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SUMMARY

The recurrent emerging of novel viral variants of concern (VOCs) with evasion of
preexisting antibody immunity upholds severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) case numbers and maintains a persistent demand
for updated therapies. We selected the patient-derived antibody CV38-142
based on its potency and breadth against the VOCs Alpha, Beta, Gamma, and
Delta for preclinical development into a therapeutic. CV38-142 showed in vivo
efficacy in a Syrian hamster VOC infection model after post-exposure and thera-
peutic application and revealed a favorable safety profile in a human protein
library screen and tissue cross-reactivity study. Although CV38-142 targets the
same viral surface as sotrovimab, which maintains activity against Omicron,
CV38-142 did not neutralize the Omicron lineages BA.1 and BA.2. These results
highlight the contingencies of developing antibody therapeutics in the context
of antigenic drift and reinforce the need to develop broadly neutralizing
variant-proof antibodies against SARS-CoV-2.

INTRODUCTION

The COVID-19 pandemic drastically impacts global life and has already resulted in severe consequences

including millions of cases of death, a largely unknownmagnitude of long-term post-COVID health sequelae,

and prolonged restrictions in economic, social, and cultural activities. While in many parts of the world the

immunization rates increase with the broad availability of multiple vaccines, the global incidences maintain

at high levels as novel viral variants of concern (VOC) continuously emerge, some of which are associated

with enhanced viral transmission2,3 or increased resistance to antibodies from previous infections or vaccina-

tions.4–7 Together with vaccine hesitancy at relevant frequencies in many countries8 and a significantly

reduced immune response to vaccinations in immunocompromised patients,9 this underlines the persistent

need for a broad variety of therapeutic agents to dampen the consequences of the SARS-CoV-2 infections. Of

those, antibody-based therapies have been shown as a promising approach with short development times,

efficacy in the reduction of disease severity and hospitalization rates,10,11 and the flexibility for different appli-

cation pathways.12,13 Ideal therapeutic monoclonal antibodies (mAbs) against SARS-CoV-2 feature high

neutralization potency, a robust safety profile, and enhanced efficacy breadth against all relevant viral variants

and preferably also against further coronaviridae. The applicability of such therapeutic mAbs can be jeopar-

dized by changes in the regional or global distribution of circulating VOCs, as exemplified by the emergence

of the Omicron lineage BA.1 in late 2021. BA.1 is resistant to most mAb therapies that were authorized by the

Food and Drug Administration (FDA) or European Medicines Agency (EMA) at that time.3,14,15 In contrast, the

authorized therapeutic mAb sotrovimab,11 which was isolated from a SARS-CoV-infected individual16 and

initially named S309, retained its activity against BA.13 via binding to a conserved viral epitope.16,17 However,

sotrovimab’s applicability has been affected by the recently emerged Omicron sublineage BA.2 that quickly

became the dominating variant in many parts of the world as sotrovimab’s neutralizing activity is 27-fold

reduced against BA.2.18 This demonstrates the necessity to continuously develop novel therapeutic mAbs

for the containment of SARS-CoV-2.
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Berlin, Corporate Member of
Freie Universität Berlin,
Humboldt-Universität Berlin,
and Berlin Institute of Health,
10117 Berlin, Germany

Continued

iScience 26, 106323, April 21, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106323&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


From peripheral blood of early pandemic convalescent COVID-19 patients, we previously isolated 598

mAbs and identified 18 mAbs with the highest potency to neutralize authentic wild-type SARS-CoV-2.1

Here, we present the systematic selection and preclinical characterization of CV38-142. This mAb binds

SARS-CoV-2 to a conserved sarbecovirus epitope with overlap of the sotrovimab (S309) site,19 thereby

exhibiting broad functional breadth.20

RESULTS

Selection of lead candidates for therapeutic antibody development

From the selection of 18 potent SARS-CoV-2 neutralizingmAbs and based on their previously characterized

superior functional properties1 combined with the here-analyzed biophysical and bioinformatical parame-

ters predictive for favorable developability, we selected the mAbs CV07-209, CV38-183, and CV38-142 as

candidates for further development (Figure 1A). CV38-142 exhibited neutralizing potency not only against

SARS-CoV-2 but also against SARS-CoV.19 Additional analyses revealed that, of 100 previously isolated

SARS-CoV-2 receptor-binding domain (RBD) mAbs,1 eight including CV38-142 also bound to SARS-CoV

RBD (not shown), confirming that cross-reactivity to SARS-CoV is a rare feature among RBD mAbs elicited

after SARS-CoV-2 infection.21,22 Of these eight antibodies, we found two with similar dose-dependent

binding to SARS-CoV RBD as CV38-142 (Figure 1B). Whereas one of these two (CV07-214) partially

competed with CV38-142 for binding to the RBD of both viruses, the other one (CV38-115) bound to an in-

dependent site (Figure 1C). Of those three, only CV38-142 showed potent neutralization of authentic SARS-

CoV-2 (Figure 1D).

Broad potency of CV38-142 against SARS-CoV-2 variants of concern

For recombinant production of the three selected mAbs CV07-209, CV38-183, and CV38-142, stable

Chinese hamster ovary (CHO) cell lines were generated using lentiviral transduction and single-cell cloning

from enriched high-producer cell pools to ensure monoclonality following good manufacturing practice

(GMP) guidelines. mAbs purified from CHO cell culture supernatant showed in vitro neutralization of

authentic wild-type SARS-CoV-2 comparable to mAbs from transient production in human embryonic kid-

ney (HEK)-293T cells used during the antibody selection process (Figures S1A–S1C). To confirm the correct

assembly of antibodies and exclude the presence of undesired species such as heavy-chain dimers, we

analyzed deglycosylated antibodies using mass spectrometry. mAbs derived from CHO cell lines had

the expected molecular mass (Figures S1D–S1F and S1M), showed favorable conformational stability as

determined by nano differential scanning fluorimetry (Figures S1G–S1I and S1M), and did not form aggre-

gates as verified by size exclusion chromatography (Figures S1J–S1M). Consequently, for all experiments

thereafter, mAbs derived from CHO cell lines were used. In surface plasmon resonance (SPR) measure-

ments, all three mAbs showed high affinity binding to SARS-CoV-2 RBD with equilibrium dissociation con-

stants (KD) between 12.5 p.m. and 1.04 nM (Figures 2A–2C). Both CV07-209 and CV38-183 competed with

the binding of the RBD to its host receptor angiotensin-converting enzyme 2 (ACE2) with a half-maximal

competition at 2.8 and 3.4 nM, respectively (Figures S2A–S2C and 2D). In contrast, CV38-142 did not inter-

fere with the ACE2-RBD interaction (Figure 2D), in line with structural data that characterized the CV38-142

epitope to be distinct from the ACE2 interaction site.19 To elucidate the functional breadth of themAbs, we

performed solid-phase assays and authentic virus plaque reduction neutralization tests (PRNT) with all

VOCs present at that time (Alpha, Beta, Gamma, and Delta). While the binding and neutralizing activity

of CV07-209 and CV38-183 to Beta and Gamma was drastically reduced or not detectable (Figures 2E–

2G), CV38-142 revealed potency against the wild-type virus and all four tested VOCs (Figures 2E and

2H). Taken together, CV38-142 showed the greatest functional breadth in the in vitro experiments and

was therefore selected as the lead mAb candidate.

