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Summary (150 words)

40

SARS-CoV-2 neutralizing antibodies (NAbs) protect against COVID-19. A concern regarding SARS-CoV-2

41

antibodies is whether they mediate disease enhancement. Here, we isolated NAbs against the receptor-binding

42

domain (RBD) and the N-terminal domain (NTD) of SARS-CoV-2 spike from individuals with acute or

43

convalescent SARS-CoV-2 or a history of SARS-CoV-1 infection. Cryo-electron microscopy of RBD and NTD

44

antibodies demonstrated function-specific modes of binding. Select RBD NAbs also demonstrated Fc receptor-

45

(FcR)-mediated enhancement of virus infection in vitro, while five non-neutralizing NTD antibodies mediated

46

FcR-independent in vitro infection enhancement. However, both types of infection-enhancing antibodies protected

47

from SARS-CoV-2 replication in monkeys and mice. Nonetheless, three of 31 monkeys infused with enhancing

48

antibodies had higher lung inflammation scores compared to controls. One monkey had alveolar edema and

49

elevated bronchoalveolar lavage inflammatory cytokines. Thus, while in vitro antibody-enhanced infection does

50

not necessarily herald enhanced infection in vivo, increased lung inflammation can occur in SARS-CoV-2

51

antibody-infused macaques.

52
53
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57

Introduction

58

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a global pandemic with over

59

96 million cases and 2.1 million deaths (https://coronavirus.jhu.edu). Development of combinations of neutralizing

60

antibodies for prevention or treatment of infection may help to control the pandemic, while the ultimate solution to

61

control the COVID-19 pandemic is a safe and effective vaccine (Graham, 2020; Sempowski et al., 2020).

62

Neutralizing antibodies (NAbs) that can block viral entry are crucial for controlling virus infections (Battles

63

and McLellan, 2019; Corti and Lanzavecchia, 2013; Dashti et al., 2019). Previously reported SARS-CoV and

64

MERS-CoV NAbs function by targeting the receptor-binding domain (RBD) or the N-terminal domain (NTD) of

65

spike (S) protein to block receptor binding, or by binding to the S2 region of S protein to interfere with S2-

66

mediated membrane fusion (Du and Jiang, 2010; Jiang et al., 2020; Xu et al., 2019). Importantly, prophylactic or

67

therapeutic use of SARS-CoV-2 NAbs in non-human primates (Shi et al., 2020) or rodent models (Hassan et al.,

68

2020; Rogers et al., 2020; Wu et al., 2020b) showed protection from SARS-CoV-2-induced lung inflammation

69

and/or reduction in viral load. SARS-CoV-2 NAbs reported to date predominantly target the RBD region (Baum et

70

al., 2020; Brouwer et al., 2020b; Cao et al., 2020; Hansen et al., 2020; Ju et al., 2020; Liu et al., 2020a; Pinto et al.,

71

2020; Robbiani et al., 2020; Rogers et al., 2020; Shi et al., 2020; Wrapp et al., 2020a; Wu et al., 2020b). In

72

contrast, NTD antibodies that neutralize SARS-CoV-2 mediate more modest neutralization potency (Brouwer et

73

al., 2020a; Chi et al., 2020; Wec et al., 2020; Zost et al., 2020a; Zost et al., 2020b).

74

Antibody-dependent enhancement (ADE) of infection in vitro has been reported with vaccination for

75

respiratory syncytial virus (RSV), with vaccination for dengue virus, or with dengue virus infection (Arvin et al.,

76

2020). ADE is often mediated by Fc receptors for IgG (FcγRs), complement receptors (CRs) or both, and is most

77

commonly observed in cells of monocyte/macrophage and B cell lineages (Iwasaki and Yang, 2020; Ubol and

78

Halstead, 2010). In vitro studies have demonstrated FcγR-mediated ADE of SARS-CoV-1 infection of ACE2-

79

negative cells (Jaume et al., 2011; Kam et al., 2007; Wan et al., 2020; Wang et al., 2014; Yilla et al., 2005; Yip et

80

al., 2016; Yip et al., 2014). One group demonstrated FcγR-independent infection enhancement of SARS-CoV-1 in

81

Vero cells, and isolated a monoclonal antibody that was suggested to induce enhanced lung viral load and

82

pathology in vivo (Wang et al., 2016). The ability of antibodies that bind the SARS-CoV-2 S protein to mediate

83

infection enhancement in vivo is unknown but is a theoretical concern for COVID-19 vaccine development (Arvin

84

et al., 2020; Bournazos et al., 2020; Haynes et al., 2020; Iwasaki and Yang, 2020).
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85

Here, we identified potent in vitro neutralizing RBD and NTD antibodies as well as in vitro infection-

86

enhancing RBD and NTD antibodies from individuals infected with SARS-CoV-1 or SARS-CoV-2. Negative stain

87

electron microscopy (NSEM) and cryo-electron microscopy (cryo-EM) revealed distinct binding patterns and the

88

precise epitopes of infection-enhancing and neutralizing antibodies. In vitro studies using human FcγR-expressing

89

or ACE2-expressing cell lines demonstrated that the RBD antibodies mediated FcγR-dependent infection

90

enhancement, whereas the NTD antibodies induced FcγR-independent infection enhancement. However, using

91

monkey and mouse models of SARS-CoV-2 infection, none of the in vitro infection-enhancing antibodies

92

enhanced SARS-CoV-2 viral replication or infectious virus in the lung in vivo. Rather, three of 31 monkeys had

93

lung pathology or bronchoalveolar lavage (BAL) cytokine levels suggestive of enhanced lung disease. Thus, in

94

vitro infection enhancing activity of SARS-CoV-2 RBD and NTD antibodies controlled virus in vivo but was rarely

95

associated with enhanced lung pathology.

96
97

RESULTS

98

Isolation of neutralizing and infection-enhancing SARS-CoV-2 antibodies

99

SARS-CoV-2-reactive human monoclonal antibodies from plasmablasts or SARS-CoV-2-reactive memory B

100

cells were isolated by flow cytometric sorting (Liao et al., 2009; Liao et al., 2013) from a SARS-CoV-2 infected

101

individual 11, 15 and 36 days post-onset of symptoms. Additional memory B cells were isolated from an individual

102

infected with SARS-CoV-1 ~17 years prior to sample collection (Figures 1A-B, S1 and S2). We isolated and

103

characterized 1,737 antibodies that bound to SARS-CoV-2 S or nucleocapsid (NP) proteins (Figure 1C; Table S1).

104

We selected 187 antibodies for further characterization, and examined neutralization of SARS-CoV-2 pseudovirus

105

and replication-competent SARS-CoV-2. Forty-four of 81 recombinant RBD antibodies exhibited neutralization

106

when assayed in 293T/ACE2 cell pseudovirus, SARS-CoV-2 microneutralization, or SARS-CoV-2 plaque

107

reduction assays (Figures S3A-F; Tables S2-S3).

108

Ten of forty-one NTD antibodies neutralized in the 293T/ACE2 pseudovirus and plaque reduction assays,

109

with the most potent antibody neutralizing pseudovirus with an IC50 of 39 ng/mL (Figures S3G-I; Tables S4-S5).

