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Dendritic Cell-Mediated Cross-Priming by a Bispecific
Neutralizing Antibody Boosts Cytotoxic T Cell Responses
and Protects Mice against SARS-CoV-2
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Xiaoran Shang, Yuxing Li, Carlos Alfonso, Kaylin A. Adipietro,
Dinendra L. Abeyawardhane, Rocío Navarro, Marta Compte, Wenbo Yu,
Alexander D. MacKerell Jr, Laura Sanz, David J. Weber, Francisco J. Blanco,
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Administration of neutralizing antibodies (nAbs) has proved to be effective by
providing immediate protection against SARS-CoV-2. However, dual strategies
combining virus neutralization and immune response stimulation to enhance
specific cytotoxic T cell responses, such as dendritic cell (DC) cross-priming,
represent a promising field but have not yet been explored. Here, a broadly
nAb, TNT, are first generated by grafting an anti-RBD biparatopic tandem
nanobody onto a trimerbody scaffold. Cryo-EM data show that the TNT

structure allows simultaneous binding to all six RBD epitopes, demonstrating
a high-avidity neutralizing interaction. Then, by C-terminal fusion of an
anti-DNGR-1 scFv to TNT, the bispecific trimerbody TNTDNGR-1 is generated
to target neutralized virions to type 1 conventional DCs (cDC1s) and promote
T cell cross-priming. Therapeutic administration of TNTDNGR-1, but not TNT,
protects K18-hACE2 mice from a lethal SARS-CoV-2 infection, boosting
virus-specific humoral responses and CD8+ T cell responses. These results
further strengthen the central role of interactions with immune cells in the
virus-neutralizing antibody activity and demonstrate the therapeutic potential
of the Fc-free strategy that can be used advantageously to provide both
immediate and long-term protection against SARS-CoV-2 and other viral
infections.
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1. Introduction

Coronavirus disease 2019 (COVID-19),
caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), has
given rise to one of the worst pandemics
in recent history. As July 2023, the virus
has infected more than 767 million individ-
uals, causing over 6.9 million deaths
(https://covid19.who.int/). Although
multiple effective vaccines preventing
COVID-19 are being widely administered
worldwide,[1–3] the emergence of multiple
SARS-CoV-2 variants causing increased
viral dispersion and immune evasion
requires the continual development of ef-
fective therapeutics against COVID-19.[4–6]

In this context, monoclonal antibodies
(mAb) have shown efficacy in animal
models of SARS-CoV-2 infection[7–9] and
several mAb-based therapeutics received
Emergency Use Authorization.[10–12]

SARS-CoV-2 infection requires the
spike (S) protein receptor-binding domain
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(RBD) docking to the cell surface receptor angiotensin-
converting enzyme 2 (ACE2) for viral entry into host cells,[13–15]

so most SARS-CoV-2-neutralizing antibodies (nAb) block this
interaction by direct binding to the RBD.[16 ,17 ] Accordingly,
viral strains with mutations altering the RBD surface can avoid
antibody recognition and neutralization. A particularly negative
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effect has been attributed to the K417N/T, L452R, T478K, and
E484K/Q mutations, as seen in the B.1.351 (beta), P.1 (gamma),
B.1.617.2 (delta), or B.1.1.529 (omicron) variants of concern
(VOCs). The spread of these VOCs has reduced the efficacy of
vaccines and mAb-based therapeutics,[4,18,19] making it manda-
tory to update them against present and future SARS-CoV-2
variants.

Camelid-derived single-domain antibodies, also known as
VHHs or nanobodies, combine antigen-binding affinities that
are comparable to conventional antibodies with a smaller size
(15 kDa), high stability, and engineering simplicity.[20,21] Their po-
tential for use against SARS-CoV-2 infection has been widely re-
ported both in vitro[22–25] and in vivo.[26–28] Many multimerization
strategies have been used to increase their potency, such as bispe-
cific and biparatopic fusions,[23,29,30] VHH-Fc constructs[22,24] and
N-terminal VHH-based trimerbodies.[31] Some of these multimer-
ized VHHs completely neutralize the infectivity of SARS-CoV-2
and even suppress the emergence of escape mutants.[23,29,31]

Dendritic cells (DCs) are professional antigen-presenting cells
that play a central role in the induction of antigen-specific adap-
tive immune responses during infection.[32] C-type lectin recep-
tors (CLR), such as DEC-205, DCIR-2 and DC-SIGN, have been
increasingly used in preclinical models for in vivo targeting of
antigens to DCs.[33–36] Dendritic cell natural killer lectin group
receptor-1 (DNGR-1), encoded by the gene Clec9a, is a CLR selec-
tively expressed at high levels by mouse CD8𝛼+[37] and CD103+

DCs,[38] and by their human equivalents.[39] In this DC subset,
defined as conventional type 1 DCs (cDC1s), DNGR-1 promotes
cross-priming of cytotoxic CD8+ T cell (CTL) responses by divert-
ing of necrotic cell cargo into a recycling endosomal compart-
ment, preferentially resulting in major histocompatibility com-
plex class I cross-presentation to CTLs.[40,41] Therefore, DNGR-1
may be used as a target to enhance anti-viral CTL responses by
specific-priming of cDC1s with viral components, such as anti-
gens or whole virions.[42]

Here, we report the development of TNT, a SARS-CoV-2-nAb
comprising an anti-RBD biparatopic tandem-nanobody (TN) in-
tegrated in a trimerbody scaffold.[43] It neutralized Wuhan-Hu-
1/B.1 lineage S protein-pseudotyped vesicular stomatitis virus
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(VSV) and live SARS-CoV-2 viruses 10- and 20-fold more effec-
tively, respectively, than the monomeric TN and demonstrated
potent neutralization of the K417N/T, E484K, N501Y, and L452R
antibody-escape mutations found in the beta, gamma, and delta
VOCs. In a second engineering step, the DNGR-1-specific 7H11
single-chain variable fragment (scFv) was C-terminally fused to
TNT to target SARS-CoV-2 neutralized virions to DCs and induce
virus-specific CTL responses. This bispecific TNTDNGR-1 anti-
body selectively targeted viral antigens to DCs expressing DNGR-
1, promoting their receptor-mediated internalization. In a prime-
boost regime coadministration in mice of TNTDNGR-1 and S
protein significantly improved antiviral S-specific responses, en-
hancing the generation of SARS-CoV-2 S-specific CD8+ T cells
and the polarization of the humoral responses towards the pro-
Th1 response IgG2c subclass. Remarkably, intraperitoneal ad-
ministration of TNTDNGR-1, but not of TNT, in SARS-CoV-2
infected K18-hACE2 mice protected all mice from lethal SARS-
CoV-2 challenge. TNTDNGR-1 reduced viral load in the lungs, in-
creased IgG and IgM antibody titers against S protein and other
viral antigens in serum samples and mediated effective SARS-
CoV-2 neutralizing activity. Particularly, TNTDNGR-1 treatment
boosted the generation of S-specific CD8+ T cells in the lungs, in-
dicating an enhancement of T cell-mediated antiviral responses.

2. Results

2.1. Design of a Broadly Neutralizing Biparatopic Trimeric
Antibody Targeting the SARS-CoV-2 S Protein RBD

For the generation of the biparatopic VHH-tandem neutralizing
antibody (TN), we used two well-characterized neutralizing VHHs
(E and V) that recognize two non-overlapping epitopes on the
SARS-CoV-2 Wuhan-Hu-1/B.1 RBD as building blocks,[23] fus-
ing them with a 15-amino acid-long (G4S)3 linker. To improve
TN’s binding to RBD through multivalency (i.e., the avidity effect)
and to increase RBD occupancy within the S protein trimer, TN
was integrated into a trimerbody scaffold by fusing it to a human
collagen XVIII-derived homo-trimerization (TIE) domain[44] gen-
erating a biparatopic VHH-based trimerbody (TNT) (Figure 1A).
TN and TNT were purified from HEK-293 conditioned media,
showing migration patterns in SDS-PAGE under reducing con-
ditions consistent with their theoretical molecular weights (29.6
and 38 kDa, respectively) (Figure S1A, Supporting Information).
In a size exclusion chromatography-multiangle light scattering
(SEC-MALS) analysis TN eluted as a major peak with a molar
mass of 31 kDa and TNT as a single peak with 118 kDa (calculated
masses are 29.6 and 114 kDa, respectively) (Figure S1B, Support-
ing Information). Circular dichroism (CD) spectra (Figure S1C,
Supporting Information) display minima at 217 nm, character-
istic of 𝛽-sheet secondary structure. The cooperative thermal de-
naturation curves, with mid-point temperatures >60 °C (Figure
S1D, Supporting Information), indicate stable three-dimensional
structures in both antibodies.

2.2. TN-Based Antibodies Bind SARS-CoV-2 S Protein RBD with
High Affinity and Efficiently Block the RBD-ACE2 Interaction

Biolayer interferometry (BLI) analysis confirmed the ability of TN
and TNT to bind B.1 RBD and block its interaction with human

ACE2 (hACE2). Treating the biosensor-immobilized B.1 RBD
with any of the two antibodies prevented nearly all (>95%) sub-
sequent binding of hACE2 (Figure 1B). Moreover, TN and TNT

exhibited similar reactivity against B.1.351 (beta), P.1 (gamma),
B.1.617.1 (kappa), and B.1.617.2 (delta) RBDs compared to the
B.1 RBD, as measured by enzyme-linked immunosorbent as-
say (ELISA) (Figure S1E, Supporting Information). BLI analy-
sis confirmed that TN and TNT bind with high affinity to im-
mobilized B.1 RBD (Figure S1F, Supporting Information) and
demonstrated negligible dissociation over one hour of measure-
ment. This precluded a precise determination of their disso-
ciation rate but was indicative of high-affinity sub-nanomolar
dissociation constants (KD). As expected from their respective
monomeric and trimeric natures, TNT association rate constant
was approximately threefold greater than for TN (ka values of ≈16
and ≈6 × 104 M−1 s−1, respectively). A similar study was per-
formed where both TN and TNT bound the beta variant RBD
essentially identically to the B.1 RBD (Figure S1G, Supporting
Information).