Therapeutic efficacy in a SARS-CoV-2 VOC infection model in hamsters

Next, we used the COVID-19 disease model in Syrian hamsters24,25 to evaluate the in vivo efficacy of

CV38-142 to protect from lung pathology after infection with a SARS-CoV-2 VOC. The animals were first

infected with an authentic SARS-CoV-2 Alpha isolate via intranasal application and then received a

single intraperitoneal injection of 30 mg/kg of mAb CV38-142 either 2 h (post-exposure group) or 24 h

post-infection (therapeutic group) (Figure 3A). Animals that had received an isotype-matched non-antiviral

mAb (control group) showed a gradual decrease in weight, the primary clinical sign of SARS-CoV-2-

induced disease in Syrian hamsters,26 with a maximum loss of more than 15% at the end of the

observational period at seven days post-infection (dpi). In contrast, hamsters of the post-exposure and
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Figure 1. Predictions of mAb developability and SARS-CoV cross-reactivity

(A) An evaluation of functional, biophysical, and bioinformatical parameters of mAbs regarding their translational

potential for the development into a therapeutic antibody. The 18 indicated mAbs had previously been identified by their

high potency for SARS-CoV-2 neutralization from 598 mAbs isolated from COVID-19 convalescent patients.1 The

functional parameters SARS-CoV-2 RBD affinity (as measured by surface plasmon resonance), SARS-CoV-2 neutralization

(authentic wild-type virus plaque reduction neutralization tests), SARS-CoV binding (RBD ELISA), and murine tissue

reactivity (immunohistochemistry) have been investigated previously.1 The biophysical and bioinformatical parameters,

formulation and application (isoelectric focusing), aggregation behavior (size exclusion chromatography), structural

stability (nano differential scanning fluorimetry), critical CDR sequence motifs, and bioinformatic sequence predictions,

were analyzed for this manuscript and are displayed in Table S1. Criteria for classification as favorable, neutral, or

unfavorable for all parameters are described in the STARMethods section. The three selected mAb candidates for further

development are indicated with arrows next to the heatmap. n/a = not available.

(B) Concentration-dependent binding of the indicated mAbs to fusion proteins containing the SARS-CoV RBD and the Fc

region of rabbit IgG revealed by ELISA. mAb 230.15 was isolated from a convalescent SARS-CoV-infected individual.23

The other mAbs were isolated from convalescent SARS-CoV-2-infected individuals1 and identified to cross-react with

SARS-CoV RBD. Non-linear regression models are shown. Values indicate mean G SD from two wells of one experiment.

(C) Competition of mAbs for binding to the RBD of the indicated virus. Shades of blue and numbers in each tile indicate

the percent RBD binding of detection mAb in presence of 100-fold excess of competing mAb relative to non-competition

conditions as revealed by RBD-Fc ELISA. Blue squares indicate no competition. Biotinylation interfered with the reactivity

of CV07-214 precluding its use as a detection antibody. Data are shown as mean of two independent experiments.

(D) Concentration-dependent neutralization of plaque formation from authentic wild-type SARS-CoV-2 isolate by

indicated mAbs. Non-linear regression models are shown. Values indicate mean G SD from two independent

measurements. See also Table S1.
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therapeutic groups nearly maintained their starting weight throughout the experiment (Figure 3B). qPCR

measurements of viral genomic RNA in the upper airways as measured from throat swabs revealed similar

results from all groups at three, five, and seven dpi (Figure 3C). However, in lung tissues from all time points,

viral RNA levels showed a 2–3 log reduction in animals that had received CV38-142 in comparison to con-

trols (Figure 3D). Similarly, functional SARS-CoV-2 particles were reduced in the respective lung homoge-

nates with the plaque-forming unit (PFU) count below the detection threshold for most hamsters of the

post-exposure and therapeutic groups (Figure 3E). To evaluate the effects of CV38-142 on the SARS-

CoV-2 VOC-mediated lung pathology, the tissues were histopathologically examined at all time points

by board-certified veterinary pathologists (Table S2). The control group lungs exhibited typical signs of

viral pneumonia with immune cell infiltration, alveolar epithelial cell (AEC) type II hyperplasia, and

Figure 2. Affinity and potency breadth of SARS-CoV-2-neutralizing candidate mAbs

(A–C) Binding kinetics of mAbs to SARS-CoV-2 wild-type RBD were modeled (black) from multi-cycle SPR measurements

(green, purple, blue). All measurements were performed in duplicates and by using a serial 2-fold dilution of mAbs in the

indicated range on reversibly immobilized SARS-CoV-2-S1 RBD-mFc. The KD values were determined using a monovalent

analyte model and are shown above the graphs.

(D) Competition of mAbs with RBD-ACE2 interaction as quantified by the mAb concentration-dependent RBD response

on an immobilized Avi-tagged ACE2 protein using SPR. All measurements were performed in duplicates and the

responses analyzed using non-linear regression models. mAb concentrations of half-maximal competition of the

RBD-ACE2 interaction (IC50) are shown from non-linear regression models, if available.

(E) Binding of the indicated mAbs at 2 mg/mL to SARS-CoV-2 RBD constructs of wild-type or the indicated VOCs or to

control (Nucleocapsid (N) protein) shown as color intensity measurements of a solid-phase binding assay.

(F–H) Concentration-dependent neutralization of plaque formation from authentic SARS-CoV-2 of wild-type or VOC

isolates by mAbs. Non-linear regression models are shown. Values indicate mean G SD from two technical duplicates.

See also Figures S1 and S2 and Table S1.
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Figure 3. Efficacy in a SARS-CoV-2 VOC infection model in hamsters

(A) Schematic overview of the animal experiment. See STAR Methods for a detailed explanation of the experimental

setup.

(B) Body weights of hamsters after SARS-CoV-2 VOC Alpha infection and application of SARS-CoV-2-neutralizing mAb

CV38-142 at post-exposure (light blue) or therapeutic (dark blue) time point or of control mAb a-KLH (mean G SEM from

n = 9 animals per group from dpi 0 to 3, n = 6 from days 4–5; n = 3 from days 6–7; mixed-effects model with posthoc

Dunnett’s multiple tests in comparison to control group; significance levels shown as * (p < 0.05), ** (p < 0.01), ***

(p < 0.001), **** (p < 0.0001), or not shown when not significant).

