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Invitro and in vivo functions of SARS-CoV-2 infection-enhancing and neutralizing antibodies
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Summary (150 wor ds)

SARS-CoV-2 neutralizing antibodies (NAbs) protegaiast COVID-19. A concern regarding SARS-CoV-2
antibodies is whether they mediate disease enhaneftere, we isolated NAbs against the receptudibg
domain (RBD) and the N-terminal domain (NTD) of S&JoV-2 spike from individuals with acute or
convalescent SARS-CoV-2 or a history of SARS-Cofédtion. Cryo-electron microscopy of RBD and NTD
antibodies demonstrated function-specific moddsirading. Select RBD NAbs also demonstrated Fc recgp
(FeyR)-mediated enhancement of virus infectiowitro, while five non-neutralizing NTD antibodies mediat
FcyR-independernin vitro infection enhancement. However, both types ofdtid@-enhancing antibodies protected
from SARS-CoV-2 replication in monkeys and micerééhof 46 monkeys infused with enhancing antibodas
higher lung inflammation scores compared to costrohe monkey had alveolar edema and elevated
bronchoalveolar lavage inflammatory cytokines. Thusilein vitro antibody-enhanced infection does not
necessarily herald enhanced infectiorivo, increased lung inflammation can rarely occur ARS-CoV-2

antibody-infused macaques.

Keywords
SARS-CoV-2, COVID-19, neutralizing antibody, reaapbinding domain, N-terminal domain, electron

micrographjn vivo protection, infection enhancement
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Introduction

The severe acute respiratory syndrome coronavi(@\RS-CoV-2) has caused a global pandemic with ove
157 million cases and 3 million deaths (https:@o@virus.jhu.edu). While the ultimate solution tmtrol the
COVID-19 pandemic is a safe and effective vacameeitralizing Ab (NAb) prophylaxis or treatment ofection
may help to control the pandemic (Graham, 2020;fevski et al., 2020). Prophylactic or therapeuse of
SARS-CoV-2 NAbs in non-human primates (Baum et28120a; Jones et al., 2020; Zost et al., 2020e)d@nt
models (Hassan et al., 2020; Rogers et al., 2020e¥¥él., 2020) have protected against SARS-Cohfettion.
Potent SARS-CoV-2 NADbs reported to date predomipaatget the RBD region (Baum et al., 2020b; Breuwt
al., 2020; Cao et al., 2020; Hansen et al., 202@t .&l., 2020; Liu et al., 2020a; Pinto et al2@0Robbiani et al.,
2020; Rogers et al., 2020; Shi et al., 2020; Wrtpgd., 2020a; Wu et al., 2020). In contrast, radizing SARS-
CoV-2 NTD antibodies (Abs) exhibit more modest maligation potency (Brouwer et al., 2020; Chi et 2020;
Wec et al., 2020; Zost et al., 2020a; Zost ea20b).

A safety concern for clinical use of antibodieatgibody-dependent enhancement (ADE) of infectikiDE
invitro has been reported for respiratory syncytial virascination, dengue virus vaccination, or denguesvi
infection (Arvin et al., 2020). ADE is often meddtby Fc receptors for IgG (fes), complement receptors (CRs)
or both, and is most commonly observed in monogytasrophages and B cells (lwasaki and Yang, 2090j U
and Halstead, 2010 vitro studies have demonstrated/Remediated ADE of SARS-CoV infection of ACE2-
negative cells (Jaume et al., 2011; Kam et al.72W0@an et al., 2020; Wang et al., 2014; Yilla et 2005; Yip et
al., 2016; Yip et al., 2014). Additional reseahds demonstrated fR-independent infection enhancement of
SARS-CoV in Vero cells, and isolated an Ab that rhaye enhanced lung viral load and patholiogyivo (Wang
et al., 2016). The ability of SARS-CoV-2 S Abs tediate infection enhancemeéntvivo is unknown, but is a
theoretical concern for COVID-19 vaccine developtr{@mvin et al., 2020; Bournazos et al., 2020; Hayet al.,
2020; lwasaki and Yang, 2020).

Here, we identified potem vitro neutralizing RBD and NTD Abs as well asvitro infection-enhancing
RBD and NTD Abs from individuals infected with SARK®YV or SARS-CoV-2. Negative stain electron
microscopy (NSEM) and cryo-electron microscopy ¢eBM) revealed distinct binding patterns and thecjse
epitopes of infection-enhancing and neutralizing Ab vitro studies demonstrated that select RBD Abs mediated

FcyR-dependent infection enhancement, whereas the Alinduced FgR-independent infection enhancement.
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However, using monkey and mouse models of SARS-Zdafection, none of thim vitro infection-enhancing
Abs enhanced SARS-CoV-2 virus replication or infaes virus in the lungn vivo. Three of 46 monkeys had lung
pathology or bronchoalveolar lavage (BAL) cytoklaeels greater than controls. However, repeat studith

dose ranges dh vitro enhancing Abs did not increase lung pathology.sTimwitro infection-enhancing RBD and

NTD Abs controlled virusn vivo and was rarely associated with enhanced lung |oafjro

RESULTS
Isolation of neutralizing and infection-enhancing SARS-CoV-2 Abs

SARS-CoV-2-reactive monoclonal Abs from plasmalslastSARS-CoV-2-reactive memory B cells were
isolated (Liao et al., 2009; Liao et al., 2013)fra SARS-CoV-2 infected individual 11, 15 and 3ggpost-onset
of symptoms. To identify neutralizing Abs againsttbhSARS-CoV and SARS-CoV-2, SARS-CoV-2 S-reacBve
cells were isolated from an individual infectedW8ARS-CoV ~17 years prior to sample collectibrg@res 1A-
B, S1A-D). From 1,737 total B cells, we isolated 463 Alat thound to SARS-CoV-2 S or nucleocapsid proteins i
high-throughput binding screersigure 1C; Table S1). We selected 187 Abs using high binding magnitude
cross-reactivity with human CoVs, high somatic rtiatafrequency, and long HCDRS3 as selection cateri
Downselected Abs were examined for neutralizatfoBARS-CoV-2 pseudovirus and replication-competent
SARS-CoV-2. Forty-four of 81 RBD Abs exhibited nilization of SARS-CoV-2 pseudovirus or replication
competent virusKigures S1E-J; Tables S2). Ten of forty-one NTD Abs neutralized SARS-Co\ihZhe
293T/ACE2 pseudovirus and plaque reduction assays) |G, as low as 39 ng/mLH{gures S1K-M; Tables S2).
In addition, 5 non-neutralizing NTD Abs enhancedR®ACoV-2 pseudovirus infection in 293T/ACE2 and
replication-competent SARS-CoV-2 nano-luciferasesinfection of Vero cellsHigure 1D,E) (Huo et al., 2020) .
NTD Ab infection enhancement was dependent on A€gRession. Both ACE2-expressing 293T cells used fo
pseudovirus assays and Vero cells lackFexpression (Takada et al., 2007). Thus, NTD ecdraent of SARS-
CoV-2 infection was R@R-independent.

To assess FR-dependent infection enhancement, 100 S-readiBé Abs were tested for their ability to
facilitate SARS-CoV-2 infection of TZM-bl cells esgssing various F&s, but lacking ACE2 and TMPRSS2

(Tables S2). Three or five Abs enabled SARS-CoV-2 infectiodM-bl cells expressing either ¥Rl or Fo/RIIb
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respectively Figures 1F-J). The antigen-binding fragments (Fabs) of these @il not mediate infection
enhancement of TZM-bl cells expressingiRor FoRIIb, demonstrating Fc-dependence for enhancement
(Figures 1K-L). Thus, RBD Abs can be either neutralizing in AGE®ressing 293T cells, infection-enhancing in
the FgR-expressing TZM-bl cells, or botkigure 2A). NTD Abs can either be neutralizing or infection-

enhancing in the ACE2293T cells or VeroE6 cell§{gure 2A).

Characterization of infection-enhancing Spike Abs

We compared the phenotypes and binding modes of Ri&that either did not enhance or enhanced
infection in order to elucidate differences betw#d®m. The selected RBD Abs neutralized SARS-CoV-2
pseudovirus and/or replication-competent virus @ER-expressing cell$=(gures 2A and S2), despite five of
these Abs mediating infection enhancement in AC&@ative, FgR-positive TZM-bl cells Eigures 1F-L, 2A,
and S2). Both types of selected RBD Abs blocked ACEZ2 bigdo S protein and both types of RBD Abs bound to
S with high affinities (range = 0.1 to 9 nM@ble S3, Figure 2A). Thus, the infection-enhancing or non-enhancing
RBD Abs showed similarities in ACE2 blocking, affin and neutralization of ACE2-dependent SARS-CbV-
infection Figure 2A).

For six representative RBD Abs, we obtained NSEdbmnstructions of Fabs in complex with stabilized S
ectodomain trimer. Infection-enhancing RBD Abs DH1@nd DH1043 bound with a vertical approdelggre
2B), parallel to the central axis of the S trimemigr to non-infection-enhancing Abs DH1042 and DK4
(Figure 2C). The epitopes of Abs DH1041, DH1042, and DH10d&rlapped with that of the ACE-2 receptor
(Wec et al., 2020), consistent with their abilityiiock ACE-2 binding to S proteifrigures 2A and S3A-B).
Their epitopes were similar to those of three presty described Abs, P2B-2F6 (Ju et al., 2020),-H41and
H11-D4 Figure S3C) (Huo et al., 2020; Zhou et al., 2020a). The gu@tof another non-infection-enhancing RBD
Ab DH1044 was only slightly shifted relative to D8#1, DH1042 and DH104F{gure 2C), but resulted in
DH1044 not blocking ACE2 bindind-{gures 2A and S3A-B). The remaining two RBD Abs, DH1045 and
DH1047, cross-reacted with both SARS-CoV and SARS-2 S Figures 2A and S2A-B). DH1047 also reacted
with bat and pangolin CoV spike proteifisdures 2A and S2A). Although DH1047 mediated fR-dependent

infection of TZM-bl cells and DH1045 did not, bofns bound to RBD-up S conformations with a mordzwortal



138 angle of approacH-fgures 2B-C and S3A) (Pak et al., 2009). Thus, epitopes and bindirgleanof RBD Abs

139 determined by NSEM did not discriminate between tiag mediated R&R-dependent infection enhancement and
140 those that did not.

141 Next we characterized the Fabs of neutralizing M¥i3 DH1050.1 and DH1051 bound to stabilized S

142 ectodomain with affinities of 16 and 19 nM respeely, whereas the infection-enhancing Ab DH1052rtabwith
143 294 nM affinity (Table S3). NSEM reconstructions obtained for nine NTD Ahswed that the R&R-independent,
144  infection-enhancing NTD Abs (DH1053-DH1056) boundtwith their Fab constant domains directed dowdwa
145 toward the virus membran€&igure 2D), whereas the five neutralizing NTD-directed AB$1(1048-DH1051)

146 bound to S with the constant domain of the Fakctiieupward away from the virus membraRag(re 2E). The
147 five neutralizing Abs bound the same epitope aglA8 (Chi et al., 2020), with three of the five hagithe same
148 angle of approach and heavy chain gene segmettZ¥) as 4A8Figure S3D-F andTable S2) (Chi et al., 2020).
149 These NTD Abs may constitute a neutralizing Ab kst can be elicited in multiple individuals. Bh& protein
150 Ab epitopes and binding modes were associatedimfitiation-enhancing activity of NTD Abs.

151

152 Competition between infection-enhancing and non-infection enhancing Abs

153 To determine whether infection-enhancing Abs caalithpete with non-infection-enhancing Abs for birgdin
154 to S ectodomain, we performed surface plasmon semen(SPR) competitive binding assays. RBD Absesgded
155 into two clusters, where Abs within a cluster bledleach other and Abs in different clusters didohatk each

156 other Figures3A). One cluster included Abs DH1041, DH1043 and D#HfL.Gnd the other cluster included Abs
157 DH1046 and DH1047. NSEM reconstructions showed doations of DH1041 and DH1047 Fabs or DH1043 and
158 DH1047 Fabs bound simultaneously to different guatoof the stabilized S trimeFigure 3B).

159 NTD Abs also segregated into two clusters whereotugter included neutralizing NTD Abs and a second
160 cluster included non-neutralizing NTD AlSiQures 3A and 3C). NSEM reconstructions confirmed that the Fabs
161 of neutralizing NTD Ab DH1050.1 and infection-enkbarg NTD Ab DH1052 could simultaneously bind to

162 distinct epitopes on a single SARS-CoV-2 S trinkeggre 3D). DH1054 was unique as it was able to block both
163 infection-enhancing and neutralizing NTD AlsSdures 3C).

164 NTD Abs did not compete with RBD Abs for binding$darimer Figure 3A), suggesting in a polyclonal

165  mixture of Abs, the SARS-CoV-2 S trimer could bimasth RBD and NTD Abs. NSEM showed that 1 or 2
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different neutralizing RBD Abs (DH1043 and DH1048uld bind to the same S protomer as neutralizi® N
Abs DH1050.1 or DH1051Hjgure 3E,F). Thus, in the presence of a polyclonal Ab resppB8strimer could be

bound by multiple RBD and NTD neutralizing Ab Fabs.

FcyR-independent infection-enhancement in the presence of neutralizing Abs

Structural determination of Ab binding modes deniated that certain infection-enhancing Abs and-non
infection enhancing Abs bound to distinct epitopashe same S protomdfigures 3A-F). Infection-enhancing
Ab DH1052 and neutralizing RBD Ab DH1041 were isethfrom the same individual. We hypothesized that
infection outcome would be dependent on which Ab paesent at the highest concentration. When DH1041
neutralization was assessed in the presence d-1gB2 excess of Ab DH1052, infection enhancemeas w
observed when DH1041 concentration was below 1Ghg@Figures 3G and S4A-C). A nearly identical result
was obtained when we examined neutralization by @81Figures 3H and S4A-C). In 21 SARS-CoV-2-infected
humans, RBD and NTD serum IgG titers were compar@hibures SAD-E). Moreover, the prevalence of DH1052
versus DH1041 Abs was assessed using blockingsasalyfound to be only modestly higher for DH10BRy(re
SAF). Thus, a ~1000-fold excess of infection-enhan®iidp Ab was required to out-compete the effect of a
potent RBD neutralizing Ain vitro, but such excess amounts of DH1052 was not obselweuly natural

infection Figures 3G-H and $4D-F).

Cryo-EM structural determination of RBD and NTD-directed Ab epitopes

To visualize atomic level details of their intefaot with the S protein, cryo-EM was used for st
determination of selected representative Abs fiioenpanels of RBD and NTD-directed Abs. For all ¢hRBD-
directed Abs, the cryo-EM datasets revealed he¢gr@gus populations of S ectodomain “2P” (S-2P) et al.,
2020b) with at least one RBD in the “up” positiégtfiqure 4 and Data S1). We did not find any unliganded S or
any 3-RBD-down S population, although unligande2PSconsistently shows a 1:1 ratio of 1-RBD-up arRBD-
down populations (Henderson et al., 2020; Walks.e2020). All S-2P trimers were stoichiometrigadound to
three Fabs, with Abs bound to both up and down RBR& S-2P trimer.

We observed that the primary epitopes of DH10412IHd043 were centered on the Receptor Binding Motif

(RBM; residues 483-506) of the RBBifures 4A-B and Data S1), providing structural basis for the ACE-2
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blocking phenotype of these Abs. While DH1041 zéitl its heavy chain complementarity determiningoresy
(CDRs) to contact the RBM, the DH1043 paratopeudet! both its heavy and light chains. In contithst,epitope
of Ab DH1047 was focused around @2 anda3 helices and 32 strand that are located outseldliterminus of
the RBM Figure 4C and Data S1). DH1047 also contacted RBD residues 500-506 deitdsie RBM, and stacked
against the N-terminal end of th8 helix. The DH1047 paratope included heavy cha@DbR2, HCDR3 and light
chain LCDR1 and LCDR3. The HCDR3 stacks againstiatedacts with the residues in the 32 strandrétéons
with the 32 strand are also mediated by HCDR2.I8imo DH1041 and DH1043, the DH1047 interactedhait
“up” RBD conformation from an adjacent protomehaligh these interactions were not well-charactédrizee to
disorder in that region.

We next determined cryo-EM structures of the NTEecdlied neutralizing Abs, DH1050.Eigure 4D) and NTD-
directed infection-enhancing Ab, DH1092igure 4E), at 3.4 A and 3.0 A resolutions, respectivelye Enyo-EM
datasets of DH1050.1- and DH1052-bound complexewasti Fab bound to both 3-RBD-down and 1-RBD-up S-
2P spikesata S1). Consistent with the NSEM reconstructions, thetradizing Ab DH1050.1 and the non-
neutralizing, infection-enhancing Ab DH1052 boumgbosite faces of the NTD, with the epitope for the
neutralizing Ab DH1050.1 facing the host cell meari® and the epitope for the non-neutralizing, inbee
enhancing Ab DH1052 facing the viral membrane. dtwinant contribution to the DH1050.1 epitope cdrm
NTD loop region 140-158 that stacks against theH&IDR3 and extends farther into a cleft formed atititerface
of the DH1050.1 HCDR1, HCDR2 and HCDR3 loops. Thevipusly described NTD Ab 4A8 interacts with the
same epitope in a similar manner as DH1050.1, wgtalongated HCDR3 dominating interactions. Althlou
DH1050.1 and 4A8 (Chi et al., 2020) show a rotatwlative to each other about the stacked HCDR3Nd
140-158 loops. The light chains of DH1050.1 and 4ot contact the S protein, which is consistgtit their
diverse light chain gene origingigure 4E and Data S1). The infection enhancing NTD-directed Ab DH1052
bound the NTD at an epitope facing the viral membrand composed of residues spanning 27-32, 5&b2 Hl -
218, with all the CDR loops of both heavy and ligh&ins involved in contacts with the NTD. We atéserved
contact of the Ab with the glycan at position 688 well as the conformationally invariant SD2 regidhus, we
found that the RBD-directed antibodies isolatethia study influenced RBD dynamics and bound oalggike

with at least one RBD in the up conformations, ensbme cases, also induced the 2-RBD-up and 3-BBBpike



221 conformations. In contrast, the NTD-directed antiles bound to both the 3-RBD-down and 1-RBD-up epithat
222  are present in the unliganded S-2P.

223

224  Effect of in vitro infection-enhancing and neutralizing NTD Absin mouse and macaque models

225 Next, we assessed the effect of NTD infection-eoimgnAb DH1052 in a COVID-19 disease mouse model
226 where aged BALB/c mice were challenged with the sesadapted SARS-CoV-2 MA10 strain (Leist et al2@®1).
227 DH1052 lacked neutralization of SARS-CoV-2 MATRidure S4G-H). DH1052 or a control influenza Ab CH65
228 was given 12 hours prior to SARS-CoV-2 MA10 infectiFigure 5A). Throughout the four days of infection,
229 DH1052-infused mice exhibited similar levels of gageight loss and higher survival than mice give#66

230 (Figures5B-C). In addition, DH1052-treated mice exhibited lowerg hemorrhagic scores, lower lung viral
231 plaque-forming unit (PFU) titers and lower lungstie subgenomic RNA (sgRNA) levels compared to obntice
232  (Figures5D-F). Therefore, DH1052 treatment resulted in lesgsedisease and reduced viral replication. FcR-
233 mediated effector functions may have been the nmésimeof suppression since DH1052 bound to mougRIFc
234 and FgRIV (Table $4).

235 We next examined the effect of infusion of NTD ictien-enhancing Ab DH1052, NTD neutralizing Ab
236 DH1050.1, or control Ab CH65 on SARS-CoV-2 infectim monkeys (Leist et al., 2020b; Rockx et al2@0
237 Cynomolgus macaques were infused with 10 mg of étkg body weight and three days later challenged

238 intranasally and intratracheally with*IPFU of SARS-CoV-2Rigure 5G) (54). Human Ab infusion resulted in
239 circulating concentrations ranging from 11 to 288mL in serum at day 2 post-challengedures 5H-1). Sera
240 with DH1050.1 neutralized SARS-CoV-2 pseudovirud egplication-competent virus, while serum contagni
241 DH1052 or CH65 did not neutralizBigures 5J-K). Four of 5 macaques that received DH1052 had eoaiybe
242  lung inflammation to control CH65-infused macaqgfems days after infectionRigures 5L and S5A). However,
243 one macaque (BB536A) administered DH1052 showe@ased perivascular mononuclear inflammation,

244  perivascular and alveolar edenfadure S5B), and multiple upregulated BAL cytokineBaple S5).

245 Immunohistologic analysis demonstrated alveolargari/ascular infiltration of M2-type macrophagadbth

246 monkey BB536A and a control monkey BB783FHdures S5C-E). In contrast, macaques administered DH1050.1,

247 aneutralizing NTD Ab, had lower lung inflammatigfigures 5L and S5A) andfewer infiltrating macrophages

10



248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273

274

(Figures S5C-E). Infusion of either DH1050.1 or DH1052 reducedhvhucleocapsid antigefigures 5M and
S5A), Envelope (E) gene sgRNA and nucleocapsid (N) ggiRNA in the BAL Figures 5N-0O). In nasal swab
fluid, DH1050.1 and DH1052 reduced E and N gened\N#yi macaques with the reduction being significant
when neutralizing Ab DH1050.1 was infuséddures 5P-Q).

