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c Vaxine Pty Ltd, 11 Walkley Avenue, Warradale, 5046, Australia
d International Center for Vaccinology, Kazakh National Agrarian Research University, 8 Abay Avenue, Almaty, 050010, Kazakhstan
e Preclinical Research Laboratory with Vivarium, M. Aikimbayev National Research Center for Especially Dangerous Infections, 14 Zhakhanger str., Almaty, 050054, 
Kazakhstan
f Republican Allergy Center, Research Institute of Cardiology and Internal Medicine, 120 Aiteke bi str., 050000, Almaty, Kazakhstan
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A B S T R A C T

Monoclonal antibodies are widely used for the treatment of infectious human diseases, including COVID-19. 
Since the start of the pandemic, eight monoclonal antibodies against SARS-CoV-2 were granted emergency 
use authorization. The high mutation rate of the SARS-CoV-2 virus has led to the emergence of highly trans-
missible variants that can evade vaccine-induced immunity. In this study, we generated a panel of murine 
monoclonal antibodies (mAb) to identify a subset that broadly neutralized SARS-CoV-2 variants and explored 
whether mucosal administration of such antibodies could protect against infection. Intranasal delivery of XR10, 
the most promising murine mAb, protected hamsters against infection by Delta variant. We next humanized 
XR10 mAb using a combination of CDR-grafting and Vernier zones preservation approaches (CRVZ) to create a 
panel of humanized XR10 variants. We ranked the variants based on their spike binding ability and virus 
neutralization. Of these, XR10v48 demonstrated the best ability to neutralize SARS-CoV-2 variants and was 
protective in hamsters when given as a single 50 μg/kg intranasal dose at the time of viral challenge. XR10v48 
featured 34 key amino acid residues retained from the murine progenitor. With SARS-CoV-2 escape mutants 
continuing to emerge this work highlights a potential workflow to generate humanized broadly cross- 
neutralizing mAb for potential use as a nasal spray for SARS-CoV-2 prophylaxis.

1. Introduction

Since the first outbreak in December 2019 (Huang et al., 2020), 
World Health Organization has reported 777.7 million cases of coro-
navirus disease 2019 (COVID-19) with the death toll reaching 7.0 
million globally by April 2025 (https://data.who.int/dashboards/covid 
19). The causal agent, a beta coronavirus referred to as severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) (Cao et al., 2021), 
bears a spike protein crucial for binding the host receptor, 
angiotensin-converting enzyme 2 (ACE2) (Walls et al., 2020). Host 
receptor-spike interaction is mediated by a domain denoted as the 

receptor-binding domain (RBD) (Lan et al., 2020), which includes the 
receptor-binding motif (RBM), a major target of neutralizing antibodies 
(Ju et al., 2020). SARS-CoV-2 demonstrates a high mutation rate 
resulting in several variants of concern reported since the beginning of 
the pandemic, including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), 
Delta (B.1.617.2), Omicron (B.1.1.529), featuring higher severity of 
disease (Delta (Butt et al., 2022)) and transmissibility (Omicron (Fan 
et al., 2022)). Most mutations in the currently predominant Omicron 
variant are located in the spike RBD, which contributes to the virus 
immune evasion by reducing or completely abrogating the binding of 
neutralizing antibodies (Liu et al., 2022), thereby diminishing 
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vaccination efficiency (Hoffmann et al., 2022; Planas et al., 2022; Wang 
et al., 2021).

Since hybridoma technology was introduced in 1975 (Köhler and 
Milstein, 1975), monoclonal antibodies (mAbs) generated through 
mouse immunization have become a valuable tool in basic research and 
therapy. In 1986, the first murine mAb Muromonab-CD3 was approved 
by the United States Food and Drug Administration (FDA) to control 
kidney transplant rejection (Todd and Brogden, 1989). To date, 130 
mAbs are approved for the treatment of various types of cancer, auto-
immune disorders, and viral infections (Jacobson et al., 2009; Kempeni, 
1999; Maloney et al., 1997; Pollack et al., 2002). So far, eight mAbs 
neutralizing SARS-CoV-2 were granted emergency use authorization 
(EUA): bamlanivimab, etesivimab, casirivimab, imdevimab, sotrovi-
mab, cilgavimab, tixagevimab, bebtelovimab, with only the latter being 
effective in Omicron BA.1 cases (Westendorf et al., 2022).

Clinical application of mouse mAbs is rendered inefficient by human 
anti-mouse antibodies (HAMA), which can lead to accelerated mAb 
clearance in a high proportion of patients receiving such murine anti-
bodies (Olsson et al., 1991; Shawler et al., 1985). Advances in genetic 
engineering and recombinant technology yielded several techniques 
that seek to overcome the HAMA response, including transgenic mice 
expressing human IgM, IgG, and IgK (Lonberg et al., 1994), human 
antibody phage display (Frenzel et al., 2016), and murine mAb hu-
manization (Lu et al., 2023). Humanization aims to increase the simi-
larity of the administered antibody to native human immunoglobulins, 
minimizing anti-drug reactivity and extending its half-life in the or-
ganism while retaining its antigen-binding properties (Lu et al., 2020). 
Several methods have been developed to achieve mAb humanization 
spanning from constant domain replacement (Investigators, 1994) to 
antibody resurfacing (Padlan, 1991) or specificity-determining residues 
grafting (Pascalis et al., 2002). Constant domain replacement was suc-
cessfully used to reduce the immunogenicity of several FDA-approved 
chimeric antibodies including abciximab (Investigators, 1994), ritux-
imab (Maloney et al., 1997), and cetuximab (Aboud-Pirak et al., 1988). 
Chimeric mAbs preserve murine content in the variable domain, pre-
senting a potential target for HAMA response. The risk of the anti-drug 
response can be further decreased by complementarity-determining re-
gion grafting (CDR grafting) in which the murine CDRs are transplanted 
onto the human frameworks (FRs) (Ferrara et al., 2004). In most cases, 
direct grafting of the CDR loops onto human FRs leads to substantial loss 
of target affinity (Pavlinkova et al., 2001). Several buried residues 
comprising the β-sheet framework regions, referred to as Vernier zones 
residues (VZRs), were reported to influence the conformation of the CDR 
loops, therefore affecting the antigen binding (Foote and Winter 1992; 
Makabe et al., 2008). Therefore, CDR grafting should be accompanied 
by transferring the corresponding VZRs while controlling the affinity of 
the humanized antibody.