(C and D) Quantification of viral SARS-CoV-2 genomic RNA (gRNA = from (C) throat swabs or (D) homogenates of 2.5 mg

lung tissue, collected at time points as indicated. RNA copies below 1 were set to 1. Bars indicate geometric mean.

Dotted lines represent detection threshold.

(E) Quantification of PFU from homogenates of 25 mg lung tissue, collected at time points as indicated. Values for PFU

were set to 5 when not detected. Bars indicate geometric mean. Dotted lines represent detection threshold.

(F–H) Histopathology of representative hematoxylin and eosin-stained, paraffin-embedded lung tissues at 7 dpi. Lung

lobes with magnification in (F) show severe bronchointerstitial pneumonia with immune cell infiltration in the animals of

the control group (right), whereas animals of the therapeutic group (center) reveal moderate signs and those of post-

exposure group (left) show no signs of pneumonia. In lung parenchyma (G) signs of interstitial pneumonia with alveolar

cell necrosis and type II alveolar epithelial cell hyperplasia were severe in control-treated animals (right), moderate to

severe in therapeutic treatment animals (center), and absent under post-exposure conditions (right). Pulmonary blood

vessels (H) in controls animals (left) revealed severe perivascular edema, perivascular lymphocytic cuffing, and alveolar
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perivascular edema, all aspects being most pronounced at seven dpi. In contrast, the application of CV38-

142 led to a noticeable reduction of these histopathological signs in the therapeutic group and to an almost

complete protection of lung pathology in the post-exposure group, where bronchopulmonary changes

were very mild or absent (Figures 3F–3K and Table S2). Furthermore, endothelialitis, a pathophysiological

hallmark of SARS-CoV-2 infection, was also reduced in the post-exposure and therapeutic group at three

dpi (Figures S2D and S2E), thereby indicating the potential of CV38-142 to protect against COVID-19 dis-

ease severity after a VOC infection.

No off-target binding in human proteome array and tissue cross-reactivity study

After confirmation of the in vivo efficacy of CV38-142, we completed its evaluation before the translation

into the first-in-human trial by characterizing its safety profile and possible binding to non-viral off-tar-

gets. We previously mentioned that CV38-142 produced in HEK-293T cells revealed no binding to murine

tissues.1 Different glycosylation patterns due to the choice of the expression system might lead to

changes in unspecific binding. We therefore repeated the experiment with CV38-142 expressed in

CHO cells and again found no binding to unfixed sections of murine brain, heart, lung, liver, kidney,

and colon (Figure 4A). To examine potential cross-reactivity of CV38-142 against human targets, we

used two experimental approaches. Firstly, we tested for binding to approximately 6,000 native human

membrane proteins in a library format of unfixed and separately transfected HEK-293T cells and by using

a flow cytometry-based detection. At 20 mg/mL binding was detected as expected to the control target,

the SARS-CoV-2 spike S1 protein (containing the RBD), and to the immunoglobulin gamma Fc receptor 1,

but to no other human protein (Figure 4B). Secondly, we performed a tissue cross-reactivity study with 38

tissues and blood smears from three independent panels of snap-frozen human normal tissues,

conducted by a certified facility in compliance with good laboratory practice (GLP) requirements.

Transfected HEK-293T cells expressing SARS-CoV-2 spike S1 were used as positive control and revealed

stable binding of CV38-142 over the experimental period, while the negative control of untransfected

HEK-293T cells was uniformly negative (Figure 4C). In human tissues, some staining was observed in sec-

tions incubated with CV38-142 and the control mAb with identical distribution and intensity in a range

of cells (granulocytes and epithelial) and tissues (containing these cells in variable amounts), where

hydrophobic interactions (notably ceroid lipofuscin and/or mitochondria) or residual peroxidase activity

occurred. Such findings comprise usual background staining with the used reporting system.

Beyond that, importantly, no tissue cross-reactivity was observed with CV38-142 when incubated at

concentrations of 0.5 mg/mL and 5 mg/mL. Thus, in conclusion, CV38-142 showed no evidence of

cross-reactivity in any of the tested assays and revealed a favorable safety profile before first-in-human

application.

CV38-142 does not neutralize omicron BA.1 and BA.2

Next, we aimed to characterize potency of CV38-142 against sublineages of Omicron, the VOC that had

emerged while the previous experiments were conducted. No neutralizing activity was detected in

authentic virus PRNT assays with Omicron BA.1 and BA.2 isolates for CV38-142 (Figures 5A and 5B). In

contrast, the clinically approved mAbs sotrovimab and cilgavimab,27,28 which bind to the same

conserved RBD face as CV38-142, both neutralized BA.1 and BA.2, with sotrovimab revealing reduced

potency against BA.2 (Figures 5A and 5B), similar to previous reports.3,18 Given that CV38-142 and sotro-

vimab bind the SARS-CoV-2 RBD in partially overlapping epitopes and compete with each other for

binding,19 we aimed to further characterize their differences in target binding. Within the RBD of BA.1

and BA.2, there are 15 and 16 mutated residues, respectively, when compared to the wild-type RBD.

Of those residues, binding of CV38-142 to wild-type RBD buries S373 and N440, whereas binding of so-

trovimab buries N440, but not S373, and additionally G339 (Figure 5C and Table S3). At these sites, no

direct interactions at the RBD-antibody interface have been identified for sotrovimab, but for CV38-

142 at N440, which makes a hydrogen bond with Y92 of the antibodies’ light chain (Table S3;17,19). We

therefore hypothesized that the abolished neutralization of Omicron by CV38-142 could be due to Omi-

cron’s N440K substitution. However, CV38-142 bound a wild-type RBD construct with a single N440K

substitution to a similar extent as the wild-type RBD but did not bind BA.1 RBD (Figure 5D). In

Figure 3. Continued

edema. In contrast, perivascular edema was moderate in therapeutic group animals (center) and absent in post-

exposure group (left). Scale bars: 2000 mm in lobe overviews, 100 mm in others.

(I–K) Corresponding histopathological scores at 7 dpi are shown. Bars indicate median. See also Figure S2 and Table S2.
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conclusion, CV38-142 fails to neutralize Omicron lineages BA.1 and BA.2 with the loss in neutralization

likely depending on complex structural changes in the Omicron RBD.

