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C O R O N A V I R U S

Multivariate mining of an alpaca immune  
repertoire identifies potent cross-neutralizing  
SARS-CoV-2 nanobodies
Leo Hanke1†, Daniel J. Sheward1,2†, Alec Pankow1‡, Laura Perez Vidakovics1, Vivien Karl1, 
Changil Kim1, Egon Urgard1, Natalie L. Smith1, Juan Astorga-Wells3§, Simon Ekström4,  
Jonathan M. Coquet1, Gerald M. McInerney1*║, Ben Murrell1*║

Conventional approaches to isolate and characterize nanobodies are laborious. We combine phage display, multi-
variate enrichment, next-generation sequencing, and a streamlined screening strategy to identify numerous anti–
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nanobodies. We characterize their potency and 
specificity using neutralization assays and hydrogen/deuterium exchange mass spectrometry (HDX-MS). The most 
potent nanobodies bind to the receptor binding motif of the receptor binding domain (RBD), and we identify 
two exceptionally potent members of this category (with monomeric half-maximal inhibitory concentrations 
around 13 and 16 ng/ml). Other nanobodies bind to a more conserved epitope on the side of the RBD and are 
able to potently neutralize the SARS-CoV-2 founder virus (42 ng/ml), the Beta variant (B.1.351/501Y.V2) (35 ng/ml), 
and also cross-neutralize the more distantly related SARS-CoV-1 (0.46 g/ml). The approach presented here is 
well suited for the screening of phage libraries to identify functional nanobodies for various biomedical and 
biochemical applications.

INTRODUCTION
Camelids, including llamas and alpacas, express unique immuno-
globulins composed of just heavy chains (1). The antigen-binding 
variable fragment is a single domain that can be expressed recombi-
nantly as a 15-kDa antibody fragment called VHH or nanobody. 
For applications where the functions of an Fc domain are not re-
quired, nanobodies have many advantages over their full-size 
antibody counterparts. Nanobodies can be produced at high quan-
tities much more cost-effectively than monoclonal antibodies. 
Their small size and single-gene nature allow for easy cloning, 
modification, and functionalization and also permit better tissue 
penetration and, for imaging purposes, closer proximity of fluoro-
phores or radioisotopes to the antigen. As a result, nanobodies have 
applications in cell biology (2), structural biology (3), cancer re-
search (4), and immunology (5). In addition, nanobodies are ideal 
neutralizing molecules or perturbants of viruses. Potent severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2)–neutralizing 
nanobodies target the receptor binding domain (RBD) of the spike 
protein. They neutralize the virus by blocking either angiotensin-
converting enzyme 2 (ACE2) receptor interactions (6, 7) or other 
mechanisms such as the triggering of conformational changes (8). 
One affinity-matured nanobody fused to a human immunoglobulin 

G is currently in clinical development for treatment of SARS-CoV-2 
infections (9).

Antigen-specific nanobodies are typically isolated from large 
immune libraries (10, 11) or, more recently, also from synthetic 
libraries (12, 13). Typically, these libraries are screened using robust 
phage display or yeast display techniques. To encompass the larger 
diversity of nonimmune and synthetic libraries, screening typically 
starts with ribosome display. Often, these screens only yield a handful 
of useful binders. Other screens using lentiviral nanobody libraries 
allow direct phenotypic readouts that are more productive and limit 
the time-consuming functional testing of individual identified binders 
(14). However, phenotypic readouts cannot be implemented in all 
cases. To address this gap, we combined the robust and versatile 
phage display with rapid high-throughput functional testing, both 
bridged by next-generation sequencing (NGS) and enrichment 
analysis. Applying this approach, we identify a panel of potent 
SARS-CoV-2–neutralizing nanobodies and provide detailed method-
ological descriptions, enabling easy implementation in other nano-
body discovery workflows.

RESULTS
To generate a library of nanobodies against SARS-CoV-2, we im-
munized one alpaca four times with prefusion-stabilized SARS-CoV-2 
spike protein, while the last three immunizations additionally in-
cluded the RBD (Fig. 1). For each immunization, both proteins were 
injected separately into different flanks of the animal. Four days after 
the last immunization, we isolated peripheral blood mononuclear cells, 
amplified nanobody-specific regions, and constructed a phagemid 
library. We performed three parallel phage selections on proteins 
C-terminally immobilized on magnetic beads. The first screen was 
performed with recombinant spike protein (“S”), the second screen 
with RBD (“RBD”), and the third screen with immobilized spike 
in the presence of nonimmobilized RBD to deplete RBD-specific 
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nanobodies from the phage pool (“ScRBD”). Thus, the RBD and 
ScRBD pannings should enrich for nonoverlapping sets of nano-
bodies, and the S panning should enrich for the union of these.

Enrichment analysis by NGS
Phage pools were sequenced by Illumina, both before enrichment 
and after each panning step. The premise of our approach was that 
when the starting library contains a large number of distinct variants 
with highly variable frequencies [as is expected of immune reper-
toires (15)], the final frequency after panning is dominated by the 
starting frequency of a variant. The enrichment, the increase in fre-
quency due to panning, which should be a better proxy for binding 
affinity, can be overwhelmed by the starting frequency. This suggests 
that the traditional approach of picking colonies after panning (11) 
may miss potent nanobodies with low starting frequencies.

We calculate the enrichment for each variant as the log ratio of 
the frequency after panning over before panning, regularized with a 
pseudocount (16) (to accommodate variants that are only observed 
after panning). To base our choices on enrichment, we need to know 
how reliable the estimates of enrichment are. Here, we exploit the 
fact that the library construction step includes a primer with de-
generate bases, allowing us to consider independent versions of 
each variant that differ at a synonymous position. A correlation plot 
of the enrichment for two versions of each variant shows excellent 
agreement for RBD and ScRBD but weak agreement for S (see fig. S1). 
Possible explanations for this reduced correlation could be due to 
S offering more targets to the nanobody repertoire, increasing the 
competition and perhaps the stochasticity, or the introduction of a 
bottleneck at the start of the panning step, causing some variants to 
drop out. Regardless of the explanation, this indicates that enrich-
ment calculated from the S panning may provide a less reliable signal 
of enrichment than RBD and ScRBD pannings.

For further analysis, the cloning primer regions were ignored to 
provide total counts for all versions of each variant from which the 
final enrichment metrics were calculated. Figure 2A shows the RBD 
against the ScRBD enrichment. As intended by the panning design, 
there were very few sequence variants showing enrichment in both 
of these panning steps. Further, we color by S enrichment, which 
tends to be higher when either RBD or ScRBD enrichment is high, 
but the unreliability of the S enrichment identified by the barcode 
analysis is also visible at this level, especially for variants that were 
smaller in the baseline library.

Visualizing nanobody repertoire VDJ space
When selecting nanobody variants, a key dimension is their related-
ness. For screening purposes, nanobodies with similar VDJ sequences 
should be avoided, but later, it might be useful to screen further 
candidates related to any promising hits. This would be aided by a 
way of visualizing sequence relatedness. One standard approach for 
visualizing a set of sequences would be a phylogeny or clustering 
dendrogram, but these are unwieldy for such large sequence datasets, 
often requiring multiple sequence alignments and behaving poorly 
for regions of problematic homology, which are especially common 
in nanobody complementarity-determining region 3 (CDR3s). Here, 
we adapt the uniform manifold approximation and projection 
[UMAP; (17)]—an approach that is now standard in the single-cell 
RNA sequencing literature and popular in many other domains but 
is not commonly used to visualize sequence data, possibly because 
of technical challenges. We circumvent these issues using kmer se-
quence embeddings (18) and call the resulting approach “seqUMAP,” 
which embeds sequences into two-dimensional (2D) space, such that 
closely related sequences are neighbors.

Figure 2 (C to E) shows seqUMAP embeddings of the entire 
nanobody repertoire, overlaid with different data for each variant. 
Where enrichment is plotted (especially for RBD and ScRBD, but 
less so for S), there is a notable spatial association with enrichment, 
showing that genetic relatedness strongly predicts whether a variant 
is enriched. The mutual exclusivity of RBD and ScRBD panning is 
recapitulated in Fig. 2D, where entire regions of VDJ space are 
enriched exclusively in one or the other, but not both.