Since DH1052-mediatdd vitro infection-enhancement increased as the Ab coraténrincreasedsigures
1D-E), we infused an additional 6 cynomolgus macaqutseither 30 mg/kg of DH1052 or CH65 control Ab
(Figure S6A). DH1052 infusion suppressed BAL viral lodgidures S6B-D), significantly reduced virus
replication in nasal swab samplésdures S6E-G), and showed no enhanced immunopathology or aytoki
secretion fEigures S6H-K, Table S5). Thus, with high dose (30mg/kg) of DH1052 Ab,rthevas no infection
enhancement. These results suggested that th@&ihglogy seen in monkey BB536A was rare and mayaee

been caused by Ab infusion.

FcyR-dependent, in vitro infection-enhancing RBD Abs do not enhance SARS-CoV-2 infection in mice

Next, we used a SARS-CoV-2 acquisition mouse mumiglvestigate thén vivo relevance of RBD
neutralizing Abs that also mediatadvitro infection-enhancemenk{gures 6A-B). Aged BALB/c mice were
injected intraperitoneally with 302y of Ab, and challenged with a SARS-CoV-2 mouseptath2AA MA isolate
12 hours later (Dinnon et al., 2020). Mice receieéterin vitro infection-enhancing Ab DH1041, non-infection
enhancing Ab DH1050.1, or a combination of both .Akdministration of DH1041 alone or in combinatiwith
DH1050.1 protected all mice from detectable infaggivirus in the lungs 48h after challengég(re 6A). In the
setting of therapeutic treatment, administratiobfL041 alone or in combination with DH1050.1 12iisafter
SARS-CoV-2 challenge significantly reduced lungeittfous virus titersKigure 6B). Thus, while RBD Ab
DH1041 could mediate §R-dependenin vitro infection enhancement, it protected mice from SARS/-2
infection when administered prophylactically orrdgeutically.

DH1046 and DH1047 are RBD Abs that cross-neutrd&i&®S-CoV, SARS-CoV-2 and bat WIV1-CoV
(Figures 2A, S2A-B, S2I-L and 6C-E). Both RBD Abs mediated §R-dependenin vitro SARS-CoV-2 infection
enhancementigures 1F-L). We assessed the ability of either DH1046 or D¥1td enhance or protect against

bat WIV1-CoV infection in HFH4-ACE2-transgenic mifeigures 6F-G). Mice administered DH1046 or DH1047

11



275 before challenge had no detectable infectious wirdise lung, whereas control IgG administered rhiaéd a mean
276 titer of 84,896 PFU per lung lobEigure 6F). Administration of DH1047 after challenge elimied detectable
277 infectious virus in the lung in 3 of 5 micEifure 6G). Therapeutic administration of DH1046 reduceeadtibus
278 virus titers 10-fold compared to negative contgsh I(Figure 6G). Thus, DH1046 and DH1047 did not enhance
279 infectionin vivo, but rather protected mice from SARS-related babmavirus infection.

280

281 Invitroinfection-enhancing RBD Absin SARS-CoV-2-challenged nonhuman primates

282 Finally, we assessed RBD Ab infection-enhancenrenyhomolgus macaqueiifures 7A). After Ab

283 infusion at 10 mg/kg of body weight, serum huma@ kpncentrations reached 11-288mL at day 2 post-

284 challenge Figures 7B-C) and exhibited a wide range of neutralization potes against SARS-CoV-Figures
285 7D-E). Infusion of RBD Ab DH1041, DH1043, or DH1047 wéted in reduced lung inflammation, undetectable
286 lung viral antigenFigures 7F-G and S5A), and reduced sgRNA in the upper and lower re&piyaracts Figures
287 7H-K). RBD Ab DH1046, a weaker neutralizing Ab compar@®H1041, DH1043 or DH104(Figure 2A), did
288 not enhance sgRNA E or N in BAL or nasal swab samfligures 7H-K), but protected only a subset of infused
289 monkeys. Two DH1046-infused monkeys had increased inflammation scores due to increased totalsaoéa
290 inflammation compared to control Ab monke¥&dures 7F and S5A), but had no evidence of perivascular or
291 alveolar edema nor evidence of abnormal BAL cytekiffable S5). Thus, these two animals had more lung
292 involved with inflammatory macrophage infiltratitmt did not have pathological evidence of vasciglakage.
293 Comparing the DH1046 group to the control IgG groumal nucleocapsid antigen in the lung was reduce
294  (Figures 7G and S5A). Thus, the weakly neutralizing Ab only partidiiyited virus replication and lung

295 inflammation.

296 In vitro infection enhancement by RBD Abs was dependertioooncentration, with lower levels of Ab
297 showing the highest magnitude of infection enhara#nfrigure 1G). Therefore, we performed an additional
298 passive infusion study with a series of differem@entrations of DH104F(gure S7A). Cynomolgus macaques
299 were infused with 5, 1, or 0.1 mg of DH1047 perokdpody weight resulting in a wide range of DH1047

300 concentrations in serurfrigures S7B-C). However, none of the groups of macaques hadneslavirus

301 replication (although one monkey in the 0.1mg/kougrhad higher BAL sgRNA E and N than controls)g(res
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302 S7D-G), lung inflammation Figures S7H-I1), lung viral antigenKigures S7J-K), or higher BAL inflammatory
303 cytokines Table S5) compared to the control IgG group.

304 Overall, 45 of 46 spike enhancing Ab-infused morskdigl not show enhanced virus replication in vivbijle
305 3 of 46 Ab-treated monkeys exhibited enhancemehitraf pathology, with 1 of 46 Ab-treated monkeys ha
306 alveolar and perivascular edema and with elevated iBflammatory cytokines. In the case of the lati@nkey, a
307 follow-up study with 3 times the initial DH1052 Atose did not confirm DH1052 result in enhanced lung
308 pathology after SARS-CoV-2 challenge.

309

310 DISCUSSION

311 Here, we assessed infection-enhancement by SARS2C8hS and observed two different typesrobitro
312 infection enhancement. First, RBD Abs mediatedsitas ADE that required F&®s and Ab Fc for virus uptake
313 (Lee etal., 2020). Previous studies have demdesitthat uptake of MERS-CoV or SARS-CoV has madségn
314 mediated by FRlla on the surface of macrophages (Bournazos,2G#0; Wan et al., 2020; Yip et al., 2016). In
315 contrast, we identified SARS-CoV-2 RBD Abs utilized/RIlb or FgRI. Second, non-neutralizing NTD Abs
316 mediated FgR-independent infection-enhancement in two diffefenpR-negative, ACE2-expressing cell types.
317 The mechanism of FR-negativan vitro enhancement remains unclear, but one previouy basireported that
318 select NTD Abs can enhance S binding to ACE2 (ltiale 2020b).

319 Macrophages and other phagocytes are the tardethai take up MERS-CoV leading to infection-

320 enhancement (Hui et al., 2020; Wan et al., 2020uzt al., 2014). In contrast, neither SARS-CoV 8ARS-
321 CoV-2 productively infect macrophages (Bournazaal.e®2020; Hui et al., 2020; Yip et al., 2016).wver, a
322 recent study demonstrated that alveolar macrophayg®sring SARS-CoV-2 RNA produce T cell

323 chemoattractants leading to T cell IfNroduction that in turn, stimulates inflammatoyyakine release from
324  alveolar macrophages (Grant et al., 2021). Whyregumg pathology and inflammatory cytokine produrct

325 occurred in only 1 of 46 monkeys is unknown, buymeate to host-specific differences regulatinggimmatory
326 cytokine production (Bastard et al., 2020; Zhanglgt2020). It is important to note that the onenkey that

327 developed alveolar and perivascular edema andte@AL inflammatory cytokines could have been ey
328 Ab enhancement of disease, or could have beeroduskhown factors that caused more severe dispasgmal

329 BB536A that were unrelated to DH1052 administratibimat none of 6 animals infused with a higher dose
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(30mg/kg) of DH1052 had enhanced pulmonary diseapports the hypothesis that the lung pathology haewe
been a severe case of COVID-19 lung disease uedeiatAb infusion.

Previous studies with vaccine-induced Abs agaidit S-CoV have also showin vitro infection-
enhancement, but nin vivo infection enhancement in hamsters (Kam et al.720ne explanation for this results
may be thain vitro enhancing Abs may have the ability to suppress SE&RV-2 replicationn vivo through non-
neutralizing FcR-mediated Ab effector functions (Bwazos et al., 2020; Schafer et al., 2021). Anestidy in a
SARS-CoV-2 mouse model of acquisition suggestetiRbaffector functions contribute to the proteetactivity
of SARS-CoV-2 neutralizing Abs C104, C002, and C{S¢hafer et al., 2021). Thus, Ab effector funcsiomay
contribute to the outcomae vivo, but not be accounted for in SARS-CoV-2 enhanceémeneutralization assays
invitro. Consistent with previous findings for human Igiekkers et al., 2017), we observed that DH1052 &b ¢
bind to select murine FBs.

Invivo, SARS-CoV-2 S trimers circulate in the presenca pblyclonal Ab response. We observed bivalent
and trivalent combinations of Fabs from RBD and Niéitralizing Abs can recognize the same protorhdreoS
trimer. We speculate given the direction of thee@Hini of the Fabs and molecular modeling thatedHgéss
targeting distinct epitopes may be able to intevattt the same protomer, if the 1IgG hinge regiosufficiently
flexible and the RBD is in an optimal up conformatfor simultaneous engagement. Simultaneous enuagey
RBD and NTD Abs could improve synergism of neuation (Zost et al., 2020a), and avidity of the inma
complexes for FgRs on effector cells (Nagashima et al., 2011; Niaigae et al., 2008; Wang et al., 2017). These
results indicate three epitopes that Ab prophytaatould target on RBD and NTD in order to occupiyir8ers
with multiple 1gGs.

Limitations of the Study

Although rare enhanced immunopathology was obsanvatnkeys, it is difficult to predict whether shi
phenomenon will occur in the setting of human itilecor vaccination. Furthermore RBD and NTD antiies
were the focus of this study, therefore whetheibadies of other specificities mediate ADE warrauntsher study.
Additionally, the macaque model has a rather stmutse of infection, thus effects of SARS-CoV-2ilaody on

persistent SARS-CoV-2 infection was not examine@ he
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Finally, administration of COVID-19 convalescentast over 35,000 COVID-19 patients have demoredrat
the treatment to be safe and is not associatedentthnced disease (Joyner et al., 2020). Of grisapartance is
that both the Pfizer/BioNTech and Moderna mRNAédipanoparticle (LNP) vaccine efficacy trials have
completed and showed ~95% vaccine efficacy (Jac&sah, 2020; Polack et al., 2020). That the Moder
MRNA-LNP COVID-19 vaccine efficacy trial had 30 see® cases of COVID-19 occur—all in the placebo grou
(Baden et al., 2021), demonstrated that if ADEnéédtion or lung pathology will occur in humans lwit
vaccination, it will be rare. A recent study demoated that suboptimal neutralizing Ab level iggngicant
predictor of severity for SARS-CoV-2 (Garcia-Beitrat al., 2020). Thus, even with the rarity of sedang
pathology associated with presence of anti-spikenfdmimal model studies reported here, it willito@ortant to
continue to monitor on-going COVID-19 vaccinatian the possibility of vaccine associated enhandsebde

when suboptimal neutralizing Ab titers are indu@iddynes et al., 2020).
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Figure 1. SARS-CoV-2 receptor-binding domain (RBD) and N-terminal domain (NTD) Abs mediate
enhancement of infection.

(A-B) Timeline of blood sampling, plasmablasts and/oigentspecific memory B cells (MBC) sorting, and Ab
isolation from convalescent (A) SARS-CoV-2 and @JRS-CoV donors.

(C) Summary of number and specificity of Abs isoldit@in each donor.

(D-E) Invitro neutralization curves for NTD infection-enhancinigsfagainst (D) pseudotyped SARS-CoV-2
D614G in 293T-hACEZ2 cells, and (E) replication-catgnt nano-luciferase (nLuc) SARS-CoV-2 in Verdscel
(F-J) FeyR-dependent pseudotyped SARS-CoV-2 infection-erdrarat when RBD Abs or mock medium control
was added to (F) parental TZM-bl cells, and TZM:élls stably expressing humanyRcreceptors (G) k&I, (H)
FcyRlla, (1) FeyRIIb or (J) FeRIIL.

(K-L) The effect of RBD Ab fragment antigen-bindingimets (Fabs) on pseudotyped SARS-CoV-2 D614G
infection was tested in (K) FRI-expressing TZM-bl cells and (L) fRIIb-expressing TZM-bl cells. Data are
represented as mean+SEM. Three or four indepemageriments were performed and representativeatata
shown.

Figure 2. Structural and phenotypic characterization of infection-enhancing and non-infection-enhancing
RBD and NTD Abs.

(A) Summary of Ab epitope, binding, and neutralizingnéection-enhancing activity in ACE2-positive/iR-
negative cells or ACE2-negativefiR-positive cells. Ab functions are color-coded lobge the key shown at the
right. MN titer, micro-neutralization titer; ND, hdetermined.

(B-E) 3D reconstruction of negative stain electron micopy images of stabilized SARS-CoV-2 S ectodomain
trimers (S-2P; gray) bound to the Fabs (variousrsplof (B,D) infection-enhancing or (C,E) non-icfien-
enhancing RBD or NTD antibodies.

Figure 3. Simultaneous binding of infection-enhancing and non-infection enhancing Abstoindividual S
trimers.

(A) Cross-blocking activity of RBD and NTD neutraliziddps tested by surface plasmon resonance (SPR. S-2
was captured by one Ab (Y-axis) followed by bindimgthe second Ab (X-axis).

(B) 3D reconstruction of simultaneous recognition ARS-CoV-2 S-2P by two RBD Abs DH1041+DH1047, or

DH1043+DH1047.
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(C) Cross-blocking activity of neutralizing Abs andenfion-enhancing NTD Abs tested by SPR and shovim as
(A).

(D-F) 3D reconstruction of SARS-CoV-2 S-2P simultanepbsiund (D) NTD Abs DH1053 and DH1050.1, (E)
RBD infection-enhancing Ab and a NTD non-infectiamhancing Ab, or (F) triple-Ab combinations of RBD
DH1043, RBD Ab DH1047, and either NTD Ab DH1051ftjler DH1050.1 (right).

(G-H) RBD Ab neutralization of SARS-CoV-2 D614G pseuduosiinfection of 293T/ACE2 cells in the presence
of 1:132 or 1:1,325 ratios of excess infection-emirag NTD Ab DH1052.

Figure 4. Cryo-electron microscopy of neutralizing and non-neutralizing Absin complex with SARS-CoV-2
Spike ectodomain. Structures of SARS-CoV-2 S protein in complex viRBD Abs @A) DH1041 (red),B)

DH1043 (pink), C) DH1047 (magenta)X) neutralizing NTD Ab DH1050.1 (blue), anB)(infection-enhancing
NTD Ab DH1052 (green). Each Ab is bound to S-2Pwgthan gray with its RBM colored purple blue. (Right
Zoomed-in views of the Ab interactions with S-2itners. The Ab complementarity determining (CDR)ds@re
colored: HCDRL1 yellow, HCDR2 limon, HCDRS3 cyan, LRD orange, LCDR2 wheat and LCDR3 light blue. See
also Supplemental Data 1.

Figure5. NTD Ab DH1052 does not always enhance SARS-CoV-2 replication or diseasein vivo.

(A-F) DH1052 passive immunization and murine SARS-Cash&llenge A) study design,B) body weight, C)
survival, @) Hemorrhagic scoreskEj lung viral titers, andf) SARS-CoV-2 envelope (E) and nucleocapsid (N)
gene subgenomic RNA (sgRNA).

(G-Q) Reduction of SARS-CoV-geplication and disease in cynomolgus macaquesdphplactic administration
of an NTD neutralizing Ab DH1050.1 or an NTibvitro infection-enhancing Ab DH1052.

(G) DH1050.1 and DH1052 prophylaxis cynomolgus macdqe® per group) study design. CH65 was used as a
negative control Ab.

(H-1) Serum human IgG concentrationstd) Day -5 and () Day 2.

(J-K) Day 2 serum neutralization titers shown as theprecal serum dilution that inhibits 50% @pof (J)
pseudotyped SARS-CoV-2 replication in 293T/ACE2xet K) SARS-CoV-2 replication in Vero cells.

(L-M) Lung histopathology four days post infection. Ligagtions were scored fdr )Y inflammation by
hematoxylin and eosin (H&E) staining, and fit)(the presence of SARS-CoV-2 nucleocapsid by

immunohistochemistry (IHC) staining.
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(N-Q) Viral load quantified aSARS-CoV-2 E gene sgRNA and N gene sgRNA in (Nsfonchoalveolar lavage
(BAL) or (P-Q)nasal swab fluid on Day 2 and Day 4 post challebh@®, limit of detection. Statistical
significance in all the panels were determinedgi$ifilcoxon rank sum exact test. Horizontal barsthesgroup
mean. Asterisks show the statistical significane®vieen indicated group and CH65 control groupnos,
significant, *P<0.05, **P<0.01, ***P<0.001.

Figure 6. RBD Absthat mediate FcyR-dependent infection-enhancement in vitro, protect mice from SARS-
CoV-2 or bat WIV1-CoV challenge.

(A-B) Protection of BALB/c mice (n=5 per group) from metmsdapted SARS-CoV-2 (SARS-CoV-2 2AA MA) by
(A) prophylactic or B) therapeutic RBD and/or NTD Ab administration. 8b165 served as a negative control.
Titers of infectious virus in the lung were exand8h post-infection.

(C) Maximum likelihood tree of Spike amino acid sequesnfor SARS-related group 2B and group 2C
coronaviruses.

(D) Monoclonal RBD, NTD and S2 Ab ELISA binding titearfsoluble S protein ectodomains from human and
animal coronaviruses. Titers are log area-undectinee (AUC).

(E) SARS-CoV and bat WIV1-CoV cross-neutralizatioerstfor cross-reactive RBD and S2 Abs.

(F-G) Protection of HFH4-hACE2-transgenic mice (n=5 p@ug) from SARS-related bat WIV1-CoV challenge
by (A) prophylactic or B) therapeutic RBD Ab administration. Lung viraktis were examined at 48 post-infection.
Statistical significance in all the panels wereedgined using Wilcoxon rank sum exact test. Horfiabbars are
the group mean. Asterisks show the statisticalifsagimce between indicated group and CH65 controlig: ns,

not significant, *P<0.05, **P<0.01.

Figure 7. RBD Absthat mediate FcyR-dependent infection enhancement in vitro, protect non-human

primates from SARS-CoV-2 challenge.

(A) Cynomolgus macaques (n=5 per group) RBD Ab SARS-CaYallenge study desighH1041, DH1043,
DH1046, DH1047 or an irrelevant CH65 were infusgd imacaques.

(B-C) Serum human IgG concentrations at DayBpdnd Day 2C).

(D-E) Day 2 serum neutralization titers shown as theprecal serum dilution that inhibits 50% @pof (D)

pseudotyped SARS-CoV-2 replication in 293T/ACE2scef ) SARS-CoV-2 replication in Vero cells.
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494  (F-G) Lung histopathology forR) inflammation by H&E staining and3)) the presence of SARS-CoV-2

495 nucleocapsid by IHC staining 4 days post-challenge.

496 (H-K) Viral load quantified aSARS-CoV-2 E gene sgRNA and N gene sgRNA in (Brdnchoalveolar lavage
497 (BAL) or (J-K) nasal swab fluid on Day 2 and Day 4 post challenge.

498  Statistical significance in all the panels wereed@ined using Wilcoxon rank sum exact test. Horiabbars are
499 the group mean. Asterisks show the statisticalifstgmce between indicated group and CH65 controlig: ns,
500 not significant, *P<0.05, **P<0.01.

