytes
46  and dendritic cells) alongside pan-cellular cytokine hyperactivation, patterns that are absent
47 in wildtype or Omicron infections. Functional dissection demonstrates epistatic
48  interactions among Delta-specific S mutations (L452R, P681R, and D950N), wherein
49  individual mutations enhance ADE in wildtype background but suppress it in Delta context.
50  Longitudinal surveillance reveals fluctuating ADE patterns across variants, with BA.5 sub-
51 lineage exhibiting L452R-mediated resurgence of enhancement. This study establishes
52  variant-specific ADE as an in vivo driver of immunopathology governed by epistatic
53  constraints, necessitating continuous risk assessment in evolving variants.

54
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55  Introduction

56  Antibody-dependent enhancement (ADE) is an immunological phenomenon in which
57 monoclonal antibodies (mAbs), paradoxically, enhance viral infection rather than
58  mediating neutralization. This occurs when the antigen-binding fragment (Fab) of a mAb
59  binds to viral surface proteins on viral particles, while the fragment crystallizable (Fc)
60  region interacts with Fc gamma receptors (FcyRs) expressed on immune cells, facilitating
61  viral uptake (Supplementary Fig. Sla).!> ADE of viral infection manifests through two
62  primary consequences: elevated viral loads due to viral replication within FcyR™ cells, and
63  dysregulated immune activation resulting from excessive FcyR signaling within infected
64 immune cells.>* The ADE phenomenon has been documented for diverse viruses,
65  including dengue virus (DENV), Zika virus (ZIKA), and respiratory syncytial virus (RSV),
66  typically upon secondary exposure to homologous or antigenically related pathogens.

67

68 In the context of coronaviruses, studies have demonstrated FcyR-mediated uptake of
69  SARS-CoV and MERS-CoV by human B lymphoblastoid cell line Raji cells (FcyRIIB"),
70  monocyte-derived macrophages (FcyRII"), and exogenous FcyRITA-expressing HEK293T
71  cells in vitro in the presence of anti-spike (S) sera or mAbs.>” establishing an in vitro “ADE
72 of viral entry” phenotype for these viruses. Consequently, during the onset of the COVID-
73 19 pandemic, the potential risk of ADE for SARS-CoV-2 represented a significant
74 scientific concern.*®” Consistent with this, numerous in vitro studies, including our own,

75  confirmed ADE of viral entry for wildtype (WT) SARS-CoV-2 induced by specific mAbs
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76  interacting with FcyRs.!%!* However, a critical discrepancy emerged between SARS-CoV-
77 2 and other pathogenic coronaviruses. While active and passive immunization against
78  SARS-CoV or MERS-CoV led to exacerbated immunopathology or heightened

79  inflammatory responses upon infection in animal models,!>!6

passive transfer of SARS-
80 CoV-2 mAbs, even those exhibited potent ADE in vitro, effectively protected mice and
81  monkeys from high-dose SARS-CoV-2 challenge.!? Furthermore, breakthrough infections
82  among vaccinated individuals possessing anti-S antibodies have not been associated with
83  exacerbated symptoms. Thus, direct evidence linking adverse clinical outcomes to an
84  “ADE of disease” in vivo phenotype for SARS-CoV-2 is currently lacking.

85

86  As a single-stranded RNA virus, SARS-CoV-2 continuously undergoes mutations and
87  recombination events, driving the emergence of distinct variants. Several notable variants
88  exhibiting increased transmissibility, immune evasion capabilities and/or clinical severity
89  have been designated variants of concerns (VOCs), including Alpha (B.1.1.7), Beta
90 (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) along with its
91 numerous sub-lineages.!” These VOCs underwent rigorous surveillance due to their
92  significant public health implications. Extensive research focused on the dynamic
93  evolution of their S proteins, particularly concerning alteration in binding affinity to the
94  host receptor angiotensin-converting enzyme 2 (ACE2) and enhanced antibody evasion

95  capacity, factors critically influencing viral fitness.'®2° However, whether these VOCs

96  exhibit comparable or altered ADE potential relative to the ancestral wildtype SARS-CoV-
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97 2 remained largely unexplored.

98

99 In this study, we systematically evaluated in vitro ADE of viral entry across SARS-CoV-2
100  variants. Our results revealed that the Delta variant exhibits significantly enhanced ADE
101  capacity in an epitope-associated manner. Integrated single-cell RNA sequencing (scCRNA-
102 seq) analysis of human peripheral blood mononuclear cells (PBMCs) from Delta-infected
103  patients indicated a significant depletion of immune cell subsets expressing FcyRs or
104  complement component Clq receptors (C1qRs), accompanied by a universal upregulated
105  of cytokine gene expression. Further dissection of the specific combination of mutations
106  within the Delta S protein demonstrated profound epistatic effects on ADE of viral entry.
107  Finally, fluctuating patterns of ADE potential (induced by both mAbs and donors’ sera)
108  across major SARS-CoV-2 variants over time, with more robust ADE for the Delta and
109  Omicron BA.S, revealed the stochastic emergence of ADE-strong variants, emphasizing
110  the critical need for continuous ADE surveillance.

111
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112 Methods

113 Cell lines

114  HEK293T cells (human embryonic kidney epithelia cell line) and Huh-7 cells (human
115  hepatocellular carcinoma cell line) were maintained in Dulbecco’s Modified Eagle Medium
116  (DMEM) (MeilunBio) supplemented with 10% fetal bovine serum (FBS, Deary Tech), 100
117  U/mL penicillin, and 100 pg/mL streptomycin. Raji cells (human Burkitt’s lymphoma B
118  lymphoblast) were cultured in RPMI1640 medium (MeilunBio) containing 10% FBS under
119  identical condition. HEK293F cells were adapted to serum-free suspension culture in
120 OPM-293-CD05 medium (OPM Biosciences) with orbital shaking at 100 rpm. All cell lines
121 were cultured at 37°C under 5% COs.

122

123 Antibody cloning and production

124  Human mAbs were cloned and produced as previously reported.!? Briefly, heavy chain and
125  light chain expression plasmids were co-transfected into HEK293F suspension cells at a
126 1:1 ratio using EZtrans transfection reagents (Life iLAB Bio-Technology). Cell
127  supernatants were harvested seven days post-transfection, and antibodies were purified
128  using Protein G Sepharose 4 Fast Flow (Cytiva). Purified antibodies were analyzed by
129  SDS-PAGE under reducing conditions, confirming expected molecular weight (~50 kDa
130  for heavy chains; ~25 kDa for light chains). Final antibody preparation was buffer-
131  exchanged into PBS (pH 7-4), filtered (0-22 pum), and stored at 4°C until use.