2.3. Biparatopic TNT Binds Simultaneously to all Three S Protein
RBDs

The stoichiometry of the interaction between S protein and
TNT was studied by microfluidic diffusional sizing (MDS) anal-
ysis. The hydrodynamic radius (Rh) of TNT (5.06 nm) is con-
sistent with its trimeric form, increasing to 16.6 nm when
mixed with equimolar amount of HexaPro S protein. This in-
dicates that TNT binds to trimeric S protein at a 1:1 stoichiom-
etry (Figure S2A,B, Supporting Information). Cryo-electron mi-
croscopy (cryo-EM) was used to determine the structure of the
HexaPro S protein/TNT complex (Figure S2C–H; see Experimen-
tal Section in the Supporting Information for details). An electron
density map with 3.8 Å resolution was used to build a consis-
tent model of the S protein ectodomain (yellow, blue and green,
Figure 1C). While the isolated S protein exists predominantly in a
closed RBD conformation,[14] the TNT-bound S protein is mainly
in the prefusion state with all three RBDs in the open conforma-
tion (Figure 1C; Figure S3A,B, Supporting Information). The TIE
domain and the linkers of TNT were not observed (likely due to
their flexibility and lack of direct binding to the S protein), but
there were densities in the map that made it possible to model
the six TNT VHHs bound to their RBD epitopes (Figure 1C,D;
Figure S3A,B, Supporting Information). As the length of the 15-
amino acid linker connecting the C-terminus of E VHH and the
N-terminus of V VHH (53 Å in an extended conformation) is com-
patible with this distance between the E and V VHHs binding to
the same RBD (43 Å), but not compatible with those bound to
different RBDs (>90 Å), each tandem VHH must interact with
a single RBD. In concert, the three tandem VHHs of TNT com-
pletely block all of the S protein’s sites of interaction with the
hACE2 receptor. The RBD binding by the E and V VHHs within
the TNT is very similar to that of the monomeric tandem VHHs,
which was previously described (PDB: 7B18),[23] although in the
S protein/TNT model there is a major shift in the position of one
of the RBDs relative to the other two in the complex (Figure S3C,
Supporting Information).
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Figure 1. The TNT trimerbody efficiently blocks RBD-hACE2 interaction by simultaneous binding to the three RBDs of the SARS-CoV-2 S protein causing
broad effective neutralization activity. A) Hypothetical model of the TNT trimerbody displayed in lateral and top views showing VHHs and TIE trimerization
domain disposition. Each monomer was colored differently (blue, red and purple). B) The ability of TN and TNT antibodies to block the interaction of ACE2
with RBD was investigated using BLI. TN (black) or TNT (blue) were associated with immobilized B.1 RBD, after which ACE2 was added. Unblocked
control is also shown (red). C) Side and top views of sharpened cryo-EM map corresponding to the trimeric S protein ectodomain after incubation
with TNT. The map is shown in pale grey and the S protein/TNT modelization is included in the map as cartoon representation. Each protomer of the
S protein (3-up RBD) is colored differently (yellow, blue, and green) and the docked domains, E and V VHHs forming the three-arms of the TNT, bound
simultaneously to the three RBDs are shown in purple and magenta, respectively. D) The alignment of the three RBDs bound to E and V VHHs from our
model illustrates the similar way of interaction between the three arms of TNT and each RBD. E) Neutralization of SARS-CoV-2 S-pseudotyped rVSV-luc.
Twofold serial dilutions of control nAb (SB-40592 or sotrovimab), TN or TNT were incubated with pseudoviruses expressing S protein from different
variants prior to Vero E6 cells infection. Normalized values from three independent experiments ± SEM are plotted. Overall, there was an excellent
correlation between the three neutralization assays (R2 = 0.92).

2.4. Trimerization Enhances SARS-CoV-2 Neutralization by the
TN Antibody and Prevents Escape Caused by Mutations Found in
Most VOCs

The neutralizing activity of TN and TNT was assessed us-
ing replication-deficient G-luciferase VSV pseudotyped with the
SARS-CoV-2 S protein. SB-40592 and sotrovimab biosimilar
were used as control mAbs. SB-40592 neutralized S protein-
pseudotyped particles with half-maximal effective concentration
(EC50) of 37 × 10−12 m for B.1, 47 × 10−12 m for VOC B.1.1.7
(alpha) and 41 × 10−12 m for VOC delta, but was ineffective
against beta, gamma, and kappa strains (Figure 1E). Sotrovimab
EC50 values were between 156 and 335 × 10−12 m for all assayed
strains (Figure 1E). TN neutralized infection strongly in a dose-
dependent manner, with EC50 values of 147 and 182 × 10−12 m for
the B.1 and delta pseudoviruses, respectively; however, its efficacy
was significantly decreased against beta (approximately tenfold),
kappa (approximately eightfold), and gamma (approximately five-

fold) variants (Figure 1E). The trimerization-conveyed avidity of
TNT reduced the EC50 concentration against B.1 pseudovirus to
26 × 10−12 m (approximately sixfold) and it retained this effi-
cacy against all the variants studied. Specifically, TNT was nearly
70- and 30-fold more effective than TN against beta and gamma
VOCs (EC50 of 23 and 24 × 10−12 m, respectively) (Figure 1E).

2.5. Design of a SARS-CoV-2-Neutralizing Trimerbody Targeting
Dendritic Cells

To allow TNT to prime adaptive immune responses in addi-
tion to its short-term virus-neutralizing capacity, we aimed to
deliver the TNT-bound virus to cDC1s, which excel at priming
anti-viral responses. With this purpose, we generated a bispe-
cific trimerbody (TNTDNGR-1) by fusing the anti-DNGR-1 7H11
scFv[37] to the C-terminus of TNT through a flexible 15-amino acid
linker (Figure 2A). SDS-PAGE analysis of purified TNTDNGR-
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Figure 2. The bispecific TNTDNGR-1 trimerbody combines potent and broad SARS-CoV-2 neutralization with specific targeting of viral antigens to
DNGR-1-expressing DCs for boosting systemic S-specific effector CD8+ T cell responses. A) TNTDNGR-1 hypothetic model showing VHH-tandem, TIE
trimerization domain and anti-DNGR-1 7H11 scFv antibody. Each polypeptide chain is represented in one different color (blue, red and purple). B)
Bispecificity of TNTDNGR-1 was investigated using BLI by incubating RBD-coated biosensors first with antibody, and then with DNGR-1. Control RBD-
coated biosensors with TNTDNGR-1 but without DNGR-1 and just with DNGR-1 were also included. C) Neutralization of SARS-CoV-2 S-pseudotyped
rVSV-luc. Twofold serial dilutions of each trimerbody were incubated with SARS-CoV-2 S-pseudotyped rVSV-luc expressing S protein from beta and delta
variants prior to infecting Vero E6 cells. D) B.1, beta and delta SARS-CoV-2 virus neutralization of infection. Five-fold serial dilutions of sotrovimab,
TN, TNT or TNTDNGR-1 were incubated with live viruses prior to infecting Vero E6/TMPRSS2 cells. E) Flow cytometry analysis of Flt3-L BMDCs after
incubation at 4 or 37 °C with TNTDNGR-1 or control TNT and subsequent stained with AF647-RBD staining and antibodies to discriminate DC subsets.
Upper histograms represent actual staining for the different cell subsets at 1 h and 4 °C. Lower data represent geometric mean fluorescence intensity
(gMFI) for the cDC1, cDC2, and pDC subsets at the different conditions. F) Representative pictures of MuTu-DC cells incubated with TNTDNGR-1 or
control TNT and AF647-RBD at 4 °C and then for different times at 37 °C before fixation and visualization using confocal microscopy. G) Immunization
of C57BL/6 mice using a prime-boost scheme with either: (1) PBS; (2) S protein + adjuvants (poly I:C + CpG); (3) S protein + TNT + adjuvants; or (4) S
protein + TNTDNGR-1 + adjuvants. One representative from two independent experiments (n = 3–5 mice/group /experiment) is shown. Spleens were
harvested on day 14 and stained for S-specific CD8+ T cells using specific S protein tetramer, H-2Kb (539-VNFNFNGL-546) (S-Tet). H) Frequency of
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1 revealed a single band consistent with its estimated molec-
ular weight (64.7 kDa) (Figure S4A, Supporting Information)
and SEC-MALS analysis showed one major symmetric peak with
a molar mass of 175 kDa (Figure S4B, Supporting Informa-
tion), close to its theoretical trimeric mass of 194 kDa. BLI stud-
ies proved that TNTDNGR-1 bound to immobilized B.1 RBD
with high affinity (Figure 2B) and could bind soluble DNGR-1
while remaining bound to the immobilized RBD, demonstrat-
ing its ability to bind both antigens simultaneously (Figure 2B).
TNTDNGR-1 bound B.1 RBD in ELISA assays and HEK-293 cells
expressing B.1 S protein as efficiently as TNT (Figure S4C,D, Sup-
porting Information). Furthermore, in accordance with its high-
affinity binding to immobilized RBD protein, TNTDNGR-1 neu-
tralized pseudovirus infection as efficiently as TNT, with EC50
values of 49.2, 36.9, and 42.6 × 10−12 m for B.1, beta and delta
variants, respectively (Figure 2C). Moreover, TN inhibited SARS-
CoV-2 infection of Vero E6/TMPRSS2 cells in a similar way to
sotrovimab for B.1 and delta strains, but its EC50 was 5-fold in-
creased against beta VOC. Comparatively, TNTDNGR-1 and TNT

promoted a higher neutralization effect than monomeric TN and
sotrovimab for all assayed variants (Figure 2D). Both trimerbod-
ies avoid viral escape with EC50 of 0.3 and 0.7 × 10−12 m for B.1
strain, 0.15 and 1 × 10−12 m for VOC beta, and 2.3 and 0.64 ×
10−12 m for VOC delta, respectively (Figure 2D). Comparatively
sotrovimab EC50 values for these strains were 21, 11, and 16 ×
10−9 m, respectively (Figure 2D).