110

In addition, 5 non-neutralizing NTD antibodies enhanced SARS-CoV-2 pseudovirus infection in 293T/ACE2 cells

111

by 56% to 148% (Figure 1D). Infection of replication-competent SARS-CoV-2 nano-luciferase virus (Hou et al.,

112

2020) also increased in the presence of each of the 5 non-neutralizing NTD antibodies (Figure 1E). Analysis of in

5
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113

vitro enhancement of NTD antibodies in ACE2-negative TZM-bl cells demonstrated no infection enhancement,

114

demonstrating enhancement-dependence on spike-ACE2 engagement. Both ACE2-expressing 293T cells used for

115

pseudovirus assays and Vero cells lack FcR expression (Takada et al., 2007). Thus, NTD enhancement of SARS-

116

CoV-2 infection was FcR-independent.

117

Previous studies have demonstrated FcγR-mediated ADE of SARS-CoV-1 infection in ACE2-negative cells

118

(Jaume et al., 2011; Kam et al., 2007; Wan et al., 2020; Wang et al., 2014; Yilla et al., 2005; Yip et al., 2016; Yip

119

et al., 2014). Here, FcR-dependent infection enhancement was determined by generating stable TZM-bl cell lines

120

that expressed individual human FcRs (FcRI, FcRIIa, FcRIIb or FcRIII). TZM-bl cells lack ACE2 and

121

TMPRSS2 receptors, thus SARS-CoV-2 was unable to infect FcR-negative TZM-bl cells (Figure 1F). One

122

hundred S-reactive IgG1 antibodies selected from Tables S2-S7 were tested for their ability to facilitate SARS-

123

CoV-2 infection of TZM-bl cells. Three of the antibodies enabled SARS-CoV-2 infection of TZM-bl cells

124

expressing FcRI, and five antibodies mediated infection of FcRIIb-expressing TZM-bl cells (Figures 1F-J). The

125

antigen-binding fragments (Fabs) of these antibodies did not mediate infection enhancement of TZM-bl cells

126

expressing FcRI or FcRIIb, demonstrating Fc-dependence of enhancement (Figures 1K-L). FcRI and FcRIIb-

127

dependent infection-enhancing antibodies were specific for the RBD of S protein, consistent with recent results

128

using COVID-19 patient sera or a recombinant antibody (Wu et al., 2020a). Thus, RBD antibodies can be either

129

neutralizing in the 293T/ACE2 cell line, infection-enhancing in the TZM-bl-FcR-expressing cell lines, or both

130

(Figure 2A). NTD antibodies can either be neutralizing or infection-enhancing in the 293T/ACE2 cell line or Vero

131

E6 cells (Figure 2A).

132
133

Characterization of infection-enhancing Spike recombinant antibodies

134

We compared the phenotypes and binding modes to S protein for five infection-enhancing RBD antibodies

135

and three RBD antibodies that lacked infection enhancement to elucidate differences between these two types of

136

antibodies. The selected RBD antibodies neutralized SARS-CoV-2 pseudovirus and/or replication-competent virus

137

in ACE2-expressing cells (Figures 2A and S5), despite five of these antibodies mediating infection enhancement

138

in ACE2-negative, FcR-positive TZM-bl cells (Figures 1F-L, 2A, and S5). Both types of selected RBD

139

antibodies blocked ACE2 binding to S protein. Fabs of four of the infection-enhancing RBD antibodies and two of

6
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140

the non-infection-enhancing RBD antibodies bound to S with high affinities ranging from 0.1 to 9 nM (Figures S6-

141

8). Thus, the infection-enhancing or non-enhancing RBD antibodies showed similarities in ACE2 blocking,

142

affinity, and neutralization of ACE2-dependent SARS-CoV-2 infection (Figure 2A).

143

For six representative RBD antibodies, we obtained NSEM reconstructions of Fabs in complex with stabilized

144

S ectodomain trimer. Infection-enhancing RBD antibodies DH1041 and DH1043 bound with a vertical approach

145

(Figure 2B), parallel to the central axis of the S trimer, similar to non-infection-enhancing antibodies DH1042 and

146

DH1044 (Figure 2C). The epitopes of antibodies DH1041, DH1042, and DH1043 overlapped with that of the

147

ACE-2 receptor (Wang et al., 2020), consistent with their ability to block ACE-2 binding to S protein (Figures 2A

148

and S10). Their epitopes were similar to those of three previously described antibodies, P2B-2F6 (Ju et al., 2020),

149

H11-H4, and H11-D4 (Figure S10) (Huo et al., 2020; Zhou et al., 2020). The epitope of another non-infection-

150

enhancing RBD antibody DH1044 was only slightly shifted relative to DH1041, DH1042 and DH1043 (Figure

151

2C), but resulted in DH1044 not blocking ACE2 binding (Figures 2A and S10). The remaining two RBD

152

antibodies, DH1045 and DH1047, cross-reacted with both SARS-CoV-1 and SARS-CoV-2 S (Figures 2A, S4,

153

S31). DH1047 also reacted with bat and pangolin CoV spike proteins (Figures 2A, S4, S31). Although DH1047

154

mediated FcR-dependent infection of TZM-bl cells and DH1045 did not, both antibodies bound to RBD-up S

155

conformations with a more horizontal angle of approach (Figures 2B-C and S10) (Pak et al., 2009). Thus, epitopes

156

and binding angles of RBD antibodies determined by NSEM did not discriminate between antibodies that mediated

157

FcγR-dependent infection enhancement and those that did not.

158

We performed NSEM analyses of five FcR-independent, infection-enhancing NTD antibodies, and five non-

159

infection-enhancing NTD antibodies (DH1048, DH1049, DH1051, DH1050.1 and DH1050.2) that neutralized

160

SARS-CoV-2 (pseudovirus IC50 titers 39 - 520 ng/mL; SARS-CoV-2 plaque reduction IC50 titers 390 - 780 ng/mL)

161

(Figures 2A and S5C-D). The Fabs of neutralizing antibodies DH1050.1 and DH1051 bound to stabilized S

162

ectodomain with affinities of 16 and 19 nM respectively, whereas the infection-enhancing antibody DH1052 bound

163

with 294 nM affinity (Figures S6-8). NSEM reconstructions obtained for nine of the ten NTD antibodies showed

164

that the FcR-independent, infection-enhancing NTD antibodies (DH1053-DH1056) bound to S with their Fab

165

constant domains directed downward toward the virus membrane (Figure 2D), whereas the five neutralizing NTD-

166

directed Abs (DH1048-DH1051) bound to S with the constant domain of the Fab directed upward away from the

7
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167

virus membrane (Figure 2E). Thus, S protein antibody epitopes and binding modes were associated with FcR-

168

independent, infection-enhancing activity of NTD antibodies. The five neutralizing antibodies bound the same

169

epitope as antibody 4A8 (Wrapp et al., 2020a), with three of the five having the same angle of approach as 4A8

170

(Figure S11). Interestingly, the NTD antibodies with the same angle of approach as 4A8, were also genetically

171

similar to 4A8, being derived from the same VH1-24 gene segment (Table S8), although their light chains were

172

different (Wrapp et al., 2020a). These NTD antibodies may constitute a neutralizing antibody class that can be

173

elicited in multiple individuals.