132

133 Generation of pseudotyped viruses

134  Pseudotyped viruses bearing SARS-CoV-2 spike (S) proteins were generated as previously
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135  described.?!"?? Briefly, wildtype, variant-specific, and mutant S protein sequences were
136  cloned into the pcDNA3.1 vector for mammalian expression. HEK239T cells were
137  transiently co-transfected with the pNL4-3.Luc.R-E- backbone plasmid and S protein-
138  expressing plasmids at a 1:2 ratio using VigoFect transfection reagent (Vigorous
139  Biotechnology). Six hours post-transfection, supernatants were replaced with fresh
140  complete DMEM supplemented with 10% FBS. Pseudovirus-containing supernatants were
141 harvested 48 hours later, aliquoted, and stored at -80°C. To generate SARS-CoV-2
142  pseudoviruses containing mutated S protein, site-directed mutagenesis was performed
143  using the mut Express II Fast Mutagenesis Kit V2 (Vazyme) with pcDNA3.1-SARS-CoV-
144  2-wildtype-S or -Delta-S as template. Pseudovirus quantification was performed by
145  quantitative reverse transcription PCR (qQRT-PCR). Briefly, viral RNA was extracted using
146  TIANamp virus RNA kit (TIANGEN), reverse transcribed with HiScript® II Q RT
147  SuperMix (Vazyme), and amplified using Taq Pro Universal SYBR qPCR Master Mix
148  (Vazyme) with primers targeting gag, pol, and luciferase genes in the pNL4-3.Luc.R-E-
149  backbone. All pseudovirus stocks were normalized to 2x10* copies/uL prior to use in ADE
150  assay.

151

152  In vitro ADE assay using pseudoviruses

153  In vitro ADE of viral entry was assessed using Raji cells in a standardized pseudovirus
154  assay as previously established.>!? Briefly, Raji cells were seeded at 3x10* cells/well in
155  poly-L-lysine-coated (0-01%) 96-well plates and cultured for 24 hours. Pseudoviruses were
156  incubated with serially diluted mAbs (nine-point three-fold dilutions starting from 100

157  pg/mL) or sera (nine-point three-fold dilutions starting from 1:4 dilution) for 30 minutes at
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158  37°C. The virus-antibody mixtures were then added to Raji cells and incubated for 60 hours.
159  Luciferase activity was quantified using the Firefly Luciferase Assay Kit (Promega)
160 according to manufacturer specifications. Since many factors (cell concentration,
161  immunofluorescence reading, etc.) varied in distinct plates or different rounds of
162  experiments, we normalized results across experimental plates and batches. Specifically,
163 antibody XG043'° (2 ug/mL) against wildtype SARS-CoV-2 was included in triplicate on
164  each plate as an internal reference standard. Absolute luciferase reading values from all
165  wells were converted to relative percentages by setting the average value of XG043
166  replicates to 100%.

167

168  In vitro ADE assay using authentic viruses

169  In vitro Raji cell-dependent ADE assays with authentic SARS-CoV-2 viruses, including
170  wildtype, Delta, and Omicron strains, were conducted in a Biosafety Level 3 (BSL-3)
171 laboratory. All personnel wore appropriate personal protective equipment (PPE) including
172 powered air-purifying respirators (PAPRs) during BSL-3 procedures. Prior to infection,
173 viral inocula were normalized to equivalent RNA copy numbers via qRT-PCR. Antibodies
174  were used at 10 pg/mL or serially diluted (six-point three-fold dilutions; maximum
175  concentration 90 pug/mL) in serum-free RPMI1640 medium (MeilunBio). Seeded Raji cells
176 ~ were incubated with virus-antibody mixtures. Following 24-hour incubation, cells were
177 lysed using Trizol LS reagent (Thermo Fisher Scientific) and total RNA was extracted as
178  described previously.?® Viral RNA quantification was performed via one step qRT-PCR
179  using the One-Step Prime Script RT-PCR kit (Takara Bio) following the manufacturer’s

180  instructions. Primers targeting the SARS-CoV-2 nucleocapsid (N) gene were used for qRT-
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181 PCR.

182

183  In vitro neutralization assay using pseudoviruses

184  In vitro pseudovirus neutralization assays were performed as previously described.?!-2423
185  Briefly, Huh-7 cells were seeded at 1x10* cells/well in 96-well plates using complete
186 DMEM and cultured for 8 hours. Serial dilutions of mAbs (nine-point three-fold dilutions
187  starting from 10 pg/mL) or sera (nine-point two-fold dilutions starting from 1:40 dilution)
188  were incubated with pseudoviruses for 30 minutes at 37°C before transfer to seeded Huh-
189 7 cells. Following 24-hour incubation, medium was replaced with fresh complete DMEM.
190  Cells were harvested 36 hours post-infection and lysed for luciferase activity quantification
191  using the Firefly Luciferase Assay Kit (Promega) according to the manufacturer’s
192  instructions. Neutralization curves were generated in GraphPad Prism, with ICso and NTso
193  values calculated for mAbs and sera, respectively, using nonlinear regression analysis of
194  GraphPad PRISM.

195

196  Bulk RNA sequencing analysis

197  Raw RNA sequencing reads underwent quality control assessment using FastQC (v0.11.9).
198  Adapter trimming and quality filtering were performed using fastp (v0.23.2), and the final
199  quality metrics were aggregated using MultiQC (v1.18). To deplete ribosomal RNA
200  (rRNA), reads were aligned to an rRNA reference using HISAT?2 (v2.2.1) and concordantly
201  aligned reads were removed. The remaining clean reads were subsequently aligned to the
202  GRCh38 human reference genome together with SARS-CoV-2 (MN996528.1) reference

203  genome using the STAR aligner (v2.7.10). Resulting alignments were converted, sorted,
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204  and indexed using Samtools (v1.10), generating sorted BAM files. Gene-level expression
205  was quantified using featureCounts (v2.0.3) against the GENCODE v37 gene annotation,
206  yielding a raw count matrix. For downstream analysis, gene counts were normalized to
207  Transcripts Per Million (TPM) to account for sequencing depth and gene length. To
208  visualize the global expression patterns and assess clustering among virus-infected sample
209  groups, Principal Component Analysis (PCA) was performed on the log2-transformed
210  TPM values (log2(TPM+1)). Separately, the raw count matrix was used for differential
211  expression analysis with the DESeq2 R package (1.46.0).

212

213  Single-cell RNA sequencing (scRNA-seq) data analysis

214  To enable comparative analysis of immune cell populations and transcriptomic profiles
215  across SARS-CoV-2 variants, we integrated scRNA-seq datasets from two independent
216  studies. Processed Seurat objects containing original scRNA-seq datasets were obtained
217  directly from the original publication.?® Raw sequencing data for Omicron-infected cohort
218  (accession ID HRAO003738%7) were retrieved from the China National Center for
219  Bioinformation. Raw sequencing files were then aligned to the GRCh38 human reference
220 genome using Cell Ranger (v8.0.0). Downstream data integration and analysis was
221  performed in R package Seurat (v5.1.0) and the Python package Scanpy (v1.10.1). Quality
222  control filtering excluded: (i) cells with less than 500 UMI counts, (ii) cells expressing less
223 than 200 genes, and (iii) cells with more than 10% mitochondrial gene content. Potential
224  doublets identified by DoubletFinder (v2.0.4) with default parameters were also excluded.
225  Gene expression normalization was performed and top 2000 most variable features were

226  selected for subsequent dimensionality reduction. Principal component analysis (PCA) was
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227  performed for dimensionality reduction, UMAP algorithm was then implemented for two-
228  dimensional visualization. To integrate cells from different datasets and perform batch
229  effect correction, the BBKNN algorithm was employed. Cell clustering was performed on
230  the batch-corrected neighbor graph generated by BBKNN with the sc.pl.leiden function
231  from Scanpy. Cell type annotation was conducted through systematic evaluation of
232  canonical marker genes and expression profiles. Following manual curation and cross-
233  validation with reference datasets, a total of 709,493 high-quality single cells were
234  annotated across 12 distinct immune populations: CD8" T cells (140,048), CD4" T cells
235  (212,464), CD16" monocytes (10,141), CD14" monocytes (157,509), B cells (78,665),
236 cDCs (1,808), pDCs (1,059), erythroblasts (2,223), neutrophils (612), NK cells (86044),
237  plasma cells (1,693), and platelets (17,227).