We selected 72 nanobodies from across enrichment and VDJ 
space, shown in Fig. 2 (B and C). Because less is known about 
anti-spike nanobodies that do not target the RBD, we biased our 
selection to include approximately twice as many ScRBD-enriched 
candidates as RBD-enriched candidates.

Enrichment predicts binding
The 72 selected nanobodies were synthesized and cloned into a 
nanobody expression vector. Nanobodies were expressed in a 
96-deep-well plate with a culture volume of 1 ml. Expressed nano-
bodies were retrieved from the periplasm by osmotic shock, and 
the periplasmic extract was analyzed by SDS–polyacrylamide gel 
electrophoresis (SDS-PAGE) and Coomassie staining. A band cor-
responding to the nanobody was visible for most periplasmic extracts 
at ~15 kDa, alongside other bands typically of higher molecular 

Fig. 1. Strategy overview. A nanobody phage library is constructed from the immune repertoire of an immunized alpaca. This undergoes multiple independent panning 
steps, each enriching for distinct epitope targets. The original library and the enriched population from each panning are deeply sequenced. Computational enrichment 
analysis characterizes the repertoire and aids in the selection of nanobody variants for synthesis, expression, and downstream characterization.
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weight (fig. S3). To get an estimate of the expression efficiency of the 
different nanobodies, we quantified the band intensity. For most 
nanobodies, expression efficiency and purity were sufficient to analyze 
binding specificity by enzyme-linked immunosorbent assay (ELISA) 
(spike- or RBD-coated) and antiviral activity by pseudotyped virus 
(PSV) neutralization assays.

Figure 3 shows the enrichment metrics from the NGS data and 
the ELISA values for all selected nanobodies. We pair the ScRBD 
enrichment with the difference between the spike and RBD ELISA 
values. With only a few exceptions, nanobodies that were enriched 
for a particular target show ELISA signal for that target, with cor-
relation coefficients of r = 0.72 for RBD (P < 10−5) and r = 0.66 for 
ScRBD (P < 10−5). The correlation for S was not significant, which 

is mostly because both spike and RBD targets exhibit S ELISA signal, 
reducing the variance, but may be due, in part, to the less reliable 
enrichment estimates for S than for RBD or ScRBD.

Neutralization
To identify nanobodies capable of neutralizing SARS-CoV-2, we 
used a high-throughput pseudotyped-virus neutralization assay, 
directly assessing neutralization by periplasmic extracts over four 
serial threefold dilutions. We observed a common baseline signal 
for inhibition at low dilutions relative to wells without periplasmic 
extract, which we therefore subtracted from all measurements. This 
screen identified a number of nanobodies displaying potent neutral-
izing capacity. Normalized log PSV neutralization titers are shown 

Fig. 2. Multivariate repertoire analysis. Panel (A) shows the enrichment across three parallel panning runs, with RBD panning on the x axis, spike with competing soluble 
RBD (“ScRBD”) on the y axis, and colored by spike (S). This both shows that a large number of unique nanobodies are enriched and confirms that RBD and ScRBD enrichment 
is mutually exclusive (by the lack of points in the top-right quadrant). Variants selected for further screening are shown both upon the enrichment plot (B), showing that 
we generally favored selection of the most enriched nanobodies, and upon a seqUMAP embedding of the nanobody sequences (C), which embeds nanobody sequences 
into two dimensions such that closely related variants are neighbors, allowing us to visualize nanobody “sequence space.” This facilitates the selection of nanobodies in 
a way that is sensitive to their relatedness and their enrichment metrics and shows that we avoided selecting nanobodies that were too closely related. Panel (D) shows 
which regions of seqUMAP space are targeting RBD (green), are targeting the non-RBD parts of spike (red), and are not SARS-CoV-2 specific at all (blue). The fact that the 
color cluster strongly shows that nanobodies with similar sequences are enriched under similar conditions, and the lack of double enrichment (yellow) in RBD and ScRBD 
confirms that these two panning runs enriched for mutually exclusive variants. Panel (E) shows RBD, S, and ScRBD enrichment separately and the CDR3 lengths (number 
of amino acids, square root transformed) for all nanobody variants overlaid on the seqUMAP plot.
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in Fig. 3 (D and E), alongside normalized expression results and 
ELISA values.

We selected 11 candidates for downstream analysis, including the 
most potently neutralizing RBD-specific nanobodies and several 
non-RBD binders, which were then expressed and purified. Neutral-
izing antibody titers of purified nanobodies were highly correlated 
with the preliminary periplasm screens, with nanobodies C7 and E2 
displaying exceptional potency with median inhibitory concentra-
tions (IC50s) in the range of 0.01 g/ml (Fig. 4A). Note that E4 is 
identical to the “Fu2” nanobody that was isolated via more tradi-
tional colony picking from the same immunized animal and is exten-
sively described elsewhere (19). Two of the selected non-RBD–specific 

nanobodies (C11 and D9) were also capable of neutralization, albeit 
weakly, with D9 exhibiting a maximal inhibition plateau at approxi-
mately 50% neutralization.

A subset of nanobodies are broadly neutralizing
Variants of concern (20–22) are rapidly rising in frequency. Some 
of these exhibit mutations that confer escape from prior immunity 
and from many existing monoclonal antibody therapy candidates 
(23). Given this context, one approach to addressing this problem 
is to attempt to discover broadly neutralizing biologics. Figure 4B 
shows that many of the identified nanobodies are sufficiently broad 
to neutralize both the SARS-CoV-2 “founder” variant and the Beta 

Fig. 3. Rapid nanobody screening. Seventy-two nanobodies, selected from the multivariate analysis, were synthesized and expressed, and the crude periplasmic extract 
was screened for expression, binding, and neutralization. All values are normalized to the maximum value across nanobodies. Panels (A), (B), and (C) depict, for each 
nanobody, the enrichment calculated from the NGS data and the corresponding periplasmic extract ELISA, for RBD, ScRBD, and S, respectively. For panel (B), the S-RBD 
ELISA signal is the RBD optical density at 450 nm (OD450) subtracted from the S OD450 and should only be strongly positive when a nanobody binds the spike outside of 
the RBD. Together, panels (A) and (B) show that, for the vast majority of nanobody variants, the enrichment analysis is strongly predictive of whether the nanobody targets 
RBD or not. Panel (D) shows (log-domain) PSV neutralization IC50s and nanobody expression measured from the periplasmic extract. Panel (E) shows RBD ELISA, S-RBD 
ELISA, and PSV neutralization together, with nanobodies selected for subsequent investigation are highlighted with red arrows.



Hanke et al., Sci. Adv. 8, eabm0220 (2022)     25 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 16

variant of concern (B.1.351/501Y.V2), sometimes without any re-
duction in potency. The most potently neutralizing nanobodies, C7 
and E2, lack any meaningful cross-neutralization, but G6 is excep-
tionally potent against Beta (IC50 = ~35 ng/ml). Furthermore, two 
nanobodies (E11 and G6) show substantial cross-neutralization of 
SARS-CoV-1, which is a far more distantly related member of 
the Betacoronavirus genus, suggesting the targeting of a more con-
served epitope.

Nanobodies do not need to bind the RBD or block ACE2 
receptor interaction to neutralize SARS-CoV-2
Nanobodies have been shown to neutralize SARS-CoV-2 by various 
mechanisms, including direct competition with ACE2 (6, 7), locking 
of RBDs in an ACE2-inaccessible conformation (24), dimerizing 
spikes and agglutinating virions (19), or triggering the postfusion 
conformation and shedding of S1 (8). To test whether identified 
nanobodies interfere with the binding of the spike protein to the 
human ACE2 (hACE2) receptor, we performed a flow cytometry–
based competitive binding assay. hACE2-expressing human em-
bryonic kidney (HEK) 293T cells were stained with fluorescently 
labeled prefusion-stabilized spike trimers, either alone or preincu-
bated with saturating amounts of the different nanobodies (Fig. 4C). 
Preincubation of fluorescently labeled spike protein with the most 
potent nanobodies, C7 and E2, completely abolished staining of 
the hACE2-positive cells. Similarly, G6 effectively prevented spike 
binding to ACE2. Unexpectedly, one nanobody (C11) that binds to 
a non-RBD epitope was still capable of preventing spike binding to 
ACE2-expressing cells. In contrast, other tested nanobodies did not 
reduce staining, suggesting that they neutralize SARS-CoV-2 by 
mechanisms other than blocking ACE2 interaction.