501

502

503

504 STARMETHODS

505 KEY RESOURCESTABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE-Cy5 Mouse Anti-Human CD3, Clone# HIT3a BD Biesuies Cat#555341; RRID:
AB 10698936

BV605 Mouse Anti-Human CD14, Clone# M5E?2 Biolegend Cat#301834, RRID:
AB_ 2563798

BV570 Mouse Anti-Human CD16, Clone# 3G8 Biolegend Cat# 302035, RRID:
AB 2632790

APC-Cy7 Mouse Anti-Human CD19, Clone# SJ25C1 BDsBiences Cat# 557791, RRID:
AB_ 396873

FITC Mouse Anti-Human IgD, Clone# 1A6-2 BD Bioscims Cat# 555778, RRID:
AB 396113

PerCp-Cy5.5 Mouse Anti-Human IgM, Clone# G20-12BD Biosciences Cat# 561285,
RRID:AB_10611998

PE-CF594, Mouse Anti-Human CD10, Clone# HI10A BD®iiences Cat# 562396, RRID:
AB 11154416

PE-Cy5 Mouse Anti-Human CD235a, Clone# GA-R2 BDdBiences Cat# 559944, RRID:
AB_397387

PE-Cy7 Mouse Anti-Human CD27, Clone# 0323 eBiogmen Cat# 25-0279, RRID:
AB_ 1724039

APC-AF700 Mouse Anti-Human CD38, Clone# LS198Beckman Coulter Cat# B23489, RRID

4-2 NA

SARS-CoV/SARS-CoV-2 Spike Ab, Clone# D001 Sino Bgital Cat #40150-D001

Anti-influenza virus hemagglutinin human IgG CH65 | WHittle et al., 2011)|] NA

Rabbit polyclonal SARS-CoV-2 nucleocapsid Ab GeneTe Cat #GTX135357,
RRID:AB 2868464

Rat anti-human CD3, Clone# CD3-12 Bio-Rad Cat #MCA/
RRID:AB_321245

Rabbit anti-human Ibal polyclonal Ab Wako Cat# 0B941,
RRID: AB 839504
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Rabbit anti-human CD68 polyclonal Ab Sigma-Milligor Cat# HPA048982,
RRID: AB_2680587

Rabbit anti-human CD163, Clone# EPR19518 Abcam ab182422,
RRID: AB_ 2753196

Mouse anti-human HLA-DP/DQ/DR, Clone# CR3/43 Dako at#toM0775, RRID:
AB 2313661

Rabbit anti-human CD11b, Clone# EP1345Y Abcam @hBP478, RRID:
AB 868788

HRP goat anti-human IgG SouthernBiotech Cat #2(®10-0
RRID:AB_2795644

HRP goat anti-rabbit IgG Abcam Cat #ab97080,
RRID:AB_10679808

Biotin mouse anti-human IgG Fc, Clone# H2 Souttgiotech Cat# 9042-08,
RRID:AB_ 2796608

Bacterial and Virus Strains

SARS-CoV-2 D614G pseudotyped virus (Korber et28)20) | NA

SARS-CoV-2 virus, Isolate USA-WA1/2020

BEI| Resowrce

Cat #NR-52281

SARS-CoV-2 nanolLuc virus

(Hou et al., 2020)

NA

SARS-CoV nanolLuc virus (Sheahan et al., NA
2017)
WIV1-CoV nanolLuc virus (Menachery et al., | NA
2016)
SARS-CoV-2 moues-adapted virus 2AA MA (Dinnon ef 2020) | NA
SARS-CoV-2 moues-adapted virus MA10 (Leist et2020a) NA
Biological Samples
Plasma, PBMCs, nasal swabs and bronchoalveolar | This paper NA
lavage (BAL) from macaques
Chemicals, Peptides, and Recombinant Proteins
LIVE/DEAD Fixable Red Dead Cell Stain Kit Thermaosher Cat#L34972
Scientific
SuperScript Il Reverse Transcriptase Invitrogen t #188080085
dNTP Set, PCR Grade New England Cat # N0447L
Biolabs
UltraPure DNase/RNase-Free Distilled Water Invignog Cat #10977
GeneLink Random Hexamer Primers GenelLink Cat #2541B
AmpliTag Gold 360 Mastermix Thermo Fisher Cat #4398881
Scientific
Expi293 media Invitrogen Cat #A1435102
Expifectamine Life Technologies Cat #A14524
Protein A beads Pierce Cat #P1-20334
Mfel-HF New England R3589L
Biolabs
MIul-HF New England R3198L
Biolabs
SureBlue Reserve tetramethylbenzidine substrate KPL Cat #5120-0081
TagMan Fast Virus 1-Step Master Mix ThermoFisher 444484
QIAsymphony DSP Virus/Pathogen Midi Kit Qiagen 9330
NucleoSpin Gel and PCR Clean-Up Takara 740609.5
MEGASscript T7 Transcription Kit ThermoFisher AM1334
MEGAclear Transcription Clean-Up Kit ThermoFisher MA908
Luciferase Cell Culture Lysis 5x Reagent Promega at#E&1531
Background Reducing Ab Diluent Agilent Cat# S3022
PowerVision Poly-HRP anti-Rabbit IgG IHC DetectionLeica Cat# PV6121
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Systems

Human ACE2 soluble protein (Edwards et al., | NA

2021)
SARS-CoV-2 Spike S1+S2 ectodomain (ECD) Sino Bimalg Cat #40589-V08B1
SARS-CoV-2 Spike S2 ECD Sino Biological Cat #403418B
SARS-CoV-2 Spike RBD from insect cell sf9 Sino Bigical Cat #40592-V08B
SARS-CoV-2 Spike RBD from mammalian cell 293 Sinol&gical Cat #40592-V0O8H

SARS-CoV Spike Protein DeltaTM BEI Resources CaR#N22
SARS-CoV WH20 Spike RBD Sino Biological Cat #401808B2
SARS-CoV WH20 Spike S1 Sino Biological Cat #401508821

MERS-CoV Spike S1+S2

Sino Biological

Cat #40069-808

MERS-CoV Spike S1

Sino Biological

Cat #40069-V08B1

MERS-CoV Spike S2

Sino Biological

Cat #40070-V08B

MERS-CoV Spike RBD

Sino Biological

Cat #40071-V08B1

SARS-CoV CL Protease protein BEI Resources Cat@s01
SARS-CoV Membrane (M) protein BEI Resources CatO70b
SARS-CoV-2 Spike NTD (Zhou et al., 2020b NA
SARS-CoV Spike RBD (Hauser et al., 2020) NA
MERS-CoV Spike RBD (Hauser et al., 2020) NA
SARS-CoV-2 Spike-2P (Edwards et al., NA
2021)
SARS-CoV-2 Spike-HexaPro (Edwards et al., | NA
2021)
Critical Commercial Assays
MILLIPLEX MAP Non-Human Primate Millipore Cat
Cytokine/Chemokine Panel, 25-analyte multiplex bead #PRCYT2MAG40K
array
Bright-Glo Luciferase Assay System Promega Cat 8265
Britelite Luminescence Reporter Gene Assay System erkilfElmer Life Cat #6066761
Sciences
Nano-Glo Luciferase Assay System Promega Cat #01115
Deposited Data
Structure of SARS-CoV-2 S protein in complex with | This paper PDB 7LAA, EMD-
Receptor Binding Domain Ab DH1041 23246
Structure of SARS-CoV-2 S protein in complex with | This paper PDB 7LD1, EMD-
Receptor Binding Domain Ab DH1047 23279
Structure of SARS-CoV-2 S protein in complex with NThis paper PDB 7LCN, EMD-
terminal domain Ab DH1050.1 23277
Structure of SARS-CoV-2 S protein in complex with NThis paper PDB 7LAB, EMD-
terminal domain Ab DH1052 23248
SARS-CoV-2 Spike Protein Trimer bound to DH1043 This paper PDB 7LJR, EMD-
fab 23400
Negative stain EM structure of Ab DH1041 Fab in This paper EMD-22920
complex with SARS-CoV-2 Hexapro spike
Negative stain EM structure of Ab DH1042 Fab in This paper EMD-22921
complex with SARS-CoV-2 2P spike
Negative stain EM structure of Ab DH1043 Fab in This paper EMD-22923
complex with SARS-CoV-2 Hexapro spike
Negative stain EM structure of Ab DH1044 Fab in This paper EMD-22929
complex with SARS-CoV-2 2P spike
Negative stain EM structure of Ab DH1045 Fab in This paper EMD-22930
complex with SARS-CoV-2 Hexapro spike
Negative stain EM structure of Ab DH1047 Fab in sTbaper EMD-22933
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complex with SARS-CoV-2 Hexapro spike

Negative stain EM structure of Ab DH1048 Fab in This paper EMD-22936
complex with SARS-CoV-2 Hexapro spike

Negative stain EM structure of Ab DH1049 Fab in This paper EMD-22942
complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab DH1050.1 Fab in | This paper EMD-22944
complex with SARS-CoV-2 Hexapro spike

Negative stain EM structure of Ab DH1050.2 Fab in | This paper EMD-22945
complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab DH1051 Fab in This paper EMD-22946
complex with SARS-CoV-2 Hexapro spike

Negative stain EM structure of Ab DH1053 Fab in This paper EMD-22947
complex with SARS-CoV-2 2P spike in the 1-RBD-uf

state

Negative stain EM structure of Ab DH1053 Fab in This paper EMD-22948
complex with SARS-CoV-2 2P spike in the 3-RBD-

down state

Negative stain EM structure of Ab DH1054 Fab in This paper EMD-22951
complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab DH1055 Fab in This paper EMD-22952
complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab DH1056 Fab in This paper EMD-22953
complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1043 and This paper EMD-22955
DH1051 in complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1041 and This paper EMD-22956
DH1051 in complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1043 and This paper EMD-22957
DH1047 in complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1047 and This paper EMD-22958
DH1051 in complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1045 and This paper EMD-22969
DH1050.1 in complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1043 and This paper EMD-22970
DH1050.1 in complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1041 and This paper EMD-22971
DH1047 in complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1050.1 and his paper EMD-22984
DH1053 in complex with SARS-CoV-2 2P spike

Negative stain EM structure of Ab Fabs DH1043, This paper EMD-22985
DH1047 and DH1050.1 in complex with SARS-CoV-2

2P spike

Negative stain EM structure of Ab Fabs DH1043, This paper EMD-22986
DH1047 and DH1051 in complex with SARS-CoV-2 2P

spike

Experimental Models: Cell Lines

TZM-bl NIH, ARRRP Cat #8129
TZM-bl expressing FaRI (Perez et al., 2009) NA
TZM-bl expressing FRlla (Perez et al., 2009) NA
TZM-bl expressing FRIlb (Perez et al., 2009) NA
TZM-bl expressing FRIII (Perez et al., 2009) NA

Expi 293i Invitrogen Cat #14527
293T/ACE2 (Korber et al., 2020)| NA
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Vero E6 | ATCC | Cat# CRL-1586

Experimental Models: Organisms/Strains

BALB/c mouse Envigo NA

HFH4-hACE2 transgenic mice (Menachery et al., | NA
2016)

Cynomolgus macaques BioQUAL NA

Oligonuclectides

VH1 Leader-A 5'- ATGGACTGGACCTGGAGGAT -3 Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- ATGGACTGGACCTGGAGCAT -3 Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- ATGGACTGGACCTGGAGAAT -3| Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5- GGTTCCTCTTTGTGGTGGC -3' | Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- ATGGACTGGACCTGGAGGGT -3 Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- ATGGACTGGATTTGGAGGAT -3 Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5- AGGTTCCTCTTTGTGGTGGCAG| Thermo Fisher NA

-3' (PCRa primer) Scientific

VH1 Leader-A 5'- Thermo Fisher NA

ATGGACATACTTTGTTCCACGCTC -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- Thermo Fisher NA

ATGGACACACTTTGCTCCACGCT -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- Thermo Fisher NA

ATGGACACACTTTGCTACACACTC -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- CCGACGGGGAATTCTCACAG -3 Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- Thermo Fisher NA

CTGTTATCCTTTGGGTGTCTGCAC -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- GGTGGCATTGGAGGGAATGTT 1 Thermo Fisher NA

3' (PCRa primer) Scientific

VH1 Leader-A 5'- CGAYGACCACGTTCCCATCT -3'| Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- TAGTCCTTGACCAGGCAGC -3' | Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- TAAAAGGTGTCCAGTGT -3' Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- TAAGAGGTGTCCAGTGT -3' Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- TAGAAGGTGTCCAGTGT -3' Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5- TACAAGGTGTCCAGTGT -3' Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5- TTAAAGCTGTCCAGTGT -3' Thermo Fisher NA

(PCRa primer) Scientific

VH1 Leader-A 5'- ATGAAACATCTGTGGTTCTT -3' | Thermo Fisher NA

(PCRa primer) Scientific
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VH1 Leader-A 5'- TTCTCCAAGGAGTCTGT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- Thermo Fisher NA
GCTATTTTTAAAGGTGTCCAGTGT -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- ATGAAACACCTGTGGTTCTTCC | Thermo Fisher NA
-3' (PCRa primer) Scientific

VH1 Leader-A 5'- ATGAAACACCTGTGGTTCTT -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATGAAGCACCTGTGGTTCTT -3'| Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- CCTCCACAGTGAGAGTCTG -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- ATGTCTGTCTCCTTCCTCATC -3 Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- GGCAGCAGCAACAGGTGCCCA |- Thermo Fisher NA
3' (PCRa primer) Scientific

VH1 Leader-A 5- GCTCAGCTCCTGGGGCT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- GGAARCCCCAGCDCAGC -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CTSTTSCTYTGGATCTCTG -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CTSCTGCTCTGGGYTCC -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- GAGGCAGTTCCAGATTTCAA -3'| Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CCTGGGCCCAGTCTGTG -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- CTCCTCASYCTCCTCACT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- GGCCTCCTATGWGCTGAC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- GTTCTGTGGTTTCTTCTGAGCTG Thermo Fisher NA
-3' (PCRa primer) Scientific

VH1 Leader-A 5- ACAGGGTCTCTCTCCCAG -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ACAGGTCTCTGTGCTCTGC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CCCTCTCSCAGSCTGTG -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- TCTTGGGCCAATTTTATGC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATTCYCAGRCTGTGGTGAC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CAGTGGTCCAGGCAGGG -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- AGGCCACTGTCACAGCT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGGTGCA Scientific
GCTGGTRCAGTCTGGG -3' (PCRb primer)

VH2-Int tag 5'- Thermo Fisher NA

CTGGGTTCCAGGTTCCACTGGTGACCAGRGCA(Q

Scientific
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CTTGARGGAGTCTGGTCC -3' (PCRb primer)

VH3-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGAGGTKCA| Scientific
GCTGGTGGAGTCTGGG -3' (PCRb primer)

VH4-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGGTGCA| Scientific
GCTGCAGGAGTCGG -3' (PCRb primer)

VH5-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGARGTGCA| Scientific
GCTGGTGCAGTCTGGAG -3' (PCRb primer)

VH6-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGGTACA| Scientific
GCTGCAGCAGTCAGGTCC -3' (PCRb primer)

IgG-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGCTCYTGGA -3' Scientific

(PCRDb primer)

IgM-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGGAATTCTCAC Scientific
AGGAGACGAGG -3' (PCRb primer)

IgD-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGTGTCTGCACC Scientific
CTGATATGATGG -3' (PCRb primer)

IgAl-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGCTGGTGCTGCScientific
AGAGGCTCAG -3' (PCRb primer)

IgA2-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGCTGGTGCTGT Scientific
CGAGGCTCAG -3' (PCRb primer)

VK1-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGACATCCA| Scientific
GWTGACCCAGTCTC -3' (PCRb primer)

VK2-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGATATTGT | Scientific
GATGACCCAGWCTCCAC -3' (PCRb primer)

VK3-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGAAATTGT | Scientific
GTTGACRCAGTCTCCA -3' (PCRb primer)

VK4-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGACATCGT| Scientific
GATGACCCAGTCTC -3' (PCRb primer)

VK5-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGAAACGAC| Scientific
ACTCACGCAGTCTC -3' (PCRb primer)

VK6-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGAAATTGT | Scientific
GCTGACWCAGTCTCCA -3' (PCRb primer)

VK7-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGACATTGT | Scientific
GCTGACCCAGTCT -3' (PCRb primer)

CK-int 5'- GGGAAGATGAAGACAGATGGT -3 Thermo Fisher NA
(PCRDb primer) Scientific

VL1-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGTCTGT| Scientific

GYTGACKCAGCC -3' (PCRb primer)

26




VL2-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGTCTGC| Scientific
CCTGACTCAGCC -3' (PCRb primer)

VL3-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACTCYTATGA | Scientific
GCTGACWCAGCCAC -3' (PCRb primer)

VL3l-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACTCTTCTGA | Scientific
GCTGACTCAGGACCC -3' (PCRb primer)

VL4ab-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGCYTGT| Scientific
GCTGACTCAATC -3' (PCRDb primer)

V0L4c-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCTGCCTGT| Scientific
GCTGACTCAGC -3' (PCRb primer)

VL5,9-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGSCTGT| Scientific
GCTGACTCAGCC -3' (PCRb primer)

VL6-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACAATTTTAT | Scientific
GCTGACTCAGCCCCACT -3' (PCRb primer)

VL7,8-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGRCTGT]| Scientific
GGTGACYCAGGAG -3' (PCRb primer)

VL10-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGGCAGQG Scientific
GCWGACTCAG -3' (PCRb primer)

CL-int 5'- GGGYGGGAACAGAGTGACC -3' (PCRb | Thermo Fisher NA
primer) Scientific

VH_Tag fwd seq 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGAC -3 Scientific

(Sequencing primer)

CK_int 5- GGGAAGATGAAGACAGATGGT -3' Thermo Fisher NA
(Sequencing primer) Scientific

CL_int 5- GGGYGGGAACAGAGTGACC -3' Thermo Fisher NA
(Sequencing primer) Scientific
HV13221H_R474 5- GCTGTGCCCCCAGAGGTG -3'Thermo Fisher NA
(Sequencing primer) Scientific

VH1 Leader-A 5'- ATGGACTGGACCTGGAGGAT -3 Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATGGACTGGACCTGGAGCAT -3 Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATGGACTGGACCTGGAGAAT -3| Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- GGTTCCTCTTTGTGGTGGC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATGGACTGGACCTGGAGGGT -3 Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATGGACTGGATTTGGAGGAT -3 Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- AGGTTCCTCTTTGTGGTGGCAG| Thermo Fisher NA
-3' (PCRa primer) Scientific

VH1 Leader-A 5'- Thermo Fisher NA
ATGGACATACTTTGTTCCACGCTC -3' (PCRa Scientific
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primer)

VH1 Leader-A 5'- Thermo Fisher NA
ATGGACACACTTTGCTCCACGCT -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- Thermo Fisher NA
ATGGACACACTTTGCTACACACTC -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- CCGACGGGGAATTCTCACAG -3 Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- Thermo Fisher NA
CTGTTATCCTTTGGGTGTCTGCAC -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- GGTGGCATTGGAGGGAATGTT 1 Thermo Fisher NA
3' (PCRa primer) Scientific

VH1 Leader-A 5'- CGAYGACCACGTTCCCATCT -3'| Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- TAGTCCTTGACCAGGCAGC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- TAAAAGGTGTCCAGTGT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- TAAGAGGTGTCCAGTGT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- TAGAAGGTGTCCAGTGT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- TACAAGGTGTCCAGTGT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- TTAAAGCTGTCCAGTGT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATGAAACATCTGTGGTTCTT -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- TTCTCCAAGGAGTCTGT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- Thermo Fisher NA
GCTATTTTTAAAGGTGTCCAGTGT -3' (PCRa Scientific

primer)

VH1 Leader-A 5'- ATGAAACACCTGTGGTTCTTCC | Thermo Fisher NA
-3' (PCRa primer) Scientific

VH1 Leader-A 5'- ATGAAACACCTGTGGTTCTT -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATGAAGCACCTGTGGTTCTT -3'| Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- CCTCCACAGTGAGAGTCTG -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- ATGTCTGTCTCCTTCCTCATC -3 Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- GGCAGCAGCAACAGGTGCCCA |- Thermo Fisher NA
3' (PCRa primer) Scientific

VH1 Leader-A 5- GCTCAGCTCCTGGGGCT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- GGAARCCCCAGCDCAGC -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CTSTTSCTYTGGATCTCTG -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CTSCTGCTCTGGGYTCC -3' Thermo Fisher NA
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(PCRa primer) Scientific

VH1 Leader-A 5'- GAGGCAGTTCCAGATTTCAA -3'| Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CCTGGGCCCAGTCTGTG -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- CTCCTCASYCTCCTCACT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- GGCCTCCTATGWGCTGAC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A5- GTTCTGTGGTTTCTTCTGAGCTG Thermo Fisher NA
-3' (PCRa primer) Scientific

VH1 Leader-A 5'- ACAGGGTCTCTCTCCCAG -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- ACAGGTCTCTGTGCTCTGC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CCCTCTCSCAGSCTGTG -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- TCTTGGGCCAATTTTATGC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5'- ATTCYCAGRCTGTGGTGAC -3' | Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- CAGTGGTCCAGGCAGGG -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1 Leader-A 5- AGGCCACTGTCACAGCT -3' Thermo Fisher NA
(PCRa primer) Scientific

VH1-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGGTGCA| Scientific
GCTGGTRCAGTCTGGG -3' (PCRb primer)

VH2-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGRGCAQC Scientific
CTTGARGGAGTCTGGTCC -3' (PCRb primer)

VH3-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGAGGTKCA| Scientific
GCTGGTGGAGTCTGGG -3' (PCRb primer)

VH4-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGGTGCA| Scientific
GCTGCAGGAGTCGG -3' (PCRb primer)