2.6. TNTDNGR-1 Trimerbody Targets RBD to DNGR-1-Expressing
Dendritic Cells Promoting its Internalization

To test the specificity of TNTDNGR-1 we stained B3Z and
B3ZDNGR-1 cells with AF647-conjugated B.1 RBD (AF647-RBD)
preincubated with TNT or TNTDNGR-1 and found that B3ZDNGR-1

cells were labeled by AF647-RBD only in the presence of
TNTDNGR-1 but not the TNT control (Figure S4E, Supporting
Information). To address whether TNTDNGR-1 (as well as neu-
tralized RBD or virions) is internalized by DCs, we incubated
Flt3L bone marrow-derived dendritic cells (BMDCs) with TNT

or TNTDNGR-1 for up to two hours at 4 or 37 °C and then
added AF647-RBD for detecting cell surface-bound trimerbodies.
DNGR1-expressing DCs, mainly cDC1s but also plasmacytoid
(pDCs), were stained with AF647-RBD when DCs were preincu-
bated with TNTDNGR-1, but not with TNT, at 4 °C (Figure 2E;
Figure S4F, Supporting Information). Notably, after 1- or 2-h in-
cubation with TNTDNGR-1 at 37 °C, the AF647-RBD signal was
reduced 4-fold in these subpopulations, suggesting its internal-
ization (Figure 2E, lower graphs). The ability of TNTDNGR-1 to
promote cell internalization of soluble RBD was confirmed in
MuTu-DCs (a mouse DC cell line expressing DNGR-1) by confo-
cal microscopy. Only cell preparations treated with TNTDNGR-1,
but not with TNT, followed by immediate AF647-RBD incubation
showed specific staining and internalization of the TNTDNGR-

1/AF647-RBD complex after 2 h of incubation at 4 or 37 °C
(Figure 2F).

2.7. TNTDNGR-1 Trimerbody Increases S Protein-Specific CD8+

T Cells in Immunocompetent Mice

We investigated whether TNTDNGR-1 could increase the gen-
eration of adaptive immunity by specific targeting of captured
SARS-CoV-2 S protein towards cDC1s. We treated immunocom-
petent C57BL/6 mice in a prime-boost scheme with the follow-
ing stimuli: 1) PBS; 2) S protein + adjuvants (poly I:C + CpG);
3) S protein + TNT + adjuvants; or 4) S protein + TNTDNGR-
1 + adjuvants (Figure 2G). Immunization with S protein, like S
protein + TNT, led to a significant increase in the generation of
systemic S protein-specific effector CD8+ T cells quantified by
S protein-specific tetramer (S-Tet) staining, compared to PBS-
treated control mice (Figure 2H,I; Figure S4G, Supporting In-
formation). Notably, immunization with S protein in the pres-
ence of TNTDNGR-1 resulted in a further increase of the fre-
quency and number of S protein-specific effector CD8+ T cells
(Figure 2H,I; Figure S4G, Supporting Information). Moreover,
ELISA analysis in serum samples reveals that all the S pro-
tein treated mice groups induced potent S protein-specific IgM
and total IgG antibody responses compared to PBS-treated mice
(Figure S4H, Supporting Information). By contrast, RBD-specific
IgM and total IgG antibody responses were only induced in mice
immunized with S protein and with S protein + TNTDNGR-1,
but not in animals immunized with S protein + TNT or PBS-
treated mice (Figure S4I, Supporting Information). Interestingly,
the measurement of S protein-specific IgG1 and IgG2c responses
(Figure S4H, Supporting Information) showed that S protein +
TNTDNGR-1 administration induced lower levels of S protein-
specific IgG1, increasing the ratio of IgG2c to IgG1, suggesting
a fostered Th1-polarized antibody profile response (Figure 2J).
RBD-specific IgG1 and IgG2c responses were only enhanced
compared PBS by the immunization with S protein, but no sig-
nificant differences were found for TNT and TNTDNGR-1 coad-
ministration groups (Figure S4I, Supporting Information).

2.8. TNTDNGR-1 Trimerbody Protects Against a Lethal
SARS-CoV-2 Challenge

To evaluate the capacity of the TNTDNGR-1 trimerbody to pro-
tect against SARS-CoV-2 infection, we performed an in vivo pro-
tection study in K18-hACE2 transgenic mice, which express the
human ACE2, and are therefore susceptible to SARS-CoV-2 in-
fection (Figure 3).[45] K18-hACE2 mice (n = 8/group) were chal-
lenged intranasally (i.n.) with a lethal dose (1 × 105 plaque-
forming units (PFUs)/mouse) of SARS-CoV-2 (isolate MAD6, a
prototypic B.1 strain) and 17 h later were treated by intraperi-
toneal (i.p.) injection of TNT, TNTDNGR-1, sotrovimab or PBS

CD44+ S-Tet+ cells within the T CD8 gate and I) total number of CD44+ S-Tet+ CD8+ T cells are shown. *p < 0.05; **p < 0.01 by one-way ANOVA followed
by Tukey’s multiple comparison test. CD44+ S-Tet+ representative dot plots gated on CD8+ T cells for the different treatment groups are presented in
Figure S4F in the Supporting Information, G,J) The S-specific IgG2c/IgG1 ratio by mean of serum S-specific subclass IgG determination by ELISA at a
1/250 dilution in serum samples obtained on day 14. Raw data for IgG1 and IgG2c, in serum samples diluted 1/250 are presented in Figure S4H in the
Supporting Information. *p < 0.05 by one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 3. Therapeutic application of TNTDNGR-1, but not TNT, protects mice of SARS-CoV-2 lethal infection by reducing viral load in the lungs. A) Efficacy
experiment in K18-hACE2 mice was done using a single antibody (Ab) intraperitoneal (i.p.) administration 17 h after intranasal (i.n.) viral challenge (105

PFUs/mouse). Experimental groups (n = 8 mice/group, 1 experiment) included: uninfected control group (black) and infected groups treated with PBS
(grey), sotrovimab biosimilar (green), TNT (red), and TNTDNGR-1(blue). On day 5 p.c. 4 mice per group were euthanized to obtained serum samples
and lungs (n = 3 in the case of the TNT group). Serum was collected on day 5 and 20 post-challenge (p.c.) for humoral immune response analysis.
Lungs were harvested on day 5 p.c. for viral load determination and on day 20 p.c. for the analysis of S-specific T cell responses. B) Weight change
after B.1 (isolate MAD6) SARS-CoV-2 challenge followed by antibody administration (mean ± SEM) expressed as percentage of initial body weight. C)
Kaplan-Meyer survival representation of the efficacy experiment. D) Viral mRNA levels at day 5 p.c. in the right lung measured for E (envelope) and
RNA-dependent RNA polymerase (RdRP) genes. E) Infective virus in the lungs at day 5 p.c. represented as PFUs/g of lung tissue. All graphs represent
individual values plus mean ± SEM for a single experiment. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple
comparison test.

(as a nontreated infected control). In addition, noninfected and
nontreated mice were used as a control group of healthy ani-
mals (Figure 3A). Mice were monitored for 20 d to determine
body weight loss and survival (Figure 3B,C). All treated animals
lost approximately 5% to 8% of their initial body weight during
the first days postchallenge (p.c.), 10% to 13% in the case of the
control PBS-treated group, but by day 6 p.c. mice treated with
TNTDNGR-1 or sotrovimab began to recover body weight reach-
ing the baseline body weight by day 9 p.c. (Figure 3B) and all
survived (Figure 3C). However, PBS- and TNT-treated mice con-
tinue to lose body weight (Figure 3B) and succumbed or were
euthanized on day 7 p.c. (Figure 3C). Next, to assess the im-
pact of TNTDNGR-1 treatment on the replication of SARS-CoV-
2, four mice per group were sacrificed on day 5 p.c., the lungs
were harvested and processed, and the presence of SARS-CoV-
2 subgenomic E and genomic RdRp RNA (Figure 3D), and in-
fectious virus (Figure 3E) analyzed. Treatment with TNTDNGR-
1 and sotrovimab significantly reduced the subgenomic and ge-
nomic SARS-CoV-2 RNA levels in the lungs compared to PBS-
or TNT-treated mice (Figure 3D). Live infectious virus determina-
tion showed that TNTDNGR-1 induced a more potent reduction
than sotrovimab in virus titers in the lungs, whereas PBS- and
TNT-treated mice show similar titers (Figure 3E).

2.9. TNTDNGR-1 Trimerbody Induces SARS-CoV-2-Specific
Humoral and Cellular Immune Responses

Next, to study whether TNTDNGR-1 could promote SARS-CoV-2-
specific adaptive immunity, we analyzed the humoral and cellular
immune responses induced in K18-hACE2 mice. On day 5 p.c.,
mice treated with TNTDNGR-1 and sotrovimab induced signifi-
cantly higher titers of S-specific IgM (Figure 4A; Figure S5A, Sup-
porting Information) and S-, RBD-, and N-specific IgG antibod-
ies than nontreated or TNT-treated mice (Figure 4B; Figure S5B–
D, Supporting Information). Furthermore, on day 20 p.c., mice
treated with TNTDNGR-1 or sotrovimab both elicited similar
high titers of S-, RBD-, and N-specific IgG antibodies (Figure 4C;
Figure S5E–G, Supporting Information), which were highly in-
creased when compared to the levels induced on day 5 p.c. Treat-
ment with TNTDNGR-1 and sotrovimab led to higher titers of
serum nAb against live SARS-CoV-2 on day 5 p.c, than PBS- or
TNT-treated mice. (Figure 4D; Figure S6A, Supporting Informa-
tion). Consistently and similar to IgG antibody titers at day 20
p.c., neutralizing antibody titers increased highly in TNTDNGR-
1- and sotrovimab-treated mice compared to day 5 p.c. levels
(Figure 4E; Figure S6B, Supporting Information). To assess the
contribution of the administrated antibodies to this neutralizing
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Figure 4. TNTNDGR-1 mediates an effective humoral and cellular immune response against SARS-CoV-2, specifically by providing enhanced S-specific
cytotoxic T CD8+ cell responses in the lungs. A) Anti-S IgM levels in serum 5 d p.c. expressed as absorbance summation. B) Quantification of S-, RBD-,
and N-specific total IgG levels at 5 d p.c. expressed as absorbance summation. C) Quantification of S-, RBD-, and N-specific total IgG levels at 20 d
p.c. expressed as absorbance summation. D,E) SARS-CoV-2 neutralization. Serum neutralization of live SARS-CoV-2 (B.1 strain), expressed as NT50,
at day 5 (D) and 20 (E) p.c. Lungs were harvested on day 20 p.c. and stained for S-specific CD8+ T cells using specific S protein tetramer H-2Kb (539-
VNFNFNGL-546) (S-Tet). F) Frequency of CD44+ S-Tet+ cells within the T CD8 gate. G) Frequency of S-specific T CD4+ (left panel) and T CD8+ cells
(right panel) in the lungs at 20 d p.c. and evaluated by an intracellular cytokine staining assay measuring expression of CD107a, and secretion of IFN-𝛾 ,
TNF-𝛼, and IL-2. All graphs represent individual values plus mean ± SEM (n = 4 mice/group; n = 3 mice in the case of TNT at day 5 p.c.) for a single
experiment. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05 for S-specific CD8+ T cells
analysis (G) was done by Dunn’s multiple comparisons test following Friedman test.

activity, we determined the concentration of TNT, TNTDNGR-
1 and sotrovimab in mice serum at day 5 and 20 p.c., obtain-
ing significant higher levels for sotrovimab (8.26 μg mL−1 and
12.72 ng mL−1, respectively) than for TNTDNGR-1 (38.73 and
0.11 ng mL−1, respectively) and TNT (0.32 ng mL−1 and unde-
termined, respectively) (Figure S6C, Supporting Information).