RBD-specific nanobodies bind with subnanomolar affinity
Binding affinities can affect neutralization potential. We determined 
the binding kinetics of five RBD-specific nanobodies by surface 
plasmon resonance (SPR). We observed high affinities in the pico-
molar range for all tested nanobodies (C7, E2, E11, F1, and G6) 

(Fig. 5A). F1, despite being only moderately neutralizing, showed 
the highest affinity, with a barely detectable dissociation rate in our 
assay, and an estimated dissociation constant to the RBD of <10−11. 
For the nanobody C7, there was a poor fit of the 1:1 Langmuir model, 
and the elution profile during size exclusion purification indicated 
the tendency for natural dimer- and multimerization. The hetero-
geneous binding model fit the C7 SPR sensorgrams well, confirm-
ing that two binding events are observed simultaneously: binding of 
C7 to the RBD and binding of C7 to C7. Overall, for these five nano-
bodies, binding affinities do not straightforwardly correlate with 
neutralization, highlighting the importance of the epitope location.

RBD-specific nanobodies bind to different epitopes 
on the RBD
To determine the binding sites of five RBD-binding nanobodies, we 
used hydrogen/deuterium exchange coupled to mass spectrometry 
(HDX-MS). This technology provides a powerful means to study 
protein dynamics and interactions in solution (25, 26). In the case 
of epitope mapping, it can be viewed as a comparison of deuterium 
uptake between two states of a protein (unbound and bound), where 
the interaction leads to a change in conformational stability and/or 
solvent accessibility. In brief, nanobody-RBD complexes and RBD 
were exposed to deuterated H2O, resulting in HDX, followed by de-
naturation and digestion with pepsin. Peptides were then analyzed 
by liquid chromatography–MS (LC-MS). Comparison of bound and 
unbound RBD then allows to identify areas with altered HDX. All 
the investigated nanobodies were found to exhibit clear and defined 
interaction sites on the RBD (Fig. 5, B and C). The structural reso-
lution as defined by the degree of overlap of the peptides generated 
by pepsin digestion, i.e., the peptide map overlap, and the kinetics 
of the uptake is shown for respective state in data file S1. Nanobodies 
E2 and C7 appear to have a common strong binding site spanning 
amino acids 487 to 496 where a strong protection was observed, with 
a unique weaker site for E2 spanning 441 to 452 and an extension of 
the strong binding site for C7 to include 471 to 486. F1 was the 
nanobody that introduced the most deuteration protection on the 

Fig. 4. Neutralization by nanobody monomers. Eleven candidate nanobodies selected from the rapid screen, were profiled by pseudotyped lentivirus assay for neutral-
ization activity. (A) Neutralization curves. (B) Neutralization IC50s against the SARS-CoV-2 founder variant (Wu-Hu-1), the Beta variant of concern (first described in South 
Africa, 501Y.V2/B.1.351), and the more distantly related SARS-CoV-1 (SARS1). (C) Intensity of labeled spike in a flow cytometry assay, showing whether a nanobody can 
prevent fluorescent spike protein from binding to HEK293T-hACE2 target cells, clarifying the mechanism of neutralization. Previously characterized nanobody Fu2/E4 is 
included in panels (A) and (B).
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Fig. 5. RBD-targeting affinities and epitope mapping. Five RBD-targeting nanobodies were selected for affinity characterization by SPR and for epitope mapping by 
hydrogen/deuterium exchange coupled to mass spectrometry (HDX-MS). (A) Picomolar affinities (170 to <10 pM) for all tested nanobodies. RU, resonance units; KD, 
dissociation constant. (B) HDX-MS signal across the RBD sequence, which is mapped onto the RBD structure in (C), together revealing three distinct epitope classes. (C) 
Right-most: The positions of all RBD mutations occurring in variants Alpha, Beta, Gamma, Delta, Kappa, Epsilon, Eta, Iota, and Lambda are shown in red. VoC, variant of 
concern. (D) AlphaFoldv2 (31, 32) predictions of the structure for these five nanobodies, highlighting the CDRs, and the cysteine pairs. Unlike the others, G6 shows an 
additional predicted disulfide bond between cysteines in the CDR3 and in FR2. (E) Immunoprecipitation (IP) competition analysis supporting the three epitope classes. 
C7 and E2, the two most potent neutralizers of SARS-CoV-2, target an epitope at the ACE2 interface, which explains both their potency and their lack of cross-reactivity. 
Nanobody (NB) G6 targets an epitope that is well conserved across the founder virus of SARS-CoV-2, the Beta variant, and SARS-CoV-1 (where there is only a single 
substitution relative to SARS-CoV-2), explaining its cross-reactivity, with E11 having a similar epitope. F1 has by far the largest epitope, which potentially explains the very 
low dissociation rate.



Hanke et al., Sci. Adv. 8, eabm0220 (2022)     25 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 16

RBD, with a strong interaction not only at amino acids 352 to 361 but 
also at 392 to 400, 462 to 470, 483 to 492, and 514 to 530, explaining 
its exceptional affinity. When annotating these sites on a 3D structure 
of the RBD, it appears that F1 engages a large continuous surface. 
Last, for G6 and E11, a common strong interaction site was observed 
spanning amino acids 375 to 387 and a unique E11 site at residues 
423 to 431. G6, but not E11, has an additional cysteine pair connect-
ing the CDR3 and Framework region 2 (FR2) (Fig. 5D). Although 
all nanobodies had at least one strong interaction site, it should be 
noted that from the HDX data, it is not possible to discriminate 
between a direct interaction surface and a possible conformational 
change in the RBD introduced by nanobody binding when several 
interaction sites are observed. We confirmed the three distinct epi-
topes by immunoprecipitation-based competition assay (Fig. 5E).

Epitopes in the RBD have been broadly classified into four classes 
based on overlapping epitopes frequently targeted by antibodies 
isolated from convalescent humans (27). Nanobodies C7 and E2 
were mapped to a class 2–like epitope, consistent with their ability 
to compete with ACE2 for binding to RBD and the inability to neu-
tralize the Beta variant harboring E484K. Nanobodies E11 and G6 
were mapped to epitopes overlapping that of the monoclonal anti-
body COV2-2677 (28, 29), consistent with that of a class 4 antibody 
[that also more broadly includes the antibody CR3022 (30)]. How-
ever, the ability of G6 but not E11 to prevent spike binding to ACE2 
suggests that it may use a different angle of approach. F1 appears to 
have a unique mode of recognition that does not map to any previ-
ously well-described epitopes.

Therapeutic potential of nanobodies
To evaluate the therapeutic potential of neutralizing nanobodies for 
the treatment of SARS-CoV-2 infection, we used transgenic mice 
that express hACE2 under the control of the cytokeratin-18 pro-
moter (K18-hACE2 mice) (33). These mice are highly susceptible to 
SARS-CoV-2 infection and experience weight loss following infec-
tion that correlates with pathology and disease severity (34). One 

major limitation to the therapeutic application of nanobodies is 
their short half-life in vivo. We therefore conjugated C7 to a nano-
body specific for albumin (Alb1) that has been demonstrated to 
increase serum half-life (35). Mice were challenged with 86 plaque-
forming units (PFU) of SARS-CoV-2 (2.4 × 106 RNA genome copies) 
and subsequently treated with 320 g of C7-Alb1 [in 160 l of 
phosphate-buffered saline (PBS)] intraperitoneally (ip) on days 1 
and 6 after infection. Untreated control mice experienced substantial 
weight loss, beginning around 4 days after challenge. Both weight 
loss and viral load in oropharyngeal swabs were significantly lower 
for mice treated with C7-Alb1 compared to untreated mice (Fig. 6). 
Although three animals treated with C7-Alb1 experienced some 
transient weight loss between days 5 and 6, weight loss was signifi-
cantly reduced compared to untreated mice (Fig. 6, A and B). 
Furthermore, oropharyngeal viral loads in C7-Alb1–treated mice 
were approximately 100-fold lower than in untreated mice on day 5 
(Fig. 6C). All but one of the untreated control mice succumbed to 
infection and had to be euthanized by day 7. However, all mice treated 
with C7-Alb1 survived, demonstrating the therapeutic efficacy of 
this neutralizing nanobody for SARS-CoV-2 infection.