VH5-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGARGTGCA| Scientific
GCTGGTGCAGTCTGGAG -3' (PCRb primer)

VH6-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGGTACA| Scientific
GCTGCAGCAGTCAGGTCC -3' (PCRb primer)

IgG-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGCTCYTGGA -3 Scientific

(PCRDb primer)

IgM-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGGAATTCTCACQ Scientific
AGGAGACGAGG -3' (PCRDb primer)

IgD-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGTGTCTGCACC Scientific
CTGATATGATGG -3' (PCRb primer)

IgAl-int 5'- Thermo Fisher NA

GGGCCGCTGTGCCCCCAGAGGTGCTGGTGCTG

CScientific
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AGAGGCTCAG -3' (PCRb primer)

IgA2-int 5'- Thermo Fisher NA
GGGCCGCTGTGCCCCCAGAGGTGCTGGTGCTGT Scientific
CGAGGCTCAG -3' (PCRb primer)

VK1-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGACATCCA| Scientific
GWTGACCCAGTCTC -3' (PCRb primer)

VK2-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGATATTGT | Scientific
GATGACCCAGWCTCCAC -3' (PCRb primer)

VK3-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGAAATTGT | Scientific
GTTGACRCAGTCTCCA -3' (PCRb primer)

VK4-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGACATCGT| Scientific
GATGACCCAGTCTC -3' (PCRb primer)

VK5-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGAAACGAC| Scientific
ACTCACGCAGTCTC -3' (PCRb primer)

VKG6-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGAAATTGT | Scientific
GCTGACWCAGTCTCCA -3' (PCRb primer)

VK7-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACGACATTGT | Scientific
GCTGACCCAGTCT -3' (PCRb primer)

CK-int 5'- GGGAAGATGAAGACAGATGGT -3 Thermo Fisher NA
(PCRDb primer) Scientific

VL1-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGTCTGT| Scientific
GYTGACKCAGCC -3' (PCRb primer)

VL2-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGTCTGC| Scientific
CCTGACTCAGCC -3' (PCRb primer)

VL3-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACTCYTATGA | Scientific
GCTGACWCAGCCAC -3' (PCRb primer)

VL3l-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACTCTTCTGA | Scientific
GCTGACTCAGGACCC -3' (PCRb primer)

VL4ab-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGCYTGT| Scientific
GCTGACTCAATC -3' (PCRb primer)

V0L4c-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCTGCCTGT| Scientific
GCTGACTCAGC -3' (PCRb primer)

VL5,9-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACCAGSCTGT| Scientific
GCTGACTCAGCC -3' (PCRb primer)

VL6-Int tag 5'- Thermo Fisher NA
CTGGGTTCCAGGTTCCACTGGTGACAATTTTAT | Scientific
GCTGACTCAGCCCCACT -3' (PCRb primer)

VL7,8-Int tag 5'- Thermo Fisher NA

CTGGGTTCCAGGTTCCACTGGTGACCAGRCTGT

Scientific

GGTGACYCAGGAG -3' (PCRDb primer)
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VL10-Int tag 5'-
CTGGGTTCCAGGTTCCACTGGTGACCAGGCAGG
GCWGACTCAG -3' (PCRb primer)

Thermo Fisher
Scientific

NA

CL-int 5- GGGYGGGAACAGAGTGACC -3' (PCRb
primer)

Thermo Fisher
Scientific

NA

VH_Tag fwd seq 5'-
CTGGGTTCCAGGTTCCACTGGTGAC -3'
(Sequencing primer)

Thermo Fisher
Scientific

NA

CK_int 5'- GGGAAGATGAAGACAGATGGT -3'
(Sequencing primer)

Thermo Fisher
Scientific

NA

CL_int 5'- GGGYGGGAACAGAGTGACC -3'
(Sequencing primer)

Thermo Fisher
Scientific

NA

HV13221H_R474 5'- GCTGTGCCCCCAGAGGTG -3
(Sequencing primer)

3'Thermo Fisher
Scientific

NA

SARS-CoV-2 or WIV1-CoV E gene subgenomic RNA
primer/probe:

forward primer: 5-CGATCTCTTGTAGATCTGTTCT
C-3;

reverse primer: 5-ATATTGCAGCAGTACGCACACA
_3';

Probe: 5'-FAM-ACACTAGCCATCCTTACT
GCGCTTCG-BHQ1-3..

\ Tagman

NA

SARS-CoV-2 N gene subgenomic RNA primer/probe
forward primer: 5-CGATCTCTTGTAGATCTGTTCT
C-3;

reverse primer: 5-GGTGAACCAAGACGCAGTAT-
3

Probe: 5’-FAM-TAACCAGAATGGAGAACGCAGTG
GG-BHQ1-3..

:Tagman

NA

WIV1-CoV N gene subgenomic RNA primer/probe:
forward primer: 5-CGATCTCTTGTAGATCTGTTCT
C-3;

reverse primer: 5-TGTGAACCAAGACGCAGTATTA
T-3’;

Probe: 5’-FAM-TAACCAGAATGGAGGACGCAATG
GG-BHQ1-3;

Tagman

NA

SARS-CoV-2 total viral RNA E gene primer/probe:
forward primer: 5-ACAGGTACGTTAATAGTTAATA
GCGT-3,,

reverse primer: 5-ATATTGCAGCAGTACGCACACA
_3';

probe: 5’-6FAM/ACACTAGCCATCCTTACTGCGCT
TCG/IABKFQ-3'.

Tagman

NA

Recombinant DNA

HV1301409 4A (human IgG1l_4A heavy chain
backbone)

Genscript

NA

pH510049_VRC_LS.v2 (human IgG1_LS heavy cha
backbone)

nGenscript

NA

HV1301410 (human kappa chain backbone)

Genscript

NA

HV1301414.v2 (human lambda chain backbone)

Gerntscrip

NA

pcDNA3.1-SARS-CoV-2_SgE (for making subgenom
RNA standard RNA)

iGenscript

NA

pcDNA3.1-SARS-CoV-2_SgN (for making subgenonm

iGenscript

RNA standard RNA)

NA
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506
507
508

pcDNA3.1-WIV1-CoV_SgN (for making subgenomic

RNA standard RNA)

Genscript

NA

Softwar e and Algorithms

Diva

BD Biosciences

ces.com/us/instrument

http://www.bdbioscien

s/clinical/software/flo
w-cytometry-
acquisition/bd-
facsdiva-
software/m/333333/o\
erview

FlowJo v9.9.4

FlowJo, LLC

https://www.flowjo.co
m

GraphPad Prism v8.3.1

GraphPad Software
Inc

https://www.graphpad.

com/scientific-
software/prism/

SAS v9.4 SAS Institute NA
Cloanalyst Program (Kepler etal., 2014) NA
Biacore S200 Evaluation software Cytiva NA

Coot (Emsley et al., 2010} Version 0.8.9.2

Relion (Scheres, 2012; Version 3.1
Scheres, 2016)

Phenix (Afonine et al., Version 1.17

2018; Liebschner et

al., 2019)
UCSF Chimera (Pettersen et al., http://www.cgl.ucsf.ed
2004) u/chimera/
ISOLDE (Croll, 2018) Version 1.1
Chimera X (Goddard et al., https://www.rbvi.ucsf.
2018) edu/chimerax/
PyMol The PyMOL https://www.pymol.or
Molecular Graphics | g/2/
System
(Schrodinger, 2015)
Leginon system (Suloway et al., NA

2005).

M

cryoSPARC (Punjani et al., 2017) _ https://cryosparc.co
Bio-Plex Manager Software Bio-Rad NA

Adobe lllustrator 2020 Adobe NA

Adobe Photoshop CC 2019 Adobe NA

Other

RESOURCE AVAILABILITY

Lead contact
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Further information and requests for reagents shbeldirected and will be fulfilled by the Lead Cact
Kevin O. Saunders (kevin.saunders@duke.edu).
Materials availability

Abs and other reagents generated in this studsnaxiéable from the Lead Contact with a completedévials
Transfer Agreement.
Data and code availability

The data that support the findings of this studyarailable from the corresponding authors on reique

Additional Supplemental ltems are available fromnleley Data at http://dx.doi.org/10.17632/9y6p7stih

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human Subjects

Nasopharyngeal swabs and peripheral blood samp@es evllected from a convalescent COVID-19 donor
(MESSI ID #450905) on designated days after reparteset of COVID symptoms. The SARS-CoV donor PBMC
were provided by NIH/VRC. Human subject specimersaxcollected and used with the informed consestuafy
participants and in compliance with the Duke UnsitgrMedical Center Institutional Review Board (DBHRB

Pro00100241).

Symptom data collections

Participant self-reported symptoms were recordeghel time-point for 39 symptom categories (nasal
discharge, nasal congestion, sneezing, coughingin&ss of breath, malaise, throat discomfort, felveadache,
shaking chills, loss of smell, loss of taste, egsbassweating, dizziness, pain behind the eydsyhteatery eyes,
visual blurring, hearing problems, ear pain, coitiusstiff neck, swollen glands, palpitations, dhesn, pain in
joints, muscle soreness, fatigue, loss of appetitdpminal pain, nausea/vomiting, diarrhea, swgllitchy skin,
rash, skin lesions, unusual bleeding, red fingetses, red eyes, other: specify). Each symptomseasd on a
scale of 0—4, with 0 indicating not present, 1 m#dnoderate, 3 severe, and 4 very severe sympioaily.
symptom count (number of hon-zero symptom categperd symptom severity (sum of all symptom sconese

determined for each survey timepoint. At enrollmelate of symptom onset was determined, and aalinit
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536 “historical” symptom survey recorded maximum scimreeach symptom category between symptom onset and
537  study enroliment.

538

539 Non-human primate model

540 In total, 62 outbred adult male and female cynom®lgacaques (Macaca fascicularis), 2-4 kg bodyheig
541 were randomly allocated to groups. The study padtand all veterinarian procedures were approvethby

542 Bioqual IACUC per a memorandum of understandingp e Duke IACUC, and were performed based on
543 standard operating procedures. Macaques studiesllveeised and maintained in an Association for Assest
544  and Accreditation of Laboratory Animal Care-acctediinstitution in accordance with the principléshe

545 National Institute of Health. All studies were ¢ad out in strict accordance with the recommendsatia the

546  Guide for the Care and Use of Laboratory AnimalthefNational Institutes of Health in BIOQUAL (Rogke,

547 MD). BIOQUAL is fully accredited by AAALAC and throggh OLAW, Assurance Number A-3086. All physical
548 procedures associated with this work were donenamlesthesia to minimize pain and distress in aesme with
549 the recommendations of the Weatherall report, “G$e of non-human primates in research.” Teklad $088ate
550 Diet was provided once daily by animal size andgheiThe diet was supplemented with fresh fruit eegetables.
551 Fresh water was given ad libitum. All monkeys wer@ntained in accordance with the Guide for theeGard Use
552  of Laboratory Animals.

553

554  Mouse models

555 Eleven to twelve-month old female immunocompeteit B/c mice purchased from Envigo (BALB/c

556 AnNHSsd, stock# 047) were used for SARS-Co\i&ivo protection experiments as described previousinribn
557 etal., 2020; Leist et al., 2020a). Ten-week+akH4-hACE2 transgenic mice were bred and maintained at the
558 University of North Carolina at Chapel Hill and dsfer WIV-1 in vivo protection experiments. Mice were housed
559 in groups of five animals per cage and fed standhodv diet. The study was carried out in accordavitie the

560 recommendations for care and use of animals bftfiee of Laboratory Animal Welfare (OLAW), Natioha

561 Institutes of Health and the Institutional Animair€. All mouse studies were performed at the Usityeof North
562 Carolina (Animal Welfare Assurance #A3410-01) ugingtocols (19-168) approved by the UNC Instituéibn

563 Animal Care and Use Committee (IACUC) and all mostselies were performed in a BSL3 facility at UNC.
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564

565 METHOD DETAILS

566 Expression of Recombinant Viral Proteins

567 The SARS-CoV-2 ectodomain constructs were prodadeparified as describe previously (Wrapp, D.et al.
568 2020). Plasmids encoding Spike-2P and HexaPro [(Hgial., 2020) were transiently transfected ireBigle 293
569 cells (Thermo Fisher) using Turbo293 (SpeedBiosysjeThe cultures were collected on Day 6 possfeation.
570 The cells were separated from the medium by cexgaifon. Protein were purified from filtered calipgrnatants
571 by StrepTactin resin (IBA) and additionally by seeclusive chromatography using Superose 6 1030@ase
572  column (GE Healthcare) in 2mM Tris pH 8, 200mMnNaCD2% NaN. SARS-CoV-2 NTD was produced as
573  previously described (Zhou et al., 2020b). SARS-&BD and MERS-CoV Spike RBD were cloned into pVRC
574  vector for mammalian expression (FreeStyle 293Exmi293F suspension cells). The construct contamndRY
575 3C-cleavable C-terminal SBP-8xHis tag. Supernatarte harvested 5 days post-transfection and padsag

576 directly over Cobalt-TALON resin (Takara) followég size exclusion chromatography on Superdex 20@&se
577 (GE Healthcare) in 1x PBS. Typical yields from F3gde 293F cells are approximately 50 mg/liter exdt

578 Affinity tags can be removed using HRV 3C prote@&germoScientific) and the protein repurified usbgbalt-
579 TALON resin to remove the protease, tag and noaveld protein.

580

581 Antigen-Specific Single B Cell Sorting

582 Plasmablasts were sorted by flow cytometry fromSARS-CoV-2 donor on Day 11 and Day 15 post

583 symptom onset. PBMCs were stained with optimal eatrations of the following fluorochrome-Ab conjtigs:

584 IgD PE (Clone# I1A6-2, BD Biosciences, Catalog# 5857 CD3 PE-Cy5 (Clone# HIT3a, BD Biosciences,

585 Catalog# 555341), CD10 PE-CF594 (Clone# HI10A, BbsBiences, Catalog# 562396), CD27 PE-Cy7 (Clone#
586 0323, eBioscience, Catalog# 25-0279), CD38 APC-alekior (AF) 700 (Clone# LS198-4-2, Beckman Coullter
587 Catalog# B23489), CD19 APC-Cy7 (Clone# LJ25C1, BBsBiences, Catalog# 561743), CD16 BV570 (Clone#
588 3G8, Biolegend, Catalog# 302035), CD14 BV605 (CloMbE?2, Biolegend, Catalog# 301834), and CD20 BV650
589 (Clone# 2H7, BD, Catalog# 563780). The cells whemtlabeled with Fixable Aqua Live/Dead Cell Stdin

590 (Invitrogen, Catalog# L34957). On a BD FACSAridltlw cytometer (BD Biosciences), plasmablasts were

591 identified as viable CDIAD16/CD19/CD20°/IgD/CD27"9"CD38"" cells and sorted as single cells into 96-
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592 well plates containing lysis buffer. Sorted platese frozen at -80°C in the DHVI Flow Facility umdeSL3

593 precautions in the Duke Regional Biocontainmentdratory (Durham, NC) until processing.

594 Antigen-specific memory B cells (MBCs) were isotatey flow cytometric sorting from the SARS-CoV-2
595 donor on Day 36 post symptom onset, and a donbtr SARS-CoV history. PBMCs were stained with IgD EIT
596 (Clone# 1A6-2, BD Biosciences, Catalog# 555778)) BerCp-Cy5.5 (Clone# G20-127, BD Biosciences,

597 Catalog# 561285), CD10 PE-CF594 (Clone# HI10A, BbsBiences, Catalog# 562396), CD3 PE-Cy5 (Clone#
598 HIT3a, BD Biosciences, Catalog# 555341), CD235a8R®k-Clone# GA-R2, BD Biosciences, Catalog# 559944)
599 CD27 PE-Cy7 (Clone# 0323, eBioscience, Catalog82m), CD38 APC-AF700 (Clone# LS198-4-2, Beckman
600 Coulter, Catalog# B23489), CD19 APC-Cy7 (Clone#3Q2, BD Biosciences, Catalog# 561743), CD14 BV605
601 (Clone# M5E2, Biolegend, Catalog# 301834), CD16 B¥%Clone# 3G8, Biolegend, Catalog# 302035), and
602 fluorescent-labeled SARS-CoV-2 Spike probes (AFédidjugated Spike-2P, PE-conjugated Spike-2P, AF647-
603 conjugated NTD, AF647-conjugated RBD, VioBright 5ddnjugated RBD). The cells were then labeled with
604 Fixable Aqua Live/Dead Cell Stain Kit (Invitroge@atalog# L34957). On a BD FACSAria Il flow cytome{B8D
605 Biosciences), antigen-specific MBCs were identifsdviable CD3CD14/CD16/CD2354CD19/IgD /probé

606 cells and were sorted as single cells into 96-plalles containing lysis buffer. Collection platesresimmediately
607 frozen in a dry ice/ethanol bath, and stored at@h the DHVI Flow Facility under BSL3 precaut®im the

608 Duke Regional Biocontainment Laboratory until psgiag. Flow cytometric data were analyzed usingvBto

609 version 10.

610

611 PCR Amplification of Human Ab Genes

612 Ab genes were amplified by RT-PCR from flow cytorgetorted single B cells using the methods as

613 described previously (Liao et al., 2009; Wrammeagle 2008) with modification. The PCR-amplifiedrges were
614 then purified and sequenced with i forward and reverse primers. Sequences were zetlyy using the

615 human library in Cloanalyst for the VDJ arrangemesftthe immunoglobulin IGHV, IGKV, and IGLV sequears
616 and mutation frequencies (Kepler et al., 2014)n@loelatedness of \DpJ and \{ J. sequences was determined
617 as previously described (Liao et al., 2013).

618

619 Expression of Ab Viable Region Genes as Full-L ength |gG Recombinant mAbs
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Transient transfection of recombinant Abs was perém as previously described (Liao et al., 20098,
purified PCR products were used for overlapping RE€Benerate linear human IgG expression casséttes.
expression cassettes were transfected into 298iuwshg ExpiFectamine (Thermo Fisher Scientifiatalog#
A14525). The supernatant samples containing reatamnibigGs were used for IgG quantification andipmelary
ELISA binding screening.

The down-selected human Ab genes were then syaéiteand cloned (GenScript) in a human IgG1 backbone
(HV1301409_4A) with 4A mutations to enhance Ab-degent cell-mediated cytotoxicity (ADCC) or a human
IgG1 backbone (pH510049 VRC_LS.v2) with a LS motato extent Ab half-life (Saunders, 2019). Recaraht
lgG Abs were then produced in HEK293i suspensidis bg transfection with ExpiFectamine and purifigging
Protein A resin. The purified 1IgG Abs were run DSPAGE for Coomassie blue staining and westernfoto

quality control and then used for the downstreapeéaments.

Ab Binding ELISA

For ELISA binding assays of Coronavirus Spike Ahs,antigen panel included SARS-CoV-2 Spike S1+S2
ectodomain (ECD) (SINO, Catalog # 40589-V08B1), SARoV-2 Spike-2P (Wrapp et al., 2020b), SARS-CoV-2
Spike S2 ECD (SINO, Catalog # 40590-V08B), SARS-c08pike RBD from insect cell sf9 (SINO, Catalog #
40592-V08B), SARS-CoV-2 Spike RBD from mammaliait 283 (SINO, Catalog # 40592- VO8H), SARS-CoV-
2 SpikeNTD-Biotin, SARS-CoV Spike Protein DeltaTM (BEI, taéog # NR-722), SARS-CoV WH20 Spike RBD
(SINO, Catalog # 40150-V08B2), SARS-CoV WH20 Spe (SINO, Catalog #40150-V08B1), SARS-CoV RBD,
MERS-CoV Spike S1+S2 (SINO, Catalog # 40069-VO8BFERS-CoV Spike S1 (SINO, Catalog #40069-V08B1),
MERS-CoV Spike S2 (SINO, Catalog #40070-V08B), MER®/ Spike RBD (SINO, Catalog #40071-V08B1),
MERS-CoV Spike RBD. In preliminary ELISA screeniofjthe transient transfection supernatants, we also
screened the Abs against SARS-CoV CL Proteaseipr@g&l, Catalog # 30105) and SARS-CoV Membrane (M)
protein (BEI, Catalog # 110705).

For binding ELISA, 384-well ELISA plates were coditgith 2 ug/mL of antigens in 0.1 M sodium
bicarbonate overnight at 4°C. Plates were washddRBS + 0.05% Tween 20 and blocked with blocketth wi
assay diluent (PBS containing 4% (w/v) whey prqgtébf Normal Goat Serum, 0.5% Tween-20, and 0.05%

Sodium Azide) at room temperature for 1 hour. RedaimAb samples in 3-fold serial dilutions in asdiyent
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starting at 10Qug/mL, or un-diluted transfection supernatant wetéeal and incubated for 1 hour, followed by
washing with PBS-0.1% Tween 20. HRP-conjugated goathuman IgG secondary Ab (SouthernBiotech,
catalog# 2040-05) was diluted to 1:10,000 and intedbat room temperature for 1 hour. These plates washed
four times and developed with tetramethylbenzidinlestrate (SureBlue Reserve- KPL). The reactionsiagsped

with 1 M HCI, and optical density at 450 nm (G was determined.