The study of T cell responses by S-Tet staining in the lungs
obtained on day 20 p.c. showed that TNTDNGR-1 treatment se-
lectively induced a significant local increase of S protein-specific

effector CD8+ T cells compared to non-infected mice (Figure 4F).
Notably, the magnitude of this effect was superior to that pro-
moted by sotrovimab in the same non-infected mice (Figure 4F).
In addition, the presence of S-specific CD4+ and CD8+ T cell
immune responses was further assessed by an intracellular
cytokine staining (ICS) assay in lungs cells obtained on day 20
p.c. and restimulated in vitro with SARS-CoV-2 S peptide pools.
Treatment with TNTDNGR-1 and sotrovimab induced S-specific
CD4+ and CD8+ T cells expressing the cytotoxic marker CD107a
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and/or secreting IFN𝛾 , TNF𝛼, and/or IL-2 cytokines (Figure 4G).
While TNTDNGR-1 and sotrovimab elicited similar levels of
S-specific CD4+ T cells, TNTDNGR-1-treatment specifically
triggered a significantly increased number of S-specific CD8+

T cells compared to non-treated group (Figure 4G). In detail,
TNTDNGR-1 triggered a trend towards a higher amount of
S-specific CD8+ T cells individually secreting IFN𝛾 , TNF𝛼, or
expressing CD107a compared to sotrovimab, but did not show
any differences in the CD4+ T cell subset (Figure S7E, Sup-
porting Information). Together, these results suggest that the
addition of DNGR-1 specificity to the TNT moiety redirects the
virus to cDC1s and favors cross-priming and a boosted adaptive
response against the S protein of SARS-CoV-2.

3. Discussion

To date, most mAb-based therapeutic strategies against SARS-
CoV-2 have focused on virus neutralization and clearance, either
with conventional mAbs or by implementing multispecificity
through Fc fusion or other multimerization strategies.[10,29,46–48]

Furthermore, it has been widely demonstrated in SARS-CoV-2
infection in vivo models that virus-neutralizing antibody activ-
ity depends on Fc-Fc𝛾R interactions.[49–51] Different approaches
of nAbs with Fc-optimized binding to Fc𝛾IIa and Fc𝛾IIIa recep-
tors have been described with superior potency to prevent or treat
COVID-19 disease.[10,52] Nonetheless, the lately emergence of
SARS-CoV-2 strains, showing reduced sensitivity to both vaccine-
elicited and clinically administrated nAbs, or the upcoming emer-
gence of other viruses with pandemic potential demands the de-
velopment of innovative approaches for the effective treatment of
viral infections.

In this study, we evaluated the potential of an Fc-free bis-
pecific antibody, TNTDNGR-1, incorporating an anti-RBD VHH-
tandem (TN) and an anti-DNGR-1 scFv into a trimerbody scaf-
fold, for priming virus-specific CD8+ T cell responses and pro-
tect transgenic K18-hACE2 mice against SARS-CoV-2 infection.
Although vaccine-like approaches targeting specific tumor or vi-
ral antigens to DCs by fusing them to mAbs have been previ-
ously described,[37,53] a strategy that combines immediate virus
neutralization with specific cDC1s targeting, aiming to acceler-
ate and boost adaptive immune responses during infection, has
never been explored.

RBD-targeted VHHs have shown effective in neutralizing
SARS-CoV-2 infection in vitro and in protecting animals from
SARS-CoV-2 challenge,[23,25,27,28,54] making them a valuable al-
ternative for the development of multivalent and multiparatopic
agents (targeting multiple viral epitopes) with improved neu-
tralization efficiency and decreased vulnerability to escape
mutations.[29,55,56] Here, we used the high-affinity biparatopic
VHH-tandem, TN, previously described to potently neutralize
SARS-CoV-2 strain Wuhan-Hu-1 and prevent the emergence of
escape mutants.[23] To maximize its neutralizing efficacy instead
of generating a conventional Ig-like Fc-fusion,[24,26,56] we gener-
ated an anti-RBD hexavalent nAb, TNT, made by fusing TN to
the human collagen XVIII homo-trimerization domain, an effec-
tive scaffold for the generation of trimeric antibodies for clinical
use.[44]

TNT demonstrated a complete, potent blocking of the RBD-
hACE2- interaction and a strong similar binding to beta, gamma,

kappa, and delta variants RBDs. Furthermore, compared to TN,
TNT revealed a significant improvement in neutralization effi-
cacy against all tested VOCs (six- and fivefold for B.1 and delta,
respectively), but especially for those containing E484K/Q mu-
tation, as beta and gamma (70- and 30-fold superior, respec-
tively). Compared to sotrovimab,[10,57] the only formerly clini-
cally used nAb active against all VOCs, TNT shows three- to
tenfold induction in neutralization potency against all studied
VSV-pseudotyped strains and TNTDNGR-1 efficacy was almost
identical to the parental TNT antibody (B.1, 49 vs 26 × 10−12 m;
beta, 36 vs 22 × 10−12 m, and delta, 42 vs 38 × 10−12 m, respec-
tively). Similar results were obtained in live-virus neutralization,
where TNTDNGR-1 and TNT trimerbodies exhibited a more po-
tent neutralization activity than TN and sotrovimab against B.1,
beta and delta VOCs, with 10- to 100-fold and 6- to 50-fold re-
ductions in EC50 values. Together with the structural data for
the S protein:TNT complex, showing an equimolar (1:1) interac-
tion mechanism between TNT and the trimeric S protein, where
both VHHs of each TN arm bind simultaneously to the 3-RBDs,
our functional results demonstrate that TNT scaffold represent
an optimal design for the neutralization of viruses presenting
trimeric proteins for receptor attachment, such as SARS-CoV-
2, influenza, respiratory syncytial virus and human immunod-
eficiency 1 virus.[58–60] Thereby, although TNT, and subsequently
TNTDNGR-1, are not active against the latest emerged VOC (omi-
cron and subsequent emerging linages) because of its VHHs bind-
ing limitations, TNT scaffold provides efficient epitope accessi-
bility for biparatopic VHH-tandem assuring a broad and efficient
neutralization of mutational variants, superior to other previ-
ously described trimeric or multimeric designs.[31,61]

TNTDNGR-1 shows specific binding to mouse BMDC cDC1s
and pDCs, but not to the DNGR-1-negative cDC2 subset in vitro,
mediating RBD delivery and internalization into cDC1 DNGR-
1-positive cells. Remarkably, TNTDNGR-1 contributes to the ac-
tivation of adaptive immunity in vivo by the specific targeting of
captured SARS-CoV-2 S protein towards cDC1s. In a prime-boost
immunization experiment in immunocompetent C57BL/6 mice,
the coadministration of S protein and TNTDNGR-1 resulted in a
significant increase in the frequency and number of S-specific
effector CD8+ T cells and suggest a more Th1-polarized anti-
body profile response, compared to the administration of protein
S alone or coadministered with TNT. Furthermore, our results
emphasize that the neutralizing capacity of an antibody is not
sufficient for effective protection when applied therapeutically,
with interactions with immune system receptors, such as Fc𝛾Rs
or DNGR-1 on DCs or other antigen-presenting cells, being es-
sential for the development of effective immunity and disease
control.[51,52] In this sense, even with exceptional neutralizing ac-
tivity in vitro, the absence of effective interactions with immune
receptors would explain why TNT did not prevent viral spread
in the lungs, elicit virus-specific adaptative immune responses
or prevent the death of mice. The protective effect against lethal
SARS-CoV-2 challenge is rescued for TNTDNGR-1 by targeting
neutralized virions to cDC1, triggering their clearance and pro-
moting adaptive immune responses, specifically CTL activity.

Accordingly, TNTDNGR-1 also reduced virus load in the lungs,
indicating that DNGR-1-targeting provides an effective control of
the infection spread as conventional Fc-containing nAbs.[50–52,62]

TNTDNGR-1 induced an early and efficient S-specific IgM and
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S-, RBD-, and N-specific IgG antibody response, while TNT treat-
ment did not increase endogenous antibody induction over non-
treated animal levels. The superior serum neutralizing activity at
day 5 p.c. for the sotrovimab group, relates with its higher serum
concentration compared to TNTDNGR-1 and TNT (8.26 μg mL−1,
12.72 and 0.32 ng mL−1, respectively), because of the longer half-
life of IgG,[44] and does not indicate a higher level of induction
of endogenous nAbs. By day 20 p.c. the induction of endogenous
nAbs shows a potent effect for both TNTDNGR-1 and sotrovimab
treatment groups.

Finally, TNTDNGR-1 and sotrovimab induced a significant in-
crease in S protein-specific CD4+ and CD8+ T cells in the lungs
at day 20 p.c. But, while both treatments elicited similar levels
of S-specific CD4+ T cells, TNTDNGR-1-treatment specifically
triggered a higher magnitude of S-specific CD8+ T cells, char-
acterized by secretion of IFN𝛾 , TNF𝛼, and IL-2 or CD107a ex-
pression. The TNTDNGR-1 protective effect, via cDC1s targeting
through DNGR-1 receptor, appears superior to that observed with
a conventional neutralizing IgG, previously described to be me-
diated by CCR2+ monocytes, as well as cytotoxic CD8+ T cells
infiltrating the lung.[51] Taken together, in the context of a res-
piratory viral infection, TNTDNGR-1 elicits efficient humoral re-
sponses and suggest an improved effect on local expansion of
virus-specific CD8+ T cells due to its alternative mechanism of
action. In summary, we have generated a bispecific trimeric an-
tibody that, in addition to its potent and broad SARS-CoV-2 neu-
tralization activity, delivers virus antigens or whole virions to
cDC1s in an Fc-independent manner, priming systemic virus-
specific humoral and local CD4+ and CD8+ T cell responses in
vivo. The therapeutical administration of TNTDNGR-1 antibody
in SARS-CoV-2-infected K18-hACE2 mice provided full protec-
tion against SARS-CoV-2 morbidity and mortality, causing re-
duced viral load in the lungs and increased S-specific humoral
and CD4+ and CD8+ T cell immune responses. Therefore, the
strategy provides a bridge between passive immunotherapy with
nAbs and a DC vaccination-like action for the induction of en-
hanced adaptive immunity without the involvement of Fc𝛾Rs.
Our results indicate that TNTDNGR-1is a promising candidate
for the development of improved viral treatments, and readily
adaptable to other SARS-CoV-2 VOCs or other viruses, given the
modular nature of the molecule.