Rapid click chemistry–based dimerization to identify potent 
homo- and heterodimer combinations
Nanobody dimerization can subtantially increase potency (36, 37). 
Combining nanobodies with distinct specificity can, in addition, 
limit viral escape (8). While molecular structures can be useful to 
select specific nanobody combinations, detailed structural informa-
tion is not always readily available for larger pools of nanobodies. 
To identify potent dimers, we developed a screen to rapidly generate 
and test different nanobody combinations. We used sortase A func-
tionalization and click chemistry to generate nanobody homo- and 
heterodimers as described in detail previously (36). In brief, using 
sortase A, nanobodies were C-terminally functionalized with a 
dibenzocyclooctyne (DBCO) or an azide. Labeled nanobodies were 
then mixed and incubated to permit sprain-promoted azide-alkyne 

Fig. 6. A half-life–extended nanobody heterodimer rescues K18-hACE2 mice from a lethal SARS-CoV-2 challenge. K18-hACE2 mice were challenged with 86 PFU 
(2.4 × 106 genome copies) of SARS-CoV-2, produced in Calu-3 cells, and weight was monitored over time (A). Four mice received 320 g of C7-Alb1 ip at days 1 and 6 after 
challenge. The mean weight of each mouse from days 0 to 2 served as the baseline, and the weight loss relative to this baseline is shown. Uninfected mice are shown in 
gray, and untreated infected mice are shown in black. (B) Weight loss at day 5 after infection is shown for treated (C7-Alb1) and untreated (−) mice and compared to 
cohoused mice that were not challenged (unchallenged). ns, not significant (P > 0.05). **P < 0.01. (C) Viral load for both genomic (E) and subgenomic (sgE) RNA in 
oropharyngeal swabs taken at day 5 is shown for treated (C7-Alb1) and untreated (−) mice. *P < 0.05.
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cycloaddition (SPAAC) and C- to C-terminal fusion of azide- and 
DBCO-labeled nanobodies (Fig. 7A). Successful dimerization for all 
tested combinations was confirmed by SDS-PAGE analysis (fig. S4), 
with dimerization efficiencies ranging between 55 and 70%. Given 
that we were screening for substantial potency increases relative to 
the monomers, dimer reactions were not purified further before 
testing for their neutralization potential (Fig. 7B). The two most 
potent nanobodies C7 and E2 proved to be very potent in combina-
tion with any other nanobody. D9 and E11 proved to be good in 
combination with most other nanobodies. D4 and F12 displayed 
improved potency to varying degrees in combinations with the other 
nanobodies. F1 and G2 only performed well when combined with 
other potent neutralizers, and homo- or heterodimer combinations 
of these two appeared similar or worse than the monomeric versions.

For more precise concentration and neutralization value deter-
mination, homo- and heterodimers incorporating G6, E11, and E2 
were produced and purified at a larger scale (fig. S2). All dimers 
proved extremely potent. An E2 homodimer with a solubility en-
hancing polyethylene glycol 11 (PEG11) linker neutralized SARS-
CoV-2 with an IC50 of approximately 0.7 ng/ml (23 pM). E11 and 
G6 homo- and heterodimers neutralized with similar potency 
between 10 and 20 ng/ml (333 to 667 pM). In conclusion, we show 
that high-throughput generation and screening of nanobody dimers 
can facilitate the rapid identification of extremely potent and syner-
gistic combinations.

Lineage-level analysis
Nanobodies do not exist as independent sequences but as lineages 
arising from common VDJ recombination events that expand and 
undergo somatic hypermutation. Anti-spike, single-domain antibodies 
from the same lineage are expected to bind the same epitope but 
with varying affinities, and so identifying lineages can help guide 
both screening selection and downstream searches for optimized 
candidates. The grouping of sequence variants into lineage is not 
directly observed and must be inferred from the sequences themselves. 
While the analysis of antibody lineages is growing in popularity in 
the antibody repertoire sequencing community, it has not been widely 
adopted for nanobodies, which may be, in part, due to the poor 
availability of germline sequence data. Many strategies for grouping 
lineages take all sequences with the same V and J germline assign-
ments and then cluster these on the basis of the distance between 
their CDR3 (38). One of the benefits of relying on V and J assign-
ments is reduced computational burden. The number of pairwise 
CDR3 comparisons is quadratic in the number of variants that must 

be compared, and splitting into groups by V and J assignment 
markedly reduces the number of comparisons.

Here, we adopt a germline-naive lineage assignment strategy. 
Rather than V and J assignment, we use proximity in seqUMAP 
space to define a search neighborhood over which to compare CDR3s 
(see Materials and Methods for a description of how to do this effi-
ciently) and merge variants into lineages.

Figure 8 explores the lineage structure of this nanobody dataset. 
In some cases, multiple nanobodies were screened from the same 
lineage. For example, Fig. 8D shows that three nanobodies—E11, G1, 
and F12—arise from distinct clades of a single lineage. These three 
nanobodies are up to 17 amino acids apart from each other, exhibit 
a 20-fold difference in potency between the most and least potent, 
and can cross-neutralize the Beta variant and SARS-CoV-1. This 
lineage would be an excellent candidate for further screening—if 
another order of magnitude improvement were found in a variant 
on this lineage, this would be the most potent cross-neutralizing 
nanobody in the dataset.

DISCUSSION
The use of nanobodies or nanobody-like proteins has increased 
greatly across a variety of applications in recent years. Although 
NGS-enabled analysis of immune repertoires is common for studying 
the elicitation and maturation of conventional antibodies (38–42), 
this approach is not yet standard for camelid repertoires nor com-
monly used for nanobody discovery. Here, we describe a rapid and 
straightforward approach to nanobody discovery that exploits the 
fact that, once established, libraries can be expanded indefinitely. 
This allows enrichment against multiple targets, which can be dif-
ferent subcomponents or variants of the same antigen. Multiplexed 
NGS of the starting library and of each distinct enrichment step 
provides us with massively parallel information about the affinity of 
individual nanobodies against each target. In contrast to conven-
tional panning and colony picking, this approach relies on enrich-
ment metrics instead of postpanning abundance, which enables the 
identification of high-affinity nanobodies even when they exist at 
low abundance in the baseline library, and are not sufficiently enriched 
to be sampled during traditional colony picking (see fig. S5). Another 
benefit is that, as this approach relies on enrichment metrics, it only 
requires a single panning round.

This could be expanded further to more complex antigens 
such as cell surfaces or different conformational states of proteins. 
Serendipitous discoveries have identified a number of nanobodies 

Fig. 7. Rapid screening for potent nanobody dimer pairs. C- to C-terminal–fused nanobody dimers were generated using a combination of sortase A functionalization 
and click chemistry (A). (B) A heatmap of the neutralization IC50s against SARS-CoV-2 founder virus for crude homo- and heterodimer reaction products. Neutralization 
curves for select purified homo- and heterodimers are shown in fig. S2. ND, not determined.
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that recognize specific conformational states of proteins (43, 44). By 
panning, for example, against different conformational states and 
identifying nanobodies that are enriched in one but not the other, 
our approach could provide the means to rationally isolate nano-
bodies with such conformation specificity.