238

239  Expression analysis of FcyR and C1qR

240  The expression profiles of genes encoding FcyRs (FCGR1A, FCGR2A, FCGR2B, and
241  FCGR3A) and Clqreceptors (C1QBP and CD93) were extracted from scRNA-seq datasets
242  using the GetAssayData function in Seurat. Normalized expression values were analyzed
243  among annotated cell types for comparative analysis.

244

245  Cytokine scoring

246 A curated panel of cytokine genes (Supplementary Table S3) obtained from a previous
247  study?® was used to compute cell-level cytokine scores via the AddModuleScore function
248  in Seurat. Scores represent the average normalized expression of cytokine genes relative to

249  control gene sets.
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250  Statistical analysis

251  Statistical analyses were performed as detailed in Results and figure legends. ADE AUC
252  values were calculated using GraphPad PRISM. Normality was assessed using Shapiro-
253  Wilk test. For normally distributed data, Brown-Forsythe and Welch’s ANOVA test and
254  Dunnett’s multiple comparisons test were performed. For non-normal distributions,
255  Kruskal-Wallis test with Dunnett’s multiple comparisons was applied. All tests used two-
256  sided thresholds with significance defined as p < 0-05.

257

258  Ethics

259  All participants initially provided oral informed consent, followed by written informed
260 consent. This study was conducted according to the guidelines of the Declaration of
261  Helsinki and was approved by the Fudan University School of Basic Medical Sciences
262  Ethics Committee (FUSBMSEC) (2022-C005).

263

264  Role of funders

265  None of the funding sources had any role in study design, data analysis, preparation of

266  manuscript or decision to submit the manuscript for publication.
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268  Results

269  Distinct ADE patterns across SARS-CoV-2 variants and mAbs

270  To accurately characterize the capacity for ADE of viral entry in vitro, we employed our
271  established ADE assay (Supplementary Fig. S1b). This assay utilized Raji cells expressing
272 FcyRIIB but lacking ACE2 expression, thereby preventing infection via the conventional
273 S-ACE2-dependent viral entry pathway.”> SARS-CoV-2-pseudotyped viruses encoding a
274  luciferase reporter gene were used. Consequently, the efficiency of FcyR-mediated viral
275  entry into Raji cells was quantified by measuring luciferase activity.

276

277  We next assembled a panel of human mAbs targeting diverse epitopes on the SARS-CoV-
278 2 S protein, comprising: 76 mAbs isolated from one convalescent individual (XG series)

279  and four vaccinated individuals (XGv series) in our prior studies.!%?

and 38 structurally
280  characterized mAbs compiled from published literatures (Supplementary Table S1). This
281  combined, unbiased panel enabled systematic profiling of ADE activity against the
282  wildtype SARS-CoV-2 strain and major VOCs, including Alpha, Beta, Gamma, Delta, and
283  Omicron. The ADE potency of each mAb against each variant was evaluated across a broad
284  concentration gradient (100 to 0-015 pg/mL) using nine serial three-fold dilutions (Fig. 1a).
285

286  Based on the luciferase reporter activities elicited, the 114 mAbs exhibited divergent ADE

287  capacities across SARS-CoV-2 variants (Fig. 1a). To quantify differences in ADE capacity

288  among these mAbs across variants, we employed two key metrics: the ADE area under
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289  curve (ADE AUC) and ADE enhancing power (defined as the maximum luciferase signal
290 achieved across antibody dilutions) (Supplementary Fig. S2a). Correlation analyses
291  revealed strong positive associations between ADE AUC and enhancing power for each
292  variant (p < 0-001; Supplementary Fig. S2b-g), validating the use of these quantitative
293  parameters for assessing ADE potency.

294

295  Several key phenomena were observed across the tested VOCs and mAbs. First, a large
296  proportion of mAbs did not induce substantial ADE, aligning with prior studies on the
297  wildtype virus (Fig. 1a).!® Uniform manifold approximation and projection (UMAP)
298  dimensional reduction of ADE AUC profiles clearly delineated three distinct clusters
299  among these mAbs (Fig. 1b). We designated these clusters as high, moderate and low ADE
300 Dbased on their overall ADE AUC values. Over half of mAbs (66 out of 114) belonged to
301 the low ADE cluster, failing to promote enhancement of viral entry at any tested mAb
302  concentrations across all kinds of variants tested.

303

304  Second, the ADE capacity of mAbs strongly correlated with epitope specificity, consistent
305  with our previous findings.!®*° Antibodies within the high or moderate ADE clusters were
306  predominantly specific for particular epitopes, including receptor-binding domain (RBD)
307  class II/IIT and N-terminal domain (NTD) (Fig. Ic). Notably, 7 of 17 RBD class II (41-2%)),
308 15 0f 19 RBD class III (78:9%), and 22 of 37 NTD (59-5%) mAbs belonged to the high or

309 moderate ADE clusters, while few of such mAbs (< 20%) were identified among RBD
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310 class I/IV and S2 mAbs (Fig. Ic).

311

312  Third, the optimal mAb concentrations for inducing maximal ADE varied by epitope
313  specificity, which was also observed in our previous studies.!®*® For example, ADE-
314  positive NTD-targeting mAbs exhibited enhancement predominantly at higher
315  concentrations (Fig. 1a). Conversely, RBD class III mAbs typically induced potent ADE
316  across a broad concentration range, while optimal concentrations for RBD class II mAbs
317  were more variable (Fig. 1a).

318

319  Fourth, importantly, ADE-positive mAbs targeting RBD class II/IIl and NTD induced
320 significantly more profound ADE effect against the Delta variant (Fig. 1a), as reflected by
321  their significantly higher ADE AUC values and elevated enhancing power compared with
322  wildtype and other VOCs (Supplementary Fig. S3a and b).

323

324  Collectively, anti-S mAbs targeting distinct epitopes across the SARS-CoV-2 S protein
325  exhibited markedly divergent capacities for mediating ADE of viral entry in an epitope-
326  associated manner, with the Delta variant eliciting uniquely potent ADE activity relative to
327  the wildtype strain and other VOCs tested.

