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Abstract

Cell entry by SARS-CoV-2 requires the binding between the receptor-binding domain (RBD) of the viral
Spike protein and the cellular angiotensin-converting enzyme 2 (ACEZ2). As such, RBD has become the
major target for vaccine development, while RBD-specific antibodies are pursued as therapeutics. Here,
we report the development and characterization of SARS-CoV-2 RBD-specific VuH/nanobody (Nb)
from immunized alpacas. Seven RBD-specific Nbs with high stability were identified using phage
display. They bind to SARS-CoV-2 RBD with affinity Kp ranging from 2.6 to 113 nM, and six of them
can block RBD-ACE?2 interaction. The fusion of the Nbs with 1gG1 Fc resulted in homodimers with
greatly improved RBD-binding affinities (Kp ranging from 72.7 pM to 4.5 nM) and nanomolar RBD-
ACE?2 blocking abilities. Furthermore, fusion of two Nbs with non-overlapping epitopes resulted in
hetero-bivalent Nbs, namely aRBD-2-5 and aRBD-2-7, with significantly higher RBD binding affinities
(Ko of 59.2 pM and 0.25 nM) and greatly enhanced SARS-CoV-2 neutralizing potency. The 50%
neutralization dose (NDso) of aRBD-2-5 and aRBD-2-7 was 1.22 ng/mL (~0.043 nM) and 3.18 ng/mL
(~0.111 nM), respectively. These high-affinity SARS-CoV-2 blocking Nbs could be further developed
into therapeutics as well as diagnosis reagents for COVID-19.

Importance

To date, SARS-CoV-2 has caused tremendous loss of human life and economic output worldwide.
Although a few COVID-19 vaccines have been approved in several countries, the development of
effective therapeutics including SARS-CoV-2 targeting antibodies remains critical. Due to their small
size (13-15 kDa), highly solubility and stability, Nbs are particularly well suited for pulmonary delivery
and more amenable to engineer into multi-valent formats, compared to the conventional antibody. Here,
we report a serial of new anti-SARS-CoV-2 Nbs isolated from immunized alpaca and two engineered
hetero-bivalent Nbs. These potent neutralizing Nbs showed promise as potential therapeutics against
COVID-19.

Keywords: SARS-CoV-2; COVID-19; Nanobody; Antibody; Alpaca; Hetero-bivalent.
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Introduction
Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 has resulted in tremendous health and
economic losses worldwide. SARS-CoV-2 belongs to the betacoronavirus genus, which include two
other significant human pathogens, the Severe Acute Respiratory Syndrome (SARS-CoV-1) virus and
the Middle East Respiratory Syndrome (MERS) virus, first emerging in humans in 2002 and 2012,
respectively [1-4]. Currently, several COVID-19 vaccines have been approved for emergency usages by
several countries [5, 6]. Remdesivir [7] and dexamethasone [8] have also been approved for treating
COVID-19 under emergency use authorization. To more effectively combat COVID-19 and prepare for
possible future pandemics, it remains essential to develop new effective drugs targeting coronaviruses.
Virus-specific antibody responses can be readily detected in sera of COVID-19 patients [9-12], and a
series of monoclonal antibodies (mAbs) that neutralize SARS-CoV-2 have been isolated from infected
individuals [13-18]. Both convalescent plasma and mAbs targeting SARS-CoV-2 have shown promise
as therapeutics for treating COVID-19 patients [19-21].  In addition to the conventional mAbs, a distinct
type of antibody fragment derived from camelid immunoglobulins, termed VVuH or nanobody (Nb), is an
attractive alternative for COVID-19 treatment. Compared to the conventional antibody, VuH is cheaper
to produce, has an enhanced tissue penetration, and is more amenable to engineering into multivalent
and multi-specific antigen-binding formats [22]. Moreover, Nbs are particularly well suited for
pulmonary delivery because of their small size (13-15 kDa), highly solubility and stability [23, 24].
Cell entry by SARS-CoV-2 requires the interaction between the RBD of the viral Spike protein and
the receptor ACE2, which is also the receptor for SARS-CoV-1[25-29]. The RBD of SARS-CoV-2 binds
to ACE2 with a Kp of ~15 nM, which about 10- to 20-fold better than that for SARS-CoV-1 RBD[30].
In this study, we report the development and characterization of seven anti-RBD Nbs isolated from
alpcacas immunized with SARS-CoV-2 RBD. Furthermore, two high-affinity hetero-bivalent Nbs were
developed by fusing two Nbs with distinct epitopes, resulting in antibodies with strong SARS-CoV-2
neutralizing potency.
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87  Results