174
175
176

Competition between infection-enhancing and non-infection enhancing antibodies
To determine whether infection-enhancing antibodies could compete with non-infection-enhancing antibodies

177

for binding to S ectodomain, we performed surface plasmon resonance (SPR) competitive binding assays. RBD

178

antibodies segregated into two clusters, where antibodies within a cluster blocked each other and antibodies in

179

different clusters did not block each other (Figures 3A and S12). One cluster included antibodies DH1041,

180

DH1043 and DH1044, and the other cluster included antibodies DH1046 and DH1047. NSEM reconstructions

181

showed DH1041 and DH1047 Fabs bound simultaneously to different epitopes of the stabilized S trimer (Figure

182

3B). Similarly, DH1043 and DH1047 Fabs also bound simultaneously to different epitopes on the stabilized S

183

protein (Figure 3B).

184

NTD antibodies also segregated into two clusters based on their ability to block each other (Figure 3A).

185

Neutralizing NTD antibodies blocked each other and formed one cluster, while infection-enhancing/non-

186

neutralizing NTD antibodies blocked each other and formed a second cluster (Figures 3A, 3C, S12 and S13).

187

NSEM reconstruction of SARS-CoV-2 S trimer bound with Fabs of neutralizing NTD antibody DH1050.1 and

188

infection-enhancing NTD antibody DH1052 confirmed that the two antibodies could simultaneously bind to

189

distinct epitopes on a single SARS-CoV-2 S trimer (Figure 3D). DH1054 was unique as it was able to block both

190

infection-enhancing and neutralizing NTD antibodies (Figures 3C and S13).

191

NTD antibodies did not compete with RBD antibodies for binding to S trimer (Figure 3A). This result gave

192

rise to the notion that in a polyclonal mixture of antibodies, the SARS-CoV-2 S trimer could bind both RBD and

193

NTD antibodies. To determine the potential for this complex to form, we liganded SARS-CoV-2 S trimer with Fabs

194

of each type of antibody and visualized the complex using NSEM. NSEM showed that neutralizing RBD antibodies

8

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.31.424729; this version posted February 18, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

195

could also bind to the same S protomer as neutralizing NTD antibodies DH1050.1 or DH1051 (Figure 3E).

196

Moreover, we found that a single S protomer could be simultaneously occupied by two RBD antibodies (DH1043

197

and DH1047) and an NTD antibody (DH1050.1) (Figure 3F). Thus, the S trimer could simultaneously bind to

198

multiple RBD and NTD neutralizing antibody Fabs.

199
200
201

FcR-independent infection-enhancement in the presence of neutralizing antibodies
The NSEM determination of antibody binding modes demonstrated that certain infection-enhancing antibodies

202

and non-infection enhancing antibodies bound to distinct epitopes on the same S protomer (Figures 3A-F). Thus,

203

we determined the functional outcome of infection-enhancing antibodies binding to S in the presence of

204

neutralizing antibodies. We examined whether a FcR-independent, infection-enhancing NTD antibody could

205

inhibit RBD antibody neutralization of ACE-2-mediated SARS-CoV-2 pseudovirus infection of 293T/ACE2 cells

206

in vitro. We hypothesized that the outcome would be dependent on which antibody was present at the highest

207

concentration. We examined RBD antibody DH1041 neutralization in the presence of 132 and 1,325-fold excess of

208

infection-enhancing NTD antibody DH1052. DH1041 neutralization activity was minimally decreased in the

209

presence of 132-fold excess of DH1052. When DH1041 neutralization was assessed in the presence of 1,325-fold

210

excess of antibody DH1052, infection enhancement was observed when DH1041 concentration was below 10

211

ng/mL (Figures 3G and S14). A nearly identical result was obtained when we examined neutralization by DH1043

212

(Figures 3H and S14). Thus, a ~1000-fold excess of infection-enhancing NTD antibody was required to out-

213

compete the effect of a potent RBD neutralizing antibody in vitro.

214
215
216

Cryo-EM structural determination of RBD and NTD-directed antibody epitopes
To visualize atomic level details of their interactions with the S protein, we selected representatives from the

217

panels of RBD and NTD-directed antibodies for structural determination by cryo-EM. Of the RBD-directed

218

antibodies, we selected two (DH1041 and DH1043) that most potently neutralized SARS-CoV-2 virus in the

219

293T/ACE2 pseudovirus assay and also enhanced infection in TZM-bl-FcRI or -FcRIIb cells. We also selected

220

the RBD-directed antibody DH1047, which shared the infection enhancing and ACE-2 blocking properties of

221

DH1041 and DH1043, but unlike DH1041 and DH1043, DH1047 also showed reactivity with the SARS-CoV-1,

9
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222

bat SHC014-CoV, RaTG13-CoV and pangolin GX-P4L-CoV S proteins (Figure S4A and S29). From the panel of

223

NTD-directed antibodies, we selected one infection-enhancing NTD antibody, DH1052, and one neutralizing NTD

224

antibody, DH1050.1, for higher resolution structural determination by cryo-EM. The stabilized SARS-CoV-2 S

225

ectodomain “2P” (S-2P) (Wrapp et al., 2020b) was used for preparing complexes for structural determination.

226

For all three RBD-directed antibodies, the cryo-EM datasets revealed heterogeneous populations of S protein

227

with at least one RBD in the “up” position (Figures 4, S15 and S16). We did not find any unliganded S or any 3-

228

RBD-down S population, even though the unliganded S-2P consistently shows a 1:1 ratio of 1-RBD-up and 3-

229

RBD-down populations (Henderson et al., 2020; Walls et al., 2020), suggesting that binding of the RBD-directed

230

antibodies to S protein alters RBD dynamics. All S-2P trimers were stoichiometrically bound to three Fabs, with

231

antibodies bound to both up and down RBDs in an S-2P trimer. We observed considerable disorder in the bound

232

antibodies, primarily due to RBD motion, which was partially resolved by 3D classification, following which we

233

identified the least disordered Fab for each complex by visual examination of the cryo-EM reconstructions for

234

model building. Although the resolutions in regions of interest around the RBD-Fab binding interface were poorer

235

than the overall reported resolutions, the cryo-EM reconstructions in these regions were resolved enough to obtain

236

unambiguous definition of the binding sites.

237

We observed that the primary epitopes of DH1041 and DH1043 were centered on the Receptor Binding Motif

238

(RBM; residues 483-506) of the RBD (Figures 4A-B, S17 and S18), providing structural basis for the ACE-2

239

blocking phenotype of these antibodies. While DH1041 utilized its heavy chain complementarity determining

240

regions (CDRs) to contact the RBM, the DH1043 paratope included both its heavy and light chains.