Here we report the generation of a large panel of murine mAbs, a 
subset of which potently neutralized a range of SARS-CoV-2 variants. 
The lead candidate, XR10, was protective when delivered nasally in a 
hamster challenge model and was then humanized by the CRVZ 
approach. We selected a humanized variant with the highest neutral-
izing activity and demonstrated its intranasal effectiveness against the 
SARS-CoV-2 Delta strain in a hamster challenge model.

2. Materials and methods

2.1. Mouse immunization

Four-to-six-week-old female BALB/c mice were immunized 4 times 
every three weeks with 50 μg of the Wuhan Spike or RBD protein via 
intraperitoneal injection with complete Freund’s adjuvant. After 4 doses 
of the same injection, the response potency was estimated using antigen 
ELISA. A booster dose was injected for high responders 20 days after the 
fourth immunization. 4 days after the boost, mice were sacrificed and 
spleens were harvested.

2.2. Hybridoma generation

Splenocytes of the mice were harvested and fused with mouse 
myeloma SP2.0 cells. Fused cells were cultured in DMEM supplemented 
with 10 % FBS, HAT medium, hybridoma growth factors in 96-well 
culture plates. 2 weeks after fusion, the supernatants were analyzed 
for antibody titer with ELISA. Selected clones were subcloned via 
limiting dilution.

2.3. ELISA

In-house-produced recombinant RBD was immobilized on a high- 
binding 96 well ELISA plate (Corning, #CLS3690) at 4 μg/ml in PBS 
(Sigma-Aldrich, MO, USA) overnight at +4 ◦C. Plates were blocked for 1 
h with 1 % BSA (Thermo Fisher, Gibco, MA, USA) in PBS at room 
temperature. Antibodies were diluted in PBS 1 % BSA to indicated serial 
dilutions, added to coated plates and incubated for 1 h at room tem-
perature. Plates were developed with an anti-human IgG-alkaline 
phosphatase (AP)-coupled antibody (SouthernBiotech #2040-04) 
diluted 1:500 in PBS 1 % BSA. Bicarbonate buffer with 4-Nitrophenyl 
phosphate disodium salt hexahydrate substrate (Sigma-Aldrich, 
#S0942-50TAB) was added and absorbance was measured at 405 nm in 
a Cytation 5 device (BioTek). Between all indicated incubation steps, 
plates were washed 3 times with PBS 0.05 % Tween-20. 50 % of 
maximum IgG binding to RBD or nucleocapsid (ED50) was determined 
for each sample by sigmoid curve fitting with non-linear regression 
performed in R (stats package) (RCoreTeam, 2019). For curve fitting, 
upper and lower plateaus of the reference antibody (murine antibodies) 
were applied to all samples. The positive control was used to normalize 
independent measurements.

2.4. Competition ELISA

Upon 1 h blocking with PBS/1 % BSA, serially diluted antibodies in 
PBS/1 % BSA were added to SARS-CoV-2 RBD-coated (10 μg/ml) 96 well 
plates. After 1 h of incubation at room temperature, self-produced bio-
tinylated human ACE2-hFcg1, EY6A, P2B-2F6, P2C-1F11, REGN10933, 
REGN10987, CC12.1, C144, S2H13, S309, 4A8 were added to a 50 % 
final effective concentration (EC50) in PBS/1 % BSA for competition 
with monoclonal antibodies. After another hour at room temperature, 
plates were incubated with an AP-coupled streptavidin (South-
ernBiotech, #SBA-7105-04) at a 1:500 dilution in PBS/1 % BSA to detect 
biotinylated ACE2-hFcg1 that was not prevented by serum antibodies 
from binding to RBD. The 50 % blocking dose (BD50) was determined by 
sigmoid curve fitting with non-linear regression performed in R (stats 
package). Upper and lower plateaus of the (non-)biotinylated ACE2- 
hFcg1 control served as a reference.

2.5. Monoclonal antibody sequencing

Sequencing of XR10, XR14, and XR51 antibodies was performed by 
Absolute Antibody Ltd (UK) by whole transcriptome shotgun sequencing 
(RNA-Seq).

2.6. Recombinant proteins cloning

SARS-CoV-2 RBD WT was cloned containing the signal peptide 
spanning amino acids M1-Q14 and R319-F541 of the pCAGGS-SARS- 
CoV-2 RBD Wuhan plasmid (kindly provided by F. Krammer; Gen-
Bank: MN908947.3, (Amanat et al., 2020)), followed by a C-terminal 
Twin-Strep-tag sequence (WSHPQFEKGGGSGGGSGGSAWSHPQFEK) 
and a hexahistidine tag. SARS-CoV-2 spike encoding plasmid comprised 
the amino acids M1-Q1208 of the Wuhan SARS-CoV-2 variant (Gen-
Bank: MN908947.3) with Furin cleavage site mutations (682–685 RRAR 
-> QQAQ) as well as 6 Proline mutations (HexaPro) to generate a 
protease-resistant, stable and highly immunogenic SARS-CoV-2 spike 
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protein locked in the pre-fusion conformation followed by a 
Twin-Strep-tag and a hexahistidine tag. For expression of the 
membrane-bound version, a SARS-CoV-2 spike full-length vector with a 
C-terminal 19 amino acid deletion comprising amino acids M1-C1254 of 
the Wuhan SARS-CoV-2 variant (GenBank: MN908947.3) was used. 
Mutations of RBD and full spike were introduced by PCR mutagenesis. 
The N-terminal domain (amino acids M1-S305) of the SARS-CoV-2 spike 
was cloned to a C-terminal Twin-Strep-tag and a hexahistidine tag. 
Plasmids containing human full-length ACE2 (Clone: OHu20260C; 
M1-F805) and rabbit full-length ACE2 (Clone: OOb21562C; M1-F805) 
C-terminally linked to enhanced green fluorescent protein (eGFP) 
were purchased from GenScript (GenScript Biotech Netherlands B.V.). 
Heavy and light chain sequences of humanized and control mAbs were 
synthesized by oligonucleotide assembly and cloned using Gibson as-
sembly (NEBuilder HiFi DNA assembly kit, NEB, #E5520S) into IgG1 
heavy and kappa or lambda light chain expression vectors from Oxgene 
(Sigma-Aldrich; #PP2409-1 KT): class 1–4 anti-SARS-CoV-2 RBD: EY6A, 
P2B-2F6 and P2C-1F11, REGN10933 and REGN10987, CC12.1, C144, 
S2H13, S309, anti-SARS-CoV-2 NTD: 4A8. Framework reshuffling for 
humanized mAbs was performed using framework and CDRs amplifi-
cation and subsequent Gibson assembly. Human ACE2-hFcg1 was pro-
duced by fusing recombinant human ACE2 Q18-V739 fragment to 
human IgG1-Fc (E99-K330 portion, where the first amino acid is G 
encoded by J-CH1 fusion).