DISCUSSION

Here, we provide the systematic selection and comprehensive preclinical characterization of the mAb

CV38-142 with the intended use as a therapeutic antibody to reduce disease severity in COVID-19 pa-

tients. In contrast to antibodies that bind to the receptor-binding motif (RBM) of the SARS-CoV-2 RBD

and thereby sterically block the ACE2 interaction, CV38-142 binds the RBD at a conserved epitope

distant from the RBM. As the first four VOCs Alpha, Beta, Gamma, and Delta carry RBD mutations at

the residues K417, L452, T478, E484, and N501, these variants affect the neutralizing activity of multiple

RBM-targeting mAbs as shown for CV07-209 and CV38-183 in this study. In contrast, CV38-142 retained

its broad potency against these four VOCs. However, CV38-142 revealed a loss of potency against the

Omicron lineages BA.1 and BA.2, although it binds the RBD at a similar epitope as the clinically

approved sotrovimab and cilgavimab, which retained neutralizing activity. We previously showed that

SARS-CoV-2 binding of CV38-142 includes an interaction with N440 of the RBD.19 Interestingly, at this

position, the Omicron BA.1 and BA.2 lineages both harbor the substitution N440K, a mutation that

has been shown to be part of escape variants for other mAbs of the same RBD binding class.14 However,

for CV38-142, N440K alone did not explain the loss of potency against the BA.1 and BA.2 lineages.

Thus, it yet remains unclear how the neutralization of CV38-142 is affected in Omicron sublineages.

The underlying mechanism may be related to complex structural changes in the Omicron RBD with

marked deviations from the wild-type RBD conformation.30 The chronology of this study demonstrates

Figure 4. Off-target binding evaluation

(A) Immunofluorescence stainings of autoreactive control mAb (#011–138, upper panel) and SARS-CoV-2 mAb CV38-142

(lower panel) on unfixed sections of the indicated murine organs. mAb binding to distinct anatomical structures is shown

in green, and cell nuclei are depicted in blue. Scale bars: 100 mm.

(B) Binding of CV38-142 to a library of human membrane proteins tested by flow cytometry at 20 mg/mL. Protein targets

with confirmed binding interactions in downstream validation studies are displayed in blue and black, those that did not

pass validation were removed. FCGR1A = Fc gamma receptor 1A.

(C) Immunohistochemical stainings of isotype-matched control mAb (upper panel) and SARS-CoV-2 mAb CV38-142

(lower panel) on HEK-293T cells either overexpressing SARS-CoV-2 S1 RBD or being untransfected or human tissues as

indicated. mAb binding is shown in brown. The brown signals in granulocytes andmaturingmyeloid cells in the sections of

stomach and bone marrow are characteristic of chromogenic staining procedures on snap-frozen tissue with residual

peroxidase activities and are similarly detected with control mAb and under conditions without antibodies (reporting

system only, not shown). Scale bars: 20 mm.
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the unpredictable characteristics of the COVID-19 pandemic, not only in terms of the incidence levels

and emergences of novel variants but also with regard to the efficacy of therapeutic mAbs. The recently

dominating Omicron sublineages led to the decision to discontinue the further clinical development of

CV38-142 at present.

Limitations of the study

Our study shows the broad potency of CV38-142 against multiple SARS-CoV-2 variants, its therapeutic

efficacy in a COVID-19 hamster model, and its favorable safety profile. However, the mAb cannot

neutralize Omicron of which all currently circulating variants are descendants. While not limiting the

scientific value of this study, it restricts the clinical utility of CV38-142, and there is no rationale to

continue the development of CV38-142 at the moment. Given its binding to a conserved epitope

Figure 5. Potency against Omicron variants BA.1 and BA.2

(A and B) Concentration-dependent neutralization of plaque formation from authentic SARS-CoV-2 Omicron isolates of

(A) BA.1 or (B) BA.2 lineage by indicated mAbs. Non-linear regression models are shown. Values indicate mean from two

technical duplicates.

(C) Left columns: Mutations in the SARS-COV-2 RBD of the Omicron lineages BA.1 and BA.2 relative to wild

type (SARS-CoV-2 B1 lineage). Right columns: For the respective positions, epitope residues are assigned, if

the buried surface area (BSA) is greater than 0 Å2 based on the calculation by the PISA program29 for SARS-

CoV-2 RBD in complex with CV38-14219 (PDB: 7LM8) and sotrovimab17 (PDB: 7JX3), respectively. Residues

involved in interactions as hydrogen bonds or salt bridges with RBD as identified using PISA are marked

with colored background. All other RBD residues with direct involvement in the mAb epitopes are listed in

Table S3.

(D) Concentration-dependent binding of mAb CV38-142 to the indicated recombinant SARS-CoV-2 RBDs as revealed by

ELISA. Non-linear regression models are shown. Values indicate mean G SD from two technical duplicates. See also

Table S3.
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with cross-reacticity to SARS-CoV, CV38-142 may be a suitable mAb therapy candidate against future

SARS-CoV-2 variants or further Coronaviridae, similar to sotrovimab that was isolated from a SARS-

CoV-infected individual but clinically developed as a SARS-CoV-2 therapeutic. Moreover, our study

provides guidance for systematic selection of mAb candidates and their development for clinical

applications.
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S., Weyer, D., Grobe, O., et al. (2022). Delta or
Omicron BA.1/2-neutralizing antibody levels
and T-cell reactivity after triple-vaccination or
infection. Allergy 77, 3130–3133. https://doi.
org/10.1111/all.15395.

35. Corman, V.M., Landt, O., Kaiser, M.,
Molenkamp, R., Meijer, A., Chu, D.K.,
Bleicker, T., Brünink, S., Schneider, J.,
Schmidt, M.L., et al. (2020). Detection of
2019 novel coronavirus (2019-nCoV) by real-
time RT-PCR. Euro Surveill. 25. https://doi.
org/10.2807/1560-7917.ES.2020.25.3.
2000045.

36. Swindells, M.B., Porter, C.T., Couch, M.,
Hurst, J., Abhinandan, K.R., Nielsen, J.H.,
Macindoe, G., Hetherington, J., and Martin,
A.C.R. (2017). abYsis: integrated antibody
sequence and structure-management,
analysis, and prediction. J. Mol. Biol. 429,
356–364. https://doi.org/10.1016/j.jmb.2016.
08.019.

37. Raybould, M.I.J., Marks, C., Krawczyk, K.,
Taddese, B., Nowak, J., Lewis, A.P.,
Bujotzek, A., Shi, J., and Deane, C.M.
(2019). Five computational developability
guidelines for therapeutic antibody
profiling. Proc. Natl. Acad. Sci. USA 116,
4025–4030. https://doi.org/10.1073/pnas.
1810576116.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

donkey anti-rabbit IgG Dianova Cat# 711-005-152; RRID:AB_2340585

donkey anti-human IgG, HRP-conjugated Dianova Cat# 709-035-149; RRID:AB_2340495

Anti-CHO (clone HA3.21E5.6) Miltenyi Biotec N/A

Anti-hIgG (Fd specific) (clone HP6045) Merck Cat# MAB1304; RRID:AB_94106

Anti-hIgG1-APC (clone IS11-12E4.23.20) Miltenyi Biotec Cat# 130-119-857; RRID:AB_2751893