328

329  Delta variant elicits the most potent ADE of viral entry in vitro

330 Comparative analysis of ADE profiles across SARS-CoV-2 variants revealed statistically
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331  significant elevations in both ADE AUC and enhancing power for the Delta variant, but
332  not for other VOCs, relative to wildtype SARS-CoV-2 (p <0-001; Fig. 1d and e). Moreover,
333 the ADE AUC and enhancing power elicited by the Delta variant were statistically higher
334  than all other tested VOCs (p < 0-001; Supplementary Fig. S3c and d). In contrast, the
335  Omicron variant displayed weak ADE activity comparable to wildtype SARS-CoV-2 (p >
336 0-05; Fig. 1d and e).

337

338 To investigate whether diverse ADE capacities for distinct variants result from alterations
339 in mAbs’ binding or neutralizing activity, we measured the ECso (binding) and ICso
340  (neutralizing) values across the mAb panel (Fig. 1f, and Supplementary Table S2).
341  Representative mAbs, such as XG003 and XGO013, potently neutralized wildtype and
342  VOCs, except Omicron, but induced considerable ADE only against Delta (Fig. 1g).
343  Conversely, mAbs, such as XG005, LY-CoV1404, XGv282, and XGv289, maintained
344  potent neutralizing activity (ICso < 0-1 pg/mL) against all tested variants, including
345  Omicron, but also induced substantial ADE only with Delta (Fig. 1h and Supplementary
346  Fig. S3e). Neither linear regression analysis nor principal component analysis (PCA)
347  revealed significant correlations between ADE AUC and ICso values across variants (Fig.
348  1iand Supplementary Fig. S3f).

349

350  Collectively, our findings suggested that the pronounced ADE heterogeneity across major

351  SARS-CoV-2 variants, particularly the enhanced ADE of Delta, is not attributable to
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352  changes in mAb neutralization efficiency, but is likely to be driven by variant-specific
353  mutational profiles within the viral S protein.

354

355  Authentic virus assays confirm potent ADE-mediated viral entry for Delta

356  To validate the enhanced ADE capacity of the Delta variant observed in the pseudovirus
357  system, we performed analogous assays using authentic SARS-CoV-2 viruses, including
358  wildtype, Delta, and Omicron strains. We selected anti-RBD mAb XG005%! due to its
359  consistently potent neutralizing activity against the tested VOCs (Fig. 1h). Mixtures of
360  XGO005 and authentic viruses were incubated with Raji cells, and viral entry efficiency was
361  quantified by measuring intracellular viral RNA copy numbers via quantitative real-time
362  polymerase chain reaction (QRT-PCR). Three viral loads (1:50x10°, 7-50x10%, and
363  3:75x10* RNA copies/uL) were tested. Consistent with findings in pseudovirus, Delta-
364 infected groups exhibited significantly elevated viral RNA levels in the presence of 10
365 ug/mL ADE-positive antibody XG005, exceeding both wildtype and Omicron groups by
366  3~9-fold (p <0-001; Fig. 2a).

367

368  We then evaluated ADE capacity using serially diluted XG005 mAb (90 to 0-37 pg/mL)
369  with a standardized viral load (1-:50x10° RNA copies/uL) selected for optimal ADE
370  discrimination. Across all tested XGO005 concentrations, Delta variant consistently
371  exhibited the highest entry efficiency, with > 5-fold increase compared with wildtype and

372  Omicron (Fig. 2b). In contrast, none of the variants showed enhanced entry with ADE-
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373  negative anti-S2 antibody hr2.016 (Fig. 2¢).3!

374

375  To further confirm ADE-mediated entry of authentic Delta virus, we performed bulk RNA
376  sequencing of Raji cells from ADE assays. Consistent with the qRT-PCR results, Delta-
377  infected cells treated with XG005 exhibited significantly higher viral genome levels than
378  Omicron-infected counterparts (p < 0-001; Fig. 2d). Complete abrogation of ADE activity
379  was observed in both Delta and Omicron groups treated with the ADE-negative mAb
380 hr2.016 or the FcyR-binding deficient mutant mAb XGO005-GRLR (containing
381  G236R/L328R mutations in Fc).!°

382

383  We extended this analysis to additional mAbs selected based on epitope profiles. Similar
384  to XGO005, mAbs 1-87 and LY-CoV 1404 enhanced viral entry across all three variants, with
385  Delta-infected groups showing significantly higher intracellular viral RNA copies than
386  wildtype or Omicron groups (Fig. 2e). Antibody 5-7 selectively promoted cellular entry of
387  Delta with minimal effect on wildtype or Omicron (Fig. 2e). All ADE-negative mAbs
388  showed markedly reduced or absent entry enhancement, mirroring the pattern observed
389  with XG005-GRLR.

390

391  Taken together, in vitro ADE assays using authentic virus confirmed that the Delta variant
392  exhibits uniquely potent ADE-mediated viral entry when exposed to ADE-positive

393 antibodies.
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394

395 In vivo depletion of FcyRs- and C1qRs-expressing cells in Delta-infected patients

396  Given the significantly enhanced ADE of viral entry observed for the Delta variant in vitro
397  using both pseudovirus and authentic virus systems, we sought to determine whether this
398  effect manifests in vivo through alterations in immune cell populations or transcriptional
399  programs. We performed an integrative analysis of publicly available scRNA-seq datasets
400 from PBMCs of patients infected with SARS-CoV-2 wildtype, Delta or Omicron,?6-
401  alongside healthy individual controls. After rigorous quality control and batch correction,
402 709,493 high-quality single cells from 48 wildtype-infected, 9 Delta-infected, 19 Omicron-
403 infected patients, and 14 healthy individuals were analyzed (Fig. 3a). Unsupervised UMAP
404  analysis based on canonical cell markers identified 12 major immune populations,
405  encompassing the diversity of peripheral blood lineages (Fig. 3a, and Supplementary Fig.
406  S4a-c).

407

408  Considering the established role of FcyRs in mediating ADE in vitro, we first assessed the
409  expression of genes encoding major human FcyR subtypes, including FCGR1A (FcyRI),
410 FCGR2A (FcyRIIA), FCGR2B (FcyRIIB), and FCGR3A (FcyRIIIA) genes. The proportion
411  of FcyR-positive cells (expressing at least one FCGR gene) (Fig. 3a) was significantly
412  increased in both wildtype- and Omicron-infected patients compared with healthy controls
413  (Fig. 3b). However, importantly, Delta-infected patients exhibited significant decreases in

414  FceyR-positive cell frequency relative to both wildtype- and Omicron-infected patients (Fig.
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415  3b). This suggested that, unlike wildtype and Omicron infection, Delta infection fails to
416  have higher levels of peripheral FcyR-expressing immune cells, indicating variant-specific
417  impairment in the recruitment or maintenance of these populations.