2.7. HEK cell recombinant protein production

Cloning constructs were used to transfect FreeStyle 293-F cells that 
were grown in suspension using FreeStyle 293 expression medium (Life 
Technologies, #A1435101) at 37 ◦C in a humidified 8 % CO2 incubator 
rotating at 125 rpm. Cells were grown to a density of 2.5 million cells per 
ml, transfected using polyethyleneimine (PEI, Polysciences Europe 
GmbH; #23966-1; 4 μg/ml in cell suspension) and DNA (1200 ng/ml in 
cell suspension), and cultivated for 3 days. The supernatants were har-
vested and proteins purified by His SpinTrap columns (for His-tagged 
antigens) or Protein G columns (for the antibodies) according to the 
manufacturer’s instructions (Cytiva, His: #28-9321-71, Ab: #28-4083- 
47). The eluted protein was transferred to phosphate-buffered saline 
(PBS) via buffer exchange using Amicon Ultra-4 ultrafiltration column 
with 50 kDa or 10 kDa cutoff (Millipore, #UFC805008, #UFC801096). 
Protein concentration was determined by His-tag specific ELISA using a 
mouse anti-His-tag antibody (Abcam, #ab18184) and a goat anti-mouse 
IgG Fc antibody conjugated to alkaline phosphatase (SouthernBiotech, 
#SBA-1033-04) as a detection reagent. Antibody concentration was 
determined by absorbance measurement at 280 nm. Protein production 
was confirmed by SDS-PAGE and Western blot using a mouse anti-His 
antibody (Abcam, #ab18184) and an IRDye 800CW donkey anti- 
mouse antibody (Li-Cor Biosciences, #925–32212).

2.8. Insect cell recombinant spike protein production

The antigen in SpikoGen® vaccine corresponds to aa 14–1213 of the 
spike protein sequence of the ancestral Wuhan-Hu-1 strain (accession 
number: NC 045512) with various modifications, as previously 
described [18]. In this study, Wuhan, Beta and Gamma, Delta and 
Omicron spike proteins were manufactured using the same process as 
the human approved SpikoGen® vaccine. Spike antigens and Advax- 
CpG55.2 adjuvant were provided by Vaxine Pty Ltd, Adelaide, Australia.

2.9. Administration of monoclonal antibody to hamsters and their SARS- 
CoV-2 virus challenge

Each of the monoclonal antibody preparations XR10 (1.24 mg/mL) 
and XR10RH (4.73 mg/mL) were diluted with DMEM at a final con-
centration of 5.5 μg/100 μL or 50 μg/kg, and antibodies or PBS intra-
nasally administered to 6-8-week-old male Syrian hamsters (50 μL in 

each hamster nostril, n = 4/group) under intraperitoneal ketamine (100 
mg/kg) and xylazine (10 mg/kg) anesthesia (Table 1). Syrian hamsters 
were obtained from the laboratory animal nursery of the M. Aikimbayev 
National Scientific Center for Especially Dangerous Infections (NSCEDI, 
Kazakhstan) and during the experiment housed in an individually 
ventilated system with a 30-cage ventilated rack in the ABSL-3 labora-
tory of NSCEDI. Two hours later, the hamsters of groups 1–3 under 
anesthesia were intranasally infected with the strain hCoV-19/ 
Kazakhstan/KazNARU-NSCEDI-5526/2021 of Delta variant SARS-CoV- 
2 virus (full protein sequence was published in GISAID database under 
number EPI_ISL_4198501) at a dose of 106.0 TCID50/100 μL (50 μL per 
nostril) as previously described (Solomadin et al., 2023). Animals of the 
negative control group, which were kept in a separate room of the 
ABSL-3 laboratory from the experimental groups, were subjected to a 
similar anesthesia procedure. Infected animals were clinically moni-
tored from day 0 to day 3, and their weight was measured daily. On day 
3 after the challenge, animals from each group were sacrificed, and 
samples from nasal turbinates and lungs were collected. The lungs of the 
animals were evaluated for the level of lesions by the area of hemor-
rhage in the JMicroVision program (v 1.3.4). The percentage ratio of the 
area of the affected areas to the total area of the lung surface was 
studied. Two lobes of the left lung were homogenized in 1 ml of DMEM 
using a TissueLyser II (QIAGEN) device at 300 vibrations per minute for 
60 s. The supernatant obtained after centrifugation (5000 g for 15 min at 
4 ◦C) was stored at − 70 ◦C for the determination of the virus titer. Three 
right lung lobes of each animal were fixed in 10 % formalin for histo-
pathological examination to confirm detected lung lesions.