88 Isolation of anti-SARS-CoV-2 RBD nanobodies from immunized alpacas

89  Our aim was to develop potent SARS-CoV-2 neutralizing antibodies with favorable biological
90 characteristics. Towards this goal, we immunized two alpacas 3 times with highly purified recombinant
91 SARS-CoV-2 RBD ( ). Total RNA was extracted from 1 x 107 PBMCs from the immunized alpacas
92  andused as the template for synthesizing cDNA. The VyH coding regions were amplified from the cDNA
93 and cloned into a phagemid vector, generating a library with about 1.6 x 107 independent clones. Phages
94 displaying VuH were prepared from the library with the helper phage and selected with SARS-CoV-2
95 RBD via two rounds of biopanning. Titration of the output phages after each round of panning indicated

96  that the RBD-binding phages were effectively enriched ( ).

97 After each round of panning, thirty-one individual phages were randomly picked and their RBD-

98 binding activity evaluated with phage ELISA. Nineteen and thirty phages were found to be positive for

99 RBD binding after the first and second round of panning, respectively ( ). Sequencing of the
100 positive phage clones after two rounds of panning revealed seven unique Nbs ( ), which were

101 named as aRBD-2, aRBD-3, aRBD-5, aRBD-7, aRBD-41, aRBD-42 and aRBD-54. All seven phages
102 can bind to the S1 domain of SARS-CoV-2 in ELISA, and one (aRBD-41) can also bind to SARS-CoV-
103 1RBD( ).

104

105 Binding characteristics of the identified hanobodies

106  The identified Nbs were expressed with a mammalian expression vector in 293F cells. To configure the
107 Nb into 1gG-like molecule, we fused the C-terminus of the identified Nbs to a TEV protease cleavage
108  site and a human IgG1 Fc in a mammalian expression vector. The homo-bivalent Nb-TEV-Fc fusions
109  were purified from the culture supernatant using protein A ( ). All of the Nb-TEV-Fc fusions
110  showed more than 100 mg/L yield after three days of expression (data not shown). To prepare Nb
111 monomers without the Fc, the fusion proteins were digested with the TEV enzyme (6His tagged) and
112 passed through protein G and Ni NTA column. Highly purified Nbs were obtained from the flow-through

113 ( ). The conformational stability of the seven Nbs were tested using circular dichroism, and the
114 results showed that they were highly stable in solution, with the melting temperature exceeding 70C
115 ( ).

116 The SARS-CoV-2 RBD-binding abilities of the seven Nbs were first verified using size-exclusion
117 chromatography (SEC). All seven Nbs formed stable complexes with RBD in solution ( ).

118 Furthermore, most Nb-Fc fusions demonstrated strong binding to both RBD and the entire ectodomain
119 (S1+S2) of SARS-CoV-2 spike in ELISA, with ECso of low nM. Compared to the human ACE2-Fc
120 recombinant protein, they bind to the RBD with a higher affinity ( ), while all but aRBD-42 bind
121  to the entire ectodomain of spike protein with a higher affinity ( ). In addition, we also tested the
122 binding ability between the 7 Nbs and a RBD variant that contains N501Y point mutation derived from
123 a recent new SARS-CoV-2 lineage that was rapidly spreading in UK [31]. As expected, N501Y variant
124 showed an enhanced binding activity with ACE2-Fc than original RBD. Interestingly, all of the 7 Nbs

125 exhibited similar binding activity to the variant and original RBD ( ).

126 The binding affinity of the Nbs to RBD were also measured using Surface Plasmon Resonance (SPR).
127 Six Nbs showed a high binding affinity, with Kp values of 2.60, 3.33, 16.3, 3.31, 21.9 and 5.49 nM for
128 aRBD-2, aRBD-3, aRBD-5, aRBD-7, aRBD-41 and aRBD-54, respectively ( ).
129 Consistent with ELISA, aRBD-42 had a relatively weak binding affinity with a Kp of 113 nM ( ).

130  The affinities of Nb-Fc fusions were also measured by SPR. Probably due to dimerization, they showed
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131  anenhanced binding capability, with Kp values ranging from 4.49 nM to 72.7 pM ( )

132

133 Nbs block RBD-ACE2 interaction

134  SARS-CoV-2 infection is initiated by the interaction of RBD and ACE2. To assess the ability of the Nbs
135 in blocking RBD-ACE?2 interaction, we performed competitive ELISA. Except for aRBD-42, which has
136  the lowest RBD-binding affinity, all other Nbs ( ) and their Fc fusions ( ) effectively
137 blocked the binding between ACE2-Fc and RBD in a dose dependent manner. Compare to monovalent
138 Nbs, Nb-Fc fusions showed enhanced blocking activities with 5 to 90-fold decrease in half-maximal
139 inhibitory concentration (ICso). The Nb-Fc fusions inhibited the binding of 10 nM ACE2-Fc to RBD with
140 ICso values at nanomolar level, consistent with their binding affinities.