4. Conclusions

In summary, our study addresses a novel strategy based on a
broadly neutralizing bispecific anti-SARS-CoV2 antibody that tar-
gets virions to type 1 conventional DCs (cDC1s) for promoting in
vivo T cell cross-priming. The strategy was shown to be thera-
peutically effective in protecting K18-hACE2 mice from a lethal
viral challenge while enhancing protein S-specific CD8+ T cell
responses.

5. Experimental Section
Cell Lines: HEK-293 (# ACC-305, DSMZ) and 293T (# CRL-3216,

ATCC) cells were obtained from the ATCC and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Lonza) supplemented with 2 mmol
L−1 l-glutamine (Gibco), 10% v/v heat-inactivated fetal bovine serum
(FBS) (Merck Life Science), and antibiotics (100 units mL−1 penicillin,

100 mg mL−1 streptomycin; Life Technologies) referred as to DMEM
complete medium (DCM) As previously described, the parental B3Z
cell line[63] and its derived mouse cell line expressing CLEC9A/DNGR-
1 (B3ZDNGR-1) were cultured in Roswell Park Memorial Institute (RPMI)
medium (Gibco) supplemented with 2 mmol L−1 l-glutamine, 10% v/v
heat-inactivated FBS, antibiotics (100 units mL−1 penicillin, 100 mg mL−1

streptomycin), herein referred as RCM, and 1 mmol L−1 sodium pyruvate
(Gibco), 0.1 mmol L−1 MEM nonessential amino acids (NEAA) (Gibco),
55 pmol L−1 𝛽-mercaptoethanol (Gibco), and. Generation and character-
ization of the B3ZDNGR-1 cell line was previously described.[40,64] BHK-
21/WI-2 (# EH1011, Kerafast) cells, used for recombinant VSV genera-
tion, were grown in DCM. Vero E6 (# 60 476, BCRC) cells used in the
S-pseudotyped neutralization experiments were grown in DCM supple-
mented with 0.1 mmol L−1 NEAA and 12.5 units mL−1 Nystatin (penicillin-
streptomycin-nystatin) (Biological Industries). Vero E6 cells expressing
the transmembrane serine protease TMPRSS2 (VeroE6/TMPRSS2) used
in the live SARS-CoV-2 neutralization experiments were maintained in
DCM, supplemented with 10 mM HEPES (Gibco), 100 mg mL−1 ge-
neticin (G 418 disulfate salt, Sigma-Aldrich) and 0.1 mmol L−1 NEAA.
Mouse BMDCs were obtained by using Flt3-Ligand (Flt3-L BMDCs) as
previously described[37] with slight modifications. Briefly, femur and tibia
from C57BL/6J mice were collected, bone marrow was flushed, red blood
cells were lysed and cells were cultured in RCM 1000 units mL−1 peni-
cillin, 100 μg mL−1 streptomycin (both from Sigma-Aldrich), 0.1 mmol L−1

NEAA, 1 mmol L−1 sodium pyruvate, 2 mmol L−1 l-glutamine, 10 mmol
L−1 HEPES (all from HyClone), and 50 μmol L−1 𝛽-mercaptoethanol
(Merck), herein called R10, plus 200 ng mL−1 human Flt3-L (Miltenyi).
Media was refreshed on day 7 and cells were harvested on day 9. Mutu-
DC cells (kindly provided by Hans Acha-Orbea, Laussane, Switzerland)[65]

were cultured in R10 and passaged when confluent using 5 mmol L−1

EDTA. All adherent cell lines were cultured at 37 °C in 5% v/v CO2 at
95% air in a humidified atmosphere. FreeStyle 293F and Expi293F (both
from Gibco;) cells were respectively cultured in FreeStyle 293 and Expi293
Expression Medium at 37 °C in a humidified 8% CO2 incubator rotating
at 95 rpm. All cell lines were used within three months of thawing and
checked for Mycoplasma by PCR every month using the Mycoplasma Gel
Detection Kit (Biotools B&M Labs).

SARS-CoV-2 Viruses: Several SARS-CoV-2 viruses were used in the
live SARS-CoV-2 neutralization assays. SARS-CoV-2 MAD6 isolate, a pro-
totypic strain B.1 containing the D614G mutation in the S protein, is
a virus collected from a nasopharyngeal swab from a 69-year-old male
COVID-19 patient from Hospital 12 de Octubre in Madrid, Spain.[66]

The VOCs B.1.351 (beta; hCoV-19/France/PDL-IPP01065/2021, clade
10H/501Y.V2) and B.1.617 (delta; SARS-CoV-2, Human, 2021, Germany
ex India, 20A/452R) were supplied through the European Virus Archive
Global (EVAg) platform, by the National Reference Centre for Respiratory
Viruses hosted by Institut Pasteur (Paris, France) and the Robert Koch In-
stitute (German Federal Institute for Infectious and Non-Communicable
Diseases, Berlin, Germany), respectively. All SARS-CoV-2 virus stocks were
grown on Vero E6 cells and virus infectivity titers were determined by stan-
dard plaque or median tissue culture infectious dose (TCID50) assays as
previously described.[67]

Mouse Strains: C57BL/6 mice (Charles River Laboratories) were bred
at CNIC under specific pathogen-free conditions. Age-matched female
6- to 8-week-old mice were used and randomized before treatment. Im-
munogenicity experiments in C57BL/6 mice were approved by the animal
ethics committee at CNIC and by the Division of Animal Protection of the
Comunidad de Madrid (PROEX 240/16). Transgenic K18-hACE2 mice (The
Jackson Laboratory), expressing hACE2 under control of the cytokeratin 18
promoter on the C57BL/6 background, were used in the protective efficacy
studies. 9-week-old female K18-hACE2 mice were used and randomized
between treatment groups after SARS-CoV-2 challenge. Protective efficacy
experiments with K18-hACE2 mice were performed in the biosafety level
3 (BSL-3) facilities at the Centro de Investigación en Sanidad Animal
(CISA)-Instituto Nacional de Investigaciones Agrarias (INIA)-CSIC (Valde-
olmos, Madrid, Spain). Efficacy experiments were approved by the animal
ethics committee at INIA and by the Division of Animal Protection of the
Comunidad de Madrid (PROEX 161.5/20). All animal procedures were
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conformed to Spanish law under the Royal Decree (RD 53/2013) and
in accordance with EU Directive 2010/63EU and Recommendation
2007/526/EC.

Production and Purification of the SARS-CoV-2 S and RBD Proteins: The
SARS-CoV-2 HexaPro S protein cDNA,[68] corresponding to Wuhan-Hu-
1 strain, was codon-optimized and synthesized (GenScript). The gene
was cloned into mammalian expression vector pcDNA3.1(−) carrying a C-
terminal Twin-Strep tag. Four days following the transfection in FreeStyle
293F cells with 293fectin transfection reagent (Life Technologies), the cul-
ture supernatants were collected and purified with Strep-Tactin affinity
chromatography resin (IBA LifeSciences) followed by SEC using a Super-
ose 6 Increase 10/300 GL column (Cytiva). Concentrated purified fractions
were analyzed by 0.1% w/v sodium dodecyl sulfate (SDS)−4–20% w/v
polyacrylamide gel electrophoresis (PAGE). Proper protein folding and
conformation was certified by antibody recognition in ELISA using anti-
RBD (# A2286, Biovision), anti-N-terminal domain (NTD) (# A2269, Bio-
vision) and anti-S2 (# 40590-D001, SinoBiological) mAbs.

The SARS-CoV-2 Wuhan-Hu-1/B.1 strain S protein RBD, defined as
amino acids R328-L533, was expressed in pcDNA3.1(+) with an N-
terminal mu-phosphatase signal peptide and a C-terminal octa-histidine
tag (BEI Resources NR-52422).[14] The RBD was produced using Expi293F
transfection, supernatant was harvested after 3 d, and protein was purified
using a 10 mL bed volume of Talon Superflow Metal Affinity Cobalt Resin
(Takara Bio). Purified protein was filtered and concentrated into buffer con-
taining 20 × 10−3 m Tris, 300 × 10−3 m NaCl, and 200 × 10−3 m imidazole,
pH 8.0. SDS-PAGE was run to check purity and a modified competition
ELISA as control for binding to hACE2 (Acro BioSystems).

Generation of Antibody Expression Vectors: DNA fragments encoding
for E, V, and TN (EV-tandem) nanobodies were synthesized by Gen-
eArt (Thermo Fisher Scientific) including them within the following vec-
tors: pcDNA3.1(+)-E VHH-Myc-His, pcDNA3.1(+)-V VHH-Flag-His and
pcDNA3.1(+)-TN-StrepTagII (Key Resources Table). All constructs in-
cluded an in frame fused wild type N-terminal interleukin-2 (IL-2) signal
peptide for effective protein secretion to the medium. The expression vec-
tor for the TNT trimerbody was generated by subcloning L23-TIE cDNA
fragment from vector pCR3.1 (+)-MFE23scFv-L23-TIE-Myc-His (previ-
ously described[43]) into pCR3.1-TN-StrepTagII by mean of NotI/BamHI
restriction enzymes. To generate the TNTDNGR-1 construct, the cDNA
for L15-7H11scFv-StrepTagII fragment (GeneArt) was subcloned using
BglII/XbaI cloning sites into the TNT trimerbody parental vector resulting
in pcDNA3.1(+)-TN-L23-TIE-L15-7H11-StrepTagII. All the sequences were
verified using primers FwCMV and RvBGH (Key Resources Table).