241

Unlike the RBM-focused epitope of DH1041 and DH1043, the epitope of antibody DH1047 was focused

242

around the α2 and α3 helices and ß2 strand that are located outside the N-terminus of the RBM (Figures 4C and

243

S19) (Ju et al., 2020). Contact is also made by RBD residues 500-506 that are also outside the RBM but at its C-

244

terminal end, and stack against the N-terminal end of the α3 helix providing a continuous interactive surface for

245

DH1047 binding. The DH1047 paratope included heavy chain complementarity determining regions HCDR2,

246

HCDR3 and light chain LCDR1 and LCDR3. The HCDR3 stacks against and interacts with the residues in the ß2

247

strand. Interactions with the ß2 strand are also mediated by HCDR2. Similar to DH1041 and DH1043, the DH1047

248

interacted with an “up” RBD conformation from an adjacent protomer although these interactions were not well-

249

characterized due to disorder in that region.
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250

We next determined cryo-EM structures of the NTD-directed neutralizing antibodies, DH1050.1 (Figure 4D)

251

and NTD-directed infection-enhancing antibody, DH1052 (Figure 4E), at 3.4 Å and 3.0 Å resolutions,

252

respectively. Unlike the RBD-directed antibodies DH1041, DH1043 and DH1047, where we only observed spikes

253

with at least one RBD in the up position, the cryo-EM datasets of DH1050.1- and DH1052-bound complexes

254

showed antibody bound to both 3-RBD-down and 1-RBD-up S-2P spikes (Figures S20-S21). Consistent with the

255

NSEM reconstructions, the neutralizing antibody DH1050.1 and the non-neutralizing, infection-enhancing antibody

256

DH1052 bound opposite faces of the NTD, with the epitope for the neutralizing antibody DH1050.1 facing the host

257

cell membrane and the epitope for the non-neutralizing, infection-enhancing antibody DH1052 facing the viral

258

membrane. The dominant contribution to the DH1050.1 epitope came from NTD loop region 140-158 that stacks

259

against the antibody HCDR3 and extends farther into a cleft formed at the interface of the DH1050.1 HCDR1,

260

HCDR2 and HCDR3 loops. The previously described NTD antibody 4A8 interacts with the same epitope in a

261

similar manner, with its elongated HCDR3 dominating interactions and making similar contacts as were observed

262

in the DH1050.1 complex, although DH1050.1 and 4A8 (Robbiani et al., 2020) show a rotation relative to each

263

other about the stacked HCDR3 and NTD 140-158 loops, suggesting focused recognition of the elongated NTD

264

loop by a class of antibodies sharing the same VH origin. The light chains of DH1050.1 and 4A8 do not contact the

265

S protein, which is consistent with their diverse light chain gene origins (Figures 4E and S21).

266

The infection enhancing NTD-directed antibody DH1052 bound the NTD at an epitope facing the viral

267

membrane and comprised of residues spanning 27-32, 59-62 and 211-218, with all the CDR loops of both heavy

268

and light chains involved in contacts with the NTD. We also observed contact of the antibody with the glycan at

269

position 603, as well as the conformationally invariant SD2 region.

270

Thus, we found that the RBD-directed antibodies isolated in this study influenced RBD dynamics and bound

271

only to spike with at least one RBD in the up conformations, and in some cases, also induced the 2-RBD-up and 3-

272

RBD-up spike conformations. In contrast, the NTD-directed antibodies bound to both the 3-RBD-down and 1-

273

RBD-up spikes that are present in the unliganded S-2P. Our results provide a structural explanation for the ACE-2

274

blocking activity of RBD-directed antibodies as well as for the cross-reactivity of the DH1047 antibody. We

275

observed two distinct orientations for the NTD-directed antibodies that are either neutralizing or non-neutralizing,

276

with the former binding the NTD surface that faces away from the viral membrane and the latter binding the

277

surface that faces the viral membrane.
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278
279

Effect of NTD enhancing antibody DH1052 in mouse and macaque models of SARS-CoV-2 infection

280

Next, we assessed the effect of NTD infection enhancing Ab DH1052 in a COVID-19 disease mouse model of

281

aged BALB/c mice challenged with the mouse-adapted SARS-CoV-2 MA10 strain (Leist et al., 2020a). The FcR-

282

independent, in vitro infection-enhancing antibody DH1052 or a control influenza antibody CH65 were given 12

283

hours prior to SARS-CoV-2 MA10 infection (Figure 5A). Throughout the four days of infection, DH1052-infused

284

mice exhibited similar levels of body weight loss and higher survival than mice given negative control IgG (2/9

285

control mice died while 0/10 DH1052-treated mice died) (Figures 5B-C). In addition, DH1052-treated mice

286

exhibited lower lung hemorrhagic scores, lower lung viral plaque-forming unit (PFU) titers and lower lung tissue

287

subgenomic RNA levels compared to control IgG-infused mice (Figures 5D-F). Therefore DH1052 treatment

288

resulted in less severe disease and reduced viral replication rather than infection enhancement. Thus, NTD

289

antibodies that enhanced infection in vitro did not enhance infection in vivo in the SARS-CoV-2 MA10 virus

290

infection mouse model. To determine whether DH1052 could have mediated protection by non-neutralizing, FcR-

291

mediated functions, we determined the ability of DH1052 to interact with mouse FcRI, IIb, III and IV and found

292

DH1052 reacted primarily with FcRI and FcRIV (Figure S22). Thus, it is plausible that non-neutralizing

293

antibody DH1052 may have protected mice with FcR-dependent anti-SARS-CoV-2 mechanisms.

294

We next examined the effect of infusion of NTD enhancing antibody DH1052, NTD neutralizing antibody

295

DH1050.1 and control antibody CH65 on SARS-CoV-2 infection in monkeys (Leist et al., 2020b; Rockx et al.,

296

2020). Cynomolgus macaques were infused with 10 mg of antibody per kg body weight and then challenged

297

intranasally and intratracheally with 105 plaque forming units of SARS-CoV-2 three days later (Figure 5G) (54).

298

Antibody infusion resulted in human antibody concentrations ranging from 11 to 238 μg/mL in serum at day 2

299

post-challenge (Figures 5H-I and S23A-D). Sera with DH1050.1 neutralized SARS-CoV-2 pseudovirus at a mean

300

ID50 titer of 19 (Figure 5J), and neutralized SARS-CoV-2 replication-competent virus at a mean ID50 titer of 192

301

(Figure 5K). In contrast, the presence of DH1052 or control antibody CH65 in serum did not neutralize SARS-

302

CoV-2 (Figures 5J-K). Four of 5 macaques that received DH1052 had comparable lung inflammation to control

303

CH65-infused macaques four days after infection (Figures 5L, S24 and S25A). However, one macaque (BB536A)

304

administered DH1052 showed increased perivascular mononuclear inflammation, perivascular and alveolar edema
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305

(Figure S25B), and multiple upregulated bronchoalveolar fluid (BAL) cytokines (Figures S26-S27) compared to

306

either control antibody-infused animals or the four other monkeys in the DH1052-treated group. Immunohistologic

307

analysis with markers of macrophage subsets demonstrated alveolar and perivascular infiltration of M2-type

308

macrophages in both monkey BB536A with histologic appearance of alveolar edema and in control antibody-

309

treated monkey BB785E (Figure S28).