2.10. Determination of the infectious virus titer

Virus titers in homogenates of respiratory tract tissues were deter-
mined using the 50 % tissue culture infectious dose (TCID50) analysis. 
The tissue homogenates were diluted ten-fold in a medium (DMEM-2 % 
FCS-1 % antibiotic-antimycotic) and transferred in quadruplicate into 
96-well plates containing Vero-E6 confluent cells. The plates were then 
incubated at 37 ◦C and 5 % CO2 for 5 days to ensure complete cytopathic 
effect (CPE) development, especially for samples with low viral titers. 
This extended incubation period is a recognized modification for slow- 
replicating strains and ensures accurate endpoint detection. The titra-
tion results were visually calculated by studying the cellular monolayer 
under a microscope for specific cytopathic effects such as cell rounding 
and cell separation from the monolayer. The viral titer was determined 
using the Reed and Muench method and expressed as log10 TCID50/mL.

2.11. Histological analysis of hamster lungs

The lungs of hamsters were fixed in 10 % neutral buffered formal-
dehyde after excision, washed with water, and treated with four portions 
of 100 % isopropyl alcohol and two portions of xylene. The material was 
then soaked in four portions of paraffin, and blocks were created. His-
tological blocks were sectioned to a thickness of 5 μm using a micro-
processor microtome MZP-01 (CB Technom, Russia). The sections were 
dewaxed in two portions of xylene and three portions of ethyl alcohol 
with reduced concentrations (96 %, 80 %, 70 %), then stained with 
hematoxylin (#05-002, BioVitrum, Russia) and eosin (#C0362, Dia-
Path, Italy). Subsequently, the sections were clarified in increasing 
concentrations of ethyl alcohol (70 %, 80 %, 96 %) and two portions of 
xylene. The sections were covered with glass coverslips using the syn-
thetic medium Bio Mount (#2813, Bio Optica, Italy). The slides were 
examined using the Mshot microscope (China), model MF52-N. Photos 
were taken with a magnification of ×40 using Mshot MS23 camera tips 
(China) and the MShot Image Analysis System program (China). 
Microscopic examination of the lungs followed classical canons adopted 
for parenchymal organs, and the description of pathological conditions 
induced by SARS-CoV and SARS-CoV-2 was used for narration. Each 
slide was quantitatively assessed based on the severity of histological 
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changes, including interstitial pneumonia, alveolitis, bronchiolitis, 
alveolar destruction, interstitial infiltration, pulmonary hemorrhage, 
and peribronchiolar inflammation. Histopathological evaluation was 
performed under blinded conditions using a semi-quantitative scoring 
system to assess the severity of inflammation and tissue damage. Scores 
were defined as follows: Score 0 – no pathological changes (0 % of tissue 
affected); Score 1 (mild) – inflammation involving <25 % of the lung 
section, characterized by sparse perivascular or peribronchiolar infil-
tration with ≤2 cell layers of inflammatory cells; Score 2 (moderate) – 
involvement of 26–50 % of tissue, with multifocal infiltration of 3–4 cell 
layers, mild alveolar wall thickening, and occasional epithelial cell 
desquamation; Score 3 (marked) – inflammation affecting 51–75 % of 
lung area, with 5–6 layers of mononuclear infiltration, moderate alve-
olar collapse, and bronchiolar epithelial damage; Score 4 (severe) – 
diffuse inflammation involving >75 % of lung tissue, dense cellular 
infiltration (>6 layers), extensive alveolar consolidation, hemorrhage, 
and epithelial necrosis. These criteria were designed to reduce subjec-
tivity and improve reproducibility across independent evaluators.

2.12. Biosafety and bioethics

All operations involving SARS-CoV-2 and viral experiments on ani-
mals were conducted in the BSL-3 and ABSL-3 laboratories of NSCEDI, 
where the international standard ISO 35001:2019 “Biological Risk 
Management for Laboratories and Other Related Organizations” was 
followed. Laboratory animals were housed in individually ventilated 
cages (Techniplast, Italy, and Allentown, USA) under a 12/12 day and 
night cycle. This study was conducted in compliance with national and 
international laws and guidelines for the handling of laboratory animals. 
The protocol was approved by the Institutional Animal Care and Use 
Committee of the National Scientific Center of Especially Dangerous 
Infections, Protocol No. 4, dated September 22, 2020.

2.13. Statistical analysis

The statistical data analysis was performed using the GraphPad 
Prism program, version 9.0.0 (San Diego, California, USA) and R, 
version 4.3.1 (RCoreTeam, 2019). Differences in weight loss, viral load, 
and pathological changes in the lungs between the groups of animals 
were assessed using the Tukey multiple comparison test. A Shapiro-Wilk 
test was used for normality testing of continuous variables. An inde-
pendent t-test was used when continuous data met the criteria of the 
normality test. Otherwise, the Mann-Whitney U test was used. Spearman 
correlations were performed with a 95 % confidence interval. The limit 
of detection for viral titer was 0.7 log10 TCID50/0.2 mL. A p-value of less 
than 0.05 was considered statistically significant for all comparisons. 
Figures were generated using R ggplot2 package, Inkscape software, and 
BioRender.

2.14. Protein structure analysis

Antibody structures were predicted using templated AlphaFold-2 
software (Jumper et al., 2021). Antibody-antigen interaction was 
analyzed using the HDOCK server. Protein structures and interactions 

were analyzed and depicted with UCSF ChimeraX 1.7.3. The following 
PDB codes were used: 6M0J for SARS-CoV-2 RBD and ACE2 (Lan et al., 
2020), 6ZER for EY6A (Zhou et al., 2020), 6XC3 for CC12.1 (Yuan et al., 
2020), 8DCC for P2B-2F6 (Dickey et al., 2022), 8GX9 for P2C-1F11 
(Wang et al., 2022), 6XDG for REGN10933 and REGN10987 (Hansen 
et al., 2020), 7K90 for C144 (Barnes et al., 2020), 7JV2 for S2H13 
(Piccoli et al., 2020), 7XSW for S309 (Jia et al., 2022), 8DM4 for 4A8 
(Saville et al., 2023).