This high-throughput approach provides joint enrichment and 
genetic information, and the genetic information allows grouping 
the nanobodies into lineages that will share functional properties. 
While their affinity may differ, nanobodies from the same lineage 
will target the same epitope. The advantages of a lineage-based analysis 

Fig. 8. Nanobody lineages. Grouping nanobody variants by their inferred lineage, sharing a common original VDJ rearrangement, allows us to interrogate the clonality 
of the alpaca immune response and the consistency of the enrichment and to identify other candidate nanobody variants that might have improved properties. (A and 
B) The enrichment of variants, organized by lineage, under RBD and ScRBD enrichment conditions. Similar to that at the variant level, enrichment at the lineage level is 
mutually exclusive, suggesting that lineages are each restricted to a single target. The lineage ordering in (A) shows that, before panning enrichment, only 11 of the largest 
250 lineages are spike specific, and (B) shows how this shifts with a single round of panning. (C) Lineages overlaid on the seqUMAP embeddings and (D) the phylogeny 
for a subset of variants from a single lineage containing nanobodies E11, G1, and F12. Neutralization data show a 20-fold difference in potency between E11 and G1.
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are twofold: (i) It avoids redundancy arising from testing multiple 
highly related nanobodies in the initial screen, and (ii) once a prom-
ising lineage has been identified, information from across the lineage 
can be leveraged to identify or further optimize nanobodies with 
improvements in a particular function.

We demonstrate the utility of this approach using a nanobody 
library obtained from an alpaca immunized with recombinant 
SARS-CoV-2 spike proteins, isolating a number of extremely potent, 
neutralizing nanobodies. These included nanobodies capable of 
neutralizing SARS-CoV-2 in the low picomolar range and broadly 
neutralizing nanobodies capable of cross-neutralizing variants of 
concern and SARS-CoV-1.

Nanobodies E2 and C7 are among the most potent monomeric 
neutralizing nanobodies isolated to date, consistent with targeting 
of a “class 2” epitope (27) overlapping the ACE2-binding site, which 
is highly represented among potently neutralizing antibodies isolated 
to date (45, 46). Several neutralizing nanobodies have been evaluated 
against the Beta variant, and the frequent resistance to neutraliza-
tion suggests that this is a frequent target for potently neutralizing 
nanobodies as well. Sziemel et al. (47) characterized three potent 
neutralizing nanobodies, and while one nanobody was similarly 
potent against Beta, the other two neutralizing nanobodies failed to 
cross-neutralize this variant. Furthermore, a single mutation (E484K) 
was sufficient to recapitulate this escape. Similarly, in another 
nanobody library, the Beta variant mutations (and E484K alone) 
were sufficient to almost completely abolish binding by two (of seven) 
of the most potently neutralizing nanobodies (48).

F1, while not a potent neutralizer, shows exceptional binding 
properties that are of substantial benefit for diagnostic applications, 
where favorable binding may improve the ability to detect small 
quantities of SARS-CoV-2 antigen. The binding to a unique and 
conserved epitope, with associated cross-reactivity to the Beta 
variant, is also desirable, because diagnostic applications need to 
maintain sensitivity in a landscape dominated by these variants 
of concern.

G6, E11, and E4 are almost as potent as E2/C7 but exhibit robust 
cross-neutralization of the Beta variant (B.1.351/501Y.V2). Other 
prevalent or antibody evasive variants of concern, such as Delta and 
Mu, also do not harbor mutations in the epitopes identified for G6 
and E11, suggesting that these may provide broad cross-variant 
neutralization. This property is becoming progressively more critical 
as variants of concern continue to emerge. For G6 and E11, this 
breadth is further supported by their neutralization of SARS-CoV-1, 
which has a single amino acid mutation in the epitope region com-
mon to G6 and E11 and one additional mutation in the E11-specific 
epitope region. Among sarbecoviruses that have the potential to use 
ACE2 [lacking two common deletions in the RBD that prevent 
ACE2 use (49)], the overwhelming majority of these are identical in 
the G6 epitope to either SARS-CoV-1 or SARS-CoV-2, and because 
G6 neutralizes SARS-CoV-2 and tolerates the substitution in SARS-
CoV-1, it is likely to exhibit substantial pan-sarbecovirus neutral-
ization for ACE2 using sarbecoviruses.

We further show the therapeutic potential of nanobodies in a 
transgenic mouse model. A half-life–extended C7 construct (C7-Alb1) 
administered following infection was able to rescue all treated 
animals from a near-universally fatal SARS-CoV-2 challenge dose. 
C7-Alb1 administered on days 1 and 6 after infection substan-
tially reduced pathology, demonstrated by significantly reduced 
oropharyngeal viral loads and weight loss.

To be applied as therapeutics or prophylactics, nanobodies may 
need to undergo “humanization” to reduce their immunogenicity. 
One potential strategy is to replace the nanobody framework regions 
with those from related human immunoglobulin genes (50). With 
G6 in particular, the extreme variation in the CDR1 and CDR2 of 
enriched members of the G6 lineage suggests that binding may be 
completely dominated by the CDR3, suggesting that humanization 
may be achievable without affecting neutralization potency. With its 
minimal binding footprint, a suitably humanized G6 construct would 
have exceptional potential as a broadly neutralizing therapeutic or 
prophylactic against SARS-CoV-2 and its many emerging variants.

MATERIALS AND METHODS
Protein and probes
The plasmid for the expression of the SARS-CoV-2 prefusion-stabilized 
spike (51) was a gift from the McLellan Lab. The plasmid was used 
for transient transfection of FreeStyle 293F cells using the FreeStyle 
MAX reagent (Thermo Fisher Scientific). The spike trimer was 
purified from filtered supernatant on Strep-Tactin XT resin (IBA 
Lifesciences) or Ni–nitrilotriacetic acid (Ni-NTA) resin and purified 
by size exclusion chromatography on a Superdex 200.

The RBD was cloned upstream of a sortase A motif (amino acid 
sequence LPETG) and a 6xHIS tag. The plasmid was used for tran-
sient transfection of FreeStyle 293F cells as described above. The 
protein was purified from filtered supernatant on His-Pur Ni-NTA 
resin followed by size exclusion chromatography on a Superdex 200.

Nanobodies were cloned in the pHEN plasmid with a C-terminal 
sortase motif (LPETG) and a 6xHIS tag. BL21 Escherichia coli were 
transformed with this plasmid, expression was induced with 1 mM 
isopropyl--d-thiogalactopyranoside (IPTG) at optical density at 
600 nm = 0.6, and cells were grown overnight at 30°C. Nanobodies 
were retrieved from the periplasm by osmotic shock and purified on 
Ni-NTA resin and size exclusion chromatography.

The albumin binding nanobody Alb1 was described earlier (35), 
and the sequence was obtained from WO/2006/122787. Sortase A 
5M was produced as described before (36) in BL21 E. coli and puri-
fied by Ni-NTA and size exclusion chromatography.

Fluorescent spike ectodomain was generated by first attaching 
DBCO–N-hydroxysuccinimidyl ester to the spike trimer in a 3:1 molar 
ratio before attaching Abberior STAR 635P azide by click chemistry. 
The final product was purified from unreacted DBCO and fluoro-
phore on a PD-10 desalting column.

The biotinylated RBD was generated using sortase A and amine-
PEG3-biotin as a nucleophile. The reaction was performed with 
50 M RBD, 5 M sortase A 5M, and 8 mM amine-PEG3-biotin for 
6 hours at 4°C. Sortase A and unreacted RBD were removed on 
Ni-NTA resin, and excess nucleophile was removed by two consec-
utive purifications on PD-10 desalting columns. The biotinylated 
nanobodies were generated using sortase with a reaction of 100 M 
nanobody, 5 M sortase A 5M, and 8 mM amine-PEG3-biotin for 
2 hours at 25°C. Sortase and unreacted nanobody were removed on 
Ni-NTA resin, and the nanobodies were purified by size exclusion 
chromatography or PD-10 desalting columns.