Production and Purification of Recombinant Engineered Antibodies: The
generation of HEK-293 stable transfectants was done in DCM by selec-
tion with 500 mg mL−1 G418 (Life Technologies) after Lipofectamine
3000 (Invitrogen) transfection. Large-scale protein production was done
by collecting periodically the media of stable transfectants. TN, TNT, and
TNTDNGR-1 were purified from conditioned culture media by Strep-Tactin
affinity chromatography in an AKTA Prime Plus FPLC System (Amersham
Biosciences). Finally, the elution fractions corresponding to purified anti-
bodies were dialyzed against PBS. Protein concentration calculation was
carried out by UV-absorbance measurements on an Uvikon 930 spec-
trophotometer (Kontron Instruments). Purified antibodies were analyzed
by 0.1% w/v SDS-15% w/v PAGE in reducing conditions followed by
Coomassie brilliant blue R-250 (BioRad Laboratories) staining, for optimal
band visualization. Gel image acquisition was performed with a ChemiDoc
MP Imaging System (BioRad Laboratories).

ELISA Assays: The ability of TN based constructs to bind pu-
rified SARS-CoV-2 RBD was analyzed by ELISA. Briefly, Nunc Max-
iSorp flat-bottom 96-well plates (Thermo Fischer Scientific) were coated
(0.2 μg/well) with recombinant B.1 RBD. After washing and blocking with
300 μL PBS-BSA, 100 μL of conditioned media from transfected HEK-293
cells were added to the wells and incubated for 1 h at room tempera-
ture. After three washes, 100 μL of the corresponding anti-Strep mAb (#
2-1507-001, IBA Lifesciences) were added for 1 h at room temperature.
Finally, HRP-conjugated GAM IgG (# 115-035-003, Jackson ImmunoRe-
search Labs) was added, after which the plate was washed again and de-
veloped. Purified TN and TNT (50, 10, and 1 × 10−9 m) ability to bind

different strain RBDs was performed in the same way. RBD interaction
with biotinylated hACE2 (# Q9BYF1-1, AcroBiosystems) was used as con-
trol by adding 100 μL at 0.1 μg mL−1 for 1 h, followed by HRP-conjugated
streptavidin (# 554 066, BD Biosciences) in the same conditions. All op-
tical density measurements were done using a Multiskan FC apparatus
(Thermo Scientific Scientific).

Biolayer Interferometry: The binding of TN and TNT to immobilized
B.1 or B.1.351 (beta) RBDs was measured using biolayer interferometry
(BLI) on an Octet RED96 system (Fortebio). The RBD was immobilized
onto AR2G biosensors (Fortebio) at pH 5.0 using a standard amine re-
active coupling protocol (activation with EDC/s-NHS and quenching with
ethanolamine). The antibodies in HEPES-buffered saline (HBS; 20 × 10−3

m HEPES, 150 × 10−3 m NaCl, pH 7.4) at 50 and 10 × 10−9 m were asso-
ciated with the RBD for 30 min, after which the dissociation of antibody
from the biosensor was measured for 1 h, to determine their binding ki-
netics. The experimental data was then fitted to a 1:1 binding model using
the Octet Data Analysis software (Fortebio). To determine the blocking of
ACE2’s RBD binding, 150 × 10−9 m of TN monomer or 50 × 10−9 m of
TNT were associated with immobilized B.1 RBD for 10 min, after which
100 × 10−9 m of soluble hACE2 (Acro Biosystems) was added and asso-
ciated with RBD for 30 min. To investigate bispecific interactions between
the TNTDNGR-1, immobilized RBD and DNGR-1 in solution, RBD-coated
biosensors were first prepared as described above. Then, 50 × 10−9 m
of the TNTDNGR-1 in HBS was then incubated with the biosensors for
30 min, followed by 5 min of dissociation in HBS. The biosensors were
then moved into 50 × 10−9 m of mouse DNGR-1 Fc chimera in HBS and
incubated for 30 min, followed by 5 min of dissociation.

SEC-MALS Experiments: Static light scattering experiments were per-
formed on a Superdex 200 Increase 10/300 GL column (Cytiva) attached
in-line to a DAWN EOS light scattering photometer and an Optilab rEX dif-
ferential refractive index detector (both from Wyatt Technology). The chro-
matography was run at room temperature and the scattering detector was
thermostated at 23 °C. The column was equilibrated with running buffer
(PBS pH 7.4 plus 150 × 10−3 m NaCl, 0.1 μm filtered) and the SEC-MALS
system was calibrated with a sample of BSA at 2 mg mL−1 in the same
buffer. ≈150 μL of the solutions at 0.5 mg mL−1 were injected into the col-
umn at a flow rate of 0.5 mL min−1. Data acquisition and analysis were
performed using ASTRA software (Wyatt Technology). The reported molar
masses correspond to the center of the chromatography peaks. Based on
numerous measurements on BSA samples under similar conditions it was
estimated that the experimental error in the molar mass is around 5%.

Circular Dichroism: Circular dichroism (CD) measurements were per-
formed with a Jasco J-715 spectropolarimeter (JASCO). The spectra were
recorded on protein samples at 0.02 mg mL−1 in PBS pH 7.4 plus 150 ×
10−3 m NaCl using a 0.2 cm path length quartz cuvette at 25 °C. Thermal
denaturation curves from 10 to 95 °C were recorded on the same protein
samples and cuvette by increasing temperature at a rate of 1 °C min−1 and
measuring the change in ellipticity at 218 nm.

Microfluidic Diffusional Sizing: The change in hydrodynamic radius
(Rh) of TNT trimerbody and its subsequent complex with SARS-CoV-2 S
protein was measured by microfluidic diffusional sizing (MDS).[69] Then,
Rh values of fluorescently labeled species in their native state in solution
are included into a plot of the hydrodynamic radii of a range of native and
denatured standard proteins obtained using dynamic light scattering and
pulsed field gradient nuclear magnetic resonance.[70] TNT (1 × 10−6 m)
was labelled with Fluidiphore rapid amine 503 through amine coupling.
The sample was incubated at 4 °C overnight and the size of the conjugated
protein was determined through measuring the hydrodynamic radius, Rh,
using the Fluidity One-W platform. To determine the Rh upon complex for-
mation, the unlabeled HexaPro S protein (1 × 10−6 m) was incubated 1:1
with labeled TNT for 5 min. The change in Rh was monitored by Fluidity
One-W instrument.

Cryo-EM: A sample of 0.5 mg mL−1 HexaPro S protein was prepared
in the protein production core (C1) of the Center for Biomolecular
Therapeutics (Rockville, Maryland, USA), as previously described.[71] It
was mixed in 1:1 molar ratio with TNT trimerbody and vitrified on cryo-EM
grids using standard protocols with an FEI Vitrobot Mark IV. Images were
collected on an FEI 200 kV Glacios electron microscope equipped with a
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Gatan K3 direct electron detector and processed in cryoSPARC (data col-
lection statistics are shown in Figure S5F in the Supporting Information).
Particles were selected using blob picking and these were used to produce
an ab initio model that was quickly refined and used to generate particle
templates for repicking and 2D classification/ filtering. Multiple cycles of
3D refinement in cryoSPARC[72] resulted in electron density maps at 3.80 Å
resolution as determined from gold-standard Fourier shell correlation (GS-
FSC) curves. This model was in excellent agreement with overall structure
of the S protein; however, density regions corresponding to bound TNT

elements were difficult to resolve likely due to heterogeneity and dynamic
nature of the protein complex. To improve the quality and interpretability
of the electron density, particle stacks were exported into Relion[73] and
subjected to 3D refinement with imposed C3 symmetry followed by 3D
classification without any symmetry to allow determination of subconfor-
mations not compliant with C3 symmetry. This produced 3 distinct sub-
conformations that were subjected to a single final round of non-uniform
refinement in cryoSPARC and local map sharpening in PHENIX.[73]

Cryo-EM Model Building and Refinement: Model building on the map
resulting after the incubation of TNT with the HexaPro S protein was
done in Coot 0.9.6.[74] The coordinates corresponding to PDB 7B18[23]

were used as a starting model, placed into it after performing a molecular
replacement step and posterior refinement in PHENIX,[75] that included
rigid body, simulated annealing and morphing. The model was manually
fitted into the density sharpened map and several runs of refinement done
in PHENIX until a final reliable model were obtained. Figures were gener-
ated using ChimeraX.[76]

Flow Cytometry Studies: The ability of both TN-based trimerbodies to
bind SARS-CoV-2 B.1 S protein on cell surface was studied by flow cytom-
etry. HEK-293 or HEK-293S cells were incubated with supernatants or pu-
rified trimerbodies (1 μg mL−1) followed by anti-Strep mAb and PE-GAM
IgG antibody (# 115-116-071, Jackson ImmunoResearch Labs) for 30 min
at 4 °C, each of them. Between incubations and after the final one, the
cells were sedimented by centrifugation (1200 g, 4 °C, 5 min) and washed
with PBS supplemented with 0.05% v/v FBS (PBS-FBS) for three times. As
a control, both cell types were incubated with rabbit anti-SARS-CoV-2 IgG
SB-40592 (# 40592-R001, Sino Biological) followed by AF488-conjugated
donkey anti-rabbit IgG (# 711-545-152, Jackson ImmunoResearch Labs).
The binding of TNTDNGR-1 to cell surface mouse CLEC9A/DNGR-1 was
assayed using parental B3Z and transfected B3ZDNGR-1 cell lines follow-
ing the same protocol and staining as explained above for S protein
labelling. The PE-conjugated rat anti-human Clec9A (CD370) antibody
(clone 3A4/Clec9A) (# 563 488, BD Biosciences) was used as control. Fur-
thermore, the capacity of TNTDNGR-1 for targeting soluble RBD specifi-
cally to B3ZDNGR-1 cells was analyzed by preincubating AF647-conjugated
RBD (1 μg mL−1) with TNTDNGR-1 or TNT (1 μg mL−1) for 30 min at
room temperature. Then, the mixtures were added to the cells and fol-
lowed by incubation of 30 min at 4 °C. All the samples were processed
on a FACScan apparatus (BD Biosciences) while data analysis was done
using the FlowJo Software (BD Biosciences). For labeling and endocyto-
sis studies in BMDCs, cells were incubated with culture media containing
TNT or TNTDNGR-1 (1× supernatant and 10×, respectively) for 30 min
at 4 °C. Cells were then washed and kept for different times at 37 °C or
4 °C before being incubated with AF647-conjugated RBD (1 μg mL−1) for
1 h at 4 °C and further stained with antibodies to distinguish the main DC
subpopulations: type 1 DCs (cDC1s, CD11c+B220−XCR1+), type 2 DCs
(cDC2s, CD11c+B220−SIRPa+), and pDCs (CD11c+B220+). Stained cells
were analyzed on BD FACSCanto flow cytometer (BD Biosciences).