418

419  To pinpoint the specific FcyR subtypes underlying this global reduction in FcyR™ cells in
420  Delta infection, we performed subtype-specific analysis. The proportion of FCGR1A" cells
421  (predominantly CD14" monocytes and CD16" monocytes) was significantly depleted in
422  Delta-infected individuals compared with both wildtype- (» <0.001) and Omicron-infected
423  (p = 0-007) groups (Fig. 3c). Conversely, the frequency of FCGR2A" cells expanded
424 significantly across all infected cohorts relative to healthy controls (p < 0-05), with no
425  significant differences (p > 0-05) observed among variant groups (Fig. 3d). Given the
426  predominant expression of FCGR2B in B cells and its documented role in mediating ADE
427  in vitro, we analyzed its expression pattern. Substantial depletion of FCGR2B"* cells was
428  observed in Delta-infected patients compared with the wildtype-infected group (p = 0-002);
429  however, frequencies were comparable between Delta and Omicron cohorts (Fig. 3e).
430  Moreover, the frequency of FCGR3A" cells significantly lower in the Delta cohort relative
431  to wildtype, Omicron, and healthy control groups (Fig. 3f). Together, these findings
432  identified FCGR1A and FCGR3A as primary contributors to the diminished FcyRs*
433  compartment during Delta infection, highlighting complex variant-specific
434  immunomodulation in vivo.

435
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436 We next analyzed the compositional changes in broad immune cell categories to identify
437  populations most and uniquely affected by Delta infection. CD16" monocytes, which
438  express multiple FCGR genes, exhibited significant depletion in Delta-infected patients
439  compared with wildtype- (p < 0-001), Omicron- (p < 0-001) infected individuals and
440  healthy controls (p = 0-004) (Fig. 3g). In contrast, frequencies of other FcyR-expressing
441  cells, including CD14" monocytes, NK cells and B cells, showed no substantial differences
442  across cohorts (Fig. 3g). Minimal alterations were also observed in CD4" T and CD8" T
443  cells, consistent with their low FcyR expression (Fig. 3g). Thus, these findings identified
444  CD16" monocytes as the most significantly altered population in Delta infection, implying
445  potential FcyR-mediated pathophysiology specific to this variant.

446

447  Unexpectedly, significant depletion was also observed for both conventional dendritic cells
448  (cDCs) and plasmacytoid dendritic cells (pDCs) uniquely in the Delta cohort (Fig. 3g),
449  despite the lack of dominant FcyR expression in these two cell types. This prompted
450  investigation into alternative antibody-dependent mechanisms. Beyond FcyRs, the
451  classical complement pathway, activated via C1q binding to antibody Fc regions, can also
452  facilitate viral entry.®*? Critically, Clg-mediated ADE of viral entry has been
453  experimentally demonstrated for wildtype SARS-CoV-2 in vitro.’* We therefore mapped
454  expression profiles of key Clq receptors, CIQBP and CD93, across immune cell subsets
455  using scRNA-seq. Both ¢cDCs and pDCs exhibited uniquely elevated expression of these

456  receptors, particularly C1QBP (Fig. 3h). Quantification of both C1QBP* and CD93"* cells
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457  confirmed significantly reduced frequencies specifically in the Delta cohort relative to
458  other groups (Fig. 31 and j). Thus, these consistent patterns suggested that receptor
459  expression levels, rather than cellular identity, predispose cells to depletion during Delta
460  infection, potentially implicating Clg-mediated pathways in parallel to FcyR-mediated
461  mechanisms in Delta-specific pathogenesis.

462

463  To assess functional consequences of these cellular alterations, we quantified cytokine
464  production using a cell-level cytokine score based on a curated panel of genes
465  (Supplementary Table S3).28 Delta-infected patients exhibited universally elevated
466  cytokine scores across cell types (Fig. 3k, 1, and Supplementary Fig. S4d), indicating
467  systemic immune activation consistent with a cytokine storm phenotype. Notably, platelets
468  also demonstrated significant cytokine gene upregulation (Fig. 3k), aligning with reported
469  functional alterations of platelets in SARS-CoV-2 infection.3#

470

471  Point mutations for ADE in an epistatic manner

472  Given the extraordinary ADE capacity of the Delta variant, we sought to identify specific
473  amino acid mutations on Delta S protein responsible for ADE enhancement. Compared
474  with both wildtype SARS-CoV-2 and other four VOCs, Delta possesses several unique
475  point mutations in its S protein, including T19R, G142D, EFR156-158G, L452R, T478K,
476 P681R and DO950N (Fig. 4a). We generated pseudoviruses containing each of these

477  mutations using the wildtype S protein backbone and assessed their ADE activity by our in
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478  vitro assay with ADE-positive and ADE-negative mAbs targeting distinct epitopes.

479

480  All ADE-negative mAbs failed to induce ADE across all constructed mutants (Fig. 4b).
481  However, ADE-positive mAbs elicited elevated ADE effects at varying antibody
482  concentrations with specific mutants (Supplementary Fig. S5a). Three key mutations,
483  LA452R, P681R and D950N, introduced individually into the wildtype backbone enhanced
484  ADE ubiquitously for ADE-positive mAbs (Fig. 4b and Supplementary Fig. S5b).
485  Specifically, the wildtype-L452R mutant, compared with wildtype, exhibited an enhanced
486  viral entry (up to 9-19-fold) with all ADE-positive mAbs (Fig. 4b); the wildtype-P681R
487  mutant showed 2-25- to 5-70-fold increased ADE activity with half of the ADE-positive
488  mAbs (Fig. 4b); and the WT-D950N mutant demonstrated an enhancement pattern similar
489  to wildtype-L452R, with mAb 5-7 showing a 16-fold increase (Fig. 4b). Notably, the ADE
490 levels observed with single mutants were substantially lower than the Delta variant
491  harboring all tested mutations simultaneously, indicating synergistic ADE effect (Fig. 4b).
492  Moreover, among these three mutations, only L452R exhibited direct interactions with
493  specific RBD class II/IIl mAbs, indicating that the ADE modulation stems from global S
494  protein functional alterations, rather than direct S-mAb interactions.

495

496  Pseudoviruses containing other Delta-specific mutations generally showed reduced or even
497  abolished viral entry with ADE-positive mAbs, further emphasizing the importance of

498  three Delta-specific mutations, L452R, P681R, and D950N. However, surprisingly,
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499  reverting mutants (R452L, R681P and N950D) in the Delta backbone significantly
500 enhanced, but not suppressed, ADE of viral entry even beyond the Delta variant with most
501  ADE-positive mAbs (Fig. 4c, and Supplementary Fig. S5¢ and d). These results suggested
502  that L452R, P681R, and D950N individual mutations enhanced ADE in the wildtype S
503  protein backbone, but strongly inhibited ADE in the Delta S protein backbone, a hallmark
504  epistatic phenomenon reflexing complex interactions among S protein residues.

505

506  Given the significant impact of these three mutations on ADE, we tracked their
507  epidemiological persistence using global SARS-CoV-2 sequencing data from GISAID (Fig.
508  4d). D950N, located in the heptad repeat 1 (HR1) of S2 region, was exclusive to Delta and
509 absent in subsequent variants. L452R, located in RBD, showed sustained prevalence:
510 initially in B.1.427/B.1.429 lineages, then in Delta (mid 2021), and later in BA.4/5, CH.1.1,
511  and HV.1 variants. Similarly, P681R, within S1/S2 cleavage site, re-emerged in BA.2.86
512 and JN.1 variants.