Alpaca library generation and phage selection
The alpaca nanobody library used in this study was already described 
and used here (19). In brief, one adult female alpaca (Funny) at 
Preclinics, Germany, was immunized four times in a 60-day 
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immunization schedule. Each immunization consisted of two injec-
tions. For the first immunization, 200 g of prefusion stabilized spike 
and 200 g of S1 + S2 domain (Sino Biological) were used. In re-
maining immunizations, each consisted of one injection with 200 g 
of RBD and one injection with 200 g of prefusion-stabilized spike, 
both produced in FreeStyle 293F cells as described above. The animal 
study protocol was approved by the Preclinics animal welfare 
officer commissioner and registered under the registration no. 
33.19-42502-05-17A210 at the Lower Saxony State Office for Con-
sumer Protection and Food Safety—LAVES and is compliant with 
the Directive 2010/63/EU on animal welfare.

The nanobody phage library (size = 7.2 × 107) was generated as 
described by Hanke et al. (6). Phage display was performed on 
biotinylated RBD immobilized on streptavidin magnetic beads 
(Dynabeads M-280, Invitrogen) or strep-tagged spike immobilized 
on Strep-Tactin XT magnetic beads (IBA Lifesciences). To select for 
non-RBD binders, the phage enrichment on the spike protein was 
performed in the presence of nonimmobilized RBD.

NGS and enrichment analysis
Nanobody phage libraries were sequenced at baseline and, for each 
selection strategy, after each of two rounds of panning, as described 
by Hanke et al. (6). Briefly, phage libraries are amplified by poly-
merase chain reaction (PCR) and sequenced on an Illumina MiSeq 
instrument (2 × 300). Only metrics (e.g., enrichment) from the first 
panning round were used for downstream analysis, as an interim 
analysis showed that there was no clear ongoing enrichment during 
the second round. This is possibly because binding nanobodies were 
already at a saturating frequency after the first panning round.

The establishment of a nanobody phage library described above 
overwrites the N-terminal region of the VHH with a cloning primer, 
which includes ambiguous nucleotides. Here, we used this to inves-
tigate the internal consistency of each panning step. Sequencing 
primers were trimmed, and reads were collapsed by identity, retaining 
the frequency of each sequence. We performed an interim frequency 
analysis that compares the frequency of the two most frequent 
“versions” of each variant, where versions have identical sequences 
after the cloning primer but distinct ambiguities in the cloning 
primer sequence (considering the three N-terminal ambiguities to 
prevent bias driven by priming effects). If a panning run is consistent 
in which variants are enriched, then there should be agreement 
between two versions of each variant. Figure S1 shows that this is 
true of RBD and ScRBD panning but much less so of S panning. For 
downstream analysis, the cloning primer region was excluded when 
calculating variant frequencies.

To reduce sequence error and the volume of data for downstream 
analysis, we exclude all nonfunctional sequences (with early stop 
codons) and all variants that do not occur at least three times across 
all datasets. Enrichment is estimated as the change in frequency be-
tween pre- and postpanning sequence datasets in the log10 domain. To 
avoid undefined log ratios, we use pseudocount regularization when 
estimating frequencies. Enrichment is defined as: log10(Fpost + ) − 
log10(Fpre + ), where Fx is the proportion of reads from dataset x 
and  is a small constant, which we choose to be the reciprocal of the 
number of unique variants across the entire dataset.

Antibody repertoires exhibit complex relatedness patterns, due 
to the nature of VDJ recombination, and subsequent somatic hyper-
mutation. To visualize the relatedness of sequences, we use UMAP 
(17). UMAP first constructs a neighbor graph in the original 

high-dimensional space and then searches for a low-dimensional 
embedding that best preserves the similarity (measured by cross-
entropy loss) between the original neighbor graph and the graph 
implied by the low-dimensional embedding. UMAP does not natively 
work on sequences (especially not unaligned sequences), and so we 
first embed sequences in a high-dimensional “kmer” space, in which 
the squared Euclidean distance between closely related sequences 
well approximates their Levenshtein distance (18), especially for 
sequences that are closely related. As is popular in single-cell 
RNA sequencing applications of UMAP, we first project the high-
dimensional kmer representations into an intermediate space by 
principal components analysis (PCA) and then apply UMAP to 
these PCA coordinates. The approach (which we call seqUMAP) is 
implemented in the Julia language and will be described in detail in 
a forthcoming manuscript. We apply seqUMAP to embed the set of 
68,123 functional VDJ sequences into two dimensions.

Lineages
Antibody repertoires are made up of distinct lineages. Within a 
lineage, antibodies share the same ancestor but differ by somatic 
hypermutation. Clustering sequences into lineages typically relies 
on accurate V and J gene assignments, as the search for lineages is, 
for computational reasons, constrained to occur within sequences 
that share the same V and J germline gene. However, alpaca V gene 
databases appear to be incomplete, so we preferred an alternative 
strategy for lineage calling.

We begin with our seqUMAP embedding of all of the nanobody 
variants. We construct a “k-d tree” (52) of the seqUMAP coordinates 
of all variants, exploiting this space-partitioning data structure (52) 
to efficiently define a neighbor graph for all points within a set radius 
(0.4 here) of each other in seqUMAP space. The CDR3 is the strongest 
signal for lineage membership, and we consider each edge in G and 
prune that edge if the CDR3s are too dissimilar. For efficient com-
parison of CDR3s, we again rely on kmer embeddings and a “kmer 
distance,” which approximates a length-normalized Levenshtein 
distance (18). For CDR3s that are the same length, we prune edges 
where the kmer distance is greater than 12.5%, and for CDR3s of 
unequal length, we only allow up to 10% kmer distance. Most 
lineage calling strategies do not allow for any CDR3 length varia-
tion, which is partly for computational considerations, as this avoids 
a large number of pairwise alignment comparisons, but our kmer 
approach avoids any additional computational cost of comparing 
CDR3s of different lengths. Because CDR3 length variation is less 
common, and because allowing CDR3s of different lengths to be 
considered as the same lineage can lead to overly permissive lineage 
merging, we use a stricter distance requirement for CDR3s of un-
equal length. After CDR3-based pruning edges in G, the connected 
components of G define our single-domain antibody lineages.

This lineage calling relies on consistent CDR3 calling. We used 
an alignment-based strategy to identify CDR3s. We constructed a 
multiple sequence alignment of all amino acid variants, defined the 
CDR3 as the portion of the alignment after the canonical cysteine to 
the end of the conserved DYW, and projected these regions back 
into nucleotide space, as the comparisons described above occur on 
CDR3 nucleotide sequences.

With the radii used for the analysis of our 68,123 variant sequences, 
the exploitation of the seqUMAP neighborhood reduces the number 
of pairwise CDR3 comparisons from 4.6 billion to 5.3 million, and 
the entire algorithm completes in around 15 s on a standard laptop.
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Although the alpaca germline database is incomplete, it can serve 
as a sanity check on our lineage segmentation algorithm, which uses 
no germline assignment information. We assigned germline alleles 
using IMGT HighV-QUEST (53) and counted how often two ran-
dom members of the same lineage have concordant V and J allele 
assignments. To quantify agreement, we sample a random lineage 
with a size of >2, then sample two unique sequences from the lin-
eage (without replacement), and see if their germline assignments 
match (in case of ambiguous allele assignment, which happens in, 
for example, 7% of the nanobodies for V assignment, we allow a 
match when any of the calls are in common). Repeating this 1 million 
times and counting the proportions that are concordant give us an 
agreement metric. For V alleles, this pairwise agreement is 96.3%, 
and 98.7% for J alleles, which is fairly high considering that the 
algorithm is blind to these assignments, and we also expect the 
assignments to be sometimes incorrect. Inspecting pairs of nano-
bodies that were called, by our algorithm, to be within the same 
lineage but with discordant V allele calls, we then examined how 
diverged their CDR3 nucleotide sequences were (by edit distance). 
The modal value is zero. Around half of the pairs with different V 
calls have identical CDR3s, and the average CDR3 distance is just 
2.2 nucleotides, which does not suggest that the lineage assignment 
is incorrect. Inspecting these pairs suggests two main explanations: 
(i) Somatic hypermutations in the V region are likely causing assign-
ment to incorrect alleles (possibly due to the correct candidates not 
being part of the germline set) and (ii) chimeric variants that can be 
introduced during the establishment of the original nanobody library, 
which can have the first part of a sequence from one nanobody and 
the rest from another (note that these can be functional nanobodies, 
so we do not aim to exclude them). In this latter case, there is no 
correct answer to the lineage assignment question, because part of 
the sequence comes from the same lineage, and part of the sequence 
comes from a different one.