310

In contrast, macaques administered DH1050.1, a neutralizing NTD antibody, had lower lung inflammation

311

than CH65-infused macaques (Figures 5L, S24 and S25A) and fewer infiltrating macrophages (Figure S28).

312

Infusion of either neutralizing NTD DH1050.1 or in vitro infection-enhancing antibody DH1052 reduced viral

313

nucleocapsid antigen in the lung (Figures 5M, S24 and S25A). Envelope (E) gene subgenomic RNA (sgRNA) and

314

nucleocapsid (N) gene sgRNA in the BAL were also reduced in macaques that were administered DH1050.1 or

315

DH1052 compared to macaques treated with negative control antibody (Figures 5N-O and S23G). In nasal swab

316

fluid, macaques showed reduced E and N gene sgRNA when neutralizing antibody DH1050.1 was infused (p <

317

0.05, nonparametric exact Wilcoxon test) (Figures 5P-Q, S23E-F and S23H-I). With DH1052 infusion, there was

318

a trend to viral control but not significant.

319

Since DH1052-mediated infection enhancement in vitro increased as the antibody concentration increased

320

(Figures 1D-E), we performed an additional challenge study in 6 additional cynomolgus macaques with either 30

321

mg/kg of DH1052 or CH65 control antibody (Figure S29A). After challenge, the infection-enhancing, non-

322

neutralizing NTD antibody DH1052 again showed a trend to suppress BAL viral load (Figures S29B-D), and

323

significantly reduced viral replication in nasal swab samples (p < 0.05, nonparametric exact Wilcoxon test)

324

(Figures S29E-G) compared to the negative control antibody CH65. Moreover, DH1052-treated macaques showed

325

equivalent lung inflammation (Figures S29H-I), antigen expression (Figures S29J-K), and cytokine expression

326

(Figure S30) compared to CH65 control-treated macaques. Thus, with high dose (30mg/kg) of DH1052 antibody,

327

there was no enhanced lung pathology or elevated BAL cytokine levels post-SARS-CoV-2 challenge. These results

328

raised the hypothesis that the lung pathology seen in monkey BB536A was rare and may not have been caused by

329

antibody infusion.

330
331

FcR-dependent, in vitro infection-enhancing RBD antibodies do not enhance SARS-CoV-2 infection in mice
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332

We next tested RBD neutralizing antibodies that also mediated infection enhancement in TZM-bl cells

333

expressing FcRI or FcRII in a SARS-CoV-2 acquisition mouse model (Figures 6A-B). Aged (12 months old)

334

BALB/c mice were injected intraperitoneally with 300 μg of antibody, and challenged with a SARS-CoV-2 mouse-

335

adapted (MA) isolate twelve hours later (Dinnon et al., 2020). Mice received either FcR-dependent, in vitro

336

infection-enhancing antibody DH1041, non-infection enhancing antibody DH1050.1, or a combination of both

337

antibodies. Administration of RBD NAb DH1041 alone or in combination with DH1050.1 protected all mice from

338

detectable infectious virus in the lungs 48h after challenge (Figure 6A). In the setting of therapeutic treatment,

339

administration of DH1041 alone (300 μg) or in combination with DH1050.1 (150 μg of each) twelve hours after

340

SARS-CoV-2 challenge significantly reduced lung infectious virus titers, with half of the mice having undetectable

341

infectious virus in the lung 48h after challenge (Figure 6B). Thus, while RBD antibody DH1041 could mediate

342

FcR-dependent, in vitro infection enhancement, it protected mice from SARS-CoV-2 infection when administered

343

prophylactically or therapeutically.

344

DH1046 and DH1047 are RBD cross-reactive antibodies that neutralize SARS-CoV, SARS-CoV-2 and bat

345

WIV1-CoV (Figures 2A, S4A-B, S5E-H and S31). Both of these RBD antibodies mediated FcR-dependent, in

346

vitro SARS-CoV-2 infection enhancement of TZM-bl cells that lacked ACE2 expression (Figures 1F-L). To

347

determine whether SARS-CoV-2 in vitro infection enhancement predicted in vivo infection enhancement by SARS-

348

related bat coronaviruses, we assessed the ability of either DH1046 or DH1047 to enhance or protect against bat

349

WIV1-CoV infection in HFH4-ACE2-transgenic mice. Mice were challenged either 12 hours before or 12 hours

350

after intraperitoneal injection of antibody (Figures 6C-D). Mice administered DH1046 or DH1047 before

351

challenge had no detectable infectious virus in the lung, whereas control IgG administered mice had a mean titer of

352

84,896 plaque forming units per lung lobe (Figure 6C). Administration of DH1047 after challenge eliminated

353

detectable infectious virus in the lung in 3 of 5 mice (Figure 6D). Therapeutic administration of DH1046 reduced

354

infectious virus titers 10-fold compared to negative control IgG (Figure 6D). Thus, FcR-dependent in vitro

355

infection-enhancing RBD antibodies DH1046 and DH1047 did not enhance infection in vivo, but rather protected

356

mice from SARS-related bat coronavirus infection.

357
358

In vitro infection-enhancing RBD antibodies in SARS-CoV-2-challenged nonhuman primates
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359

Finally, we assessed the in vivo relevance of RBD antibody infection enhancement in the cynomolgus

360

macaque SARS-CoV-2 intranasal/intratracheal challenge model. We examined in vivo infection enhancement by

361

RBD antibodies DH1041, DH1043, DH1046, and DH1047 that neutralized SARS-CoV-2 pseudovirus and

362

replication-competent virus, but enhanced infection in vitro in FcRI or FcRIIb-expressing TZM-bl cells (Figures

363

1 and 6E). After antibody infusion at 10 mg of antibody per kg of macaque body weight, serum human IgG

364

concentrations reached 11-228 μg/mL at day 2 post-challenge (Figures 6F-G and S23A-D). The same macaque

365

serum containing the RBD antibodies exhibited a wide range of neutralization potency (ID50 titers) against SARS-

366

CoV-2 pseudovirus or replication-competent virus, commensurate with the neutralization potency of each antibody

367

(Figures 6H and 6I). Infusion of RBD antibody DH1041, DH1043, or DH1047 resulted in vivo protection from

368

SARS-CoV-2 infection. In macaques administered DH1041, DH1043, or DH1047, lung inflammation was reduced

369

and lung viral antigen was undetectable compared to control (Figures 6J-K, S24 and S25A). E gene sgRNA and N

370

gene sgRNA were significantly reduced in the upper and lower respiratory tract based on analyses of

371

bronchoalveolar lavage fluid, nasal swabs, and nasal wash samples (Figures 6L-O and S23E-I).