141

142 High affinity hetero-bivalent antibodies constructed depend on epitope grouping

143 To find out whether the Nbs bind to overlapping epitopes, the ability of the Nbs to compete with each
144 other for ACE2 binding was studied with ELISA. The Nbs were serially diluted (ranging from 2.5 to
145 10240 nM) and used to compete with 5 nM of a Nb-TEV-Fc fusion to bind SARS-CoV-2 RBD coated

146 on plates ( ). The competition was summarized in . Based on these grouping and an
147  additional SEC results ( ), we engineered two hetero-bivalent Nbs, namely aRBD-2-5 and
148  aRBD-2-7, by connecting aRBD-2 head-to-tail with aRBD-5 and aRBD-7 through a (GGGGS)s flexible
149 linker, respectively. They were also expressed in 293F cells and purified as above ( ). SEC
150 indicated aRBD-2-5 and aRBD-2-7 were monomeric in solution ( ), and circular dichroism
151  spectrum analysis showed they were also highly stable in solution ( ).

152 The RBD binding activities of aRBD-2-5 and aRBD-2-7 were studied with SEC ( ) and
153 SPR. In contrast to the monovalent Nbs, the hetero-bivalent aRBD-2-5 and aRBD-2-7 showed a greatly
154  enhanced binding affinity, with Kp values of 59.2 pM and 0.25 nM, respectively ( ).
155  Similarly, their Fc fusions also showed an enhanced binding affinity, with Kp values of 12.3 pM and 0.22
156 nM, respectively ( ).

157

158 Hetero-bivalent Nbs exhibit potent neutralizing ability against live SARS-CoV-2

159  To assess the ability of the Nbs in neutralizing SARS-CoV-2, we developed a SARS-CoV-2 micro-
160 neutralization assay and assessed representative Nbs in this assay. Nbs that were serially diluted to
161  different concentrations were incubated with ~ 200 PFU of SARS-CoV-2 and inoculated onto Vero E6
162 cells in 96-well plates. The inoculum was removed after 1 hour, and the cells were covered with semi-
163  solid medium for 2 days, before the infection was assessed by an immunofluorescence assay utilizing
164  antibodies specific for SARS-CoV-2 N protein. Three representative monomeric Nbs, aRBD-2, aRBD-
165 5, and aRBD-7, showed only modest level of neutralization at antibody concentrations of 33 to 100 pg/ml
166 ( ). aRBD-2 was more effective than aRBD-5 and aRBD-7 in neutralizing SARS-CoV-2,
167  correlating with its higher binding affinity to RBD. By contrast, the dimeric Nbs showed greatly
168  enhanced neutralizing potency. The homo-bivalent aRBD-2-Fc, aRBD-5-Fc and aRBD-7-Fc exhibited
169  50% neutralization dose (NDsg) of 0.092 pg/mL (~1.12 nM), 0.440 pg/mL (~5.34 nM) and 0.671 pg/mL
170 (~8.02 nM), respectively ( ), again correlating with their RBD binding affinities.
171 Interestingly, the hetero-bivalent Nbs exhibited an even higher neutralizing potency than the homo-
172 dimeric Nbs. The fitted NDso for aRBD-2-5 and aRBD-2-7 is 1.22 ng/mL (~0.043 nM) and 3.18 ng/mL
173 (~0.111 nM), respectively ( ). The Fc fusions of the hetero-bivalent Nbs did not further
174 increase the neutralization potency. The NDso for aRBD-2-5-Fc and aRBD-2-7-Fc is 11.8 ng/mL (~0.107
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175 nM) and 6.76 ng/mL (~0.0606 nM), respectively ( ).

176

177  Discussion

178  The infection of epithelial cells by SARS-CoV-2 is initiated by the interaction between the Spike RBD
179  and ACE2 [25, 32]. Hence, RBD-targeting antibodies hold promise as prophylactics and therapeutics for
180 SARS-CoV-2. Here, seven unique Nbs were isolated from RBD-immunized alpacas and their CDR
181  sequences are distinct from other reported Nbs [33-41]. Four of the Nbs exhibited high affinity of low-
182 nanomolar Kp ( ), similar to recently reported natural [33, 34] and synthetic Nbs [35-37]. We also
183 measured the RBD-binding affinity of the Nb- Fc fusions. Due to the bivalent nature and ~6-fold increase
184 in the molecular weight, most of the Nb-Fc chimeric antibodies showed a higher affinity (Ko ranging