Cloning and expression of candidates
Selected nanobody sequences were ordered as eBlocks from Inte-
grated DNA Technologies (IDT) with 20–base pair overhangs for 
Gibson assembly into a pHEN6 plasmid digested with Pst I and 
BstE II restriction enzymes. The plasmids then encoded for nano-
bodies followed by a sortase A motif (LPETG) and a HIS tag. The 
Gibson assembly was performed in a 96-well plate, and 2 l of the 
assembly was directly used to transform BL21 E. coli and grown 
overnight in LB medium and a 96-well plate covered with AirPore 
tape sheets in a 37°C shaking incubator (>250 rpm). From this 
“master” plate, 20 l of culture was used to start an expression plate 
(1 ml of LB per well in a 96-deep well plate). After 4-hour incuba-
tion at 37°C, nanobody expression was induced by addition of 1 mM 
IPTG (final concentration), and cells were grown at 30°C overnight 
with shaking. Cells in the expression plate were pelleted and re-
suspended in 100 l of TES buffer [200 mM tris (pH 8), 0.65 mM 
EDTA, and 0.5 M sucrose] for 1 hour. Resuspended cells were then 
diluted in 300 l of 0.25× TES buffer overnight. Cells were centri-
fuged, and periplasmic extracts were collected and directly used for 
expression level quantification, ELISA, and neutralization assays.

For nanobody candidates that were analyzed in more detail, 
plasmids from the original Gibson assembly were amplified in 
DH5 and verified by Sanger sequencing before being produced in 
larger quantities and purified by Ni-NTA affinity and size exclusion 
chromatography.

Neutralization assay
Pseudoviruses were generated by cotransfection of HEK293T cells 
with plasmids encoding firefly luciferase, a lentiviral packaging 
plasmid (Addgene, catalog no. 8455), and a plasmid encoding the 
spike protein (with a C-terminal truncation) from SARS-CoV 
(Addgene, catalog no. 170447), SARS-CoV-2 (54), or SARS-CoV-2 
B.1.351 variant (Beta) (23). Medium was changed 12 to 16 hours 
after transfection, and PSVs were harvested at 48 and 72 hours, 
clarified by centrifugation, and stored at −80°C until use. PSVs suf-
ficient to generate 100,000 relative light units (RLUs) were incubated 
with serial dilutions of nanobody for 60 min at 37°C. A total of 
15 000 HEK293T-hACE2 cells were then added to each well, and 
the plates were incubated for 48 hours at 37°C. Luminescence was 
measured using Bright-Glo (Promega) on a GM 2000 luminometer 
(Promega) with an integration time of 0.3 s. Neutralizing antibody 
ID50 (median inhibitory dose) titers were calculated in Prism 9 
(GraphPad Software) by fitting a four-parameter logistic curve 
bounded between 0 and 100 and interpolating the concentration/
dilution where RLUs were reduced by 50% relative to control wells 
in the absence of nanobody.

For periplasmic extract PSV neutralization, low-level background 
inhibition was evident. For the rapid screen, we subtracted this 
background value from all IC50s for the results described in Fig. 3 
and for candidate selection.

Flow cytometry
HEK293T-hACE2 cells were trypsinized and fixed in 4% formaldehyde 
in PBS for 20 min. Cells were stained with spike–Abberior STAR 
635P not premixed or premixed with target nanobody or control 
nanobody. Fluorescence was quantified using a BD FACSCelesta 
and the FlowJo software package.

Surface plasmon resonance
Binding kinetics were determined by SPR using a Biacore 2000. 
All experiments were performed at 25°C in a running buffer of 
10 mM Hepes, 150 mM NaCl (pH 7.4), and 0.005% Tween 20 (v/v). 
Site-specifically biotinylated RBD was immobilized on streptavidin 
sensor chips (Series S Sensor Chip SA, GE Healthcare) to a level of 
~200 resonance units. A twofold dilution series of the nanobodies 
was injected at a flow rate of 30 l/min (association, 180 s; dissocia-
tion, 900 s), and the immobilized RBD was regenerated using 
0.1 M glycine buffer (pH 2) twice for 10 s. Data were analyzed 
using BIAevaluation Software and fitted using the 1:1 Langmuir 
model with mass transfer, except for C7 where we used the hetero-
geneous ligand model to account for the self-dimerization of 
this nanobody.

Epitope mapping by HDX-MS
All chemicals were from Sigma-Aldrich, pH measurements were 
made using a SevenCompact pH meter equipped with an InLab 
Micro electrode (Mettler-Toledo), and, before all measurements, a 
four-point calibration (pH 2,4,7, and 10) was made. The HDX-MS 
analysis was made using automated sample preparation on a LEAP 
H/D-X PAL platform interfaced to an LC-MS system, comprising 
an UltiMate 3000 Micro LC coupled to an Orbitrap Q Exactive  
Plus MS.

HDX was performed on an RBD, 0.6 mg/ml without and with 
nanobody (E2, C7, F1, G6, and E11), in PBS (pH 7.5) (Sigma-Aldrich, 
#D8537). All HDX-MS was done in one continuous run, with runs 
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of the apo state made in between the nanobody runs. In total, 
eight replicates were made for the apo state. E2, C7, F1, and E11 
were run in triplicate, and G6 in duplicate. Samples were run. Apo 
state samples constituted 2.5 l of RBD and 2.5 l of PBS, the inter-
action analysis samples constituted 2.5 l of RBD mixed with 2.5 l 
of ligand, and the samples were diluted with 30 l of 10 mM PBS 
(pH 7.46) or HDX labeling buffer of the same composition prepared 
in D2O [pH(read) 7.10]. The HDX labeling was carried out for t = 0, 
30, 300, 3000, and 9000 s at 20°C. The labeling reaction was quenched 
by dilution of 30 l of labeled sample with 30 l of 1% trifluoroacetic 
acid, 0.4 M Tris(2-carboxyethyl)phosphine (TCEP), and 4 M urea 
(pH 2.5) at 1°C, and 60 l of the quenched sample was directly in-
jected and subjected to online pepsin digestion at 4°C (in-house im-
mobilized pepsin column, 2.1 mm by 30 mm). The online digestion 
and trapping were performed for 4 min using a 0.1% formic acid 
(FA) with a flow of 50 l/min (pH 2.5). The peptides generated by 
pepsin digestion were subjected to online SPE on a PepMap300 C18 
trap column (1 mm by 15 mm) and washed with 0.1% FA for 60 s. 
Thereafter, the trap column was switched in-line with a reversed-phase 
analytical column, Hypersil GOLD, with a particle size of 1.9 m 
(1 mm by 50 mm); separation was performed at 1°C using a gradi-
ent of 5 to 50% B over 8 min and then from 50 to 90% B for 5 min; 
and the mobile phases were 0.1% FA (A) and 95% acetonitrile/0.1% FA 
(B). Following the separation, the trap and the column were equili-
brated at 5% organic content until the next injection. The needle 
port and the sample loop were cleaned three times after each injection 
with mobile phase 5% MeOH/0.1% FA, followed by 90% MeOH/​
0.1% FA, and a final wash of 5% MeOH/0.1% FA. After each sample 
and blank injection, the pepsin column washed by injecting 90 l of 
pepsin wash solution with 1% FA/4 M urea/5% MeOH. To minimize 
carryover, a full blank was run between each sample injection. Sepa-
rated peptides were analyzed on a Q Exactive Plus MS, equipped with 
a heated electrospray ionization (HESI) source operated at a capillary 
temperature of 250°C with a sheath gas of 12 au, an auxiliary gas of 
2 au, and a sweep gas of 1 au. For HDX analysis, MS full scan spectra 
were acquired at 70,000 resolution, automatic gain control of 3 × 106, 
maximum injection time of 200 ms, and scan range of 300 to 2000. 
For identification of generated peptides, separate undeuterated sam-
ples were analyzed using data-dependent tandem MS with higher-
energy C-trap dissociation (HCD) fragmentation.