Confocal Microscopy: MuTuDC cells were incubated with culture me-
dia containing TNT or TNTDNGR-1 (1× supernatant and 10×, respec-
tively) for 30 min at 4 °C, washed and stained with AF647-conjugated RBD
(1 μg mL−1) for 1 h at 4 °C. Cells were then thoroughly washed and incu-
bated in complete media for different times at 4 or 37 °C. Then, stained
cells were resuspended in PBS, plated in Cell-Tak (Corning) coated cover-
slips, fixed using 4% paraformaldehyde (PFA) and mounted for visualiza-
tion in a Zeiss LSM 700 confocal microscope.

Production of SARS-CoV-2 S-Pseudotyped VSV Particles: Vesicular
stomatitis virus-G (VSV-G) pseudotyped rVSV-luc recombinant viruses
were produced according to previously published protocol by cotrans-

fection of BHK-21 cells (BHK-21/WI-2, Kerafast) with expression vector
coding for VSV-G and rVSVΔG-luciferase vector (G*ΔG-luciferase; Ker-
afast) that contains firefly luciferase instead of the VSV-G open reading
frame.[77] Briefly, BHK-21 cells were transfected using Lipofectamine 3000
protocol to express the SARS-CoV-2 S protein and after 24 hours, the
transfected cells were inoculated with a replication-deficient VSV-G-rVSV-
luc pseudotype (multiplicity of infection (MOI) of 3). Following 1 h in-
cubation at 37 °C, the inoculum was removed, cells were washed exten-
sively with PBS and fresh DCM was added. SARS-CoV-2 S-pseudotyped
rVSV-luc particles were harvested 20 h postinoculation, clarified from
cellular debris by centrifugation and stored at −80 °C. Infectious titers
were estimated as TCID50 mL−1 by limiting dilution of the SARS-CoV-
2 S rVSV-luc-containing supernatants on Vero E6 cells. Luciferase ac-
tivity was determined by Steady-Glo Luciferase Assay System in a Glo-
Max Navigator Microplate Luminometer (both from Promega). The SARS-
CoV-2-pseudotyped rVSV-luc variants used were SARS-CoV-2 S protein
B.1, alpha, beta, gamma, delta, and kappa. The SARS-CoV-2 S protein
mutant D614G (B.1) was generated by site-directed mutagenesis using
as an input DNA the expression vector encoding SARS-CoV-2 S 614D
by Q5 Site Directed Mutagenesis Kit (New England Biolabs) follow-
ing the manufacturer’s instructions. SARS-CoV-2 alpha (B.1.1.7; GISAID:
EPI_ISL_608 430), beta (B.1.351; GISAID: EPI_ISL_712 096), gamma (P.1;
GISAID: EPI_ISL_833 140), delta (B.1.617.2; GISAID: EPI_ISL_1 970 335),
and kappa (B.1.617.1; GISAID: EPI_ISL_1 970 331) were optimized, syn-
thesized and cloned into pcDNA3.1 (GeneArt).

SARS-CoV-2 S Protein-Pseudotyped VSV Neutralization Assay: TN and
TNT neutralization activity were examined in triplicates at concentra-
tions in the range 0.64 × 10−12 m – 10 × 10−9 m using a SARS-CoV-2-
pseudotyped rVSV-luc system. As controls, the SB-40592 anti-RBD neu-
tralizing mAb and sotrovimab biosimilar (anti-S glycoprotein mAb) were
used in the range 0.88 × 10−12 m – 13.86 × 10−9 m. For neutralization ex-
periments, viruses-containing transfection supernatants were normalized
for infectivity to a MOI of 0.5-1 and incubated with the antibodies at 37 °C
for 1 hour in 96-well plates. After the incubation time, 2 × 104 Vero E6 cells
were seeded onto the virus-antibody mixture and incubated at 37 °C for 24
h. Cells were then lysed and assayed for luciferase expression. Half maxi-
mal effective concentration (EC50) and 95% confidence intervals (95% CI)
were calculated using a nonlinear regression model fit with settings for
log agonist versus normalized response curve using GraphPad Prism v8
Software.

Live SARS-CoV-2 Neutralization Assay: The neutralization activity of
TN-based trimerbodies was also measured by a microneutralization test
assay by using live SARS-CoV-2 virus, as previously described.[67] Serially
five-fold diluted antibodies (in the range 0.3 × 10−12 m – 5 × 10−9 m) in
DMEM-2% v/v FBS medium were incubated at a 1:1 ratio with 200 TCID50
of live SARS-CoV-2 B.1 (MAD6 isolate, containing the D614G mutation),
B.1.351 (beta) and B.1.617.2 (delta) VOCs in U-bottom 96-well tissue cul-
ture plates for 1 h at 37 °C. Then, mixtures of antibodies and live SARS-
CoV-2 virus were added in triplicates to Vero E6/TMPRSS2 cell monolayers
seeded in 96-well plates at 2 × 104 cells/well, and plates were incubated
at 37 °C, in a 5% CO2 incubator for 3 d. Then, cells were fixed with 10%
formaldehyde for 1 h and stained with crystal violet. When plates were
dried, crystal violet was diluted in H2O-10% w/v SDS and optical den-
sity was measured in a luminometer at 570 nm. Fifty percent neutraliza-
tion titer (NT50) and 95% CI were calculated using a nonlinear regression
model fit with settings for log agonist versus normalized response curve
using GraphPad Prism v8 Software.

Immunization of Immunocompetent C57BL/6 Mice: Trimerbodies in
combination with SARS-CoV-2 S protein super stable trimer (Acro Biosys-
tems) were injected subcutaneously (s.c.) into both hind paws of C57BL/6
mice. The immunization followed a prime-boost scheme 7 days apart.
Mice (n = 5/group, but PBS n = 3/group) were primed either with (1)
PBS as control; (2) 2 μg of S protein alone; (3) 3 μg of TNT + 2 μg of S pro-
tein; or (4) 3 μg of TNTDNGR-1 + 2 μg of S protein. For the boost, mice
were injected s.c. respectively with (1) PBS as control; (2) 1 μg of S protein
alone; (3) 1.5 μg of TNT + 1 μg of S protein; or (4) 1.5 μg of TNTDNGR-1
+ 1 μg of S protein. These amounts were divided equally between the two
hind paws. All conditions except PBS included 5 μg CpG ODN 1826 and
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5 μg Poly (I:C) LMW (both from InvivoGen) per mouse as adjuvants. The
injection volume was 25 μL per paw. Mice were euthanized on day 14 (7
d post-boost) and spleens and popliteal lymph nodes (pLNs) were har-
vested to assess cellular responses by flow cytometry analysis, and serum
samples were collected to evaluate humoral responses.

Cellular Response Analysis of Immunized C57BL/6 Mice: Spleens and
pLNs were smashed through a 70 μm filter in R10 medium. In spleen sus-
pensions, erythrocytes were lysed using 1 mL of red blood cell lysing buffer
Hybri-Max (Sigma-Aldrich). Cells were stained with fluorochrome labelled
antibodies directed against B220-FITC (# MABF608, Invitrogen), CD11c-
BV421 (# 566 877, BD Biosciences), CD11c-APC/Fire (# 117 351, BioLe-
gend), CD19-BV421(# 302 233, BioLegend), CD8-APC/Fire (# 100 765, Bi-
oLegend), CD4-APC (# 553 051, BD Biosciences), CD44-FITC (#11-0441-
82, Invitrogen), Sirpa-PE/Cy7 (# 25-1721-82, Invitrogen), and XCR1-PE
(# 148 203, Biolegend), CD16/CD32 Fc Shield (# 70-0161, Tonbo Bio-
sciences) was used to reduce nonspecific binding. All antibodies were
used at a 1:200 dilution. Tetramer specific for SARS-CoV-2 S protein, H-
2Kb (539VNFNFNGL546), was provided by the NIH Tetramer Facility at
Emory University (1:100 dilution). Samples were stained in cold PBS sup-
plemented with 2.5% v/v FBS and 2 mM EDTA. Tetramer staining was per-
formed at room temperature for 15 min, followed by sequential surface
staining with the appropriate antibody cocktail at 4 °C for 15 min. Dead
cells were excluded using DAPI. Data was acquired on a LSRFortessa Cell
Analyzer (BD Biosciences), using FACSDiva software, and analyzed using
FlowJo v10.8 Software (BD Biosciences).

Humoral Response Analysis of Immunized C57BL/6 Mice: Serum sam-
ples were prepared by incubating blood samples in collection tubes with-
out anticoagulant for 15 min at room temperature to allow clotting to oc-
cur. Then samples were centrifuged at 15,000 rpm for 15 min, and serum
was moved to a fresh collection tube. S- and RBD-specific immunoglob-
ulin (Ig) levels were determined by ELISA. Briefly, SARS-CoV-2 S protein
or RBD were plated in Nunc MaxiSorp flat-bottom 96-well plates (Thermo
Fischer Scientific) in carbonate buffer or PBS, respectively, at 1 μg mL−1

overnight at 4 °C. Then, the plates were washed three times with PBS
and blocked with BSA-PBS at least 1 h at 37 °C. After washing again,
serum was plated by duplicate at 1/50, 1/250, 1/1250, and 1/6250 se-
rial dilutions in PBS containing 1% w/v BSA to visualize dose-response
signals. Samples were incubated 2 h at room temperature and washed
three times with PBS-0.05% v/v Tween-20. Plates containing serum sam-
ples were incubated with biotinylated anti-mouse IgM, total IgG, IgG1, and
IgG2c (all from BD) at 2 μg mL−1 for 1 h at room temperature followed by
three washes with PBS-0.05% (v/v) Tween-20 and incubation with HRP-
conjugated streptavidin at 1 μg mL−1 for 30 min at room temperature. All
plates were then washed again and developed in the presence of 3,3′,5,5′-
Tetramethylbenzidine (TMB) substrate (Sigma-Aldrich) and stopped by
1 m H2SO4 solution. Absorbance was read at 450 nm subtracting back-
ground at 620 nm.