Anti-Lambda-PE (clone IS7-24C) Miltenyi Biotec Cat# 130-119-778; RRID:AB_2751837

Anti-light-kappa-PE (clone IS11-24D5) Miltenyi Biotec Cat# 130-123-246; RRID:AB_2802012

Anti-Biotin (clone Bio3-18E7) Miltenyi Biotec N/A

anti-His (clone GG11-6F4.3.2) Miltenyi Biotec Cat# 130-092-785; RRID:AB_1103231

Anti-Fc-HRP Sigma Cat# A0170; RRID:AB_257868

mouse anti-human IgG (MT145) Mabtech Cat# 3850-1-250; RRID:AB_10697677

Mouse anti-human IgG mAb, ALP-conjugated (MT78) Mabtech Cat# 3850-9A; RRID:AB_10697678

goat-anti human IgG-Alexa Fluor 488 Dianova Cat# 109-545-088; RRID:AB_2337838

goat anti-human IgG-Alexa Fluor 488 Dianova Cat# 109-545-003; RRID:AB_2337831

a-KLH Miltenyi Biotec N/A

011-138 Kreye et al., 201631 N/A

I5154 Sigma Cat# I5154; RRID:AB_1163610

Bacterial and virus strains

SARS-CoV-2 wildtype strain (Munich isolate 984) Wölfel et al., 202032 BetaCoV/Germany/BavPat1/2020

SARS-CoV-2 VOC Alpha Niemeyer et al., 202233 GISAID accession no EPI_ISL_802995

SARS-CoV-2 VOC Beta Niemeyer et al., 202233 GISAID accession no EPI_ISL_862149

SARS-CoV-2 VOC Gamma VOC Gamma kindly provided

by Dr. Chantal Reusken

https://www.european-virus-archive.com/

Ref-SKU: 014V-04089

SARS-CoV-2 VOC Delta Niemeyer et al., 202233 GISAID accession no EPI_ISL_2500366

SARS-CoV-2 VOC Omicron BA.1 Rose et al., 202234 GISAID accession no EPI_ISL_7019047

SARS-CoV-2 VOC Omicron BA.2 This paper GISAID accession no EPI_ISL_9553935

SARS-CoV2 VOC Alpha (hamster study) Niemeyer et al., 202233 BetaCoV/Germany/ChVir21652/2020,

GISAID accession ID EPI_ISL_802995

Biological samples

Hamster lungs, swabs, nasal washes This paper N/A

Chemicals, peptides, and recombinant proteins

DMEM, high glucose, GlutaMAX Supplement, pyruvate Life Technologies Cat#31966-047

MEM non-essential amino acid solution (100x) Sigma Aldrich Cat#M7145

Fetal Bovine Serum Sigma Aldrich Cat#F7524

0,05% Trypsin EDTA phenol red Life Technologies Cat#25300-054

Penicillin-Streptomycin Sigma Aldrich Cat#P0781

Polyethylenimine, branched Sigma Aldrich Cat#408727

Protein G Sepharose 4 Fast flow GE Healthcare Cat#17-0618-01

Albumin Fraktion V Powder, protease free Carl Roth Cat#T844.2

Bovine Serum Albumin (IgG-free, Protease-free) Dianova Cat#001-000-161

StartingBlock (PBS) Blocking Buffer Thermo Fisher Cat#37538

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tween 20 Applichem Cat#A4974

Opti-Pro serumfree medium Gibco Cat# 12309050

1-step Ultra TMB-ELISA Thermo Fisher Cat#34028

1-step Slow TMB-ELISA Thermo Fisher Cat#34024

Streptavidin-POD conjugate Roche Diagnostics Cat#11089153001

SARS-CoV-2 S protein-RBD-mFC Acrobiosystems Cat# SPD-C5259

Biotinylated Human ACE2 Acrobiosystems Cat# AC2-H82E6

SARS-CoV-2 S protein RBD, His Tag Acrobiosystems Cat# SPD-C52H3

Sodium chloride (NaCl) Sigma-Aldrich Cat#S9888

Tris Base Sigma-Aldrich Cat#11814273001

Concentrated hydrochloric acid (HCl) Sigma-Aldrich Cat#H1758

Phosphate-buffered saline (PBS) Thermo Fisher Cat#14040133

Normal Goat Serum Abcam Cat#ab138478

Paraformaldehyd Alfa Aesar Cat#J61899

Roti�-Mount Fluor-Care DAPI Carl Roth Cat#HP20.1

100x HT supplement Gibco Cat# 11067-030

1 M HEPES Lonza Cat# 17-737E

Acetic Acid Merck Cat# 1000632511

ProCHOTM 5 medium Lonza Cat# BELN12-766Q

L-Glutamin, 200 mM Lonza Cat# BE-17-605E

Di-sodium carbonate (Na2CO3) Merck Cat# 106392

Sodium hydrogen carbonate (NaHCO3) Merck Cat# 106329

Trizma Base Sigma Aldrich Cat# T1503-5KG

MACS GMP PBS/MgCl2 buffer Miltenyi Biotec Cat# 170-076-155

MACS GMP Tytonase (20x) Miltenyi Biotec Cat# 170-076-210

Human serum albumin (25%) Octapharma Cat# NDC68982-643-02

Sodium hydroxide pellets (NaOH) Merck Cat# 1.06482.1000

Citric acid monohydrate Merck Cat# 1.00244.1000

30% BSA Sigma Cat# A7284

Recombinant SARS-CoV-2 RBD (HEK) Miltenyi Biotec Cat# 130-127-457

Recombinant SARS-CoV-2 RBD B.1.617.2 (HEK) Miltenyi Biotec Cat# 130-129-703

Recombinant SARS-CoV-2 RBD B.1.1.7 (HEK) Miltenyi Biotec Cat# 130-128-479

Recombinant SARS-CoV-2 RBD B.1.351 (HEK) Miltenyi Biotec Cat# 130-128-930

Novex� pH 3–10 IEF Protein Gels Invitrogen Cat# EC6655BOX

KPL Wash Solution (20x) Seracare Cat# 5150-0008

H3PO4 NeoFroxx Cat# 5AB8F05C

DTT Roth Cat# 6908.2

TMB ELISA substrate Serva Cat# 37068.01

PD-10 desalting columns Cytiva Cat# 52-1308-00

IgG ELISA Kit Invitrogen Cat# 88-50550-88

HiTrapTM MabSelectTM Cytiva Cat# 28408256

MACSQuant� Tyto� Cartridges Miltenyi Biotec Cat# 130-104-791

PNGase F Promega Cat# V4831

OCT medium (Roth). Roth Cat# 6478.1

Ventana diluent Ventana Cat# 760-108

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DAB Map detection system Ventana Cat# 760-124