513

514  We then evaluated ADE activity in strains harboring these mutations alongside circulating
515  variants. Most Omicron sub-lineages exhibited very low levels of ADE activity with ADE-
516  positive mAbs, with BA.2 showing ADE levels similar to Omicron variant (Fig. 4e, and
517  Supplementary Fig. S5e). Uniquely, BA.5, harboring L452R, displayed strengthened ADE
518  across antibody concentrations (Fig. 4e, and Supplementary Fig. S5e). Especially, the

519  ADE-negative mAb SA58 unexpectedly induced considerable ADE with BA.5, suggesting
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520  the unique ADE-inducing capability of this variant. Reversely introducing R452L into
521  BA.5 largely impaired its ADE activity (Supplementary Fig. S5e and f). Moreover, other
522  L452R-harboring variants such as CH.1.1 and HV.1 exhibited minimal ADE effect (Fig.
523  4e, and Supplementary Fig. S5e), possibly due to the diminished or loss of neutralizing
524  efficiency of the tested mAbs (Supplementary Table S2) induced by viral immune evasion.
525

526  In summary, functional dissection of S protein mutations revealed complex epistatic
527  interactions within the viral S protein.

528

529  Fluctuating patterns of serological ADE across SARS-CoV-2 variants

530 To investigate the serological ADE of viral entry across distinct SARS-CoV-2 variants, we
531  evaluated ADE capacity using sera from 46 donors vaccinated or recovered from BA.5
532 infection (Supplementary Table S4). These sera exhibited potent neutralization against
533  wildtype and nine tested variants (Supplementary Fig. S6), confirming sufficient antibody

1030 3lmost all sera failed to induce

534  binding capacity. Consistent with prior reports,
535  substantial viral entry enhancement for wildtype SARS-CoV-2 (Fig. 5a and b). This limited
536  enhancement profile was similarly observed for Alpha, Omicron, and BA.1 variants (Fig.
537  5,aandb). In contrast, Beta, Gamma, BA.2 and BA.3 variants displayed elevated ADE in
538  multiple serum samples, while both Delta and BA.5 variants exhibited the most potent ADE,

539  with 7-01-fold (p < 0-001) and 2-82-fold (»p < 0-001) increases in entry efficiency relative

540  to wildtype (Fig. 5a and b). No significant correlations were observed between serological
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541  ADE levels and donors’ characteristics, including the number of prior SARS-CoV-2
542  infections, volunteers’ age, body mass index (BMI), and gender (Supplementary Fig. S7).
543  However, as time elapsed, serological ADE decreased along with reduced antibody titers
544  (Supplementary Fig. S7e). These findings indicated that the serum samples could drive
545  ADE of viral entry against susceptible variants, particularly Delta and BA.S5.

546

547  Collectively, the fluctuating serological ADE patterns across SARS-CoV-2 variants
548  mirrored those observed with mAbs, suggesting conserved FcyR engagement mechanisms
549  driving viral internalization in vivo for variants with enhanced ADE capacity, notably Delta
550 and BA.5. These findings also underscored concerns that newly emerged variants may
551  unpredictably acquire potent ADE capabilities, potentially triggering subsequent pandemic
552  waves.

553

554  Discussion

555 ~ While current understanding of ADE in SARS-CoV-2 has primarily focused on the
556  wildtype virus, our systematic characterization across major SARS-CoV-2 variants of
557  concern (VOCs) revealed profound variant-specific differences. Our results showed that
558  the Delta variant exhibits significantly enhanced ADE of viral entry compared with other
559  VOCs, a finding consistent across pseudovirus- and authentic virus-based in vitro assays.
560 This distinctive phenotype may constitute a previously unrecognized mechanism

36-38

561 underlying the clinical severity associated with Delta infections, complementing
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562  Delta’s established capacities for enhanced replication, elevated S-mediated cell-cell fusion,
563  and immune evasion.’%*°

564

565  So far, ADE of disease in vivo has not been well documented. This discordance between
566  in vitro ADE observations and in vivo outcomes might be attributed to abortive viral
567  replication in target immune cells following FcyR-mediated entry.>%!%4! However, our
568 integrated single-cell analysis revealed critical pathophysiological insights: significant
569  depletion of FcyR™ (such as FcyRIIIA*-expressing CD16" monocytes) and C1gR" (such as
570  ¢DCs and pDCs) cells coupled with pan-cellular cytokine hyperactivation in Delta-infected
571  patients, but not in wildtype- and Omicron-infected individuals. These findings suggest
572  that ADE-mediated viral entry, even without productive replication, could trigger
573  inflammatory cascades leading to proinflammatory cell death, such as pyroptosis, and
574  hyperactivation of proinflammatory signaling. This aligns with previous reports of
575  complement hyperactivation in COVID-19 patients*? and monocyte pyroptosis triggered
576 by wildtype SARS-CoV-2,*!"*3 positioning ADE as a potential amplifier of COVID-19
577  immunopathology.**

578

579  Epistasis is a pervasive phenomenon, in which one mutation influences the phenotypic
580 effects of other mutations by direct and indirect physical interactions, resulting in a non-
581 additive impact on the protein’s physical properties, such as conformation, stability, or

582  affinity to antigens.!” Here, we identified profound epistatic effects among Delta signature
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583  mutations, including L452R, P681R, and D950N. While individually enhancing ADE in a
584  wildtype background, these Delta mutations paradoxically suppressed ADE when
585 introduced into the Delta backbone, mirroring epistasis patterns observed in ACE2 affinity
586  for the N501Y and Q498R substitutions.***¢ This non-additive mutational interplay
587  underscores the contextual nature of viral fitness determinants and highlights ADE as an
588  underappreciated dimension of SARS-CoV-2 evolution.

589

590  ADE-enhancing mutations could be either variant-specific, such as D95ON in the Delta, or
591  persistent in circulating variants, which raises significant concerns. For example, the
592  L452R mutation, recurrently emerging in Delta, BA.5, and subsequent Omicron sub-
593 lineages, confers both immune evasion and enhanced ADE of viral entry. This dual
594  functionality exemplifies how single mutations can simultaneously enhance
595  transmissibility, pathogenesis, and antibody evasion. Our findings underscore the
596  imperative for integrated surveillance of ADE potential against newly emerging variants,
597  alongside conventional metrics of immune escape and transmissibility.

598

599  Lastly, epitope specificity emerged as a critical determinant of ADE capacity, with
600 antibodies targeting RBD class II/IIl and NTD showing potent enhancement. These mAbs
601  engage SARS-CoV-2 S protein in both “down” (closed) and “up” (ACE2-accessible)
602  conformations, supporting that bivalent binding facilitates ADE of viral entry.!! Moreover,

603  during the ADE process, the internalized antibody-virus complex enters host endosomes
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604  via FcyRs, undergoes endosomal acidification, and triggers S conformational changes that
605  enable membrane fusion. The pH-dependent binding affinity observed for ADE-positive
606  anti-DENV mAbs*’ further implied that S conformational dynamics during endosomal
607  entry may similarly influence SARS-CoV-2 ADE, warranting further investigation.