372

RBD antibody DH1046, a weaker neutralizing Ab compared to DH1041, DH1043 or DH1047 (Figure 2A),

373

did not enhance sgRNA E or N in BAL or nasal swab samples (Figures 6L-O and S23E-I), but protected only a

374

subset of infused monkeys. Three monkeys treated with RBD antibody DH1046 exhibited the same or lower levels

375

of lung inflammation compared to monkeys that received control IgG (Figure 6J). Two DH1046-infused monkeys

376

had increased lung inflammation scores of 8 and 10 due to increased total areas of inflammation compared to

377

control antibody monkeys (Figures 6J, S24 and S25), but had no evidence of perivascular or alveolar edema nor

378

evidence of abnormal BAL cytokines (Figures S26 and S27). Thus, these two animals had more lung involved

379

with inflammatory macrophage infiltration but did not have pathological evidence of vascular leakage.

380

Comparing the DH1046 group to the control IgG group, viral nucleocapsid antigen in the lung was reduced

381

(Figures 6K, S24 and S25A) .

382

Thus, overall, all 31 spike enhancing antibody-infused monkeys did not show enhanced virus infectivity in

383

vivo. In contrast, 3 of 31 antibody-treated monkeys exhibited enhancement of lung pathology, with 1 of 31

384

antibody-treated monkeys had alveolar and perivascular edema and with elevated BAL inflammatory cytokines.

385
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386

DISCUSSION

387

Here, we demonstrated SARS-CoV-2 RBD and NTD antibodies can increase infection in vitro, but either

388

protect or do not increase coronavirus replication in mouse and monkey models in vivo. However, increased lung

389

inflammation was observed infrequently in SARS-CoV-2 antibody-treated macaques despite having low or

390

undetectable lung viral antigen. In three of 31 monkeys administered RBD or NTD antibodies that mediated

391

infection enhancement in vitro, lung inflammation scores were greater than in control IgG-infused monkeys. One

392

of these three macaques had alveolar edema and elevated BAL cytokine levels compatible with acute respiratory

393

syndrome, while the other two monkeys with high lung inflammation scores did not show edema nor BAL

394

inflammatory cytokines. Thus, only one antibody-infused monkey had severe lung inflammation.

395

Notably, we observed two different types of in vitro infection enhancement. First, RBD antibodies mediated

396

classical antibody-dependent enhancement that required FcγRs and antibody Fc for virus uptake (Lee et al., 2020).

397

Previous studies have demonstrated that uptake of MERS-CoV or SARS-CoV has mostly been mediated by

398

FcγRIIa on the surface of macrophages (Bournazos et al., 2020; Wan et al., 2020; Yip et al., 2016). In contrast to

399

SARS-CoV and MERS-CoV infection enhancing antibodies, we identified SARS-CoV-2 RBD antibodies utilized

400

FcγRIIb or FcγRI. Thus, different FcγRs can mediate SARS-CoV and MERS-CoV in vitro infection enhancement

401

compared to SARS-CoV-2 in vitro infection enhancement. Second, non-neutralizing NTD antibodies mediated

402

FcγR-independent infection enhancement in two different FcγR-negative, ACE2-expressing cell types. The

403

mechanism of FcγR-negative in vitro enhancement remains unclear, but one hypothesis is the possibility of

404

antibody modulation of S protein conformation because of the requirement for ACE2 expression on target cells. In

405

NSEM studies, NTD antibodies preferentially bound to S in a 3-RBD-down conformation. One study has reported

406

that binding of select NTD antibodies to S enhances S binding to ACE2 (Liu et al., 2020b). Whether S protein has

407

different entry kinetics or higher affinity for ACE-2 when liganded to infection-enhancing antibody DH1052 will

408

be a focus of future studies.

409

Previous studies with vaccine-induced antibodies against SARS-CoV-1 have also shown in vitro FcγRII-

410

dependent infection enhancement, but no in vivo infection enhancement in hamsters (Kam et al., 2007).

411

Macrophages and other phagocytes are the target cells that take up MERS-CoV leading to infection enhancement

412

(Hui et al., 2020; Wan et al., 2020; Zhou et al., 2014). In contrast, neither SARS-CoV-1 nor SARS-CoV-2

413

productively infect macrophages (Bournazos et al., 2020; Hui et al., 2020; Yip et al., 2016). Importantly, a recent
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414

study demonstrated that alveolar macrophages harboring SARS-CoV-2 RNA produce T cell chemoattractants

415

leading to T cell IFN- production that in turn, stimulates inflammatory cytokine release from alveolar

416

macrophages (Grant et al., 2021). Why severe lung pathology and inflammatory cytokine production occurred in

417

only 1 of 31 monkeys is unknown, but may relate to host-specific differences regulating inflammatory cytokine

418

production (Bastard et al., 2020; Zhang et al., 2020). It is important to note that the one monkey that developed

419

alveolar and perivascular edema and elevated BAL inflammatory cytokines could have been caused by antibody

420

enhancement of disease, or could have been due to unknown factors that caused more severe disease in animal

421

BB536A that were unrelated to DH1052 administration. That none of 6 animals infused with a higher dose

422

(30mg/kg) of DH1052 did not have enhanced pulmonary disease supports the hypothesis that the lung pathology

423

may have been a severe case of COVID-19 lung disease unrelated to antibody infusion.

424

In vitro enhancing antibodies may have the ability to suppress SARS-CoV-2 replication in vivo through non-

425

neutralizing FcR-mediated antibody effector functions (Bournazos et al., 2020; Schafer et al., 2021). While

426

circulating in vivo, antibodies can opsonize infected cells or virions and recruit effector immune cells to kill virus-

427

infected cells through Fc-mediated mechanisms (Bournazos et al., 2020). A recent study in a SARS-CoV-2 mouse

428

model of acquisition suggested that Fc effector functions contribute to the protective activity of SARS-CoV-2

429

neutralizing antibodies C104, C002, and C110 (Schafer et al., 2021). Thus, antibody effector functions may

430

contribute to the outcome in vivo, but not be accounted for in SARS-CoV-2 enhancement or neutralization assays

431

in vitro. In support of this hypothesis, infection-enhancing, non-neutralizing NTD antibody DH1052 reduced

432

infectious virus titers in the lungs of challenged mice and monkeys compared to the negative control antibodies.

433

Consistent with previous findings for human IgG (Dekkers et al., 2017), we have demonstrated that DH1052

434

antibody can bind to select murine FcRs., raising the hypothesis that DH1052 Fc-mediated effector functions may

435

be responsible for the reduction of virus replication. Future studies will investigate Fc-mediated effector functions

436

of DH1052 to discern their role in reducing infectious SARS-CoV-2 virus titers in mice and monkeys.