3. Results

3.1. Generation of murine SARS-CoV-2 neutralizing antibodies

To generate the mAbs, we immunized BALB/c mice with Wuhan 
SARS-CoV-2 Spike protein and used hybridoma technology to create the 
clones (Fig. 1A). Purified mAbs were tested for binding to Spike and RBD 
proteins from various virus strains and virus neutralization (Fig. 1B).

XR10, XR14, and XR51 mAbs featured high binding to various Spike 
proteins, >90 % inhibition of ACE2-RBD binding, and highest neutral-
izing activity (IC50 = 17.7, 28.8, 12.2 ng/ml for XR10, XR14, and XR51, 
accordingly) toward the Wuhan variant and were selected for humani-
zation. While XR14 was not able to neutralize Delta or Omicron BA.1 
variants, XR10 showed moderate neutralization capacity against Omi-
cron BA.1 (410 ng/ml) and XR51 neutralized the Delta variant with IC50 
65.5 ng/ml (Fig. 1B–Table S1).

3.2. mAbs epitope characterization

To map the epitope targeted by the selected mAbs in vitro, we per-
formed a binding competition assay with ACE2 and a panel of previously 
characterized antibodies (Chi et al., 2020; Ge et al., 2021; Hansen et al., 
2020; Piccoli et al., 2020; Pinto et al., 2020; Robbiani et al., 2020; 
Rogers et al., 2020; Wu et al., 2010; Zhou et al., 2020) 
(Fig. 1C–Table S1). We used the antibodies representative of different 
classes: class 1 defined by targeting the RBM in “up” conformation; class 
2 that bind the RBM in both “up” and “down” conformations; class 3 that 
bind outside of ACE2-interacting interface but are able to hinder the host 
receptor interaction; and class 4 that do not perturb the ACE2-RBD 
binding (Chen et al., 2023). All three mAbs competed moderately with 
ACE2-hFcg1 binding (44.0 %, 42.4 %, 47.7 % inhibition for XR10, XR14, 
and XR51) and demonstrate >80 % binding inhibition by such class 1 
antibodies as REGN10933 (90.4–95.9 %), P2C-1F11 (81.5–88.4 %), 
C144 (80.8–84.5 %), and CC12.1 (80.8–86.7 %). All selected antibodies 
competed moderately with class 2 antibodies, as P2B-2F6 (56.6–62.9 %) 
and S2H13 (69.0–73.6 %) and competed weakly with S309, which is 
classified as an epitope 3 antibody (9.9–28.5 %). Surprisingly, XR14 
showed 79.8 % binding inhibition for the class 4 antibody EY6A. 
Cross-inhibition assay shows that XR10 epitope overlapped with both 
XR14 and XR51 interaction zones (93.1 % and 91.8 % inhibition, 
correspondingly), while we detected a weak inhibition for XR51-XR14 
binding (38.2 %). These data suggest that XR10 and XR51 bind an 
RBM epitope and are closely related to class 1/2 Abs, while XR14 might 
demonstrate a unique multimodal binding overlapping with class 1/2 
and class 4 Abs.

Table 1 
Study design.

Group number Preparation Preparation dosage Administration route Virus dose (TCID50) No. of animals

XR10 mouse mAb
1 XR10 (mouse) mAb 50 μg/kg Intranasal 106 4
2 Positive control (virus) 100 μl PBS Intranasal 106 4
3 Negative control (DMEM) 100 μl PBS Intranasal – 4
XR10RH humanized mAb
4 XR10RH (humanized) mAb 50 μg/kg Intranasal 106 4
5 Positive control (virus) 100 μl PBS Intranasal 106 4
6 Negative control (DMEM) 100 μl PBS Intranasal – 4
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To define the epitopes on the amino acid residue level, we performed 
binding assay with various Wuhan RBD mutants. Mutations F456A, 
A475R, E484K, located within class 1/2 epitopes, substantially 
decreased the binding of XR10 and XR14 mAbs, while XR51 bound to 
E484K mutant with nominal affinity (Fig. 1D–Table S1). While not 
affecting XR10 and XR51, mutations G496S and N501Y, located in the 
right shoulder of RBD (Fig. 1E) (Dejnirattisai et al., 2021), reduced the 
XR14 binding to 43.1 % and 42.2 %, accordingly. These data are in 
agreement with competition analysis and indicate that all three anti-
bodies belong to class 1 and class 2 antibodies. Furthermore, the XR10 
epitope overlapped with both XR14 and XR51 interaction zones, while 
XR14 and XR51 featured distinct modes of binding.

3.3. XR10, XR14, and XR51 humanization

To humanize the selected mouse antibodies, we identified the human 
germline (HGL) heavy and light chain variable domain sequences of the 
highest homology by aligning the murine AA V(D)J sequences to the 
library of human segments using IgBLAST (Fig. S1). We assumed no 
junctional diversity (no P/N-nucleotides addition) when reconstructing 
HGL sequences. We introduced the humanization index (DtH, distance 
to human, indicating the total number of AA exchanges needed to be 
introduced in heavy and light variable domains to arrive to the HGL 
sequence) to reflect the depth of humanization. Mouse XR10, XR14, and 
XR51 display DtH of 57, 69, and 50 AAs exchanges, correspondingly 
(Fig. S1). Taken that the total length of heavy and light chain variable 
domains is 231, 226, and 235 AAs for XR10, XR14, and XR51, it trans-
lates to 75.3 %, 69.5 %, and 78.7 % homology to HGL, respectively. 
CDRs predicted by IgBLAST software were grafted into fully human 
frameworks and constant regions were replaced with human IgG1 or IgK 
(CG version, Table S2). Additionally, we attempted to replace the amino 