608

609  In summary, this study establishes ADE of viral entry as a variant-dependent phenomenon
610  with profound implications for SARS-CoV-2 pathogenesis and evolution. The epistatic
611 interactions governing ADE highlight the unpredictability of viral adaptation, necessitating
612  ongoing assessment of emerging variants’ capacity to exploit antibody-dependent entry

613  pathways.
614
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Fig. 1: Enhanced ADE activity in Delta variant associates with S epitope specificity rather than

neutralization efficiency.

(a) Heatmap depicting in vitro ADE activity of 114 mAbs across pseudotyped SARS-CoV-2 variants. Each
mADb (rows) was tested at nine-point three-fold dilutions (columns) starting from 100 pg/mL. Relative

luminescence intensity reflects viral entry efficiency, with gradient colors indicating ADE magnitude.

Representative of at least two

experiments.

(b) UMAP projection of mAb ADE AUC profiles across variants, revealing three distinct clusters: high (red),
moderate (pink), and low (blue) ADE activity.
(¢) Distribution of ADE activity among mAbs grouped by epitope. Each pie chart represents a distinct group
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775  of mAbs recognizing the same epitope: RBD class I/II/III/IV, NTD, and S2 region. Within each pie, the
776  colored slices indicate the proportion of mAbs exhibiting high (red), moderate (pink), and low (blue) ADE
777  activity.

778 (d-e) Comparative ADE AUC (d) and enhancing power (e) across VOCs relative to wildtype. Each dot
779  represents a mAb. Statistical significance analyzed using Kruskal-Wallis test with Dunnett’s multiple
780 comparisons and corrected with Benjamini-Hochberg corrected. ns, not statistically significant.

781 (f) Neutralization potency (ICso) of mAbs across SARS-CoV-2 variants. Experiments were repeated at least
782  three times.

783 (g-h) ADE AUC (bar) and ICso (dot and line) values across VOCs for mAbs XG003 and XGO013 (g), and

784  XGO005 and LY-CoV1404 (h).

785 (i) Principal component analysis (PCA) of mAb profiles showing dissociation between ADE AUC and ICso
786  dimensions.

787
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789  Fig. 2: Authentic Delta variant exhibited potent ADE-mediated viral entry compared with wildtype
790  and Omicron.

791  (a) ADE activity of mAb XGO005 2! against authentic SARS-CoV-2 variants at three viral loads (1-50x105,
792 7-50x10% and 3-75%10* RNA copies/uL). Data represent mean + SD of at least three technical replicates.
793 (b-¢) Concentration-dependent ADE activity of ADE-positive mAb XG005 (b) and ADE-negative mAb
794  hr2.016 *! (c) against authentic variants (1-50x10° RNA copies/uL). Data represent mean + SD of at least
795  three replicates.

796 (d) Viral genome quantification (transcripts per million, TPM) via bulk RNA-seq in Raji cells infected with
797  authentic Delta/Omicron variants in the presence of indicated mAbs. Box plots show the median (center line),
798 interquartile range (box limits), and minimum and maximum range (whiskers). XG005-GRLR, FcyR-binding
799  deficient mutant.

800 (e) ADE activity of epitope-specific mAbs against authentic variants. XG005-GRLR served as negative
801 control (NC). The experiments were performed with three technical replicates. Data show mean + SD of at
802  least three replicates.

803 (a, d and e) Statistical comparisons using Kruskal-Wallis test with Dunnett’s multiple comparisons and

804 corrected with Benjamini-Hochberg adjustment for p values. ns, not statistically significant.

805
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Fig. 3: Depletion of FcyR" and C1qR* immune cells in Delta-infected patients.

(a) Study design. Integrated scRNA-seq analysis of PBMCs from healthy controls (n = 14, yellow) and

patients infected with wildtype (WT, n =

48, blue), Delta (n = 9, crimson), or Omicron (n = 19, orange)

SARS-CoV-2 (left). UMAP projection (middle) shows 12 annotated cell clusters, with further analysis
focused on FcyR™ cells (right).

(b) Proportion of FeyR* cells (expressing >1 FCGR genes) across cohorts. Each dot represents a donor.
(c-f) UMAP visualization of FCGR1A" (¢), FCGR2A" (d), FCGR2B" (e), and FCGR3A" (f) cells. Bar graphs

show subtype proportions within total FcyR-expressing cells compartment.

(g) Compositional changes in major immune cell populations across cohorts. Each dot represents an

individual or a patient.
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817 (h) Violin plots of C1gR (C1QBP and CD93) expression across PBMC subsets.

818 (i-j) Proportion of CIQBP” (i), and CD93" (j) cells within total C1qR" compartment.

819 (k) UMAP visualization of cytokine scores (derived from 75-gene panel).

820 (1) Quantitative cytokine scores across cohorts.

821 (b-g, i-j, and 1) Statistical analyses assessed by Kruskal-Wallis test with Dunnett’s multiple comparisons and

822  corrected with Benjamini-Hochberg adjustment. ns, not statistically significant.

823 (g and 1) Box plots show the median (center line), interquartile range (box limits), and minimum and
824  maximum range (whiskers).

825
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Fig. 4: Epistatic interactions within the S protein govern ADE capacity.

(a) Delta-specific S mutations versus SARS-CoV-2 wildtype (WT) and other VOCs.

(b) ADE AUC fold change (relative to wildtype) for pseudoviruses with single point mutations in wildtype
backbone. Data represent mean of at least two technical replicates.

(¢) ADE AUC fold change (relative to Delta) for pseudoviruses with reversion mutations in Delta backbone.
Data show mean of at least two technical replicates.

(d) Global prevalence dynamics of L452R/P681R/D950N-harboring variants. Bar represents percentage of
variant sequences harboring indicated mutations per month (y axis) from January, 2020 to December, 2024
(x axis).

(e) Heatmap depicting in vitro ADE activity of ADE-positive (n = 15) and ADE-negative (n =2) mAbs against
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837  Omicron sub-lineages. Each mAb (rows) was tested at nine-point three-fold dilutions (columns) starting from
838 100 pg/mL. Relative luminescence intensity reflects viral entry efficiency, with gradient colors indicating

839  ADE magnitude. Experiments were repeated at least two times.

840
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842  Fig. 5: Variant-dependent heterogeneity in ADE mediated by serum samples.

843 (a) Comparative ADE AUC (y axis) of donors’ sera (n =46) against VOCs and Omicron sub-lineages relative
844  to wildtype. Each dot represents one serum sample. Fold change relative to wildtype for each variant shown
845  above the line; mean value displayed below the line. Statistical analysis assessed by Kruskal-Wallis test with
846  Dunnett’s multiple comparisons and corrected with Benjamini-Hochberg adjustment. ns, not statistically
847 significant.