Protective Therapeutic Efficacy Study in Transgenic K18-hACE2 Mice: Fe-
male K18-hACE2 mice (9-weeks-old) were used to evaluate the capacity of
TNT and TNTDNGR-1 antibodies to protect against SARS-CoV-2 infection
in a therapeutic administration schedule. After a lethal dose challenge (1
× 105 PFUs/mouse) with SARS-CoV-2 (MAD6 strain) by intranasal route
in 50 μL of PBS, mice were divided randomly in four groups (n = 8/group)
and 17 h later were inoculated i.p. with 100 μg of TNTDNGR-1, 65 μg of
TNT (equimolar to TNTDNGR-1), 100 μg of sotrovimab or PBS (as a con-
trol of infection) in a total volume of 200 μL. In addition, noninfected
and nontreated mice (n = 8) were used as a control group of healthy
animals.

Mice were monitored for body weight change and mortality for 20 d
p.c. Animals with more than 25% of body weight loss were euthanized.
At days 5 and 20 p.c., four mice per group were euthanized, and lungs
and serum samples were collected. Right lung lobes were divided longi-
tudinally in two, with one part placed in RNALater stabilization reagent
(Sigma-Aldrich) and stored at −80 °C for RNA extraction, and the other
part stored also at −80 °C for the analysis of infective virus yields. At day
20 p.c. left lung was freshly processed for cellular immune response analy-
sis. At both end point times blood was collected by submandibular bleed-
ing, maintained at 37 °C for 1 h, kept at 4 °C overnight, and centrifuged at

3600 rpm for 20 min at 4 °C to obtain the serum samples, which was then
inactivated at 56 °C for 30 min and kept at −20 °C until use.

Analysis of SARS-CoV-2 RNA by RT-qPCR: Lungs from K18-hACE2
mice were harvested at day 5 p.c. and stored in RNALater (Sigma-Aldrich)
at −80 °C until homogenized with a gentleMACS dissociator (Miltenyi
Biotec) in 2 mL of RLT buffer (Qiagen) plus 𝛽-mercaptoethanol (Sigma-
Aldrich) and aliquoted. Then, 600 μL of homogenized lung tissue was
used to isolate total RNA using the RNeasy minikit (Qiagen), according to
the manufacturer’s specifications. First strand cDNA synthesis and subse-
quent real-time PCR were performed in one step using NZYSpeedy One-
step RT-qPCR Master Mix (NZYTech), according to the manufacturer’s
specifications using ROX as reference dye. SARS-CoV-2 viral RNA content
was determined using previously validated set of primers and probes spe-
cific for the SARS-CoV-2 subgenomic RNA for the protein E and the ge-
nomic virus RNA dependent RNA polymerase (RdRp) gene.[78] Data were
acquired with a 7500 real-time PCR system (Applied Biosystems) and an-
alyzed with 7500 software v2.0.6. Relative RNA arbitrary units (A.U.) were
quantified relative to a negative group (noninfected mice) and were per-
formed using the 2−ΔΔCt method. All samples were tested in duplicate.

Analysis of SARS-CoV-2 Virus Yields by Plaque Assay: Lungs from K18-
hACE2 mice were harvested at day 5 p.c., weighted, and stored directly
at −80 °C until homogenized with a gentleMACS dissociator (Miltenyi
Biotec) in 2 mL of PBS and aliquoted. Then, undiluted and serial ten-
fold dilutions of homogenized lung tissue were added in triplicate to Vero
E6/TMPRSS2 cell monolayers seeded in 12-well plates at 5× 105 cells/well.
After 1 h of adsorption the inoculums were removed and plates were incu-
bated at 37 °C, 5% v/v CO2 in 2:1 DMEM 2× containing 4% FBS and Avicel
RC-591 (DuPont Nutrition Biosciences ApS). After 4 d, cells were fixed for
1 h with 10% formaldehyde (Sigma-Aldrich), then the supernatant was
removed, and plaques were visualized by adding 0.5% w/v crystal violet
solution (Sigma-Aldrich). SARS-CoV-2 titers were determined in PFUs per
gram of lung tissue.

Humoral Response Analysis in the Protective Therapeutic Efficacy Experi-
ment in Transgenic K18-hACE2 Mice: S-specific IgM measurements in in-
dividual sera samples from SARS-CoV-2 infected and treated K18-hACE2
mice were done by ELISA as described above in prime-boost immuniza-
tion assays. S-, RBD-, and N-specific IgG antibody levels were determined
by ELISA, as previously described.[67,78,79] Briefly, 96-well Nunc MaxiSorp
plates were coated with 50 μL of purified recombinant SARS-CoV-2 S or
RBD proteins (2 μg mL−1) in PBS overnight at 4 °C. The SARS-CoV-2
S and RBD proteins used to coat the plates derived from the Wuhan
strain (GenBank accession number MN908947.3) and were previously
described.[67,78,79] Plates were washed with PBS-0.05% v/v Tween-20 and
blocked with 5% milk in PBS for 2 h at room temperature. Individual
serum samples were diluted in duplicate in PBS-0.05% Tween-1% milk,
added to plates, and incubated for 1.5 h at room temperature. Plates were
then washed, and secondary HRP-conjugated GAM IgG mAb (Southern
Biotech) diluted 1:1000 in PBS-0.05% Tween-1% milk was added and in-
cubated for 1 hour at room temperature. Plates were washed, the TMB
substrate (Sigma-Aldrich) was added, and the reaction was stopped by
adding 1 m H2SO4. Absorbance was read at 450 nm. Antigen-specific IgG
and IgM serum levels were evaluated by absorbance summation method,
which sums the observed absorbance values from all dilutions employed
to obtain one data point for each sample to be used for comparison.[80]

Determination of Administrated Antibody Concentration in Serum: The
concentration of TNT, TNTDNGR-1 or sotrovimab in serum samples at day
5 and 20 p.c. was determined by ELISA using 1:5 serial dilutions of the cor-
responding purified antibodies for standard. Briefly, Nunc MaxiSorp flat-
bottom 96-well plates (Thermo Fischer Scientific) were coated with recom-
binant B.1 RBD (0.2 μg/well). After washing and blocking with 300 μL PBS-
BSA, 50 μL of individual sera, 1/20 and 1/100 times diluted, were incubated
for 1 h at room temperature. For TNT and TNTDNGR-1 or sotrovimab,
after three washes, 100 μL of the corresponding HRP-conjugated rabbit
anti-camelid VHH cocktail (# A02016, Genescript) or HRP-conjugated goat
anti-human IgG mAb (# A0170, Sigma-Aldrich) were added, respectively,
and incubated 1 h at room temperature. Finally, the plate was washed
again and developed. All samples were analyzed by duplicate per each di-
lution factor.
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Cellular Response Analysis in the Protective Therapeutic Efficacy Experiment
in Transgenic K18-hACE2 Mice: Lung cellular suspensions were obtained
from the left lung of K18-hACE2 mice harvested at day 20 p.c., homog-
enized with a gentleMACS dissociator (Miltenyi Biotec) in R10 medium
and then erythrocytes were lysed by using ACK lysis buffer (Gibco). S-
specific H-2Kb tetramer staining was performed, acquired and analyzed
as previously described for the C57BL/6 prime-boost immunization assay.
The magnitude, breadth and polyfunctionality of SARS-CoV-2 S-specific
CD4+ and CD8+ T cells expressing CD107a, and/or secreting IFN𝛾 , and/or
TNF𝛼, and/or IL-2 were analyzed by ICS as previously described[78,79] in
lung cell samples stimulated with a SARS-CoV-2 S peptide pool (1 μg
mL−1) (JPT Peptide Technologies), spanning the S1 and S2 regions of the
S protein from the Wuhan strain, and containing 158 (S1) and 157 pep-
tides (S2) as consecutive 15-mers overlapping by 11 amino acids. After left
lung processing, 4 × 106 fresh isolated cells were seeded on M96 plates
and stimulated overnight in complete RPMI 1640 medium supplemented
with 10% FBS containing 1 μL mL−1 Golgiplug (BD Biosciences) to in-
hibit cytokine secretion, 1× monensin (eBioscience, Thermo Fisher Scien-
tific), and anti-CD107a–FITC (BD Biosciences). Cells were then washed,
stained for surface markers, fixed, permeabilized (Cytofix/Cytoperm kit;
BD Biosciences), and stained intracellularly with the appropriate antibod-
ies. Dead cells were excluded using the violet LIVE/DEAD stain kit (Invit-
rogen). The fluorochrome-conjugated antibodies used for functional anal-
yses were CD3-PE-CF594, CD4-APC-Cy7, CD8-V500, IFN-𝛾–PE-Cy7, TNF-
𝛼–PE, and IL-2–APC. All antibodies were from BD Biosciences. Cells were
acquired with a Gallios flow cytometer (Beckman Coulter), and data an-
alyzed with the FlowJo software version 10.4.2 (Tree Star), as previously
described.[78,79] Gating strategy and example is shown in Figure S7C,D in
the Supporting Information.

Equipment and Settings: Gels and Western blot membrane images
from Figures S2, S3, and S7 (Supporting Information) were acquired and
analyzed using the ChemiDoc MP Imaging System and Image Lab analysis
software (both from BioRad Laboratories). If brightness or contrast pro-
cessing of gel and blot images has been performed, it was applied to the
entire image, including controls. No high-contrast gels or blots have been
displayed. When necessary, cropped gels and juxtaposing images were dis-
played to improve the clarity and conciseness of the presentation, being
shown in the figure. All optical density measurements were done using a
Multiskan FC apparatus (Thermo Fischer Scientific).

Statistical Analysis: Statistical analysis was performed using GraphPad
Prism Software version 8.0. In general, the in vitro experiments were done
in triplicates and values are presented as mean ± standard error of the
mean (SEM) from one of at least two independent experiments. In the
immunogenicity experiments in C57BL/6 mice, significant differences (P
value) were discriminated by applying one-way ANOVA followed by Tukey’s
multiple comparison test. The multiparametric read out analysis of pro-
tective efficacy experiment in K18-hACE2 mice, in general was done by ap-
plying one-way ANOVA followed by Tukey’s multiple comparison test for
significant differences discrimination.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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