acid residues located on the flanks of CDR loops to create deeply hu-
manized mAb variants (DH, Table S2). CDR grafting decreased DtH from 
57, 69, 50 to 24, 19, 12 (89.6 %, 91.6 %, 94.9 % homology to HGL) for 
XR10, XR14, and XR51, correspondingly, while deep humanization 
minimized the DtH to 12, 11, 3 (94.8 %, 95.1 %, 98.7 % homology to 
HGL). Binding analysis revealed a drastic drop in affinity for humanized 
antibodies with only CG-XR10 binding to Wuhan RBD with <1.0 ng/μl 
EC50 (Fig. 2A, Table S1). These results indicate a significant contribution 
of Vernier zones residues (VZRs) to antigen recognition. To locate the 
critical VZRs we assessed the contribution of the heavy and the light 
chains by generating all combinations of the murine, CG, and DH vari-
ants (Fig. 2B). For XR10 and XR14 the binding is governed by both 
chains, while for XR51, the nominal binding is retained if the original 
murine heavy chain is coupled with any light chain variant, pointing to 
virtually exclusive heavy chain-mediated binding (Fig. 2B–Table S1). To 
further narrow down the location of the critical VZRs, we performed 
framework reshuffling for both chains of XR10 and XR14 (Fig. 2C and D, 
Table S1) and for heavy chain of XR51 (Fig. 2E–Table S1). Surprisingly, 
XR51 framework reshuffling revealed all-or-nothing effect of heavy 
chain FR2 and FR3 mutagenesis, i.e. the mAb binds Wuhan RBD with 
original affinity only if both HC FR2 and FR3 are not humanized. This 
allowed us to isolate the critical VZRs for XR51 heavy chain. While A50 
is immediately adjacent to CDR2, K67, A68, L70, A72, and S76 are 
located in the middle of FR3 with CDR2-proximal FR3 residues (S59, 
N61, R63, K65) being insensitive to humanization. These data suggest 
that Vernier zone residues shall be identified experimentally as they 
might be located in buried sites outside of interaction zone. We sum-
marized an experiment-driven humanization pipeline by CDR-grafting 
and Vernier zone preservation approach (CRVZ) in Fig. S2. Of note, 
Humanization yielded XR10v43 and XR51v127 variants with high level 
of humanization and nominal or higher-than-nominal binding strength 

Fig. 1. A set of mAbs against SARS-CoV-2 Spike efficiently bind and neutralize various viral strains. (A) Scheme depicting mice immunization, hybridoma 
generation, and mAb analysis. (B) mAbs were screened for binding to a diverse set of SARS-CoV-2 Spike proteins (on the left), for inhibition of ACE2-Wuhan RBD 
binding (middle), and neutralization of the live viruses (on the right). H1104, H1120, H4316, H1107 – commercial antibody controls. (C) Wuhan RBD binding 
competition with various antibodies interacting with distinct epitopes on the RBD surface. K13 - anti-human CD81 antibody used as a negative control. (D) mAb 
binding to a set of Wuhan RBD mutants. E2 - hepatitis C virus surface protein subunit used as a negative control. (E) Residues affecting the XR mAbs binding and the 
ACE2 footprint were mapped on the Wuhan RBD surface.
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(XR10v43: DtH = 27, 88.3 % homology to HGL, EC50 = 0.016 ng/μl; 
XR51v127: DtH = 30, 87.2 % homology to HGL, EC50 = 0.006 ng/μl, 
Fig. 2F–Table S1). We compared our humanization pipeline to previ-
ously published machine-learning approach called Hu-mAb (Marks 
et al., 2021). Predicted humanization mutations mostly overlap with the 
set introduced in this study, although Hu-mAb uses different germline 
segments for XR10 and XR51 kappa chains (Fig. S1). Humanness score 
estimated by Hu-mAb strongly correlated to DtH (r = − 0.91) while of-
fering more discrete values (Fig. S3A). Binding strength demonstrated 
similar dependence from humanness score in comparison to DtH 
(Fig. S3B). Therefore, both approaches can be used to assess the extent of 
humanization and design a humanized mAb sequence.

3.4. Different XR10 Vernier Zone residues contribute to Wuhan and 
Omicron BA.1 binding

In order to study how the humanization influences the binding of 
XR10 to different SARS-CoV-2 strains, we generated 110 antibody var-
iants by reshuffling frameworks and chains of XR10 (Table S2, Fig. S1) 
and tested their binding against Wuhan and Omicron BA.1 RBD (Fig. 3A 
and B, Table S1). Only a minor fraction of the variants bound Omicron 
BA.1 RBD with affinity comparable to their anti-Wuhan interaction 
(Fig. 3C, Fig. S4A). DtH analysis revealed that Omicron BA.1 binding is 
extremely sensitive to humanization, with no variants of DtH≤35 
binding with nominal affinity (Fig. 3D). We hypothesized that Omicron 
BA.1 binding is influenced by a different set of AA exchanges introduced 
with the humanization, hence we used decision tree regression to 
determine the relative contribution of the mutated residues (Fig. 3E). 
While humanizing H69, H102, and K37 residues (H – heavy, K – kappa) 
affect both Wuhan and Omicron BA.1 binding, H31 influences Wuhan 
binding exclusively and K58 and K84 contribute to Omicron BA.1 

binding (Fig. 3F). Mapping the residues on AlphaFold-generated 
msXR10 model demonstrated that K58 and K84 residues are distant 
from the paratope (Fig. 3G) (Jumper et al., 2021). These results suggest a 
distinct mode of XR10-Omicron BA.1 interaction, where K58 and K84 
AAs are critical for Omicron BA.1 binding proficient paratope folding.

3.5. XR10v48 anti-SARS-CoV-2 mAb intranasal prophylactic protection 
in hamsters

In order to test how the humanization affected the neutralization 
potency of XR10 in vivo, we selected the most potent XR10 variants 
(EC50 < 1 ng/μl, XR10v51 as a low-affinity control) with DtH≤41 for 
further experiments (Fig. S4A). We tested the selected variants in live 
virus neutralization for Wuhan, Delta, and Omicron BA.1 strains 
(Fig. S4B). XR10v48 demonstrated the best combination of humaniza-
tion extent (DtH = 34, 85.3 % homology to HGL), viral neutralization 
(IC50 of 3.0, 2.4, and 12.3 ng/μl for Wuhan, Delta, and Omicron BA.1, 
correspondingly) and higher affinity in comparison to mouse mAb 
(0.917 nM versus 1.167 nM for msXR10, Fig. S5, Table S1). To evaluate 
XR10v48 performance in hamster protection, we administered 50 μg/kg 
of either humanized or mouse mAb intranasally simultaneously with 
SARS-CoV-2 Delta (B.1.617.2) variant infection (4 animals per group, 
106 TCID50 per animal). Hamsters that received either mouse or hu-
manized mAb, demonstrated a significant reduction of weight loss 
(Fig. 4A and B). Although we did not detect significant decrease of SARS- 
CoV-2 load in nasal turbinates, lung viral load was significantly reduced 
both in mouse XR10 (Fig. 4C) and XR10v48 administration (Fig. 4D). We 
assessed the pulmonary damage by hemorrhagic foci counting (Fig. 4E 
and F) and lung lesion score (see Methods, Fig. 4G and H). For both the 
mouse XR10 and humanized XR10v48 treatment groups, lesions were 
less pronounced than in challenge-only controls (Fig. 4E–H). These data 