848 (b) Heatmap of serological ADE activity across SARS-CoV-2 variants. Each serum sample (rows) was tested
849 against pseudotyped viruses at nine-point three-fold serial dilutions (columns) starting from 1:4 serum
850  dilution. Sera were collected from vaccinated or convalescent individuals (n = 46). Relative luminescence
851 intensity reflects viral entry efficiency, with gradient colors indicating ADE magnitude. Representative of

852  two replicates.
853
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Supplementary Fig. S1: Mechanisms of ADE of viral entry.

(a) Schematic of ADE of viral entry mediated by FcyRs. Antibody Fab fragments bind SARS-CoV-2 S
proteins while Fc regions engage FcyRs on immune cells, facilitating viral entry.

(b) In vitro pseudovirus ADE assay design. Raji cells expressing FcyRIIB (lacking host receptor ACE2) serve
as target cells. S-expressing pseudoviruses encoding luciferase reporter require ADE-positive antibodies for
FcyR-mediated entry and subsequent luciferase expression. Viral entry is quantified by measuring luciferase

activity.
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Supplementary Fig. S2: Quantitative metrics for ADE activity.

(a) Schematic illustrating two ADE quantification parameters. ADE area under curve (ADE AUC) integrates
concentration-dependent enhancement, while ADE enhancing power represents maximum viral entry
efficiency across antibody dilutions.

(b-g) Correlation between ADE AUC and enhancing power for all mAbs against SARS-CoV-2 variants,
including wildtype (b), Alpha (c), Beta (d), Gamma (e), Delta (f), and Omicron (g). Each dot represents
individual mAbs (n = 114). Solid lines show linear regression fits, with statistics calculated using Spearman’s

rank correlation method.
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875 Supplementary Fig. S3. Enhanced ADE in Delta variant associated with S epitopes rather than
876  neutralizing efficiency.
877  (a-b) Comparative ADE AUC (a) and enhancing power (b) of mAbs grouped by S epitope specificity across
878 SARS-CoV-2 variants. Each dot represents a mAb. Data show mean + SD of at least two technical replicates.
879 (c-d) ADE AUC (¢) and enhancing power (d) for wildtype and VOC:s relative to Delta. Each dot represents
880  amAb. Data show mean = SD.
881  (e) ADE AUC (bar) and ICso (dot and line) values across VOCs for mAbs XGv282%, XGv289%, and

882  JMB2002%.
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(f) Correlation analyses of ADE AUC versus ICso values for all mAbs across SARS-CoV-2 variants. Each
dot represents an individual mAbs (n = 114). Solid lines show linear regression fits. Statistics calculated using
Spearman’s rank correlation method.

(a-d) Statistical analyses assessed using Kruskal-Wallis test with Dunnett’s multiple comparisons and

corrected with Benjamini-Hochberg adjustment.
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Supplementary Fig. S4: Integrated scRNA-seq analysis of PBMCs from SARS-CoV-2-infected patients
and healthy controls.

(a) Expression distribution of canonical markers defining major PBMC populations (rows) across key genes

(columns).

(b) UMAP projection of single PBMCs from healthy controls (n = 14) and patients infected with wildtype
SARS-CoV-2 (n = 48), Delta (n = 9), or Omicron (n = 19). Each dot represents a single cell colored by

annotated cell types.

(¢) Compositional analysis of immune cell subsets across cohorts. Stacked bars show average proportions.

(d) Cytokine gene expression across cohorts. Box plots show the median (center line), interquartile range

(box limits), and minimum and maximum range (whiskers). Statistical analyses calculated using Kruskal-

Wallis test with Dunnett’s multiple comparisons and corrected with Benjamini-Hochberg adjustment.
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903 Supplementary Fig. S5: ADE activity against across diverse S mutants.

904 (a, ¢ and f) Heatmap depicting in vitro ADE activity against the wildtype SARS-CoV-2 and its related point-
905 mutant pseudoviruses (a), the Delta variant and its related point-mutant pseudoviruses (c), and the BA.5 and
906 BA.5-R452L mutant pseudoviruses (f). Each mAb (rows) was tested at nine-point three-fold dilutions
907 (columns) starting from 100 pg/mL. Relative luminescence intensity reflects viral entry efficiency, with
908  gradient colors indicating ADE magnitude. Experiments were repeated at least two times.

909 (b, d and e) ADE AUC quantitation for mAbs against the wildtype SARS-CoV-2 and its related point-mutant
910  pseudoviruses (b), the Delta variant and its related point-mutant pseudoviruses (d), and the Omicron variant
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911  and its sub-lineages, as well as BA.5-R452L mutant (e).

912
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914  Supplementary Fig. S6: Serological neutralization potency against SARS-CoV-2 variants.

915 (a) Comparative neutralizing titers (NTso) of donors’ sera across SARS-CoV-2 variants. Each dot represents
916 a serum sample (n = 46). Data are presented as mean + SD of two technical replicates. Fold change relative
917  to wildtype for each variant shown above the line; mean value displayed below the line. Statistical analysis
918  calculated by Kruskal-Wallis with Dunnett’s multiple comparisons and corrected with Benjamini-Hochberg

919  adjustment. ns, not statistically significant.

920
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Supplementary Fig. S7: Correlation analyses between volunteers’ characteristics and serological ADE

AUC.

(a-c) Characterization of donors’ sera. Heatmap depicting in vitro ADE activity against the Delta and BA.5

variants (a), the number of prior SARS-CoV-2 infections (b), and interval time from COVID-19 recovery to

blood sampling (c). NA, not available.
(d-g) Correlation analyses of ADE AUC versus the number of prior SARS-CoV-2 infections (d; n = 40),

recovering-to-sampling interval (e; n = 34), volunteers’ age (f; n =46), and volunteers’ body mass index (BMI)

(g; n=36). Each dot represents a serum sample. Solid lines show linear regression fits. Statistics calculated
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930  using Spearman’s rank correlation method.
931 (h) Comparative analyses of ADE AUC between male and female donors. Statistical analyses calculated
932  using Mann-Whitney test.

933
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Supplementary Table S1. Comprehensive mAb panel for in vitro ADE profiling.
Summary of 114 human mAbs used in ADE assays, including 35 XG mAbs, 41 XGv mAbs and 38

structurally characterized mAbs.

Supplementary Table S2. Functional characterization of anti-S mAbs.
Binding affinity (ECso) and neutralization potency (ICso against SARS-CoV-2 variants) for all tested mAbs.

Supplementary Table S3. Differential cytokine gene expression in vivo across SARS-CoV-2 variants.
A curated panel of 75 cytokine-related genes analyzed by scRNA-seq, with mean expression levels and
differential expression statistics across cohorts, including wildtype, Delta, and Omicron infections, as well as

healthy controls.

Supplementary Table S4. Demographic and clinical characteristics of serum donors
Summary of 46 SARS-CoV-2-recovered volunteers including age, gender, vaccination status, number of prior

infections, and sample collection timeline relative to diagnosis.