Hematoxylin II Ventana Cat# 790-2208

Bluing reagent Ventana Cat# 760-2037

SARS-CoV-2 (COVID-19) S protein RBD (N440K) Acrobiosystems Cat# SRD-C52H2

Critical commercial assays

SeraSpot� Anti-SARS-CoV-2 IgG Seramun Diagnostica GmbH N/A

innuPrep Virus DNA/RNA Kit Analytic Jena Cat#845-KS-4700250

Luna Universal Probe One-Step RT-qPCR kit New England Biolabs Cat#E3006L

Membrane Proteome Array Integral Molecular N/A

Human IgG ELISA development kit (ALP) Mabtech Cat#3850-1AD-6

AdvanceBio SEC 300A column Agilent N/A

EZ-Link� NHS-LC-LC Biotin (Pierce) Pierce Cat# 21343

Deposited data

Nucleotide sequences of antibodies

shown in Figure 1

Kreye et al., 20201 Genbank accession numbers

MW002770 – MW002805

Experimental models: Cell lines

HEK293-T cells DSMZ Cat#ACC 635

CHO DG44 cells Invitrogen Cat# 12613014

VeroE6 cells ATCC Cat#CRL-1586

Experimental models: Organisms/strains

Syrian hamster, Mesocricetus auratus Janvier RjHan:Aura

Oligonucleotides

SARS-CoV-2 RT-qPCR primers and probe Corman et al., 202035 N/A

SARS-CoV-2 sgRNA RT-qPCR primers and probe Wölfel et al., 202032 N/A

Recombinant DNA

Plasmid for expression of rabbit

Fc-tagged SARS-CoV-2 RBD

Kreye et al., 20201 N/A

Plasmid for expression of rabbit

Fc-tagged SARS-CoV RBD

Kreye et al., 20201 N/A

Software and algorithms

Biacore T200 Version 3.2 Cytiva https://www.cytivalifesciences.com

Microsoft Excel, Word, PowerPoint Microsoft Office https://www.microsoft.com

GraphPad Prism, Version 8/9 GraphPad Software https://www.graphpad.com

Biorender BioRender https://biorender.com

abYsis 3.4.1 Swindells et al., 201736 N/A

Therapeutic Antibody Profiler Raybould et al., 201937 http://opig.stats.ox.ac.uk/webapps/

newabdab/sabpred/tap

AGGRESCAN Conchillo-Sole et al., 200738 http://bioinf.uab.es/aggrescan/

Protein-Sol Hebditch et al., 201739 https://protein-sol.manchester.ac.uk/

FlowLogic, Version 7.2.1 Invai Technologies https://www.inivai.com/flologic

MACSQuantifyTM, 2.13.0 Miltenyi Biotec Cat# 130-094-556

Other

1260 Infinity II HPLC Agilent N/A

Tycho NT.6 NanoTemper Technologies N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Jakob Kreye (jakob.kreye@dzne.de).

Materials availability

All requests for materials including mAbs, viruses, plasmids and proteins generated in this study should be

directed to the lead contact author. Materials will be made available under a Material Transfer Agreement

(MTA) for non-commercial usage.

Data and code availability

Sequence information for the mAbs described in this study can be found in original publication in which

they had been isolated.1 The custom software BASE used for immunoglobulin sequence analysis is avail-

able at https://github.com/automatedSequencing/BASE. The nucleotide sequences of all mAbs shown

in Figure 1 have been deposited to GenBank (accession numbers MW002770 – MW002805).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiment approval and animal care

The animal experiment was approved by the Landesamt für Gesundheit und Soziales in Berlin, Germany

(approval number 0086/20) and performed in compliance with relevant national and international

guidelines for care and humane use of animals. In vitro and animal work was conducted under appropriate

biosafety precautions in a BSL-3 facility at the Institute of Virology, Freie Universität Berlin, Germany.

Twenty-seven six week old female and male golden Syrian hamsters (Mesocricetus auratus; outbred

hamster strain RjHan:AURA, Janvier Labs) were kept in groups of 1–3 animals in enriched, individually

ventilated cages (GR-900, Tecniplast). The animals had ad libitum access to food and water and were

allowed to acclimate to these conditions for seven days prior to viral infection. Cage temperatures and rela-

tive humidity were recorded daily and ranged from 22 – 24�C and 40%–55%, respectively.

METHOD DETAILS

Recombinant mAb production during selection process

All mAbs described in Figure 1 have been isolated in a previous study.1 For the selection of lead candidates

for CHO cell line generation and further development, mAbs were generated by transient transfection as

previously described. In brief, stored expression vectors were sequenced to confirm sequence identify us-

ing cBASE module of our costum immunoglobulin (Ig) sequence analysis software BASE.40 Human embry-

onic kidney cells (HEK-293T) were transiently transfected with pairs of Ig heavy and light chain vectors, mAb

containing cell culture supernatant was harvested, mAbs purified using Protein G Sepharose beads (GE

Healthcare) and Ig concentration determined using a commercial ELISA kit (Mabtech), all following estab-

lished protocols.1,31,41

Developability assessment of affinity, neutralization, SARS-CoV binding, tissue reactivity

The prediction of the potential mAb developability included functional parameters that have been

previously acquired.1 Regarding SARS-CoV-2 RBD affinity, KD-values were considered favorable when

below 1.0 E�11 M, or unfavorable when above 1.0 E�8 M or neutral when in between. Regarding SARS-

CoV-2 neutralization, the half-maximal inhibitory concentration (IC50) when using authentic SARS-CoV-2

wildtype isolate were considered favorable when below 5 ng/ml, or unfavorable when above 50 ng/ml

or neutral when in between. SARS-CoV binding was previously tested with mAb concentration at 1 mg/

ml and here considered favorable if binding was detected or neutral if binding was not detected. Murine

tissue reactivity was previously tested using unfixed sections of brain, lung, heart, liver, colon and

kidney with mAb concentration at 5 mg/ml and were considered favorable if no binding was detected or

unfavorable if binding was detected.

Isoelectric focusing (IEF)

To evaluate possible limitation factors for mAb product formulation and application, the isoelectric point

(pI) of eachmAb as amarker for critical pH conditions that may lead to protein aggregation was determined

by isoelectric focusing (IEF) using Novex� pH 3–10 IEF protein gels (Invitrogen) according to the
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manufacturer’s instructions. Gels were then stained with Coomassie Brilliant Blue. IEF Marker 3–10 (SERVA

Electrophoresis GmbH) served as protein marker. pI values greater than 7.8 were considered as favorable.

Size exclusion chromatography (SEC)

To evaluate to aggregation behavior, size exclusion chromatography was conducted on a 1260 Infinity II

HPLC (Agilent) using an AdvanceBio SEC 300A column (Agilent). A linear PBS gradient was used for

separation. Molecular weights were calibrated using a molecular weight gel filtration standard (Biorad),

according to the supplier’s instructions. The monomer content was quantified to evaluate the level of

aggregation and was calculated as the ratio of the monomer containing peak area to total mAb peak areas.