Fig. 2. XR antibody humanization yielded highly humanized XR10 and XR51 variants with nominal binding affinity. (A) Mouse, CG, and DH variants 
binding. (B) Binding of XR antibodies generated by reshuffling of ms, CG, and DH heavy and light chains. (C) Binding of XR antibodies generated by framework 
reshuffling for XR10 (C) and XR14 (D) heavy and light chains, and for heavy chain of XR51 (E). (F) Binding of XR variants plotted against the level of humanization. 
All binding assays performed with SARS-CoV-2 Wuhan RBD. OD - optical density, EC50 - effective dose 50 %. CG - CDR-grafted version, DH - deeply human-
ized version.
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Fig. 3. Different Vernier zone residues are contributing to XR10 binding to Wuhan and Omicron BA.1 SARS-CoV-2 RBD. All combinations of framework 
reshuffled XR10 heavy and light chains were expressed and profiled by binding to Wuhan (A) and Omicron BA.1 RBD (B). (C) XR10 variants binding to Wuhan 
Omicron BA.1 RBD. (D) Binding to Wuhan and Omicron BA.1 RBD versus distance to human. (E) Decision tree regression analysis performed for Wuhan and Omicron 
BA.1 RBD binding (F) Contribution of individual Vernier Zones amino acid residues to RBD interaction. (G) Crucial amino acid residues mapped on the predicted 
mouse XR10 model.

Fig. 4. Intranasal prophylactic SARS-CoV-2 protection of mouse and humanized XR10 mAb in Syrian hamsters. Shown are changes in body weight at 0–3 
days after challenge and treatment with mouse XR10 (A) or XR10v48 (B); viral load in nasal turbinates and lungs expressed as log10 TCID50/mL on day 3 after 
challenge for mouse XR10 treatment (C) or XR10v48 administration (D); lung lesions (hemorrhagic foci) (E,F) and lung histology analysis (G,H) on day 3 after 
challenge for mouse XR10 (E,G) or XR10v48 (F,H) administration. Differences between groups were assessed by Dunnett’s multiple comparison test. P < 0.05 was 
considered significant. *P < 0.05, **P < 0.01 and ***P < 0.001 and ****P < 0.0001.
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suggest that XR10v48 can be used in SARS-CoV-2 infection prophylaxis 
at a relatively low single-administration dose. In conclusion, CRVZ hu-
manization yielded an antibody variant with >80 % homology to HGL, 
retained binding activity to SARS-CoV-2 spike, and in vivo protective 
activity.

4. Discussion

Recombinant monoclonal antibodies (mAb) represent promising 
candidates for therapy and prophylaxis of infectious diseases, as they are 
relatively stable and can be produced with high scalability. Moreover, 
intranasal delivery of mAb has been shown to confer viral protection in a 
prophylactic setting in humans and mice (Lin et al., 2022; Lu et al., 
2022; Yang, 2021) and a therapeutic setting in hamsters (Haga et al., 
2021). Various approaches can be used to generate human therapeutic 
mAb, including direct discovery from convalescent or vaccinated in-
dividuals or humanization of murine antibodies generated using hy-
bridoma technology. In this study, we used hybridoma technology to 
generate a panel of neutralizing antibodies with high affinity towards 
the SARS-CoV-2 Spike protein. These mAbs bound to various spike 
epitopes overlapping with the ACE2 interaction zone and demonstrated 
strong binding with affinity up to 1.089 nM.

To decrease the probability of HAMA responses, we performed hu-
manization of the generated antibodies. We used CRVZ humanization, a 
straightforward experiment-driven pipeline that allowed us to arrive at a 
high level of HGL homology (88.3 % and 87.2 % for XR10v43 and 
XR51v127) with nominal or higher affinity in comparison to the original 
murine mAb. While conventional CDR grafting approach can reach 
acceptable results in a short period of time, (Padlan, 1991), it does not 
account for non-CDR residues that can influence antigen binding. CRVZ 
explicitly considers the contribution of such residues thereby improving 
the likelihood of preserving antigen affinity. Antibody resurfacing, in 
contrast, retains the murine antibody backbone and introduces minimal 
changes limited to solvent-accessible residues in order to reduce 
immunogenicity. While this approach generally preserves binding af-
finity, it does not address the presence of potential T cell epitopes within 
the murine sequence, which may still elicit anti-drug immune responses. 
By using a fully human framework as a template, CRVZ helps to mitigate 
such risk. A key limitation of the CRVZ method is its reliance on iterative 
experimental testing, making the procedure more time-consuming than 
conventional CDR grafting or resurfacing strategies. In future, this can 
be addressed through automation and downscaling the antibody variant 
production and screening.

CRVZ can be further improved if combined with in silico humaniza-
tion methods. For instance, recent advances in deep learning and lan-
guage modeling combined with vast antibody repertoire databases 
yielded a platform able to humanize and evaluate the humanness of 
mouse mAbs, that suggested a similar set of amino acid exchanges for 
most of the sequences used in our study (Marks et al., 2021; Prihoda 
et al., 2022). Additionally, molecular dynamics simulations can be used 
to predict the effect of humanization on the mouse mAb function (Hsieh 
et al., 2022). It is important to highlight that these methods rely on a 
massive amount of experimental data that can be generated with an 
approach developed in this study. In future, we plan to implement a 
machine learning model to aid the humanization process and decrease 
the number of variants that have to be tested to select the optimal 
combination of humanization extent and neutralization.