185 from 72.7 pM to 4.5 nM) than their monomeric counterparts ( ). This affinity is even higher than
186  that of some monoclonal antibodies isolated from lymphocytes of convalescent COVID-19 patients [16-
187 18]

188 Except for the Nb with the lowest affinity for RBD (aRBD-42; Kp of 113 nM), the other six Nbs are

189  all capable of blocking the interaction between ACE2 and RBD. aRBD-2, aRBD-3 and aRBD-54, which
190  had a higher RBD-binding affinity, showed a stronger ACE-RBD blocking capacity than aRBD-5 and
191  aRBD-41 ( ). However, aRBD-7, which had a similarly high RBD binding affinity of 3.31 nM,
192 only exhibited a weak ACE2-RBD blocking activity ( ). We thus infer that different Nbs may
193  occupy different epitopes on RBD, leading to varying strength of ACE2 binding interference. The
194  epitopes of some Nbs may overlap more closely with that of ACE2. Interestingly, even when the Nbs
195  with a relatively weak ACE2-RBD blocking ability were fused with 1gG1 Fc to form homodimers, their
196 blocking ability were increased more than 75-fold ( ). This effect is probably due to the
197 increased apparent RBD-binding affinity by dimerization as well as the additional steric hindrance caused
198 by the increased size. Further investigations are needed to understand the underlying mechanisms.

199 According to grouping results of the seven Nbs, two hetero-bivalent antibodies were constructed by
200  fusing aRBD-2 to aRBD-5 and aRBD-7 tail-to-head with a flexible linker, which achieved a more than
201  10-fold increase in RBD-binding affinity ( ). Consistent with the increased affinity and

202  steric hindrance, the SARS-CoV-2 neutralization potency of aRBD-2-5 and aRBD-2-7 were greatly
203 enhanced, with NDsg of 1.2 ng/mL (~0.043 nM) and 3.2 ng/mL (~0.111 nM) ( ).The neutralization
204 potency of our aRBD-2-5 and aRBD-2-7 appears to be better than other previously reported Nbs, their
205  engineered form [33-40], and some traditional human monoclonal antibodies[13-18]. However, they
206  appear to be less potent than a recently reported multivalent Nb[41].

207 In summary, we have identified several high-affinity natural Nbs with RBD-ACE2 blocking ability
208  and two hetero-bivalent Nbs with potent SARS-CoV-2 neutralization capacity. Alpaca VyH has a high
209  degree of homology with human V3, so it has low immunogenicity in humans [42, 43]. These Nbs can
210 be further improved with respect to their antiviral function through affinity maturation or genetic
211 modification, potentially serving as therapeutics for treating COVID-19.

212
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213 Material and Methods

214 Protein expression and purification

215 The coding sequences for SARS-CoV-2 RBD (aa 321-591), SARS-CoV-2 RBD (aa 321-591, N501Y),
216 SARS-CoV-2 S1 (aa 1-681), SARS-CoV-1 RBD (aa 309-540), human ACE?2 extracellular domain (aa
217 19-615) and the identified Nbs, were appended with a TEV enzyme site and a human 1gG1 Fc at the C-
218  terminus as well as the IFNAL signal peptide at the N-terminus. The fusions were cloned into the
219 mammalian expression vector pTT5. The expression vectors were transiently transfected to human
220  HEKZ293F cells with polyethylenimine (Polyscience). Three days later, cell supernatants were obtained
221 by centrifugation at 3000 g for 10 min, diluted 1:1 with the running buffer (20 mM Na;HPQOs, 150 mM
222 NaCl, pH 7.0), and loaded on protein A column. The bound protein was eluted with 100 mM acetic acid
223 on AKTA pure (GE healthcare). To remove IgG1 Fc, the purified fusion proteins were first digested with
224  6xHis-tagged TEV enzyme. Protein A (Protein G for nanobodies) and Ni NTA were then used
225 sequentially to remove the undigested fusion protein, Fc and the TEV enzyme. Fc-free recombinant

226  proteins were collected from the flow-through. Protein purity was estimated by SDS-PAGE ( ),
227  and the concentration was measured using the spectrophotometer (analytikjena).
228