Affinity M easur ements

SPR measurements of SARS-CoV-2 Ab Fab binding tkeSPP or Spike-HexaPro proteins were performed
using a Biacore S200 instrument (Cytiva, formerly Bealthcare, DHVI BIA Core Facility, Durham, N@) i
HBS-EP+ 1x running buffer. The Spike proteins wigst captured onto a Series S Streptavidin chia tevel of
300-400 RU for Spike-2P and 350-450 resonance (Rit§ for Spike-HexaPro. The Ab Fabs were inje@t.5
to 500 nM over the captured S proteins using thglsicycle kinetics injection mode at a flow rat&@uL/min.
Association phase was maintained with either 12246rsecond injections of each Fab at increasing
concentrations followed by a dissociation of 60€osels after the final injection. After dissociatidine S proteins
were regenerated from the streptavidin surfacegusiB0 second pulse of Glycine pH1.5. Results wradyzed
using the Biacore S200 Evaluation software (Cytivablank streptavidin surface along with blankfleubinding
were used for double reference subtraction to addou non-specific protein binding and signal drf8ubsequent
curve fitting analyses were performed using a afigmuir model with a local Rmax for the Fabs wiité t
exception of DH1050.1 Fab which was fit using tleéehogeneous ligand model with local Rmax. The ntego

binding curves are representative of two data sets.

Surface Plasmon Resonance Ab Blocking Assay

RBD and NTD Abs binding to S protein was measuredusface plasmon resonance (BlAcore 3000; Cytiva,
formerly GE Healthcare, DHVI BIA Core Facility, Duam, NC) analysis. Ab binding competition and blogk
were measured by SPR following immobilization byirrcoupling of monoclonal Abs to CM5 sensor chips
(BlAcore/Cytiva). Ab competition experiments werrformed by mixing S protein and mAb (30 minutes
incubation) followed by injection for 5 minutes uL/min. In separate assays and from analysis ofibgnth an

identical epitope binding ligand, it was determitleat S protein at 20m and Ab at 20@m bind to complete
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saturation. Ab blocking assays were performed binjating S protein (2QM) over mAb immobilized surfaces
for 3 minutes at 3QL/min and a test Ab (200M) for 3 minutes at 3@.L/min. The dissociation of the Ab
sandwich complex with the spike protein was moeitdior 10 minutes with buffer flow and then a 2d@al
injection of Glycine pH2.0 for regeneration. Blamkffer binding was used for subtraction to accdansignal

drift. Data analyses were performed with BIA-evéiloa 4.1 software (BIAcore/Cytiva).

ACEZ2-blocking assay

For ACE-2 blocking assays, plates were coatedatiscstbove with 2 ug/mL recombinant ACE-2 prottien
washed and blocked with 3% BSA in 1X PBS. Whileaggslates blocked, purified Abs were diluted atesta
above, only in 1% BSA with 0.05% Tween-20. In assafe dilution plate Spike-2P protein was mixedwiite
Abs at a final concentration equal to the EC50 kittvspike binds to ACE-2 protein. The mixture vadlewed to
incubate at room temperature for 1 hour. Blockeshpgplates were then washed and the Ab-spike naixtas
added to the assay plates for a period of 1 hotoasth temperature. Plates were washed and a poblalabbit
serum against the same Spike-2P protein was addddhiour, washed and detected with goat anti tatiRP
(Abcam cat# ab97080) followed by TMB substrate. €kent to which Abs were able to block the bindspgke
protein to ACE-2 was determined by comparing theddBb samples at 450 nm to the OD of samples @ointa
spike protein only with no Ab. The following fornaulvas used to calculate percent blocking: blockirgb00 -

(OD sample/OD of spike only)*100).

Negative-stain electron microscopy

For each Fab-spike complex, an aliquot of spikégimaat ~1-5 mg/ml concentration that had beerhflas
frozen and stored at -80 °C was thawed in an alumiblock at 37 °C for 5 minutes; then 1-4 pl akepvas
mixed with sufficient Fab to give a 9:1 molar ratibFab to spike and incubated for 1 hour at 37Ti& complex
was then cross-linked by diluting to a final spdancentration of 0.1 mg/ml into room-temperatunédr
containing 150 mM NacCl, 20 mM HEPES pH 7.4, 5% ghpt, and 7.5 mM glutaraldehyde. After 5 minutesssr
linking, excess glutaraldehyde was quenched byngdslifficient 1 M Tris pH 7.4 stock to give a final
concentration of 75 mM Tris and incubated for 5ubés. For negative stain, carbon-coated grids (EBF300-

cu-UL) were glow-discharged for 20s at 15 mA, aftich a 5-ul drop of quenched sample was incubaretthe
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grid for 10-15 s, blotted, and then stained with @%nyl formate. After air drying grids were imageith a
Philips EM420 electron microscope operated at 220sk 82,000x magnification and images captureth @ik x

2k CCD camera at a pixel size of 4.02 A,

I mage processing of negative stain images

The RELION 3.0 program was used for all negatiainsimage processing. Images were imported, CTF-
corrected with CTFFIND, and particles were picksthg a spike template from previous 2D class aesad
spike alone. Extracted particle stacks were subgetrt 2-3 rounds of 2D class averaging and selettialiscard
junk particles and background picks. Cleaned garsitacks were then subjected to 3D classificaiging a
starting model created from a bare spike model, Biz#b, low-pass filtered to 30 A. Classes that sibalearly-
defined Fabs were selected for final refinemenitevieed by automatic filtering and B-factor shargemivith the

default Relion post-processing parameters.

Cryo-EM sample preparation, data collection and processing

To prepare Ab-bound complexes of the SARS-CoV-2(@Re, the spike at a final concentration of 1-2
mg/mL, in a buffer containing 2 mM Tris pH 8.0, 280/ NaCl and 0.02% NaN3, was incubated with 5-@ fol
molar excess of the Ab Fab fragments for 30-60 b6 final concentration of glycerol was addethssample
right before freezing. 2.5 pL of protein was defesion a Quantifoil-1.2/1.3 holey carbon grid thatl been glow
discharged in a PELCO easiGlow™ Glow Discharge @fepSystem for 15s at 15 mA. After a 30 s incutrati
in >95% humidity and 22 °C, excess protein wasédbaway for 2.5 seconds using a Whatman #1 plper
before being plunge frozen into liquid ethane usingica EM GP2 plunge freezer (Leica Microsyster@syo-
EM data were collected on a Titan Krios (Thermd B3 equipped with a K3 detector (Gatan). Data veerpiired
using the Leginon system (Suloway et al., 2005)t#d datasets were energy filtered through a e#l20eV or
30eV slit. The dose was fractionated over 50 ream@s and collected at 50ms framerate. Individaahés were
aligned and dose-weighted (Zheng et al., 2017). €&Xnation, particle picking and all downstreartada
processing steps were carried out in cryoSparcjéRuet al., 2017). After two rounds of 2D classdfiions during
which junk particles were discarded, heterogeneefisement was performed using low pass filteregsraf

unliganded spike as inputs. The output maps shaleadities of the bound Fabs, which were furthessifieed by
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heterogeneous refinement, followed by non-unifoefinement to obtain the final reconstructions thate used

for model fitting.

Cryo-EM structurefitting and analysis

Previously published SARS-CoV-2 ectodomain striegwof the all ‘down’ state (PDB ID 6VXX) and single
RBD ‘up’ state (PDB ID 6VYB), and models of 2-RBpand 3-RBD-up states derived from these, were tsed
fit the cryo-EM maps in Chimera (Pettersen et2004). Models of Fabs were generated in SWIS-MOREd
docked into the cryo-EM reconstructions using Chiam#utations were made in Coot (Emsley and Cow2804).
Coordinates were fit to the maps using ISOLDE (C2118) followed by iterative refinement using Rhe
(Afonine et al., 2018) real space refinement aribsquent manual coordinate fitting in Coot as néef&ucture
and map analysis were performed using PyMol (Séhgad, 2015), Chimera (Pettersen et al., 2004) and

ChimeraX (Goddard et al., 2018).

Live SARS-CoV-2 neutralization assays

The SARS-CoV-2 virus (Isolate USA-WA1/2020, NR-5228vas deposited by the Centers for Disease
Control and Prevention and obtained through BEloReses, NIAID, NIH. SARS-CoV-2 Micro-neutralization
(MN) assays were adapted from a previous studyryBxral., 2004). In short, sera or purified Abe diluted two-
fold and incubated with 100 TCID50 virus for 1 hotihese dilutions are used as the input materia foCID50.
Each batch of MN includes a known neutralizing coinAb (Clone D0O01; SINO, CAT# 40150-D001). Data ar
reported as the last concentration at which astasiple protects Vero E6 cells.

SARS-CoV-2 Plague Reduction Neutralization TestNFPRwere performed in the Duke Regional
Biocontainment Laboratory BSL3 (Durham, NC) as pasly described with virus-specific modificatiofBerry
et al., 2004). Briefly, two-fold dilutions of a tesample (e.g. serum, plasma, purified Ab) weralyated with 50
PFU SARS-CoV-2 virus (Isolate USA-WA1/2020, NR-5228or 1 hour. The Ab/virus mixture is used to
inoculate Vero E6 cells in a standard plaque afSaleman and Frieman, 2015; Kint et al., 2015)eyi
infected cultures are incubated at 37°C, 5% COZ2 foour. At the end of the incubation, 1 mL of scaus
overlay (1:1 2X DMEM and 1.2% methylcellulose) ddad to each well. Plates are incubated for 4 dsfyst

fixation, staining and washing, plates are dried plagues from each dilution of each sample arateol Data are
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reported as the concentration at which 50% of inpus is neutralizedd known neutralizing control Ab is
included in each batch run (Clone D001; SINO, CAD#50-D001). GraphPad Prism was used to determine
IC/ECy, values.

SARS-CoV-2 nano-luciferase (nanoLuc), SARS-CoV hamcand WIV1-CoV nanolLuc replication-
competent virus neutralization assay were descipbedously (Hou et al., 2020; Menachery et al1@0heahan

et al., 2017).

Pseudo-typed SARS-CoV-2 neutralization assay and infection-enhancing assays

Neutralization of SARS-CoV-2 Spike-pseudotyped siveas performed by adopting an infection assay
described previously (Korber et al., 2020) withtieiral vectors and infection in either 293T/ACEZ\{the cell
line was kindly provided by Drs. Mike Farzan andiiii Mu at Scripps). Cells were maintained in DMEM
containing 10% FBS and 50 pg/ml gentamicin. An egpion plasmid encoding codon-optimized full-lergpike
of the Wuhan-1 strain (VRC7480), was provided bg.[Barney Graham and Kizzmekia Corbett at the Vcci
Research Center, National Institutes of Health (WSAe D614G mutation was introduced into VRC748Gite-
directed mutagenesis using the QuikChange LightS8itetDirected Mutagenesis Kit from Agilent Techogies
(Catalog # 210518). The mutation was confirmedudyl&éngth spike gene sequencing. Pseudoviriongwer
produced in HEK 293T/17 cells (ATCC cat. no. CRL2&&) by transfection using Fugene 6 (Promega, Gatal
#E2692). Pseudovirions for 293T/ACE?2 infection wereduced by co-transfection with a lentiviral blacke
(PCMV ARS8.2) and firefly luciferase reporter gene (pHR"\CMuc) (Naldini et al., 1996). Culture supernatants
from transfections were clarified of cells by lopegd centrifugation and filtration (0.45 pm filtand stored in 1
ml aliquots at -80C.

For 293T/ACE2 neutralization assays, a pre-titrakese of virus was incubated with 8 serial 3-faldb-dold
dilutions of mADbs in duplicate in a total volume130 pl for 1 hr at 37C in 96-well flat-bottom poly-L-lysine-
coated culture plates (Corning Biocoat). Cells wargpended using TrypLE express enzyme solutioar(id
Fisher Scientific) and immediately added to allle/€10,000 cells in 100 pL of growth medium perljvéDne set
of 8 control wells received cells + virus (virusntml) and another set of 8 wells received cellly gnackground

control). After 66-72 hr of incubation, medium wasnoved by gentle aspiration and 30 pL of Promegasis
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buffer was added to all wells. After a 10-minuteubation at room temperature, 100 ul of Bright-(Bidferase
reagent was added to all wells. After 1-2 minutd$) pl of the cell lysate was transferred to aldlabite plate
(Perkin-Elmer). Luminescence was measured usirgyldrfElmer Life Sciences, Model Victor2 luminometer
Neutralization titers are the mAb concentrationrsC80) at which relative luminescence units (Rutére
reduced by 50% and 80% compared to virus contriswaéter subtraction of background RLUs. Negative
neutralization values are indicative of infectiathancement. Maximum percent inhibition (MPI) is teduction
in RLU at the highest mAb concentration tested.

For the TZM-bl neutralization assays, a pre-titladese of virus was incubated with serial 3-folldititbns of
test sample in duplicate in a total volume of 16fbul hr at 37°C in 96-well flat-bottom culture plates. Freshly
trypsinized cells (10,000 cells in 1@0of growth medium containing 7fg/ml DEAE dextran) were added to
each well. One set of control wells received cellgrus (virus control) and another set receiveltsamly
(background control). After 68-72 hours of incubati150ul of cultured medium was removed from each well,
and 100ul of Britelite Luminescence Reporter Gessaf System (PerkinElmer Life Sciences) were added
plates incubated for 2 min at room temperatureerAtiis period 15@l of the lysate was transferred to black solid
plates (Costar) for measurements of luminescenadPierking Elmer instrument. Neutralization titers the
serum dilution at which relative luminescence u(fREU) were reduced by 50% and 80% compared tcviru
control wells after subtraction of background RLWKRI is the reduction in RLU at the highest mAb centration
tested. Infection-enhancing assays were performgdtiae same format but using TZM-bl cell linestdya
expressing each of the four humaryRaeceptors (Perez et al., 2009). In this assaganase in RLUs over the

virus control signal represents FcR-mediated entry.

Non-human primate protection study

Groups of five cynomolgus macaques (2-4 kg) wevergintravenous infusion with Abs at 10 mg/kg body
weight on Day -3, relative to infectious virus deabe. For each animal, 2lBFU (~16 TCID50) SARS-CoV-2
virus (Isolate USA-WA1/2020) were diluted in 4 ndnd were given by 1 mL intranasally and 3 mL
intratracheally on Day 0. Plasma and serum samyes collected on Day -5, 0, 2, and 4. Nasal swadisal

washes, and bronchoalveolar lavage (BAL) were ctdéon Day -5, 2, and 4.
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Histopathology and I mmunohistochemistry (IHC)

Lung specimen from nonhuman primates were fixelivh neutral buffered formalin, processed, and tddck
in paraffin for histological analysis. All samplegre sectioned at 5 um and stained with hematoedsin (H&E)
for routine histopathology. Sections were examineder light microscopy using an Olympus BX51 micayse

and photographs were taken using an Olympus DPM&rea

Staining for SARS-CoV-2 antigen was achieved orBtbed RX automated system with the Polymer Define
Detection System (Leica) used per manufacturedsopnol. Tissue sections were dewaxed with Bond D@wga
Solution (Leica) at 72 for 30 min then subsequently rehydrated with gdaaleohol washes and 1x Immuno
Wash (StatLab). Heat-induced epitope retrieval @)Ivas performed using Epitope Retrieval Solutigheica),
heated to 1000C for 20 minutes. A peroxide bloaki¢h) was applied for 5 min to quench endogenorsxmase
activity prior to applying the SARS-CoV-2 Ab (1:200GeneTex, GTX135357). Abs were diluted in Backgib
Reducing Ab Diluent (Agilent). The tissue was supsmtly incubated with an anti-rabbit HRP polymiegi¢a)
and colorized with 3,3’-Diaminobenzidine (DAB) cihmogen for 10 min. Slides were counterstained with
hematoxylin. For macrophage staining, Abs for tilWing markers were used: CD3 (T cell marker; Biad,
Catalog # MCA1477; 1:600 dilution), Ibal (macrophagarker; Wako, Catalog # 019-19741; 1:800 dilgtion
CD68 (M1 macrophage marker, Sigma-Millipore, Caga¥foHPA048982; 1:1000 dilution), CD163 (M2
macrophage marker; Abcam, Catalog # ab182422; 1B0@on), HLA-DP/DQ/DR (Catalog # M1 macrophage
marker; Dako, Catalog # M0775; 1:100 dilution), @bXmonocyte/granulocyte marker; Abcam, Catalog #
ab52478; 1:1000 dilution).

Samples were evaluated by a board-certified vetgripathologist in a blinded manner. Sections efidft
caudal (Lc), right middle (Rm), and right caudatYRung were evaluated and scored for the preseince
inflammation by H&E staining, and for the presen€SARS-CoV-2 nucleocapsid by IHC staining. The swh

Lc, Rm, and Rc scores in each animal shown in égur

Luminex assay
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For cytokine profiling, 7-fold concentrated cynomue$ macaques BAL samples were measured using a 25-
analyte multiplex bead array (Millipore, catalo@RCYT2MAG40K) including sCD137, Eotaxin, sFasL, F&F
Fractalkine, Granzyme A, Granzyme B, Ib;1L-2, IL-4, IL-6, IL-16, IL-17A, IL-17E/IL-25, IL-21, IL-22, IL-23,
IL-28A, IL-31, IL-33, IP-10, MIP-3,, Perforin, RANTES, TNB. Samples were prepared according to the
manufacturer’'s recommended protocol and read wsigxmap 3D suspension array reader (Luminex Corp.
Data were analyzed using Bio-Plex manager softwéu2 (Bio-Rad).

For human Ab quantification, SARS-CoV-2 Spike-2Btpin, A/Solomon Islands/3/2006 hemagglutinin (HA)
protein or bovine serum albumen (Sigma) was canmidié coupled to MagPlex-C beads (Luminex Corp)
according to the bead manufacturer’s protocol.fBribeads were washed in® then activated by incubation
with 5 mg/mL sulfo-N-hydroxysulfosuccinimide andrig/mL 1-ethyl-3-(3-dimethylaminopropyl) carbodiineid
hydrochloride (ThermoFisher) for 20 minutes. Actechbeads were washed twice in PBS (ThermoFisherjren
vortexed at 1,500 RPM for two hours at room temipeeawith 25 pg protein per 5.0 x“lifeads. Labelled beads
were washed in PBS (ThermoFisher), 1% BSA, 0.02%6em20, 0.05% Sodium Azide (all Sigma), countedaisi
a hemacytometer and stored at>@0NHP sera were diluted 1:200 in assay buffer (FIB&BSA, pH 7.4, Gibco),
then 50 pL of diluted sera or monoclonal Ab 3-fedédially diluted in assay buffer (1000-0.45ng/mlgsaadded to
a 96-well plate and mixed with 50 pL assay buffamtaining 2500 BSA-conjugated beads (negative ohmnpius
2500 HA or Spike-conjugated beads. The plate wakeshat 800RPM for 60 minutes at room temperature,
washed twice in assay buffer and then 100 uL 4 pdimtin-conjugated mouse anti-human IgG Fc cloize H
(Southern Biotech) in assay buffer was added toyawell. The plate was shaken at 800 RPM for 30ut@g at
room temperature, washed two times in assay baffdrthen 50 pL 4 pg/mL streptavidin-r-phycoerythrin
(Invitrogen) in assay buffer was added to every.\Widle plate was shaken at 800 RPM for 30 minutesam
temperature and washed twice in assay buffer. Beads resuspended in 15D/well assay buffer, shaken at 800
RPM for 15 minutes at room temperature and thetyaed on a BioPlex 200 bead reader (Bio-Rad). Sstigen-
specific Ab concentrations were calculated using-Blex Manager software (Bio-Rad) by extrapolafiogn the
results of the serially-diluted monoclonal Ab. Sexth Abs above the upper limit of quantitation wee-assayed

at 1:1000 or 1:5000. The limit of detection (LODY this assay is 0.27&/mL.