Monomer contents were considered favorable when greater than 99%, or unfavorable when below 96% or

neutral when in between.

Nano differential scanning fluorimetry (NanoDSF)

To evaluate their structural stability, folding state and structural integrity of purifiedmAbs were analyzed by

intrinsic fluorescence changes using the TychoNT.6 (NanoTemper Technologies). Each sample was loaded

into capillary tubes and a linear thermal ramp (30�C/minute from 35�C to 95�C) was applied. Unfolding

transition points as indicator for the structural stability of the proteins were determined from changes in

the emission wavelengths of tryptophan fluorescence at 350 and 330 nm according to the manufacturer’s

instructions. Inflection temperatures representing CH2, CH3 and Fab domain (if present as peak) were

analyzed. Values were considered favorable when greater than 73�C (CH2), 75�C (Fab) and 83�C (CH3)

respectively; or unfavorable when below%68�C (CH2), 70�C (Fab) and 75�C (CH3) respectively. Initial ratios

as measure of mAb stability before heating were considered favorable when below 0.7, or unfavorable

when above R0.9 or neutral when in between.

Analysis for critical complementarity-determining regions (CDRs) sequence motifs

For sequence motif analysis in CDRs (Kabat numbering scheme) the web-based tool abYsis in version 3.4.1

was used36 (www.abysis.org). Cysteine residues and N-glycosylation motifs (NxS/T) in CDRs were consid-

ered as unfavorable and regarded as criterion for exclusion. The following motifs in CDRs may be potential

risk factors for developability and were considered as neutral when occurring at low frequency: methionine

as oxidation-prone residue, the most common deamidation motifs (NG, NS, NN, NT and NA) and typical

aspartate isomerization sites, especially DG. If none of these motifs were present in heavy or light chain

CDRs, they were considered as favorable.

Bioinformatic sequence predictions

The mAb sequences were analyzed in silico to assign potential risk factors that affect the developability of

the respective mAb proteins. The evaluation included an analysis with the Therapeutic Antibody Profiler

(TAP) prediction tool37 to predict (i) the total length of CDRs, (ii) the extent of hydrophobicity as measured

by patches of surface hydrophobicity (PSH), (iii) the regions of dense charge as measured by number of

patches of positive charge (PPC) or (iv) negative charge (PNC) and (v) the asymmetry in the net heavy

and light chain surface charge as measured by the structural Fv charge symmetry parameter (SFvCSP). In

addition, we used the web-based tools AGGRESACAN to predict aggregation-prone regions38 and

Protein-Sol to calculate protein solubility from sequence.39 Results from all software tools were considered

for scoring. TAP score was taken into account with 80%, AGGRESACAN with 15% and Protein-Sol with 5%.

SARS-CoV RBD ELISA

An RBD-Fc ELISA was used to determine mAb reactivity as described previously.1 Briefly, RBD-Fc fusion

proteins containing the RBD-SD1 regions of the spike S1 subunit of SARS-CoV (amino acids 306–577) or

SARS-CoV-2 (amino acids 319–591) and the Fc region of rabbit IgG were expressed in HEK-293T cells

and immobilized onto 96-well plates via anti-rabbit IgG (Dianova, 711-005-152). Binding of human mAbs

was detected using horseradish peroxidase (HRP)-conjugated anti-human IgG (Dianova, 709-035-149)

and 1-step Ultra TMB or, in assays for concentration-dependent SARS-CoV RBD binding, 1-step Slow

TMB (Thermo Fisher Scientific). The half-maximal effective concentrations (EC50) were determined from

non-linear regression models using GraphPad PRISM, version 9 (GraphPad). Selected purified mAbs

were biotinylated and applied in ELISA-based epitope binning experiments as described.1 Immobilized

SARS-CoV or SARS-CoV-2 RBD-Fc were first incubated with non-biotinylated (competing) mAbs at

10 mg/ml for 15 min. After addition of one volume of biotinylated (detection) mAbs at 100 ng/ml, the
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mixture was incubated for further 15 min. Binding of biotinylated mAbs was detected using HRP-conju-

gated streptavidin (Roche Diagnostics) and 1-step Ultra TMB.

Plaque reduction neutralization tests (PRNTs)

To quantitively evaluate the neutralizing activity of the mAbs, we performed plaque reduction neutraliza-

tion tests (PRNT) as described before.32 In brief, Vero E6 cells (ATCC) were seeded in 24-well plates at 1.63

105 cells/well and incubated overnight. ThemAbs were diluted in 200 ml of OptiPro medium andmixed with

200 mL of OptiPro medium containing 100 PFU of the respective virus, either wildtype Munich isolate 98432)

or VOC.20,34 The mAb-virus mixture was gently vortexed, incubated at 37�C for one hour and then added to

the Vero E6 cells for another hour at 37�C. The cell supernatants were then discarded, the cells washed

once with PBS and supplemented with 1.2% Avicel solution in DMEM. After three days at 37�C, the super-

natants were removed, the plates were fixed and inactivated using a 6% formaldehyde/PBS solution and

stained with crystal violet. All dilutions were tested in duplicates. Non-linear regression models were deter-

mined for illustration using GraphPad PRISM, version 9 (GraphPad).

CHO cell line development

CHO DG44 cells (Invitrogen) derived from a GMP bank were cultured and transduced under serum-free

conditions using lentivirus-derived vectors. After addition of lentiviral particles harboring expression con-

structs for hIgG1 mAbs, cells were incubated at 37�C and 5% CO2 and maintained for 20 days on average.

High producer clone pre-enrichment was performed using the MACSQuant Tyto� (Miltenyi Biotec), a ster-

ile and closed system cell sorting platform. Briefly, a mAb-specific catch reagent was attached to the cell

surface of all CHO cells. Secreted mAbs were specifically bound to the catch reagent on secreting cells and

subsequently labeled with two mAb-specific secondary antibodies (Miltenyi Biotec), anti-hIgkappa conju-

gated to phycoerythrin (PE) as detection antibody and anti-hIgG1 conjugated to allophycocyanin (APC) for

positive cell selection by MACSQuant Tyto. A two-fold limiting dilution with 0.5 cells per well was used for

single cell cloning from enriched high producer cell pools to ensure monoclonality. Cells were cultured at

37�C, 5% CO2, and 85% humidity for 14 to 20 days. Wells were analyzed regarding cell number, viability and

expression level of the target mAb using IgG-ELISA Kit (Invitrogen) and Vi Cell XR cell counter (Beckmann

Coulter). Selected clones were cryopreserved and tested accordingly to state of the art GMP guidelines.

mAb production and purification from CHO cells

Small scale production of human IgG1 mAbs were conducted in 1 liter batch cultures using 2 liter Erlen-

meyer shake flasks. Isolated CHO DG44 producer clones were inoculated at a cell concentration of

2.5 3 105 cells/ml in ProCHO� 5 protein-free medium (Lonza) and cultivated for 11 days in an orbital

shaking incubator (Infors AG) at 95 rpm using a 50 mm diameter orbital at 37�C, 5% CO2 and 85% humidity.