229 Phage display library construction

230  The experiments involved alpacas were approved by a local ethics committee. Two female alpacas were
231 immunized by 2 times of subcutaneous injection and 1 time of intramuscular injection, each with 500 pg
232 SARS-CoV-2 RBD in PBS, which was emulsified with an equal volume of Freund’s adjuvant (Sigma
233 Aldrich). Two weeks after the final boost, more than 1 x 107 lymphocytes were isolated from peripheral
234 blood by Ficoll 1.077 (Sigma Aldrich) separation, and the total RNA from the lymphocytes was isolated
235 using Total RNA kit (omegabiotek) according to the manufacturer’s protocol. First strand cDNA
236 synthesis was performed with 4 g of total RNA per reaction using PrimeScript™ II 1st Strand cDNA
237 Synthesis Kit and oligo-dT primer (TAKARA) according to the manufacturer’s protocol. The variable
238  domain of heavy-chain only antibody (VuH) was amplified by PCR using the following primers
239  (Forward primer: GCTGCACAGCCTGCTATGGCACAGKTGCAGCTCGTGGAGTCTGGGGG;
240 Reverse primer: GAGTTTTTGTTCGGCTGCTGCTGAGGAGACGGTGACCTGGGTCCCC). The
241 phagemid pR2 was amplified by PCR wusing the following primers (Forward primer:
242 AGCAGCCGAACAAAAACTCATCTCAGAAGAG; Reverse primer:
243  CCATAGCAGGCTGTGCAGCATAGAAAGGTACCACTAAAGGAATTGC). Two pmol of the VyH
244 fragments and 0.5 pmol of the amplified pR2 vector were mixed and diluted to 50 ul. An equal volume
245  of 2x Gibson Assembly mix was added to the mixture and incubated at 50 <C for 1 hour. The ligation was
246 cleaned up by Cycle Pure Kit (omegabiotek) and transformed into TG1 electro-competent cells in 0.1 cm
247  electroporation cuvette using BTX ECM 399 Electroporation System (Harvard Apparatus) with the
248  following setting: 2.5 kV, 5 ms. The transformants were spread on five 150 mm TYE agar plates
249 supplemented with 2% glucose and 100 pg/mL ampicillin, followed by overnight culturing at 37 °C. The
250  colonies were scraped from the plates with a total of 20 mL 2X<TY medium and thoroughly mixed. 200
251 uL of the liquid was inoculated to 200 mL 2xTY to amplify the library. Phage particles displaying VuH
252 were rescued from the library using KM13 helper phage.

253

254 Biopanning and selection of positive clones

255  Two rounds of panning were performed. Immuno MaxiSorb plates (Nunc) were coated with 0.1 mL of
256 SARS-CoV-2 RBD solution (100 and 20 pg/mL in the 1st and 2nd round, respectively). Control wells
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257  without antigen coating were used in parallel in every round of panning. After blocking with MPBS (PBS
258  supplemented with 5% milk powder) for 2 h at room temperature (RT), 110! pfu of the library phages
259  were added for the 1st round of selection. The wells were washed with PBST (PBS supplemented with
260 0.1% tween-20) for 20 times to remove the unbound phages. Bound phages were eluted by digestion
261  with 100 pL of 0.5 mg/mL trypsin for 1 h at RT. The eluted phages were used to infect E. coli TG1 for
262 titer determination and amplification. The 2nd round of panning was performed similarly with the
263 following differences: the amount of input phage was 1108 pfu, the washing time was 30 times, and the
264  concentration of tween-20 in washing buffer was 0.2%.

265 Thirty-one individual clones from each round of panning were picked and identified using monoclonal
266  phage ELISA. The monoclonal phage was rescued with helper phage KM13 and added to the well coated
267  with 0.1 pg of RBD. After 1 h of incubation at RT, the wells were washed 4 times with PBST and added
268  with HRP-anti-M13 antibody. After washing 4 times with PBST, TMB (Beyotime) was added to each
269 well and incubated in the dark at RT for 2 min. The chromogenic reaction was stopped with 50 uL of 1
270 M sulfuric acid, and ODaso nm Was determined. The clone with ODaso nm that was 20 times higher than
271  that of the control well is defined as a positive clone. The phagemids extracted from the positive clones
272 were sequenced.

273

274 Size-exclusion chromatography

275  The interaction of SARS-CoV-2 RBD and the Nbs in solution was studied with gel filtration. SARS-
276 CoV-2 RBD, Nbs and their mixture (1.6 nmol of SARS-CoV-2 RBD mixed with 1.6 nmol of Nbs) were
277  runover a Superdex 75 column (GE healthcare) at a flow rate of 0.5 mL/min with AKTA pure.