437

Finally, administration of COVID-19 convalescent sera to over 35,000 COVID-19 patients have demonstrated

438

the treatment to be safe and is not associated with enhanced disease (Joyner et al., 2020). Of greater importance is

439

that both the Pfizer/BioNTech and Moderna mRNA-lipid nanoparticle (LNP) vaccine efficacy trials have

440

completed and showed ~95% vaccine efficacy (Jackson et al., 2020; Polack et al., 2020). That the Moderna
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441

mRNA-LNP COVID-19 vaccine efficacy trial had 30 severe cases of COVID-19 occur—all in the placebo group

442

(Baden et al., 2020), demonstrated that if antibody-based enhancement of infection or lung pathology will occur in

443

humans with vaccination, it will be rare. Finally, a recent study demonstrated that suboptimal neutralizing antibody

444

level is a significant predictor of severity for SARS-CoV-2 (Garcia-Beltran et al., 2020). Thus, in spite of the rarity

445

of severe lung pathology associated with presence of anti-spike antibody in animal model studies reported here, it

446

will be important to continue to monitor on-going COVID-19 vaccine efficacy trials for the possibility of vaccine

447

associated enhanced disease when suboptimal neutralizing antibody titers are induced (Haynes et al., 2020).

448
449
450

METHODS
Detailed methods are provided in the supplemental online material.

451
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Figure 1

25

Figure 1. SARS-CoV-2 receptor-binding domain (RBD) and N-terminal domain (NTD)
antibodies mediate FcγR-dependent and FcγR-independent enhancement of SARSCoV-2 infection respectively.
(A-B) Timeline of blood sampling and antibody isolation from convalescent SARS-CoV-2
and SARS-CoV-1 donors. Plasmablasts and/or antigen-specific memory B cells (MBC)
were sorted from a (A) SARS-CoV-2 infected individual (SARS-CoV-2 donor) and a (B)
2003 SARS survivor (SARS-CoV-1 donor).
(C) Summary of number and specificity of antibodies isolated from each donor.
(D-E) FcγR-independent SARS-CoV-2 infection-enhancement mediated by nonneutralizing NTD antibodies. In vitro neutralization curves for NTD infection-enhancing
antibodies against (D) pseudotyped SARS-CoV-2 D614G in 293T-hACE2 cells, and (E)
replication-competent nano-luciferase (nLuc) SARS-CoV-2 in Vero cells.
(F-J) FcγR-dependent SARS-CoV-2 infection-enhancement in ACE2-negative cells
mediated by neutralizing RBD antibodies. Pseudotyped SARS-CoV-2 incubated with RBD
antibodies or mock medium control were inoculated on (F) parental TZM-bl cells, and TZMbl cells stably expressing human FcγR receptors (G) FcγRI, (H) FcγRIIa, (I) FcγRIIb or (J)
FcγRIII.
(K-L)The effect of RBD antibody fragment antigen-binding regions (Fabs) on pseudotyped
SARS-CoV-2 D614G infection were tested in (K) FcγRI-expressing TZM-bl cells and (L)
FcγRIIb-expressing TZM-bl cells. Relative luminescence units (RLUs) were measured in
cell lysate at 68-72 hours post-infection. Upward deflection of RLUs in the presence of
antibody indicates FcγR-mediated infection. Three or four independent experiments were
performed and representative data are shown.