Mouse protection study
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Eleven to twelve-month old female immunocompetefSt B/c mice purchased from Envigo (BALB/c
AnNHsd, stock# 047) were used for SARS-Cor2ivo protection experiments as described previousinribn
et al., 2020). Ten-week-oldFH4-hACE2 transgenic mice were bred and maintained at theelhity of North
Carolina at Chapel Hill and used for WIVHivivo protection experiments. Mice were housed in grafdise
animals per cage and fed standard chow diet. \fim=ulations were performed under anesthesia (Kieand
Xylazine) and effort was taken to minimize animaffering. For evaluating the prophylactic efficamfymAbs,
mice were intraperitoneally treated with 30§ of each mAb or 15Qg of each mAb in combination 12 hours prior
to infection. Mice were infected intranasally witX10> PFU of mouse-adapted SARS-CoV-2 2AA MA (Dinnon
et al., 2020) or WIV-1. For evaluating the therafeefficacy of mAbs, mice were intraperitonealtgated with
300ug of each mAb or 15Qg of each mAb in combination 12 hours followingdation. Forty-eight hours post
infection, mice were sacrificed, and lungs werevbsted for viral titer as measured by plaque assagisRNA
analysis. In another study, fifty-two weeks old denBALB/c mice were i.p. injected with DH1052 (2@fmice,
n=10) or CH65 control Ab (200ug/mice, n=9). Aftér Hours, mice were challenged with 1X10"4 PFU otises
adapted SARS-CoV-2 MAL10 virus (Leist et al., 20204ice were sacrificed at day 4 post infection, amdys
were harvested for viral titer as measured by @aagsays and RNA analysis. The study was carrieith ou
accordance with the recommendations for care amafuanimals by the Office of Laboratory Animal \féee
(OLAW), National Institutes of Health and the Itstional Animal Care. All mouse studies were parfed at the
University of North Carolina (Animal Welfare Assuaie #A3410-01) using protocols (19-168) approvethiey
UNC Institutional Animal Care and Use Committee@QMC) and all mouse studies were performed in a BSL3

facility at UNC.

Viral RNA Extraction and Quantification

The assay for SARS-CoV-2 quantitative PolymerasaiitCReaction (QPCR) detects total RNA using the
WHO primer/probe set E_Sarbeco (Charité/BerlinRIAsymphony SP (Qiagen, Hilden, Germany) automated
sample preparation platform along with a virus/pgén DSP midi kit and themplex800 protocol were used to
extract viral RNA from 800 pL of pooled samplesteierse primer specific to the envelope gene of SARV-2

(5-ATATTG CAG CAG TAC GCA CAC A-3’) was annealdd the extracted RNA and then reverse transcribed

46



896 into cDNA using SuperScripf 1ll Reverse Transcriptase (Thermo Fisher Scientiivaltham, MA) along with
897 RNAse Out (Thermo Fisher Scientific, Waltham, MA&he resulting cDNA was treated with RNase H (Thermo
898  Fisher Scientific, Waltham, MA) and then added tustom 4x TagMalf Gene Expression Master Mix (Thermo
899 Fisher Scientific, Waltham, MA) containing primensd a fluorescently labeled hydrolysis probe spefif the
900 envelope gene of SARS-CoV-2 (forward primer 5-AG&T ACG TTA ATA GTT AAT AGC GT-3', reverse
901 primer 5-ATATTG CAG CAG TAC GCA CAC A-3’, probe’B8FAM/AC ACT AGC C/ZENA TCC TTACTG
902 CGC TTC G/IABKFQ-3’). The gPCR was carried out oQ@antStudio 3 Real-Time PCR System (Thermo Fisher
903 Scientific, Waltham, MA) using the following therirgycler parameters: heat to 50°C, hold for 2 rhigat to

904 95°C, hold for 10 min, then the following paramsetare repeated for 50 cycles: heat to 95°C, hald3cseconds,
905 cool to 60°C and hold for 1 minute. SARS-CoV-2 Riidpies per reaction were interpolated using quaatibn
906 cycle data and a serial dilution of a highly ch&zgzed custom DNA plasmid containing the SARS-CbV-

907 envelope gene sequence. Mean RNA copies per teillilere then calculated by applying the assayidilfactor
908 (DF=11.7). The limit of detection (LOD) for thissas/ is approximately 62 RNA copies per millilitdrsample.
909

910 Subgenomic mMRNA assay

911 SARS-CoV-2 E gene and N gene subgenomic mRNA (sgRM& measured by a one-step RT-gPCR
912 adapted from previously described methods (Wolfel.2020; Yu et al., 2020). To generate standardes, a
913 SARS-CoV-2 E gene sgRNA sequence, including thelf'RUkader sequence, transcriptional regulatory esecg:
914 (TRS), and the first 228 bp of E gene, was cloménl@ pcDNA3.1 plasmid. For generating SARS-CoV-gedxe
915 sgRNA, the E gene was replaced with the first 221N gene. The respectively pcDNA3.1 plasmidsever
916 linearized, transcribed using MEGAscript T7 Trai®oon Kit (ThermoFisher, Catalog # AM1334), andifiad
917  with MEGAclear Transcription Clean-Up Kit (ThermaRer, Catalog # AM1908). The purified RNA products
918 were quantified on Nanodrop, serial diluted, anguaited as E sgRNA or N sgRNA standards.

919 RNA extracted from animal samples or standards wWene measured in Tagman custom gene expression
920 assays (ThermoFisher Scientific). For these assayssed TagMan Fast Virus 1-Step Master Mix (Thétisiuer,
921 catalog # 4444432) and custom primers/probes faggtte E gene sgRNA (forward primer: 5’

922 CGATCTCTTGTAGATCTGTTCTCE 3’; reverse primer: 5 ATNGCAGCAGT ACGCACACA 3’; probe: 5’

923 FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQL1 3’) or the N ge sgRNA (forward primer: 5’
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CGATCTCTTGTAGATCTGTTCTC 3’; reverse primer: 5 GGPA CCAAGACGCAGTAT 3’; probe: 5’ FAM-
TAACCAGAATGGAGAACGCAGTG GG-BHQ1 3'). RT-gPCR reaots were carried out on a QuantStudio 3
Real-Time PCR System (Applied Biosystems) or a StegPlus Real-Time PCR System (Applied Biosystems)
using a program below: reverse transcription aC50° for 5 minutes, initial denaturation at 95°C f@r £:conds,
then 40 cycles of denaturation-annealing-extenat@5°C for 15 seconds and 60°C for 30 secondad&td
curves were used to calculate E or N sgRNA in copér ml; the limit of detections (LOD) for bothalad N

SgRNA assays were 12.5 copies per reaction or dp@es per mL of BAL/nasal swab/nasal wash.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data were plotted using Prism GraphPad 8.0. Wilomemk sum exact test was performed to compare
differences between groups with p-value < 0.05 icemed significant using SAS 9.4 (SAS Instituteny\G&C).

No adjustments were made to the p-values for mealapmparisons.
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Supplementary Figure Legends

Figure Sl. Isolation of SARS-CoV-2-reactive Abs from single cell-sorted plasmablasts and memory B cells of
SARS-CoV-2 and SARS-CoV-1 convalescent donors. Related to Figure 1.

(A) Symptom severity scores of the COVID-19 consakmnt donor. The method to determine severity sedre
supplementary online material. Red arrows inditageblood sampling time points that we used taatsoAbs.
(B) Viral load from nasopharyngeal (NP) swabs.

(C) Serum micro-neutralization titer. Micro-Neutealtion titers were defined as the highest serdatidn that
neutralize all the virus, or 99% inhibitory conaation (1Gy).

(D) Flow cytometry gating strategy for unbiasedsptablasts sorting or antigen specific-memory Bscadirting.
At day 11 and day 15 post onset of COVID-19 symptpi@smablasts (CDY£D16/CD3/CD235a
/CD19/CD203°/IgD/CD27""CD38"") from a SARS-CoV-2 donor. Antigen specific B cdtism SARS-CoV-1
and SARS-CoV-2 donors were sorted with differemhbmations of the SARS-CoV-2 S-2P, RBD, NTD probes.
Representative data for sorting Spike double p@siBpiké or NTD', as well as RBDor NTD' subsets were
shown.

(E-H) Neutralization activity of RBD Abs. (E) Propion of SARS-CoV-2 RBD Abs (n=81) that exhibited
detectable neutralization in the microneutralizatssay. (F) Neutralization d¢and 1Go of RBD neutralizing Abs
(NADbs) against pseudotyped SARS-CoV-2. (G) Micrdradization titer, plaque reduction neutralizatiest
(PRNT) IGo and 1G, of RBD NAbs against replication-competent SARS-&h\Wicroneutralization titer was
defined as the lowest Ab concentration that neiagalll the virus, or 99% inhibitory concentratid€y9). Abs
with undetectable microneutralization titers areveh as gray symbols and nAbs are represented leysyimbols.
(H) RBD NAbs blocking of ACE2 binding to SARS-CoVSpike (S) protein. Blocking titer is shown agdC
(I-J) Correlation analysis of RBD Abs between naligzation and ACE2 blocking activities. Spearmarnreiation
analysis were performed for (I) ACE2 blocking 1C8) PV neutralization IC50, as well as (J) for AQ&@&cking
IC50 vs. SARS-CoV-2 neutralization titers (indicghtey the lowest concentration that shows no CP&jfied
RBD Abs in Table S1 and S2 that have pseudovirugralzation data (n=59) or SARS-CoV-2 micro-
neutralization assay data (n=80) were used inaifddysis. P-value and r were indicated for eaalrég.

(K-M) Neutralization activity of NTD Abs. (K) Propbon of SARS-CoV-2 NTD Abs (n=41) that exhibited

detectable neutralization in the microneutralizatssay. (L) Neutralization igand 1G, of NTD neutralizing Abs
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against pseudotyped SARS-CoV-2. (M) Microneutraigratiter, PRNT 1Gy and 1G, of NTD neutralizing Abs
against replication-competent SARS-CoV-2. Abs witllletectable microneutralization titers are shosvgray
symbols and neutralizing Abs are represented bygeraymbols. Horizontal bars represent the geoteigans

for each group of Abs.

Figure S2. Binding and neutralization activities of down-selected SARS-CoV-2 Abs. Related to Figure 2.
(A-D) ELISA binding curves of down-selected Absfferent SARS-CoV-2 or other CoV viral antigens were
coated on plates and detected with serial dilld@dRBD infection-enhancing Abs, (B) RBD non-infemri
enhancing Abs, (C) NTD infection-enhancing Abs, @DINTD non-infection-enhancing Abs.

(E-F) Neutralization curves for RBD Abs againstyzietyped (E) and replication-competent (F) SARS-CoV
(G-H) Neutralization curves for NTD Abs against pdetyped (G) and replication-competent (H) SARS-€bV
(I-L) Neutralization curves for cross-neutraliziAbs against pseudotyped (I) and replication-compety) SARS-

CoV-2, SARS-CoV-1 nanoluciferase (nLuc) virus (&hd Bat WIV1-CoV nLuc virus (L).

Figure S3. Comparison of RBD and NTD epitopesfrom NSEM. Related to Figure 2.

(A) A spike model (PDB 6ZGE) and corresponding Ramology models were manually docked and rigidly fi
into each negative stain density map.

(B) The RBD of each model is enlarged and showa a&kite surface, with the putative epitope of eAbtcolored.
Black outline indicates the ACE2 binding footprint.

(C) Comparison to ACEZ2 footprint and epitopes oééhpublished Abs with similar epitopes. See mexm for
references.

(D) A spike model (PDB 6ZGE) and corresponding Raimology models were manually docked and rigidly fi
into each negative stain density map.

(E) The NTD of each model is enlarged and showen \&hkite surface, with the epitope of each Ab calof@range
outline indicates the epitope of Ab 4A8, shownattdm right. Outlines illustrate that the neutralg Abs

DH1048-51 share the same epitope, whereas thdiorfeenhancing Abs DH1053-56 bind a distinct epitop
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(F) The model of spike complex with Fab 4A8 (orangbons, PDG 7C2L) is rigidly fit into each of tNSEM
maps (transparent surfaces). The close fit of 448 DH1049, DH1050.1 and DH1050.2 indicate these® lthe

same approach angle as 4A8, whereas DH1048 and31Hide slightly different approaches.

Figure $4. In vitro analysis of human Absand SARS-CoV-2 infected serum samples. Related to Figure 3,
Figure5and Figure7.

(A-C) Effect of combining infection-enhancing RBRDANTD Abs on SARS-CoV-2 pseudovirus infection in
ACE2-expressing cells. The infection-enhancing NAIDDH1052 was tested alone (A) or mixed with infeist
enhancing RBD Abs DH1041 (B) or DH1043 (C) in 1r&8o or 1:13250 ratio, respectively. The NTD:RBD A
mixtures (orange), as well as RBD Ab alone (bluare five-fold serially diluted and tested for mailization
against SARS-CoV-2 D614G pseudovirus in 293T/ACEIBC

(D-F) Comparison of RBD and NTD directed serum Abponses in SARS-CoV-2 infected humans.

(D) Serum IgG binding titers to RBD (blue) and N{¢almon) as measured by ELISA as log area-undeecur
(AUC). Each symbol represents an individual studstipipant, with the mean binding titer for theivgay shown
as a black horizontal bar.

(E) Percent decrease in binding to NTD relativR BD binding titer. Each symbol represents the chadng
binding titer for an individual study subject. Med&crease is shown as a black horizontal bar.

(F) Serum blocking of RBD neutralizing Ab DH1041ug®) or NTD neutralizing Ab DH1050.1 (salmon), @m
neutralizing Ab DH1052 (burgundy) binding to SARS\G2 spike. Black symbols show individual study
participants. Mean blocking percentage for thet day is shown as a filled bar.

(G-H) Neutralization activities of neutralizing ardhancing Abs against mouse adapted SARS-CoV-2.

(G) NTD neutralizing Abs DH1050.1, RBD neutraliziagd enhancing Abs DH1041 were tested for neustidia
activities against wild-type (WT) virus, mouse aiap2AA MA virus, and mouse adapted MA10 virusiue |
virus neutralization assay. CH65 Ab was used am#ral. Mean value of neutralization (%) from daplie wells
were shown.

(H) NTD enhancing Ab DH1052 and control Ab CH65 wvégsted for neutralization activities against viyide
(WT) virus, mouse adapted 2AA MA virus, and moudaed MA10 virus in live virus neutralization agsa

Mean value of neutralization (%) from duplicate lw&Vere shown.

62



1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319

Figure S5. Lung histopathology of Ab-treated and SARS-CoV-2 challenged cynomolgus macaques. Related
toFigure5and Figure7.

(A) Representative images of hematoxylin and efi$&E) staining and SARS-CoV-2 antigen
immunohistochemistry (IHC) staining from each gro@pp images were taken at 10x magnification. Timages in
this presentation are representative of the avesagerity of pathologic processes observed anddaedaluring
microscopic evaluation. Red arrows indicate SARS~2anfection foci.

(B) Following microscopic evaluation of DH1052, dimmal (BB536A) out of 5 animals in this group exteil
histologic features that was substantially moreesethan the rest of the cohort and may suggest siegree of
Ab-mediated disease enhancement. The featuresclaracterized by prominent perivascular mononuclear
inflammation (*) and a substantial amount of pestudlar and alveolar edema (fluid; X). These findisgggest a
vaso-centric process with some degree of alteredwar permeability. The remaining 4 animals in DB2 group
had inflammatory changes that ranged from minimahoderate severity and more infiltrates were mixed
predominantly polymorphonuclear with lesser mondearccell involvement and present in the alvegtacss.
(C-E) Expression of macrophage activation markersacaque lung tissues. An animal from the CH6%robn
group (C), the DH1052-treated animal (BB536A) titibited substantially more severe lung inflamoa(iD),
and an animal from the NTD NAb DH1050.1 group (Erevselected for Immunohistochemistry (IHC) stajnin
Immunohistochemical staining was performed usingQIHCDG68, IBA1 and CD163 to detect classically
activated macrophages (M1) and/or alternativelywattd macrophages (M2). CD11b is a macrophage/oyb@o

marker and CD3 is a T cell marker. All images @ thagnification; scale bars= 100um.

Figure S6. High dose NTD enhancing Ab DH1052 does not enhance SARS-CoV-2 replication or diseasein
vivo. Related to Figure 5.

(A) Diagram of the macaque study design showinguoyigus macaques (n=5 per group) were infused vigihn
dose (30 mg/kg body weight) DH1052 or an irrelevamnitrol CH65 Ab 3 days before 2IBFU of SARS-CoV-2
challenge via intranasal and intratracheal rolt@sl load including viral RNA and subgenomic RN8gRNA)
were measured at the indicated pre-challenge astdcpallenge timepoints. Lungs were harvested ondgost-

challenge for histopathology analysis.
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(B-D) SARS-CoV-2 (B) E gene sgRNA, (C) N gene sgRalAl (D) E gene total viral RNA in bronchoalveolar
lavage (BAL) on Day 2 and Day 4 post challenge.

(E-G) SARS-CoV-2 (E) E gene sgRNA, (F) N gene sgR (G) E gene total viral RNA in nasal swab oy Ra
and Day 4 post challenge.

(H-I) Lung inflammation. Sections of the left catiflac), right middle (Rm), and right caudal (Rchpwere
evaluated and scored for the presence of inflanamdty hematoxylin and eosin (H&E) staining. (H) Suamy of
inflammation scores. Symbols indicate the sumsofRm, and Rc scores in each animal. (I) Represeata
images of lung H&E staining.

(J-K) Immunohistochemistry (IHC) staining for theepence of SARS-CoV-2 nucleocapsid in lungs. (d8ary
of IHC scores. Symbols indicate the sums of Lc, Bnal Rc scores in each animal. (K) Representatiages of
lung IHC staining. Red arrows indicate SARS-Co\fif&ction foci.

LOD, limit of detection. Statistical significance all the panels were determined using Wilcoxork isum exact
test. Asterisks show the statistical significanegnseen indicated group and CH65 control groupnossignificant,

*P<0.05, **P<0.01, ***P<0.001.

Figure S7. Different doses of a cross-neutralizing Ab DH1047 treatments do not enhance SARS-CoV-2
replication in vivo. Related to Figure 7.

(A) Diagram of the macaque study design. Cynomoigasaques (n=5 per group) were infused with DH147
the dose of 10 mg/kg, 5 mg/kg, 1 mg/kg, 0.1 mg/legght. Macaques treated with 10 mg/kg weight of BIA®
were set as the control group. Three days possimrfii 16 PFU of SARS-CoV-2 challenge via intranasal and
intratracheal routes. Viral load including viral RMind subgenomic RNA (sgRNA) were measured at the
indicated pre-challenge and post-challenge timépolmungs were harvested on Day 4 post-challenge fo
histopathology analysis.

(B) Serum human IgG concentrations at Day 2.

(C) Day 2 serum neutralization titers shown ag#wgprocal serum dilution that inhibits 50% £jpof SARS-
CoV-2 replication in Vero cells.

(D-E) SARS-CoV-2 (D) E gene sgRNA and (E) N genRls4 in bronchoalveolar lavage (BAL) on Day 2 and

Day 4 post challenge.
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(F-G) SARS-CoV-2 (F) E gene sgRNA and (G) N geriRN in nasal swab on Day 2 and Day 4 post challenge
(H-I) Lung inflammation. Sections of the left catiflac), right middle (Rm), and right caudal (Rchpwere
evaluated and scored for the presence of inflanamdty hematoxylin and eosin (H&E) staining. (H) Suany of
inflammation scores. Symbols indicate the sumsmRm, and Rc scores in each animal. (I) Repreteata
images of lung H&E staining.

(J-K) Immunohistochemistry (IHC) staining for theepence of SARS-CoV-2 nucleocapsid in lungs. (dr8ary

of IHC scores. Symbols indicate the sums of Lc, Bnal Rc scores in each animal. (K) Representatiages of
lung IHC staining. Red arrows indicate SARS-Co\fif&ction foci.

LOD, limit of detection. Statistical significance all the panels were determined using Wilcoxork isum exact
test. Asterisks show the statistical significaneteen indicated group and CH65 control groupnossignificant,

*P<0.05, **P<0.01, ***P<0.001.

Supplementary Items (available online as excel sheet or PDF format)

Table S1. High-throughput EL I SA binding screen of Absrecovered from SARS-CoV-2 and SARS-CoV-1

donors. Related to Figure 1.

Supplementary Table S2. Immunogenetic analysis of select neutralizing and non-neutralizing SARS-CoV-2

Abs. Related to Figure 2.

Table S3. RBD and NTD Fabs affinity for Spike proteins. Related to Figure 2.

Table S4. RBD and NTD Ab affinity for mouse CD16/FcyR3, CD16-2/FcyR4, CD32B/FcyR2b and

CD64/FcyR1. Reated to Figure 5 and Figure6.

Table S5. Luminex cytokine profiling of BAL samplesfrom cynomolgus macaques. Data set related to

Figure5and 7, Figure S6 and Figure S7 were shown in different tabs. BAL samples collected on Day -5 (pre-
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1381

challenge), Day 2 and Day 4 post-challenge wereammnated (x10) and measured using a 25-analytephex
bead array by Luminex assay. The animal (BB536A)1052 group that exhibited substantially moressev

disease and cytokine expression was marked in red.

Supplementary Data 1. Cryo-EM information. Related to Figure 4.
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Highlights:
* RBD or NTD antibodies exhibited infection enhancement in vitro but not in vivo
* Neutralizing or infection-enhancing NTD antibodies bound distinct epitopes
* Invitro infection-enhancing antibodies protected from SARS-CoV-2 in vivo
» Cross-reactive RBD neutralizing antibodies were protective--most potent, DH1047

eTOC Blurb:

Convalescent human-derived SARS-CoV-2 RBD and NTD antibodies mediated neutralization as well as
infection-enhancement in vitro, yet infusion of these antibodies in mice or cynomolgus macaques
resulted in protection from viral replication.