278

279 Enzyme-linked immunosorbent assay (ELISA)

280 Immuno MaxiSorb plates (Nunc) were coated and blocked as above. For non-competitive ELISA of
281  purified Nb-Fc and ACE2-Fc binding assay, Nb-Fc and ACE2-Fc solutions that were serially diluted 1:3
282  were added to the plates and incubated for 1 h at RT. After washing with PBST 4 times, the bound Nb-
283 Fc and ACE2-Fc were detected with a monoclonal anti-lgG1 Fc-HRP antibody (sino Biological). For
284  characterizing the epitope competition between the identified Nbs, serially 1:4 diluted Nb solutions
285 (ranging from 2.5 to 10240 nM) were mixed with 5 nM of Nb-Fc solutions. After incubation in RBD
286  coated wells and standard washing, bound Nb-Fc was detected with a monoclonal anti-lgG1 Fc-HRP
287  antibody. For ACE2-RBD blocking assay, serially 1:3 diluted Nb solutions (ranging from 0.046 to 900
288 nM) and Nb-Fc solution (ranging from 0.023 to 450 nM) were mixed with 10 nM of ACE2-Fc and 10
289 nM of biotinylated ACE2-Fc, respectively. After incubation in RBD coated wells and standard washing,
290 bound ACE2-Fc and biotinylated ACE2-Fc was detected with an anti-lgG1 Fc-HRP antibody or HRP-
291  streptavidin, respectively. The chromogenic reaction and ODuaso nm Mmeasurement were performed
292 similarly as described for phage ELISA.

293

294  Circular Dichroism (CD)

295 Secondary structure and thermal stabilities of identified Nbs were studied by CD spectra using a
296 Chirascan Spectrometer (Applied Photophysics). Prior to CD measurements, the sample buffer was
297 changed to phosphate-buffered saline (PBS), and the protein concentration was adjusted to 0.3 mg/ml.
298  The CD spectra were acquired for each sample from 180 to 260 nm using a 1 mm path length cell. For
299  thermal titration, CD spectra were acquired between 20<C to 95<C with temperature steps of 2.5<C. CD
300 signals at 205 nm were used to characterize the structural changes during thermal titration. Each
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301 experiment was repeated twice, and the data were fitted with Prism to obtain the Tm values.

302

303 Surface Plasmon Resonance (SPR)

304  SPR measurements were performed at 25<C using a BIAcore T200 system. SARS-CoV-2 RBD was
305 diluted to a concentration of 15 pg/mL with sodium acetate (pH 4.5) and immobilized on a CM5 chip
306  (GE Healthcare) at a level of ~150 response units (RU). All proteins were exchanged into the running
307 buffer (PBS (pH 7.4) supplemented with 0.05% Tween 20), and the flow rate was 30 pL/min. The blank
308 channel of the chip served as the negative control. For affinity measurements, a series of different
309  concentrations of antibodies were flowed over the sensorchip. After each cycle, the chip was regenerated
310  with 50 mM NaOH buffer for 60-120 seconds. The sensorgrams were fitted with 1:1 binding model with
311  the Biacore evaluation software.

312

313 SARS-CoV-2 neutralization assay

314  Nbs and Nb-Fc fusions in a three-fold dilution concentration series were incubated with ~200 plaque-
315  forming units (PFU) of SARS-CoV-2 (USA-WA1/2020 isolate) for 30 minutes. The antibody and virus
316 mixture were then added to Vero E6 cells in 96-well plates (Corning). After one hour, the supernatant
317  was removed from the wells, and the cells were washed with PBS and overlaid with DMEM containing
318  0.5% methyl cellulose. After 2 days of infection, the cells were fixed with 4% paraformaldehyde,
319 permeabilized with 0.1% Triton-100, blocked with DMEM containing 10% FBS, and stained with a
320 rabbit monoclonal antibody against SARS-CoV-2 NP (GeneTex, GTX635679) and an Alexa Fluor 488-
321 conjugated goat anti-mouse secondary antibody (ThermoFisher Scientific). Hoechst 33342 was added in
322 the final step to counterstain the nuclei. Fluorescence images of the entire well were acquired with a 4x
323 objective in a Cytation 5 (BioTek). The total number of cells, as indicated by the nuclei staining, and the
324 infected cells, as indicated by the NP staining, were quantified with the cellular analysis module of the
325 Genb software (BioTek). All experiments involving live SARS-CoV-2 were carried out under BSL-3
326 containment. A Log-logistic model[44] was used to model the dose-response curves of the antibodies.
327  The data are fitted to the model with the drc package in R to obtain the 95% confidence intervals and
328  NDso. It should be noted that all above Nbs were lyophilized at concentration of 2-5 mg/mL and kept at
329 room temperature for one week for transportation. The lyophilized Nbs were re-dissolved in ddH,O
330  before they were used in neutralization assay.