26

Figure 2

27

Figure 2. Structural and phenotypic characterization of infection-enhancing and
non-infection-enhancing RBD and NTD antibodies.
(A) Phenotypic summary of antibodies selected for in-depth characterization. Antibody
functions are color-coded based on the key shown at the right. The heatmap denotes for
each antibody the epitope location, neutralizing or infection-enhancing activity in ACE2positive/FcγR-negative cells or ACE2-negative/FcγR-positive cells. Additionally, the
heatmap indicates the ability of each antibody to bind to SARS-CoV-1 S protein by
ELISA, the ability of each antibody to block ACE2 binding to SARS-CoV-2 S protein, and
neutralization titers against SARS-CoV-2 pseudovirus and replication-competent virus.
MN titer, micro-neutralization titer; ND, not determined.
(B-E) 3D reconstruction of negative stain electron microscopy images of SARS-CoV-2
Spike ectodomain trimers stabilized with 2 proline mutations (S-2P; gray) bound to (B)
infection-enhancing RBD antibody Fabs, (C) non-infection-enhancing RBD antibody
Fabs, (D) infection-enhancing NTD antibody Fabs, (E) non-infection-enhancing NTD
antibody Fabs. Fabs are pseudo-colored according to the phenotypic category to which
they belong.
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Figure 3. Biophysical and structural determination that infection-enhancing and
non-infection enhancing antibodies can simultaneously bind to the same S protein.
(A) Cross-blocking activity of RBD and NTD neutralizing antibodies tested by surface
plasmon resonance (SPR). Soluble, stabilized SARS-CoV-2 S trimer (S-2P) was captured
by the antibody on the Y-axis followed by binding by the antibody on the X-axis. Antibody
binding was considered competitive (red squares) if the binding antibody did not react with
the captured S protein.
(B) 3D reconstruction of simultaneous recognition of SARS-CoV-2 S-2P trimer by two RBD
antibodies DH1041+DH1047, or DH1043+DH1047. All three antibodies are SARS-CoV-2
infection-enhancing in ACE2-negative/FcγR-positive cells, but neutralizing in ACE2positive/FcγR-negative cells.
(C) Cross-blocking activity of neutralizing antibodies and infection-enhancing NTD
antibodies tested by SPR. SARS-CoV-2 S-2P trimer was captured by the antibody on the
Y-axis followed by binding by the antibody on the X-axis. Antibody binding was considered
competitive (red squares) if the binding antibody did not react with the captured S protein.
(D) 3D reconstruction of by NTD antibodies DH1053 and DH1050.1 simultaneously bound
to SARS-CoV-2 S trimer protein. In ACE2-positive/FcγR-negative cells, DH1050.1 is
neutralizing while DH1053 enhances SARS-CoV-2 infection. Both antibodies have no
effect in ACE2-negative/FcγR-positive cells.
(E) 3D reconstruction of SARS-CoV-2 S protein simultaneously bound to a RBD infectionenhancing antibody and a NTD non-infection-enhancing antibody. All of these antibodies
neutralize SARS-CoV-2 infection of ACE2-positive/FcγR-negative cells.
(F) 3D reconstruction of SARS-CoV-2 S protein bound to triple-antibody combinations of
RBD antibody DH1043, RBD antibody DH1047, and either NTD antibody DH1051 (left) or
DH1050.1 (right). Both RBD antibodies enhance SARS-CoV-2 infection of ACE2negative/FcγR-positive cells, but neutralize infection of ACE2-positive/FcγR-negative cells.
NTD antibodies DH1051 and DH1050.1 neutralize SARS-CoV-2 infection of ACE2negative/FcγR-positive cells, but have no effect on infection of ACE2-negative/FcγRpositive cells.
(G-H) RBD antibody neutralization of SARS-CoV-2 pseudovirus infection of ACE2expressing cells in the presence of infection-enhancing NTD antibody DH1052. The
infection-enhancing NTD antibody DH1052 was mixed with RBD antibodies DH1041 (G) or
DH1043 (H) in 1:132 ratio or 1:1,325 ratio, respectively. Serial dilutions of the NTD:RBD
antibody mixtures (orange), as well as RBD antibody alone (blue) were examined for
neutralization of SARS-CoV-2 D614G pseudovirus infection of 293T/ACE2 cells.
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Figure 4. Cryo-electron microscopy of neutralizing and non-neutralizing antibodies
in complex with SARS-CoV-2 Spike ectodomain. Structures of SARS-CoV-2 S protein
in complex with RBD antibodies (A) DH1041 (red), (B) DH1043 (pink), (C) DH1047
(magenta), (D) neutralizing NTD antibody DH1050.1 (blue), and (E) infection-enhancing
NTD antibody DH1052 (green). Each antibody is bound to Spike ectodomain stabilized
with 2 proline mutations (S-2P) shown in gray with its Receptor Binding Motif (RBM)
colored purple blue. (Right) Zoomed-in views of the antibody interactions with S-2P
trimers. The antibody complementarity determining (CDR) loops are colored: HCDR1
yellow, HCDR2 limon, HCDR3 cyan, LCDR1 orange, LCDR2 wheat and LCDR3 light blue.
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Figure 5. NTD antibody DH1052 enhances SARS-CoV-2 infection in vitro, but does
not always enhance SARS-CoV-2 replication or disease in vivo.
(A-F) DH1052 passive immunization and murine SARS-CoV-2 challenge study design and
outcome. (A) Diagram of the study design showing 52 week old female BALB/c mice were
i.p. injected with DH1052 (200 µg/mouse, n=10, green symbols) or CH65 control antibody
(gray, 200 µg/mouse, n=9, gray symbols). After 12 hours, mice were challenged with
1X10^4 PFU of mouse-adapted SARS-CoV-2 MA10 virus. Mice were euthanized and
tissues were harvested 96 hours post-infection. (B) Body weight and (C) survival were
monitored daily. (D) Hemorrhagic scores, (E) lung viral titers, as well as (F) viral
subgenomic RNA (sgRNA) for both SARS-CoV-2 envelope (E) and nucleocapsid (N) gene
were measured 96 hours post-infection.
(G-Q) Reduction of SARS-CoV-2 replication and disease in cynomolgus macaques by
prophylactic administration of an NTD neutralizing antibody DH1050.1 or an in vitro
infection-enhancing NTD Ab DH1052.
(G) Diagram of the macaque study design showing cynomolgus macaques (n=5 per group)
were infused with DH1052, DH1050.1 or an irrelevant control CH65 antibody 3 days before
105 PFU of SARS-CoV-2 challenge via intranasal and intratracheal routes. Viral load
including viral RNA and subgenomic RNA (sgRNA) were measured at the indicated prechallenge and post-challenge timepoints. Lungs were harvested on Day 4 post-challenge
for histopathology analysis.
(H-I) Serum human IgG concentrations at (H) Day -5 and (I) Day 2.
(J-K) Day 2 serum neutralization titers shown as the reciprocal serum dilution that inhibits
50% (ID50) of (J) pseudotyped SARS-CoV-2 replication in 293T/ACE2 cells or (K) SARSCoV-2 replication in Vero cells.
(L-M) Lung histopathology. Sections of the left caudal (Lc), right middle (Rm), and right
caudal (Rc) lung were evaluated and scored for the presence of (L) inflammation by
hematoxylin and eosin (H&E) staining, and for the presence of (M) SARS-CoV-2
nucleocapsid by immunohistochemistry (IHC) staining. Symbols indicate the sums of Lc,
Rm, and Rc scores in each animal.
(N-O) SARS-CoV-2 (N) E gene sgRNA and (O) N gene sgRNA in bronchoaveolar lavage
(BAL) on Day 2 and Day 4 post challenge.
(P-Q) SARS-CoV-2 (P) E gene sgRNA and (Q) N gene sgRNA in nasal swab on Day 2 and
Day 4 post challenge.
LOD, limit of detection. Statistical significance in all the panels were determined using
Wilcoxon rank sum exact test. Asterisks show the statistical significance between indicated
group and CH65 control group: ns, not significant, *P<0.05, **P<0.01, ***P<0.001.
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Figure 6. RBD antibodies that mediate FcγR-dependent infection enhancement in
vitro, protect mice and non-human primates from SARS-CoV-2 challenge.
(A-B) Protection in BALB/c mice against mouse-adapted SARS-CoV-2. Mice (n=5 per
group) were intraperitoneally (i.p.) injected with 300 μg of a single antibody or 150 μg of
two antibodies in combination (A) prophylactically at 12h pre-infection or (B) therapeutically
at 12h post-infection. Infection was performed with mouse-adapted SARS-CoV-2 2AA MA
virus via intranasal (i.n.) route. Titers of infectious virus in the lung were examined 48 postinfection. An irrelevant human antibody CH65 was used as a negative control.
(C-D) Protection in HFH4-hACE2-transgenic mice against SARS-related bat WIV1-CoV
challenge. Mice (n=5 per group) were intraperitoneally (i.p.) injected with 300 μg of
indicated antibody or CH65 control antibody (C) prophylactically at 12h pre-infection or (D)
therapeutically at 12h post-infection. Infection was performed with WIV1-CoV via i.n. route.
Lung viral titers were examined at 48 post-infection.
(E-O) RBD NAbs and infection-enhancing Abs protected SARS-CoV-2 infection in nonhuman primates.
(E) Study design. Cynomolgus macaques (n=5 per group) were infused with DH1041,
DH1043, DH1046, DH1047 or an irrelevant CH65 antibody 3 days before 105 PFU of
SARS-CoV-2 challenge via intranasal route and intratracheal route. Viral load including
viral RNA and subgenomic RNA (sgRNA) were measured on the indicated pre-challenge
and post-challenge timepoints. Lungs were harvested on Day 4 post-challenge for
histopathology study.
(F-G) Serum human IgG concentrations at Day -5 (H) and Day 2 (I).
(H-I) Day 2 serum neutralization titers shown as the reciprocal serum dilution that inhibits
50% (ID50) of (H) pseudotyped SARS-CoV-2 replication in 293T/ACE2 cells or (J) SARSCoV-2 replication in Vero cells.
(J-K) Lung histopathology. Sections of the left caudal (Lc), right middle (Rm), and right
caudal (Rc) lung were evaluated and scored for (J) the presence of inflammation by
hematoxylin and eosin (H&E) staining, and (K) for the presence of SARS-CoV-2
nucleocapsid by immunohistochemistry (IHC) staining. Symbols indicate the sums of Lc,
Rm, and Rc scores for each animal. While two monkeys in the DH1046 RBD antibody
infusion group had higher overall lung pathology scores than controls, lung histology did
not show alveolar or perivascular edema nor was BAL inflammatory cytokine levels
elevated. Thus, these two animals had more lung involved with inflammatory macrophage
infiltration but did not have pathological evidence of vascular leakage.
(L-M) SARS-CoV-2 (L) E gene sgRNA and (M) N gene sgRNA in bronchoaveolar lavage
(BAL) on Day 2 and Day 4 post challenge.
(N-O) SARS-CoV-2 (N) E gene sgRNA and (O) N gene sgRNA in nasal swab on Day 2
and Day 4 post challenge.
Statistical significance in all the panels were determined using Wilcoxon rank sum exact
test. Asterisks show the statistical significance between indicated group and CH65 control
group: ns, not significant, *P<0.05, **P<0.01.
36