Furthermore, humanization procedure might be circumvented by 
using genetically engineered mice (Laffleur et al., 2012) or phage 
display (Marks et al., 1991), however, these techniques might be tech-
nically complex and of limited availability.

It is important to note that, despite the widespread use of humani-
zation procedure, the immunogenicity of some therapeutic mAbs re-
mains unpredictable. Even fully human mAbs have been shown to be 
immunogenic in clinical settings (Harding et al., 2010). Such responses 
might be triggered by various factors, including residual non-human 

sequences, post-translational modifications, or conformational ele-
ments that expose novel epitopes to the human immune system or lead 
to antibody aggregation (Vaisman-Mentesh et al., 2020). The risk might 
be exacerbated by the route of administration: mucosal delivery that was 
used in our study may enhance antigen uptake and presentation, 
potentially amplifying immune recognition (Kehagia et al., 2023). 
Several studies demonstrated favorable safety of intranasal mAb 
administration (Hu et al., 2024; Lin et al., 2022). In addition, methods 
such as removing T-cell epitopes (de-immunization (Parker et al., 2013)) 
or introducing T-reg epitopes (tolerization (Cousens et al., 2013; Groot 
et al., 2013)) may be applied to mitigate any anti-therapeutic response 
and can be combined with the CRVZ method.

The humanized XR10v48 (85.3 % homology to HGL) selected for in 
vivo testing was as efficient in protection as the original XR10 mouse 
variant. We showed protection against infection with SARS-CoV-2 Delta 
virus in Syrian hamster model at a single-dose nasal administration at a 
concentration of 50 μg/kg, which is substantially lower than previously 
reported nasal therapeutic antibodies (Haga et al., 2021). The delivery 
route chosen for XR10v48 offers a significant advantage for treatment 
and prophylaxis of respiratory viruses. Even though it is possible to 
prevent infection with high-dose intravenous mAb administration, sys-
temic administration resulted in a poor distribution into the lung 
(Cruz-Teran et al., 2021; Respaud et al., 2015). Although we did not 
analyze the biodistribution of the mAb in the hamsters, we show the 
significant reduction of the viral load in the lung tissues, which suggests 
its successful delivery to the primary site of infection. Intranasal 
administration of IgG was previously shown to lead to FcRn-mediated 
uptake through the mucosa (Ladel et al., 2018). This can enhance pro-
cessing by antigen-presenting cells (Halwe et al., 2021; Yoshida et al., 
2004). These findings highlight the potential utility of intranasally 
delivered mAbs for SARS-CoV-2 prophylaxis.

In contrast to neutralizing antibodies derived from convalescent or 
vaccinated individuals, which often require additional affinity matura-
tion or framework optimization to improve expression, stability, and 
manufacturability, our CRVZ strategy enables direct humanization of 
well-characterized murine mAbs. This approach empirically preserves 
antigen-binding affinity through Vernier zone optimization while 
achieving high human germline homology. The ability to rationally 
design and screen optimized variants makes CRVZ highly adaptable for 
rapid response against emerging pathogens, particularly when 
conserved or cryptic epitopes are difficult to access through natural 
immune responses. As such, this strategy provides a complementary 
path to conventional antibody discovery pipelines.

This study has notable limitations. One limitation is the absence of 
RT-qPCR data to quantify viral RNA load in respiratory tissues. While 
infectious virus titers measured by TCID50 remain the gold standard for 
assessing replication-competent virus, qPCR analysis would offer an 
orthogonal and sensitive measure of viral burden, independent of po-
tential ex vivo neutralization effects that may occur during tissue ho-
mogenization. In future studies, we aim to incorporate quantitative RT- 
PCR (targeting RdRp or subgenomic E genes) to complement virological 
and histopathological analyses, thereby providing a more comprehen-
sive evaluation of antiviral efficacy.

Furthermore, we do not currently know how other approved mAbs 
against SARS-CoV-2 which are normally administered parenterally 
would perform if administered intranasally. Such a comparison would 
provide valuable experimental data that can instruct the administration 
route selection.

While studies using traditional crystallography or cryo-EM to solve 
the structures of XR10v48 bound to spike of Omicron SARS-CoV-2 and 
other variants were outside the scope of this study, such information 
would be highly beneficial to understand how XR10v48 displays activity 
against Delta, Wuhan and Omicron BA.1 variants, whereas other mAbs 
are much more restricted in their recognition of different spike variants. 
Given the rapidly evolving landscape of SARS-CoV-2 variants, further 
studies will be needed to expand XR10v48 neutralization data to include 
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XBB.1.5, JN.1 and other newer subvariants. The Syrian hamster model, 
while valuable for respiratory virus pathogenesis and therapeutic 
studies, is unlikely to fully recapitulate human mucosal immunology, 
including FcRn-mediated recycling and anatomical features of the upper 
respiratory tract. To enhance human translational relevance, follow-up 
studies will be needed in non-human primates (NHPs) and humanized 
FcRn transgenic mice to evaluate nasal mAb retention, systemic spill-
over, therapeutic dosing, pharmacokinetics (e.g., mAb half-life in nasal/ 
lung tissues) and other features more reflective of human physiology.

In conclusion, the study presents a straightforward mAb humaniza-
tion pipeline that does not require specialist structural knowledge and 
enabled the development of highly humanized antibodies with retained 
or improved functional SARS-CoV-2 viral activity. XR10v48 bound 
SARS-CoV-2 spike with subnanomolar affinity and when intranasally 
delivered provided a non-invasive alternative to injected therapeutic 
antibodies. Beyond SARS-CoV-2, the CRVZ pipeline and intranasal mAb 
delivery may be broadly applicable to other airborne pathogens such as 
influenza and RSV. Hence these data represents a proof of concept for an 
adaptable and scalable therapeutic antiviral mAb development 
platform.
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