331
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452 Fig. 1. Isolation of anti-SARS-CoV-2 RBD Nbs from an immunized phage display library. (A)
453 Enrichment results after panning on SARS-CoV-2 RBD. (B) Results of monoclonal phage ELISA.
454  Randomly picked 31 individual clones from the 1st round of panning and 2nd round of panning were
455 monitored against SARS-CoV-2 RBD and negative control (PBS). (C) Amino acid sequence of the
456 isolated seven anti-RBD Nbs.
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Fig. 2. Size-exclusion chromatography (SEC) and ELISA analysis of interaction between SARS-
CoV-2 RBD and Nbs in solution. SARS-CoV-2 RBD, Nbs and their 1:1 molar mixture were loaded
over a Superdex 75 column (GE healthcare), respectively. (A)-(G) is the analysis curve of the seven Nbs,
respectively; (H) is the curve of a negative control Nb; (1) is the curve of standard. If the Nbs could bind
RBD to form complex, elution peak will move forward. SARS-CoV-2 RBD (J) and spike entire
ectodomain (K) binding abilities of the purified Nb-Fc fusions were characterized using ELISA. ECso
was calculated by fitting the ODaso from serially diluted antibody with a sigmoidal dose-response curve.

Error bars indicate mean 35D from two independent experiments.
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470 Fig. 3. Characterization of binding affinity of isolated Nbs using SPR. Binding kinetics of aRBD-2
471  (A), aRBD-3 (B), aRBD-5 (C), aRBD-7 (D), aRBD-41 (E), aRBD-42 (F) and aRBD-54 (G) was
472  measured by SPR, respectively. The SARS-CoV-2 RBD was immobilized onto a CM5 sensor chip. Nbs
473  with serially 1:1 dilutions were injected and monitored by Biacore T200 system. The actual responses
474 (colored lines) and the data fitted to a 1:1 binding model (black dotted lines) are shown.
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478 Fig. 4. RBD-ACE2 blocking activities of isolated Nbs and their Fc fusions characterized with
479 competitive ELISA. Competitive ELISA of ACE-Fc binding to SARS-CoV-2 RBD immobilized on the
480 plates by increasing concentrations of Nbs (A) or Nb-Fc fusions(B). After the competition, bound ACE2-
481 Fc (A) or biotinylated ACE2-Fc (B) was detected by HRP-anti-IgG1 Fc antibody or streptavidin-HRP,
482 respectively. Error bars indicate mean =SD from two independent experiments. 1Cso was calculated by
483 fitting the inhibition from serially diluted antibody to a sigmoidal dose-response curve.
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487 Fig. 5. Epitope grouping results of the seven identified nanobodies. aRBD-2 (A), aRBD-3 (B), aRBD-
488 5 (C), aRBD-7 (D), aRBD-41 (E) and aRBD-42 (F) was competed with other Nb-Fc fusions to bind
489 SARS-CoV-2 RBD immobilized on the plates. Competition was determined by the reduction of HRP-
490  anti-lgG1 Fc induced chemiluminescence signal (ODasonm). The inhibition was calculated by comparing
491  to the Nb negative control well. Error bars indicate mean +SD from two independent experiments.
492 Competition strength is negatively correlated with ODuso nm Signal, the strength was summarized (G).
493  aRBD-2 and aRBD-41 only showed moderate and mild competition with aRBD-3 and aRBD-42 for RBD
494 binding, respectively. aRBD-3, aRBD-5, aRBD-7 and aRBD-42 showed mild to strong competition with
495 each other for RBD binding. aRBD-3, aRBD-5, aRBD-7 and aRBD-54 also showed mild to strong
496  competition with each other for RBD binding. aRBD-42 had no competition with aRBD-54.
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500 Fig. 6. Preparation and characterization of the hetero-bivalent Nbs. (A) SEC profiling of RBD,
501  aRBD-2 and aRBD-5 complex. (B) SEC profiling of RBD, aRBD-2 and aRBD-7 complex. (C) Reduced
502 SDS-PAGE results of purified aRBD-2-5, aRBD-2-7 and their Fc fusions. (D) SEC profiling of RBD and
503 aRBD-2-5 complex. (E) SEC profiling of RBD and aRBD-2-7 complex. The SARS-CoV-2 RBD binding
504 kinetics of aRBD-2-5 (F) and aRBD-2-7 (G) was measured by SPR, respectively. The two hetero-bivalent
505 Nbs with serially 1:1 dilutions were injected and monitored by Biacore T200 system. The actual
506 responses (colored lines) and the data fitted to a 1:1 binding model (black dotted lines) are shown.
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Fig. 7. In vitro SARS-CoV-2 neutralization of the hetero-bivalent Nbs and their Fc fusions. The
serially diluted aRBD-2-5 (A), aRBD-2-7 (B), aRBD-2-5-Fc (C) and aRBD-2-7-Fc (D) was incubated
with ~200 PFU of SARS-CoV-2. The mixture were then added to Vero E6 cells in 96-well plates. After
2 days of infection, the infected virus were stained green with a monoclonal antibody against SARS-
CoV-2 NP and an Alexa Fluor 488-conjugated goat anti-mouse secondary antibody. The nucleus was
stained blue with Hoechst 33342. Each experiment was performed in duplicate. Numbers in the low right
corner of each grid were the percentage of cells infected by the virus. (E) NDso of the identified Nbs and
their Fc fusions were calculated by fitting the neutralization from serially diluted antibody with a Log-
logistic model. The data are fitted to the model with the drc package in R to obtain the 95% confidence
intervals.
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522 Supplementary materials: Fig.S1 to Fig. S7.
523  Supplemental Figures
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524
525 Fig. S1. Reduced SDS-PAGE analysis of the purified proteins used in this study. All the proteins
526  were fused with a TEV protease cleavage site and human IgG1 Fc and expressed using HEK293F cells,
527  all the protein-TEV-Fc fusions were purified from culture supernatant with protein A. After digesting
528  with TEV enzyme, the proteins without TEV-Fc were purified from the flow-through of protein A and
529 Ni NTA. “m” is marker.
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535
536  Fig. S2. Identification of the binding of the seven positive phage clones to SARS-CoV related