A summary of the HDX experimental detail is reported in file S1. 
The MS and HDExaminer analysis files have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner repository 
(reference ID: 30395289).
HDX-MS data analysis
PEAKS Studio X Bioinformatics Solutions Inc. (Waterloo, Canada) was 
used for peptide identification after pepsin digestion of undeuterated 
samples. The search was done on a FASTA file with only the RBD 
sequence, and search criteria was a mass error tolerance of 15 parts 
per million and a fragment mass error tolerance of 0.05 Da, allowing 
for fully unspecific cleavage by pepsin. Peptides identified by PEAKS 
with a peptide score value of log P > 25, and no modifications were 
used to generate a peptide list containing peptide sequence, charge 
state, and retention time for the HDX analysis. HDX data analysis and 
visualization were performed using HDExaminer version 3.1.1 (Sierra 
Analytics Inc., Modesto, US). Each nanobody RBD complex state was 
analyzed and compared to its four closest (in time) apo state runs. The 
analysis was made on charge states 1 to 6 for each peptide, allowed only 
for EX2, and the two first residues of a peptide were assumed unable 

to hold deuteration. Because of the comparative nature of the 
measurements, the deuterium incorporation levels for the peptic 
peptides were derived from the observed relative mass difference be-
tween the deuterated and nondeuterated peptides without back-
exchange correction using a fully deuterated sample (55). As a full 
deuteration experiment was not made, full deuteration was set to 75% 
of maximum theoretical uptake. The presented deuteration data are 
the average of all high and medium confidence results. The allowed 
retention time window was ±30 s. Heatmaps settings were uncolored 
proline, and heavy smoothing and the difference heatmaps were 
drawn using automatically calculated significance based on replicate 
variance. The spectra for all time points were manually inspected; 
low-scoring peptides, obvious outliers, and any peptides where 
retention time correction could not be made consistent were re-
moved. As bottom-up labeling HDX-MS is limited in structural 
resolution by the degree of overlap of the peptides generated by 
pepsin digestion, the peptide map overlap is shown for respective 
state in file S1.

Nanobody competition assay
Immunoprecipitations for competition assays were performed with 
8 g of C-terminally biotinylated nanobody on M-280 streptavidin 
magnetic beads (Dynabeads, Invitrogen) and 10 g of spike or RBD 
preincubated with 10 g of the indicated (HIS-tagged) nanobodies. 
Bound spike or RBD was eluted in 0.2 M glycine (pH 2.2) and 
analyzed by SDS-PAGE and Coomassie staining.

SARS-CoV-2 challenge experiments
K18-hACE2 transgenic mice were purchased from the Jackson 
Laboratory and maintained as a hemizygous line. Experiments were 
conducted in biosafety level 3 facilities at the Comparative Medicine 
department (KM-F) at Karolinska Institutet. Ethics for studies of 
virus infection and therapeutic intervention were obtained from the 
Swedish Board of Agriculture (10513-2020). Mice were administered 
nanobodies as described in the Therapeutic potential of nanobodies 
section and challenged intranasally with 86 PFU SARS-CoV-2 in 
40 l of PBS following isoflurane sedation. Oropharyngeal sampling 
was performed on day 5 under light anesthesia with isoflurane. 
Weight and general body condition were monitored daily until 
weight drop started, whereupon mice were monitored twice daily. 
During the experiment, weight loss, changes in general health, breath-
ing, body movement and posture, piloerection, and eye health were 
monitored. Mice were euthanized when they reached 20% weight 
loss or when movement was greatly impaired and/or they experi-
enced difficulty breathing that was considered to reach a severity 
level of 0.5 on Karolinska Institutet’s veterinary plan for monitoring 
animal health. The weight loss in response to infection was highly 
reproducible. In Fig. 6, data from 50% of the untreated, challenged 
animals are historical controls from previous experiments per-
formed under identical conditions. This challenge experiment was 
run at the same time as that from Hanke et al. (19), and the control 
mice were shared between both.

RNA extraction and reverse transcription quantitative PCR 
for SARS-CoV-2 detection
Viral RNA was isolated from buccal swabs collected 5 days after 
infection and stored in 500 l of TRIzol reagent (Invitrogen). Total 
RNA extractions from buccal swab samples were performed 
using an adapted TRIzol manufacturer’s protocol with a 45-min 
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precipitation step at −20°C. RNA pellets were resuspended in 20 
l of ribonuclease-free water.

Reverse transcription PCR (RT-PCR) reactions were performed 
using 4 l of resuspended RNA in a 20-l reaction volume using the 
SuperScript III one step RT quantitative PCR (RT-qPCR) system 
with Platinum Taq Polymerase (Invitrogen) with 400 nM concen-
trations of each primer and 200 nM probe. Primers and probes for 
the CoV-E gene target were as previously described (56). The fol-
lowing primers and probes for the ABL1 target were adapted from 
Ishige et al. (57) to enable detection of the murine homolog: ABL1_
ENF1003_deg (5′-TGGAGATAACACTCTCAGCATKACTA-
AAGGT-3′), ABL1_ENR1063 (5′-GATGTAGTTGCTTGGGACCCA-3′), 
and ABL1_ENPr1043_deg (5′-HEX-CCATTTTTSGTTTGGGCTTCA
CACCATT-BHQ1–3′). The CoV-E and ABL1 TaqMan assays were 
run in multiplex. Detection of the subgenomic CoV-E target was 
adapted from Wölfel et al. (58) using a leader/E gene junction-specific 
forward primer: sgEjunc_SARSCoV2_F (5′-CGATCTCTTGTA
GATCTGTTCTCTAAACG-3′). All oligonucleotides were synthesized 
by Eurofins Genomics.

Thermal cycling conditions for all assays consisted of RT at 55°C 
for 10 min, denaturation at 95°C for 3 min, and 45 cycles of 95°C for 
15 s and 58°C for 30 s. Reactions were carried out using a CFX96 
Connect Real-Time PCR Detection System (Bio-Rad) following 
the manufacturer’s instructions. To generate standard curves, a 
synthetic DNA template gBlock (IDT) was transcribed using the 
mMessage mMachine T7 Transcription Kit (Invitrogen) and serially 
diluted. To reduce sampling-related variability, SARS-CoV-2 RNA 
copies were normalized by ABL1 copies, and this ratio was used 
for comparisons. ABL1 copies were not significantly different be-
tween groups.

Generation of nanobody dimers by sortase-mediated 
functionalization and click chemistry
Nanobodies were functionalized site specifically on the C terminus 
using sortase A 5M with either an azide or a DBCO and subsequently 
dimerized by Cu-free SPAAC reaction as described earlier (36). 
Briefly, nanobodies at concentrations ranging from 75 to 205 M 
were incubated with 5 M sortase A, 8 mM DBCO-amine (Sigma-
Aldrich, #761540), or 10 mM 3-azido-1-propanamine (Sigma-Aldrich, 
#762016) in 50 mM tris (pH 7.5), 150 mM NaCl, and 10 mM CaCl2 
for 3 hours at 25°C. Unreacted nanobody, sortase A, and excess 
nucleophile were removed using Ni-NTA resin and Zeba spin 
desalting columns (2 ml; 7000–molecular weight cutoff; Thermo 
Fisher Scientific, #89890). Dimers were generated with a SPAAC 
reaction by incubating 30 g of DBCO-functionalized and 30 g of 
azide-functionalized nanobodies in a 96-well plate for 72 hours 
at 4°C. Reaction products were analyzed by SDS-PAGE (4 to 
12% NuPAGE Bis-Tris, Life Technologies) and Coomassie G-250 
staining. The relative amount of dimers in the gels (fig. S4) was 
quantified using ImageJ and an E4 homodimer as a reference. Some 
homodimers, when produced at larger scale (fig. S2), were generated 
by combining azide-functionalized nanobody with bis-PEG11-DBCO 
to increase solubility. These constructs were purified by size exclu-
sion chromatography.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm0220

View/request a protocol for this paper from Bio-protocol.
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