A

Plasmablast sort Antigen-specific MBC sort

C

SARS- .
SARS-Cov-2  V \ . B cells Spike
donor T T T o= Donor Cell Type —venq COV-2 RBD NTD S2 anly NP
pays arer LUVIU-19 Symptoms onset SARS-CoV-2 donor ~ Plasmablasts 773 101 11 4 42 1 43
B SARS-CoV-2 donor Memory B cells 594 307 121 58 99 29 NA
Antigen-specific MBC sort  gaARS.Cov-1 donor MemoryBcells 370 55 18 7 7 23 NA
SARS-CoV-1 _
donor As > Total 1737 463 150 69 148 53 43
Years after SARS-CoV infection Down-selected for production NA 187 81 41 65 0 0
D Pseudovirus in 293T/ACE2 cells E SARS-CoV-2 in Vero cells
0 0
.§ - DH1052/NTD § - DH1052/NTD
E -504 3 S 7 = DH1053/NTD E 204 = DH1053/NTD
£ - - DH1054/NTD £ DH1054/NTD
%—100- L] \:l ~ DH1055/NTD % 0. -+ DH1055/NTD
S + \ -+ DH1056/NTD ® < DH1056/NTD
-1501 A
. . — -60 . T 1
0.0001 0.01 1 100 0.1 1 10 100
Ab concentration (ug/mL) Ab concentration (ug/mL)
TZM-bl cells G TZM-bl/FcyRI cells
8000+ 8000+
-o- Mock -o- Mock
6000 = DH1041/RBD 6000 = DH1041/RBD
@ - DH1043/RBD ® - DH1043/RBD
= 4000 =) 4000-
e -+ DH1046/RBD 4 -+ DH1046/RBD
20004 -o- DH1047/RBD 20004 -o- DH1047/RBD
p—g=8=8=3—0—0—8 v DH1159.2/RBD -+ DH1159.2/RBD
O T T T T T 1 O T T T T T 1
0.001 0.01 01 1 10 100 0.001 0.01 01 1 10 100
Ab concentration (ug/mL) Ab concentration (ug/mL)
H TZM-bl/FcyRlla cells | TZM-bl/FcyRIIb cells
8000+ 8000+
-o- Mock -o- Mock
6000+ = DH1041/RBD 6000+ = DH1041/RBD
@ - DH1043/RBD ” - DH1043/RBD
3 4000- 3 4000-
7 -+ DH1046/RBD 7 -+ DH1046/RBD
20004 - DH1047/RBD 20004 -o- DH1047/RBD
g—o—a—0=—0=J=g=—g -~ DH1159.2/RBD -+ DH1159.2/RBD
0 T T T T T 1 O T T T T T 1
0.001 001 01 1 10 100 0.001 001 01 1 10 100
Ab concentration (ug/mL) Ab concentration (ug/mL)
J TZM-bl/FcyRIll cells K TZM-bl/FcyRI cells
8000+ 8000+
-o- Mock o Mock
6000+ = DH1041/RBD 6000 + DH1046-Fab/RBD
3 -+ DH1043/RBD =1 - DH1047-Fab/RBD
=1 40001 -+ DH1046/RBD g 4000
x x -+ DH1159.2-Fab/RBD
20004 -e- DH1047/RBD 20004
g=0=0—E—f=a—0—0 -+ DH1159.2/RBD ===
T T T T T 1 O T T T T T 1
0.001 0.01 01 1 10 100 0.001 001 01 1 10 100
Ab concentration (ug/mL) Ab concentration (ug/mL)
L TZM-bl/FcyRilb cells
8000+
- Mock
6000 & DH1041-Fab/RBD
2 - DH1043-Fab/RBD
=) 4000
7 -+ DH1046-Fab/RBD
20004 -o- DH1047-Fab/RBD
o——f—g—a—0—0—a * DH1159.2-Fab/RBD
T T T T T 1
0.001 0.01 041 1 10 100

Ab concentration (ug/mL)



A

Effect on SARS- | | Cross- ACE2 SARS-CoV-2 SARS-CoV-2 replication Cfecton SARS
_CoV-2infection || reactivity blocking pseudovirus competent virus Al :\7-20{:1fedion-
Antibody | Epitope | | ACE2"* ACE2™9|| With
No effect

ne os SARS .
FcyR™  FeyRP Maximal% MN
cells cells -CoV-1 ICs0 ICeo ICs0 ICs0 “inhibition titer ICs0 ICe0 Infection-enhancing

DH1041 RBD 0.497 >100 Neutralizing
DH1043 RBD 0.280 >100

DH1159.2 | RBD >50 >50 77.0 >100 ND ND »
DH1046 RBD 0.201 6.512 0.396 2.030 | >100 12.500 1.086 9.383 Cr°ss'rea°t'v'ty.
DH1047 RBD 0.567 0360 | >100 1100 | 0.124 | 0666 D Non-reactive
DH1042 RBD 0.371 >100 0.280 0.269 Reactive
DH1044 RBD >50 98.0 0.550 0.273
DH1045 RBD 0.226 | 24.353 0.380 2260 | >100 6.250 1.437 4827 | \eutralization titer
DH1052 NTD >50 >50 >50 >50 | -148.0 >100 >100 >100 or blocking titer
DH1053 NTD >50 >50 >50 >50 99.0 >100 >100 >100 (ug/mL)
DH1054 NTD >50 >50 >50 >50 63.0 >100 >100 >100
DH1055 NTD >50 >50 >50 >50 | -106.0 >100 >100 >100 <0.01
DH1056 NTD >50 >50 >50 >50 -56.0 >100 >100 >100 0.01-0.1
DH1048 NTD >50 >50 0.520 >50 72.0 0.1-1
DH1049 NTD >50 >50 >50 >50 49.0 1-10
DH1050.2 | NTD >50 >50 0.280 >50 67.0 1050
DH1051 NTD >50 >50 >50 68.0 >50
DH1050.1 | NTD >50 >50 >50 62.0
B DH1041 DH1043 DH1047
Infection-
enhancing =
RBD Ab y
SARS-CoV-2
S trimer
C DH1042 DH1044 DH1045
Non-infection-
enhancing
RBD Ab
SARS-CoV-2
S trimer
D DH1053 DH1055 DH1056
- 4 \ .
Infection- \
enhancing
NTD Ab -
SARS-CoV-2
S trimer
E DH1049 DH1050.1 DH1050.2 DH1051 DH1048
Non-infection-
enhancing
NTD Ab
SARS-CoV-2
S trimer




RBD
cluster 1

RBD
cluster 2

Capture antibody

NTD
cluster 1

NTD
cluster 2

NTD
NAbs

NTD
infection-
enhancing

Abs

Capture antibody

E

Antibody

Binding region

cluster 1 cluster 2 cluster 1

cluster 2

DH1041

DH1041
DH1043
DH1044
DH1046

DH1043
DH1044
DH1046
DH1047
DH1048
DH1051
DH1050.1
DH1052

Competition

No competition

n

DH1047

DH1048

DH1051

DH1050.1

DH1052

Binding antibody

NTD infection-
enhancing Abs

DH1050.1
DH1050.2
DH1052

DH1052
DH1053
DH1055
DH1056
DH1054

Competition

m

No competition

DH1053

DH1055

DH1056
DH1054

DH1041 +

RBD

DH1043 +

NTD RBD NTD RBD

DH1043+DH1050.1 F DH1043 + DH1047 +
NTD

In ACE2P°° FcyR™9cells neutralizing neutralizing neutralizing neutralizing neutralizing neutralizing

In ACE2"*9 FcyRP® cells enhancing no effect

Top
View

Side
View

SARS-CoV-2

S trimer

@

enhancing no effect enhancing

DH1041 + DH1052

N
o
o

1:132

&
S

-100

. % Neutralization

50
10410310210 100 10" 102 103
DH1041 concentration (ng/ml)

1:1325
c 100
g © DH1041
E o = DH1041 + DH1052
s o
3 50
Z 100
ES

-150+
10410310210 10° 10" 102 10°
DH1041 concentration (ng/ml)

no effect

-

~ '3+ DH1047
RBD

neutralizing neutralizing

In ACE2P°® FcyR™9 cells
In ACE2"*9 FcyRP® cells

neutralizing neutralizing

enhancing enhancing enhancing enhancing

g
DH1050.1 + DH1053
NTD NTD

In ACE2P°® FcyR™9cells neutralizing enhancing
In ACE2"*9 FcyRP°® cells

Top
View

Side
View

SARS-CoV-2
S trimer

Antibody
Binding region

no effect no effect

DH1043 + DH1047 + DH1050.1

RBD RBD NTD

neutralizing neutralizing neutralizing

Top
View

Side
View

SARS-CoV-2
S trimer

RBD RBD NTD

neutralizing neutralizing neutralizing

enhancing enhancing no effect enhancing enhancing no effect

v B
22 2 4

DH1043 + DH1052

1:132 1:1325
§'° §' © DH1043
g % g % = DH1043 + DH1052
3 50 3 50
Z 100 Z 100
X X
50

-150;
104103102101 10° 10! 102 103
DH1043 concentration (ng/ml)

-1
104103102101 10° 10! 102 10°
DH1043 concentration (ng/ml)



SARS CoV-2
S-2P trimer

0.

¥ DH1043

J¥L SARS Cov-2
S-2P trimer

SARS CoV-2
S-2P trimer

SARS CoV-2
S-2P trimer

SARS CoV-2
S-2P trimer




B

Body weight

C

Survival

110
MAb injection * 2 1 © DH1052 (n=10) 100
(] 2 4nn © CH65 (n=9) _
Viral load quantification \ 4 € 90 '\./; 5 oU
o w
£ ° 2 40 + DH1052 (n=10)
C l_//\ Hours -12 0 96 g 80 20 CH65 (n=9)
Aged BALB/C mi o
ge C mice X 704 . . . . 0 . . . .
0o 1 2 3 4 0 1 2 3 4
Days post-infection Days post-infection
D H score E Viral titer F Subgenomic RNA
0 4 o 108 S1012 % E G R
3 ° 3 0 104 ege ° 51010  *kx *
3 34 =8 o 0 ©® 2 = P o
(&S] ——
g} eeo o S 5 103 2‘3‘! 5108 € o °o®
821 oo S a A © ’ e
E 1) 000 g’a 104 % 1064 °
§ 1 o0000 2L o1 % 104
< o LOD @
0 y 100 . y 10— y Lo
c}z‘@ Qi‘gb o‘z‘% %\Q% \2\6\2\@‘0 0\2\@\2\@@
Q Q Q Q
G H Day -5 serum I Day 2 serum
P 103 103,
MAD infusion = -
(10 mglkg) v E , E , o
SARS-CoV-2 + 210 g 107 oo &
challenge ) o )
(10° PFU) > 10 S 101 T °
c C
Viral load g .o g .ol
quantification * + + 2 10 2 10
Cynomolgus macaque  Days 5 3 0 2 4 10— 10-1-—.—.—.—
(n=5 per group) Q\éo » qu’ Q‘b %Q\ g
PN o“\ pRS &
Q Q
J Pseudovirus K Live SARS-CoV-2 L Lunginflammation [\f] Lung viral Ag
ns
105 * 108 2 o 10 ° o 10
c o < ° IS} 8
%%104 8% 3 8 o ) c 8 g
a5 e a5 102 o8 S 6)e0 — w 6
£ §10 EF g |°° ° o
2 9 2 9 E 44 ° 5 4
S s S s £ 3 °
5102 ns 9 1 ns S o ** O ol oo *x **
v101 & @ =10 e hd = 0 oo < 0 o o
- —|—|—|— — -
O N & D & o N & o N g
0\2\% Q”QQ\QQD \2\"0 \2\'\66 O\z\‘b\Q("QQ{\Q% 0\2\6\099 \2\'\60
0~2~ Q 0~2~ Q 9 X ©
N sgRNA E in BAL 0 sgRNA N in BAL
< 105, D2 5 105, DAV 4 5 5 100, DAV4
£ E £ E
g 10%  ns 8 108 3 & 10
a ° a Q g o ns
8 q04{ 8 x S04 o 8 8o © T s
W 8 o w @ z z o °
%103- . %103__nS % %103@)_
8) 102_ .............. -N~"|._OD % 102 a)-&LOD 87 8’ 102 """"""" -U-NI'.OD
O N & SR &SN &
S S SO
9 X ° 9
P sgRNA E in nasal swab Q sgRNA N in nasal swab
,_g 108 Day 2 ,_g 108 Day 4 ,_g 108 Day 2 g 108 Day 4
% 107 % 107 % 1071 80 ns 5 107
9 108 Q2 106 Q0 108] = Q 106 ns
o3 80 ns o3 ns e O *% O9 3 o e
S 105 — * o £ 108 ° 2105 © e o S 105 = *
o ]
Y104 8 o e° 'ié1o48_of. Z 104 o — <Z(1o4oo'._
& 10 £ 1048 = g 108 T g 103 o=
-.-
[ - 00 [ - 500 [ I 8. .00 > .
@ 102 @009 op @ 102 @0 op @ 102 @0 op @ 102" @@ @@ op
o N O o N O O N O '\ 9
ST ST ST 0‘2‘ Sk
NS X SURSS &
& Q N Q



Prophylactic administration
MADb injection ;
SARS-CoV-2 Challenge ;
|
~—~" Hours -12 0

Aged BALB/c mice

48

Lung SARS-CoV-2 titer

1077 %
— *%
§ 8 106 (@) ® °
=29 10°
S5 A
S 3 104 °
2 10°
ae *k sk
10 B GHE
10— . . LoD
O N N0
W7 S
Q 0*2‘
— SARS-CoV
LBtCov_W|v1

BtCoV_SHC014

0.240 o5 HCoV_229E
0.171 HCoV_0C43

- 0.153

— MERS-CoV

0.071
BtCoV_RaTG13
SARS-CoV-2

PCoV_GX-P4AL oK

D

Spike
SARs-Cov-2| RED
NTD

2 S2
3 SARS-CoV
) MERS-CoV
£ BtCoV_SHC014
§ BtCoV_RaTG13
5 PCoV_GX-P4L
© HCoV_NL63
HCoV_229E
HCoV_HKU1
HCoV_0C43

Therapeutic administration
MADb injection
SARS-CoV-2 Challenge {

Hours 0 12 48

Aged BALB/c mice

Lung SARS-CoV-2 titer

107 o
_A,]Oso_ ns
X R
= 9 5
§E1O *.
S 3 104 ® *%
o ) ® e
s 103
oo )
10 e oo
10— NN .
Q\é”gb‘ o P
XN F S
0\2\%\'\0
Q
RBD RBD NTD NTD S2
Site A Site B Site A Site B
< & S S ST N0 ¥ 00 W0 W
O O O O O O «~ O O O o o
IIIIIIIIIIII
OooobobooooaDo
Log
AUC
20
15
10
5

I I

Binding

E Cross-reactivity
Antibody | Epitope
DH1046 | RBD
DH1047 | RBD
DH1072| RBD
DH1193 | RBD
DH1057 S2

Prophylactic administration
MADb injection |,

WIV1-CoV Challenge
Lung viral load
le\ Hours -12 0
HFH4-ACE2
transgenic mice

Lung WIV1-CoV titer

v

48

108
EZ 10 2o
+ O
=% 104
g5 10
> QO
o5 103
S
3&102 * Hk
- --See0---8888-
101 . . . LOD
S © 0
K N0

G

Cross-neutralization i Non-reactive
Reactive
SARS-CoV-1 Bat CoV WIV-1 o
Neutralization
ICsy ICg ICsy  ICg titer (ug/mL)
0.316 | 0.347 2.202 ;%?10 ]
0.154 | 0.169 1.120 011
>50 >50 0.610 | 5.553 1-10
19.160 | 31.400 3.605 | 28.054 10-50
>50 >50 9.618 | 47.777 >50

Therapeutic administration
MADb injection ¥
WIV1-CoV Challenge

ClLu%ngviral load
0 12 48

HFH4-ACE2  1ours
transgenic mice

Lung WIV1-CoV titer

108
Q;g 105 o0
g 10 :
> QO —— *
22 10% o S e
a2 0 —
10 — 00O
101 LOD
O © A
9



MADb infusion
(10 mg/kg)

challenge
(10° PFU)
Viral load

quantification

)\

\

Cynomolgus macaque  Days
(n=5 per group)

Pseudovirus

O
m

-5

N |
s €

-3 0

Live SARS-CoV-2

10° o 10%
= 00 =
o o *%
3 =104 8 ® o o 3] P
33 ST
E 810 x N EZ | Pl .
35 g 510 &
@ 3102 8_8 o '8 ns %
Toee 10! e oo
10 T T T T T T T T T T
S5 N > o A O N O o A
DT > > ©° > > > N>
0‘2@ Q\r@ Q\'\Q Q\\Q ‘2\,\0 3 Q\'\Q Q\\Q Q\\Q Q\\Q
AR ONEE V) OO
H sgRNA E in BAL
Day 2 Day 4
= 108, y 3 108 y
£ £
@ 105 8 10°
r (o] * a
8 104 £ 0 8 4ot
w o w oo
< 103_ *% ) < 103 ns
5 @ Kk — sk é — ® s ns ns
% 102_ ................. -%OQO-LOD 8" 102 &}*@@-LOD
6 N O o A 6 N & o A
0\2@ &K 0\2\@\2\@»‘\2\&»‘%\&%@»‘
0~2~ o‘z‘ o‘z‘ o‘z‘ AR OER VRN
J sgRNA E in nasal swab
Day 2 Day 4
’_ET 108 :IE\ 108,
2 107 2 1071
S 10% 0 ¢ ns ‘s 108
Q o [5) Q
£ 105 — 0o < 105 ns
(@] - e [}
g 104 © . g 104 & >
r 103 k% KK o ¥ 103 8 %% *+ o __
8) 102 -@Q .......... .LOD 8" 102_ 5 Q ~LOD
6 N > o A 6 N & o A
U NN N R R
° Q\\Q \2\,\0 Q\Q Q\\Q 0‘3‘% Q\\Q \2\'@ \2\\0 Q\\Q
OO0 OO0

B Day -5 serum C Day 2 serum
3 3
~ 10% ~ 10%
= B
= =z )
)
S 101 S 101 T °°
c c
® (O]
E 100 E 100
o o am e o @ o Lop
S N > O A O N O O A
O > X X 3 ) X X
S Q\'\Q Q\\Q Q\'\Q Q\\Q 0‘2@ Q\\Q Q\\Q \2\'\0 Q\\Q
AR O ONA) AV OV OV O
F Lung inflammation G Lung viral Ag
ns
o 10 [€) g 10
3 8 ® % 8 o
2 o c o)
S 6lao * & S 6
® o0 @ o __ **x ®
E 4 ° ® 5 4
g __ee o ee 3 S) *
= 2 e® ©¢ © — o 2100 @ k%
£ e o o o b *% ** 0o @
0— T T T @ Ot e=oo—um—
O N v o A O N 9 O A
() X W X > X
S \2\\0 \2\\0 Q*\Q Q*\Q 0‘3‘% Q\'\Qb‘ Q\\Q Q\\Qb‘ \z\'@b‘
OO 9 AR OO
| sgRNA N in BAL
Day 2 Day 4
’_ET 106, y ns :.E‘ 108 y
£ %e £
2 105 - ° 8 108
a ) 3 o)
S 104 © o S 10t
pd . z s ns
% 103 e © O k% % 10% oo sk 4% %%  xk
o=
8) 102_ ................. ~moo LOD 8‘) 102 -@oo-LOD
e N > © A 6 N o A
\2‘\2) Qv Qb‘ Qb‘ Qb‘ \2@ QV QV QV QV
O \2\'\ ‘?‘\ \2\'\ \2\'\ O ‘2‘\ \2\'\ ‘2‘\ \2\'\
OO QO IOEE QRO
K sgRNA N in nasal swab
Day 2 Day 4
T 108 = 108
% 1071 S o ns % 1071
3 108 o o0 3 108 *
o
§ 105 © el § 105 oio ns @
)
Z 104 o 104 & >
E 1034 * *F O _;_ § 1031 Kk dk _
8" 102_I-I 44444 o I 44444444444 IWT_‘OD 8’ 102_ ; ’ : ; I*“LNOD
O N v O A O N 9 O A
L& L F > >
O O
AOEROEEOEEY IOERONEONRY



A Symptom NP Swab Viral Load Serum neutralization
5= D11 ;s -
2" o tow £
g [ §‘ L
g g8 =
o o o LN ) © 5 10 15 2 2 3 % 4
Dayé nce Symphoni Oneet Days Since Symptom Onset
D . .
2 w w b
g & a 5
) g &1: 0% | 2 060
< ¢ £ . 2
2 £ 3 P s
8 L @ oo i 3
o [4
CD27 PE-Cy7 Spike-2P APC NTD Alex Fluor 647 NTD Alex Fluor 647
SARS-CoV-2 RBD antibodies
E RBD antibodies F Neutralization titer (ICs,) Neutralization titer (ICgo)
W e 19
= 105 5 10
g g
£ 4] e £
2 2.
8§ 01 8
T o £y
. °
B Neutalizing (n = 44) ‘SARS-CoV-2 D614G SARS-Col-2 D614G
[0 Non-neutralizing (n = 37) Pseudovis Pseudovirus
G Microneutraiization titer PRNT titer (ICs;) PRNT titer (1C,) || ACE2 blocking titer (ICyq)
1 1
o 10( 100 100 %
E 0 210 000%° 510 Q%&b = 10 —_
s E E E
S £ % g
g 21 Sea 2, % 2, ®
5 F 8 o 8
H i o, S Q> g ‘
01 o— 01 0.1 @ 0.1
: a8 ° s
o
SARS-CoV-2 SARS-CoV-2 SARS-CoV-2

ACE2-Spike blocking

PV neutraization ICyg (gim)

Pseudovirus neutralization titer
vs. ACE2 blocking titer (n=59)

g g e

001

o1
ACEZ blocking ICss (g/mi)

SARS-CoV-2 NTD antibodies

100

‘SARS-CoV-2 neut. titer (yg/mi)

SARS-CoV-2 micro-neutralization
titer vs. ACE2 blocking titer (n=80)

r=07375
P <0.0001

01
ACE2 Bloeking ICs, (ug/mi)

100

K NTD antibodies L Neutralization titer (ICs;)  Neutralization titer (ICgg)
100, 100,
50 oo 50| eu—==—
g 104 ° % 104
) )
S 21
K K
0.1 0.1
8 Neutralizing (n = 10) 'SARS-CoV-2 D614G 'SARS-CoV-2 D614G
0 Non-neutralizing (n = 31) Pseudovirus Pseudovirus
M microneutraiization tter PRNT titer (ICyg) PRNT titer (ICgq)
1 1 100;
50 © 5 10 5 104
2 z o
3
g ] 8 0~6%
g £ )
€ 0.1 0.1 0.1
H

SARS CoV-2

SARS CoV-2

SARS CoV-2
Replication competent virus.