537  antigens using phage ELISA. All seven phages can bind to the S1 domain of SARS-CoV-2, one (aRBD-
538  41) of them can also bind to SARS-CoV-1 RBD.

539

540
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542

543
544 Fig. S3. Reduced SDS-PAGE analysis of the purified Nbs and their Fc fusions. (A) The purified
545  seven Nb-Fc fusions; (B) The purified seven Nbs. Due to glycosylation, the molecular weight of aRBD-
546  5is higher than others.
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548 Fig. S4. Thermal denature of Nbs by CD spectrum. A-l is thermal denature curve of aRBD-2, aRBD-
549 3, aRBD-5, aRBD-7, aRBD-41, aRBD-42, aRBD-54, aRBD-2-5 and aRBD-2-7, respectively. Each
550  experiment was repeated twice, the results data were fitted by Prism software.
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555 Fig. S5. ELISA results for characterization of binding between identified Nbs and RBD variant
556  contains N501Y mutation. ECso was calculated by fitting the ODaso from serially diluted antibody with
557  asigmoidal dose-response curve. Error bars indicate mean +SD from two independent experiments.
558
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Fig. S6. RBD-binding activity characterization of isolated Nb-Fc fusions using SPR. Binding
kinetics of aRBD-2-Fc (A), aRBD-3-Fc (B), aRBD-5-Fc (C), aRBD-7-Fc (D), aRBD-41-Fc (E), aRBD-
42-Fc(F), aRBD-54-Fc (G), aRBD-2-5-Fc (H) and aRBD-2-7-Fc (1) was measured by SPR. The SARS-
CoV-2 RBD was immobilized onto a CM5 sensor chip, Nb-Fc fusions with serially 1:1 dilutions were
injected and monitored by Biacore T200 system. Binding curves are colored lines, and fit of the data to
a 1:1 binding model are black dotted lines.
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570 Fig. S7. In vitro SARS-CoV-2 neutralization of three representative Nb monomers. The serially
571 diluted aRBD-2 (A), aRBD-5 (B) and aRBD-7 (B) was incubated with ~200 PFU of SARS-CoV-2. The
572 mixture were then added to Vero E6 cells in 96-well plates. After 2 days of infection, the cells were
573 stained with a monoclonal antibody against SARS-CoV-2 NP and an Alexa Fluor 488-conjugated goat
574  anti-mouse secondary antibody. The nucleus was stained blue with Hoechst 33342. The experiment was
575 performed in duplicate. Numbers in the low right corner of each grid were the percentage of cells infected
576 by the virus.
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579

580 Fig. S8. In vitro SARS-CoV-2 neutralization of Nb-Fc fusions. The serially diluted aRBD-2-Fc (A),
581  aRBD-5-Fc (B) and aRBD-7-Fc (C) was incubated with ~200 PFU of SARS-CoV-2. The mixture were
582 then added to Vero E6 cells in 96-well plates. After 2 days of infection, the cells were stained with a
583 monoclonal antibody against SARS-CoV-2 NP and an Alexa Fluor 488-conjugated goat anti-mouse
584  secondary antibody. The nucleus was stained blue with Hoechst 33342. The experiment was performed
585 in duplicate. Numbers in the low right corner of each grid were the percentage of cells infected by the
586 virus.
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