A

RBD infection-

g
enhancing antibodies © i

B

RBD non-infection-
enhancing antibodies

Cc

NTD infection-
enhancing antibodies 3

D

NTD non-infection-
enhancing antibodies

?

Pseudovirus / RBD NAbs

Strep Control —— SARS-CoVS —+— Pangolin CoV GXP4L S
SARS-CoV-2 S —+— SARS-CoV RBD —— Bat CoV RsSHC014 S
SARS-CoV-2 S-2p SARS-CoV S1 —— BatCoVRaTG13 S
SARS-CoV-2 NTD —s— MERS-CoV S HeoV NL63 S
SARS-CoV-2 RBD/293 —+— MERS-CoV RBD —o— HcoV 229E §
SARS-CoV-2RBD/sfO  —s— MERS-CoV S1 HeoV HKU1 8
SARS-CoV-2 S2 —+— MERS-CoV S2 —e— HcoV OC43 S
DH1043 DH1041 DH1046 DH1047
e “ <
3 B
i’
8 8
i
oo 0a1 01 1 0 1w “odur o o1 1t w0 oo gor 01 & 10 100 [T
Ab (ugimi) Ab gy Ab (g Ab (ugiml)
DH1042 DH1044 DH1045
e
B
2
i
ol sracace ol
od oot o1 1 10 0 odoi 601 o1 & 18 100 og0r 001 01 1 10 160
Ab (ug/mi) Ab fugimi) Ab (ugimi)
DH1052 DH1053 DH1054 DH1055 DH1056
“ s . 4 e
5 B s 5 3
> g g, . g
8 8 8 8
* . E + E
M T T O osr om o1 1 w1 0 001 01 1 10 10 oo 008 01 1 0 10 odot 001 01 1 10 160
Ab (ugimi) Ab (ugim) Ab(ugimi) A (ugimi) Ab (ugim)
DH1048 DH1049 DH1050.1 DH1050.2 DH1051
3 B s B
: i g i
8 s s
+ i v + /
o S o e T M T s e R i
A (ug/mi) Ab gy Ab g Ab (gimi) Abfug/mi)

F

SARS-CoV-2 replication

«competent virus / RBD NAbs

100 100 ———g— 100 100
g 5 5 8 5@ 80
3 e _’E 80 8 e 3 &0
i T T
S o 3 3 4 3 wfa
2 2 2 2
® 20, ® 20, ® 20 ® 20
o o o o
000t 001 041 1 10 100 0001 001 01 1 10 100 0001 031 01 1 1o 100 0001 001 01 1 10 100
Ab concentration (ug/mL) Ab concentration (pgimL) Ab concentration (g/mL) Ab concentration (g/mL)
DH1041/RBD DH1041/RBD -+ DH104ONTD ~r DHI049NTD
- DH1043RBD = DHI043RBD & DHI048INTD & DHI04BINTD
- DH1042RBD © DH1042/RBD & DH1050.2NTD & DH10502/NTD
& DH1044/RBD S DH1044/RBD -+ DHI05UNTD -+ DHI0SINTD
- DH1045/RBD ¢ DH1045/RBD & DH1050.1/NTD -4 DH1050.1/NTD
SARS-CoV-2 replication SARS-CoV nLuc replication - i
| Pseudovirus / Cross-reactive NAbs J o e K ; D ks L Bt WiV Sov n-uc replleaton
s
100 100 100 100
g 5 % g ® 5
8 &0 3 e ERC g 60
£ {o . 1 -
40 40
2 2 2 2
® 20 ® 20 £ 2 ® 20
o 2 o B o o
0001 001 04 1 10 100 o001 001 01 1 fo 100 000t 001 01 1 10 1% 00t 001 01 1  fo 100
Ab concentration (pg/mL) Ab concentration (gimL) Ab concentration (yg/mL) Ab concentration (pg/mlL)
-+ DH1047/RBD -+ DH1047/RBD -+ DH1047/RBD ~ DH1047IRBD
- DH1046/RBD - DH1046/RBD - DH1046/RBD -+ DH1046/RBD
-+ DH1072/RBD = DH1072/RBD - DH1072R8D -8 DH1072RBD
DH1193RBD DH1193/RED DH1193RBD DH1193/RBD

Pseudovirus / NTD NAbs

SARS-CoV-2 replication
competent virus / NTD NAbs




DH1041 DH1042 DH1043 DH1044 DH1045 DH1047

[’y

D DH1048 DH1049 9 DH1050.1 a DH1050.2 p DH1051 ?

DH1054 DH105055 DH1056

¥

DH1050.2
4

DH1051
S




A

D

DH1052 only B  DH1041+ DH1052 1:13 DH1041 + DH1052 1:13250
< 100 < 100 < 100 © DHIOA
% SiDH10=2 § 50, .#/" ‘E 50, = DHI041 + DH1052
g T T %

310 3 -0 3 <o
2 2 2
% =00 =100
GG G o0 1o 1 0 GGG 15 107 13 160 10t GGG 108 167 167 107 100
DH1052 concentration (ng/ml) DH1041 concentration (ng/ml) DH1041 concentration (ng/ml)
C DH1043 + DH1052 1:13 DH1043 + DH1052 1:13250
. b 5 100 ® DH1043
g g # DH1043 + DH1052
N N
s T 1
5 0 3 5o
Z 100, =100
& x
1010102101109 10" 102 10% 104 T 10410%10210110° 107 102 10° 10*
DH1043 concentration (ng/ml) DH1043 concentration (ng/ml)
Comparison of RBD vs NTD
RBD and NTD IgG binding titer serum binding titer
Q15 100
3 1]
< £8 g
(=2 o,
S 104e8 2260
Py [oRS] ° ° o
Z o< T °®
s . gs 40 e § e
j=2) [] L
£ s 0 o =E 2 <
g o o o % <z -] *
& (<] ® o8 o 0 ®
0 T T T T T T — T F——
0 3 7 14 21 28 60 0 3 14 21 28 60
Study visit day Study visit day
Serum antibody blocking of NTD and RBD antibodies
80-
. .
_ K3 .
=60 . . K . s . .
~ . . . H .
2 T . :
<40 . . "
S : :
k<] :
@20
o)
Study visit day
SARS-CoV-2 WT SARS-CoV-2 2AA MA SARS-CoV-2 MA10
§100 § 100 5100
g 0 g 80 g s0
£ £ o g < biitaer
5 5 s
2 4 2 f 2 40 o DH1050.1
< 2 < 2 < 2
[ [ 0—o-0-0ro-0ro-0ro=2,
104 103 102 10" 10° 10 104 102 102 107 10° 10' 104 103 102 10" 109 10!
Concentration (ug/ml) Concentration (ug/ml) Concentration (ug/ml)
100, SARS-CoV2WT 100, SARS-COV-22AAMA . SARS-CoV-2 MA10
c c <
S 80 S 80 S 80
g 60 § 60 g 60
_% b % o T§ 20 o CHe5
£ 2 £ 2 £ 2 M - DH1052
3 o 3 o 3 o
= Z =
=20 =2 =%
103 102 10" 10° 10! 10 102 107 10° 107 102 102 101 10° 10!

Concentration (ug/ml)

Concentration (ug/ml)

Concentration (ug/ml)



SARS-CoV-2
antigen IHC

Group

: DH1052

Group
Animal

m

DH1050.1

Animal: P336IK

Group

CH65 control
BB785AE

Animal

BB536A

} » & LIRS A
lassically activated; M2 = alternatively activated; M1/M2= characteristics of both

CD163 (M2) MHCII (M1) IBA1 (M1/2)

[

S

el

X A ho it ¢
; ool B
= 7 C¥EAS S e

M1 =classically activated; M2 = alternatively activated; M1/M2= characteristics of both




A DH1052 high dose (30 mg/kg) *

SARS-CoV-2
challenge *
(10 PFU)
Viral load + * *
quantification
Cynomolgus macaque Days 5 -3 0 2 4
(n=6 per group)
B sgRNA E in BAL C SgRNA N in BAL D Total viral RNA E in BAL
Day 2 Day 4 Day 2 Day 4 Day 2 Day 4
108 108 o7 ~ 10°
£ £ £ ns E 108 ns
3 108 ns 3 108 3 108 3 8101
g | o g 8108 ® §1% 8 o
w 104 w 104 z = 105
3 < < 104 TgB © < L.t
Z o T e P4 3 ns z ° e a
2103 g o Z 10 2l o 22 5 10
e —o- @ ol @ ° S 102
o2k -iop g2l -&Re® - LOD 102k @-@--LOD 101 LoD
) 3 ) %)
& & & Q:‘Q@, & & & &
© O © 9 N © O
@CS (§49 é@ c§® @S (§49 &Q q“g
S & N S & NN
Y LY Y LY
E sgRNA E in nasal swab F sgRNA N in nasal swab G Total viral RNA E in nasal swab
Day 2 Day 4 Day 2 Day 4 Day 2 Day 4
107 * 107 108, NS 108 ~ 10°
= = = o = ns £ 108
Eqoe] E 408 E107] B E0y —— £ 10 _ns_
2" 28 g0 s 2. | T ee = o 8 8107 .3
S 105: TE e 3 105 B 3 108 5] ° 8 108 - ° & 106 -HJ— 8
wo | g ° wo | = = 108 '’ Z 105 T < 15| =98 ges
< 10 . < 10 0o < 00 - < 44 8% 5T Z 100
4 ° © s © o © ° = 103
2 10° ° 2104 87 — 2 103 % 103 g 2
) LoD Jyv B 00--LOD 10 s . i65 >101.,..,........_LOD
)
0\2@@ NS;L Qgge @(,;\, 8 & R \Q(.;L Q@‘o \ggv
3 SRS O SRS O K
© O & O © 9 © O O
& &Q’\“ & N %Q@Q & & ¢ Q@Q &g*
N S Q S S
H Lung inflamation I
30 mg/kg
DH1052
30 mg/kg
CH65
J Lung viral Ag K
o 10
8
® 8 30 mg/kg
c
S g DH1052
% ns
24
x o
‘l.’, 2{oo e
< o
¢ o &
I
& o
& & 30 mg/kg
NP CHeé5




«&Q‘Q’Q@
\\}(\



Cynomolgus macague

10 mg/kg
5 mglkg
1 mg/kg +
0.1 mgkg
SARS-CoV-2
challenge +
(10°PFU)

DH1047

qwaioaion ¥ R

Days 5 3 0 2

(n=5 per group)

D

sgRNA E in BAL

Day2 Day 4

108 © 108
£ oo .
310 .z
§1g » ° 8
w104 o e ° w10t
< H * o g =
& 10° & 10
2 . ? — ns ns ns 7

B - ® o Ih e s = ek oo

SN W W WY Y
SIS

C LS
S g‘t@%«é&
N N
i

LSS S
o LK
©
NN
® &
RO
Q

sgRNA N in BAL
Day 2

Day 4

sgRNA E in nasal swab

Day 2 Day 4
107 . 107,
- ns -
f1a, T oo 109 -
a L ° o L]
5ol L . B ns s
8 101 v oege2 8108 s, T
w s e ¢ ° w noe .
swofe . e gyt &
By T Sl T .0
.o o - 59
LIS SS SRS E S
R E K O XX K
R 2 Ry
DCEOS S G

sgRNA N in nasal swab

Day 2 Day 4
108 108 ns
E 107 E 107
%m %10 e ns Ns
g 10 § 108 v o %%
Z 108 Z10 22 e " oan
< <
2 108 £ 100
2 103 2 108
O
Qd\ Jf\o
N
S Q@é*&@ OO &
o S S

H

Day 2 serum

Human IgG (ug/mL)

Inflamation score

B R
GHBES ctrl
B

Live SARS-CoV-2

Serum ID50

T
,s:"‘,\b“&o“x@‘
o K KL S
TN
CTSSES

Lung viral Ag

3

L]

®
mm Rk KK kR ke

Ag expression score

PRI Y
o0 S P
RS

tomgkg
/CH65ctrl

10 mg/kg
DH1047 -




1. Cryo-EM data collection and refinement statistics.

24MFK 30MFK 35MFK 113KJ 26MFK
DH1041 DH1052 DH1047 DH1043 DH1050.1
PDB ID TLAA 7LAB 7LDI1 7LIR 7LCN
EMDB ID EMD- EMD- EMD- EMD- EMD-
23246 23248 23279 23400 23277
Data Collection
. FEI Titan FEI Titan FEI Titan FEI Titan FEI Titan
Microscope Krios Krios Krios Krios Krios
Voltage (kV) 300 300 300 300 300
Electron dose (e'/AZ) 65.94 66.71 66.77 66.77 65.09
Detector Gatan K3 Gatan K3 Gatan K3 Gatan K3 Gatan K3
Pixel Size (A) 1.058 1.058 1.058 1.058 1.058
Defocus Range (pum) ~0.75-2.50 ~0.75-2.50 ~0.75-2.50 ~0.75-2.50 ~0.75-2.50
Magnification 81000 81000 81000 81000 81000
Micrographs 7362 9375 3440 1900 2154
collected
Reconstruction
Software cryoSparc cryoSparc  cryoSparc cryoSparc cryoSparc
Particles 151,384 143,4115 127,401 133,814 426,025
Symmetry Cl1 Cl1 Cl Cl1 Cl1
Box size (pix) 350 350 350 350 350
Resolution (A) (FSC 0.143)" 3.42 297 3.4 3.66 3.35
Refinement (Phenix)
Protein residues 2994 4194 4251 3378 4296
Chimera CC 0.72 0.77 0.79 0.68 0.73
R.m.s. deviations
Bond lengths (A) 0.014 0.014 0.012 0.012 0.013
Bond angles (°) 2.235 1.958 1.920 1.899 2.006
Validation
Molprobity score 1.99 1.25 1.41 1.17 1.53
Clash score 2.19 0.40 0.15 0.23 0.42
Favored rotamers (%) 96.62 98.41 97.65 98.88 97.48
Ramachandran
Favored regions (%) 88.15 92.97 89.16 90.03 89.05
Allowed regions (%) 10.38 6.50 9.23 9.15 9.36
Disallowed regions (%) 1.47 0.54 1.61 0.82 1.59
EMRinger score 2.68 3.24 2.71 1.95 2.09

*Resolutions are reported according to the FSC 0.143 gold-standard criterion



2. Cryo-EM data processing details.
A

Representative micrograph CTF fit

Representative 2D class averages
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2. Cryo-EM data processing details. (left) Representative micrograph, (middle) CTF fit and
(right) Representative 2D class averages for (A) DH1041-Spike-2P (S2P) complex, (B)

DH1043-S2P complex, (C) DH1047-S2P complex, (D) DH1050.1-S2P complex, (E) DH1052-
S2P complex.



3. Global and Local map resolutions for DH1041/S-2P complex.
A DH1041 Fab boundto S-2P with 1 RBD in “up” position
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C DH1041 Fab bound to S-2P with 3 RBDsin “up” positions

GSFSC Resolution: 3.414
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3. Global and Local map resolutions for DH1041/S-2P complex. (A) Cryo-EM reconstruction of
DH1041 bound to 1-RBD-up 2P spike. Top row show refined map and FSC curves. Bottom row shows
refined colored by local resolution. Zoomed-in view of the S2 region is shown on the right with cryo-
EM map shown as blue mesh and underlying fitted model as sticks and colored by element (B) Cryo-
EM reconstruction of DH1041 bound to 2-RBD-up 2P spike. (C) Cryo-EM reconstruction of DH1041
bound to 3-RBD-up 2P spike.



4. Global and Local map resolutions for DH1043/S-2P complex.
A DH1043 Fab boundto S-2P with 1 RBD in “up” position

]

00 o 00 -
DC 190 93i s2( asi 374 3L 280 230 OC 190 930 s2i asi 374 3L 26l 230

35A

4. Global and Local map resolutions for DH1043/S-2P complex. (A) Cryo-EM reconstructions of
DH1043 bound to 1-RBD-up 2P spike Top two rows show refined maps, bottom row shows the FSC
curve for each corresponding map. (B) Left. Refined cryo-EM map that was used for model building
colored by local resolution. Right. Zoomed-in view of the S2 region with cryo-EM map shown as
blue mesh and underlying fitted model as sticks and colored by element. (C) Zoomed-in view of the
DH1043 interface with RBD. The cryo-EM map is shown as a blue mesh with underlying fitted
model shown in cartoon representation, with the DH1047 HCDR1 loop colored yellow, HCDR2
colored limon, HCDR3 cyan, and LCDR3 light blue.



5. Global and Local map resolutions for DH1047/S-2P complex.
A DH1047 Fab bound to S-2P with 3 RBDsin “up” positions
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5. Global and Local map resolutions for DH1047/S-2P complex. (A) Cryo-EM reconstructions of
DH1047 bound to 3-RBD-up 2P spike. Top two rows show refined maps, bottom row shows the FSC
curve for each corresponding map. (B) Left. Refined cryo-EM map that was used for model building
colored by local resolution. Right. Zoomed-in view of the S2 region with cryo-EM map shown as blue
mesh and underlying fitted model as sticks and colored by element. (C) Zoomed-in view of the
DH1047 interface with RBD. The cryo-EM map is shown as a blue mesh with underlying fitted model
shown in cartoon representation, with the DH1047 HCDR1 loop colored yellow,HCDR2 colored
limon, HCDR3 cyan and LCDR1 orange.



6. Global and Local map resolutions for DH1050.1/S-2P complex.

GSFSC Resolution: 3.354
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6. Global and Local map resolutions for DH1050.1/S-2P complex. (A) Cryo-EM reconstruction of
DH1050.1 bound to 3-RBD-down 2P spike. (B) Fourier shell correlation curves. (C) Left. Refined
cryo-EM map colored by local resolution for the DH1050.1 bound to 3-RBD-down 2P spike. Right.
Zoomed-in view of the S2 region with cryo-EM map shown as blue mesh and underlying fitted model
as sticks and colored by element. (D) Cryo-EM reconstruction of DH1050.1 bound to 1-RBD-up 2P
spike. (E) Fourier shell correlation curves. (F) Refined cryo-EM map colored by local resolution gor
the DH1050.1 bound to 1-RBD-up 2P spike.



7. Global and Local map resolutions for DH1052/S-2P complex.

GSFSC Resolution: 2.814
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7. Global and Local map resolutions for DH1052/S-2P complex. (A) Cryo-EM reconstruction of
DH1052 bound to 3-RBD-down stabilized Spike “2P” (S-2P). (B) Fourier shell correlation curves. (C)
Left. Refined cryo-EM map colored by local resolution for the DH1052 bound to 3-RBD-down S-2P.
Right. Zoomed-in view of the S2 region with cryo-EM map shown as blue mesh and underlying fitted
model as sticks and colored by element. (D) Cryo-EM reconstruction of DH1052 bound to 1-RBD-up S-
2P. (E) Fourier shell correlation curves. (F) Refined cryo-EM map colored by local resolution for tHe
DH1052 bound to 1-RBD-up S-2P.