Cell culture supernatant was collected and secreted mAbs were purified with HiTrap� MabSelect� using

an ÄKTA Purifier 10 System (both Cytiva). Briefly, the column was equilibrated with binding buffer, cell free

supernatants were filtered (0.22 mm) and loaded onto the column (1–2 ml/minute). After washing with 10 CV

of washing buffer, mAbs were eluted with 0.1 M citric acid, pH 3. Protein-containing fractions were pooled

and rapidly neutralized to pH 7 using 1 M Tris/HCl, pH 8.0. Buffer was exchanged to PBS using PD-10 col-

umns (Cytiva). Purified mAbs were analyzed by SDS-PAGE under reducing and non-reducing conditions

stained with Coomassie Brilliant Blue, IEF, SEC, NanoDSF and intact mass determination.

Mass spectrometric analysis

Purified mAbs were incubated with PNGase F (Promega) to remove N-linked glycans and optionally also

with DTT (12 mM for 15 min at 37�C) to separate heavy and light chains. Samples were separated using Agi-

lent Zorbax Stable Bond SB300 C8 with a linear gradient of 0.1% formaldehyde, 80% n-propanol, 10%

acetonitrile on an 1100 HPLC (Agilent) coupled with a Micro TOF Q-II mass spectrometer (Bruker Dalton-

ics). Molecular weights were determined by charge deconvolution using the MaxEnt algorithm.

Surface plasmon resonance (SPR) measurements

The SPR measurements were performed on a Biacore T200 instrument at 25�C using a buffer containing

10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA and 0.05% Tween 20. For RBD binding kinetic measure-

ments, the SARS-CoV-2 S protein-RBD-mFc antigen (ACROBiosystems) was reversible immobilized on a C1

sensor chip via anti-mouse IgG capture surface. The tested mAbs were injected at different concentrations

and the interaction analyzed as a multi-cycle-kinetic measurements in duplicates. The equilibrium
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dissociation constant values (KD) were determined using a monovalent analyte model. For ACE2

competition analysis a CAP sensor chip was coated with Biotin CAPture reagent before immobilization

of biotinylated Avi-tagged ACE2 (ACROBiosystems). The interaction was analyzed after the addition of

the His-tagged SARS-CoV-2 S protein-RBD antigen (ACROBiosystems) in the absence or presence of

the tested mAbs at different concentrations. The mAb-concentration dependent ACE2-RBD response

was analyzed with non-linear regression models using GraphPad PRISM, version 9 (GraphPad).

SARS-CoV-2 VOC solid phase binding assays

Binding of mAbs against RBDs of SARS-CoV-2 VOCs was assessed using a solid phase immunoassay

(SeraSpot� Anti-SARS-CoV-2 IgG, Seramun Diagnostica GmbH) as described before.20 Briefly, on the bot-

tom of each well of 96 well plate, SARS-CoV-2 antigens (InVivo BioTech Services GmbH) and controls are

printed in an array format. The RBD antigens (318–541) of the SARS-CoV-2 Spike protein were based on the

wildtype sequence with addedmutations as listed in parenthesis as indicated by the provider (https://www.

invivo.de/sars-cov-2-antigens/): for RBD Alpha E484K (E484K, N501Y); for RBD Beta (K417N, E484K,

N501Y); for VOC-Gamma (K417T, E484K, N501Y); and for VOC-Delta (L452R, T478K). Color intensity of im-

mune complexes formed during the incubation at the site of each antigen spot was measured using a

SpotSight� plate scanner with the color intensity correlating to the amount of bound antibodies.

Hamster model of a SARS-CoV-2 VOC infection

For the SARS-CoV-2 infection experiments, hamsters were randomly distributed into three groups. All an-

imals were infected intranasally with 1 3 105 PFU of SARS-CoV-2, VOC Alpha (isolate BetaCoV/Germany/

ChVir21652/2020, GISAID accession ID EPI_ISL_802995). The VOC Alpha virus integrity was verified via

Next Generation Sequencing prior to animal experiments. A passage four stock was grown on Vero E6

cellsdiluted in minimal essential medium (MEM; PAN Biotech) to a final volume of 60 ml as previously

described.26 Animals of the first group (post-exposure) were given a single intraperitoneal (i.p.) injection

of CV38-142 at a dose of 30 mg/kg 2 hours after viral infection. Animals of the second group (therapeutic)

received the same mAb application 24 hours after infection. Animals of the third group (control) underwent

the same procedure as post-exposure hamsters, but with difference of receiving a non-viral isotype-

matched control mAb that is named a-KLH and that targets the metalloprotein Keyhole Limpet Hemocy-

anin (Miltenyi Biotec). Throughout the experiment, the body weights from all animals were recorded daily

and their clinical status monitored twice daily. On 3, 5 and 7 dpi, three hamsters of each group were eutha-

nized by exsanguination under general anesthesia after single 200 ml intramuscular injection containing

0.15 mg/kg medetomidine, 2 mg/kg midazolam and 2.5 mg/kg butorphanol.42 Throat swabs and the right

lung lobe were used for quantification of viral RNA and functional viral particles. The left lung lobes were

carefully removed and immersed in fixative solution (4% formaldehyde, pH 7.0) for 48 hours before further

processing for histopathological investigations.

Quantification of viral RNA and functional viral particles

From throat swabs and homogenates of 2.5 mg of lung tissue we extracted RNA using the innuPrep Virus

DNA/RNA Kit (Analytik) following the manufacturer’s instructions. For quantification of viral RNA a

one-step RT qPCR reaction was conducted using the Luna Universal Probe One-Step RT-qPCR kit (New En-

gland Biolabs) and previously published TaqMan primers and probes (hamster RPL18 and SARS-CoV-2

E_Sarbeco).35,43 To determine titers of functional viral particles, homogenates from 25 mg of lung tissue

were serially titrated and added to Vero E6 cells in 12-well-plates. After 2.5 hours, cells were overlaid

with MEM containing 1.5% carboxymethylcellulose sodium (Sigma Aldrich) for three days. Subsequently,

the cells were washed with PBS, formalin-fixed, stained with crystal violet and plaques were quantified.

Histopathological examinations

Formalin-fixed lung tissues were embedded in paraffin and cut into 2 mm sections. Slides were dewaxed in

xylene and rehydrated in decreasing ethanol concentrations, then stained with hematoxylin and eosin (HE).

The stained slides were then scanned and microscopically (digital microscopy) evaluated by a board-certi-

fied veterinary pathologist who was blinded for group that the animal belonged to. The examination to

assess the character and severity of pathologic lesions using lung-specific inflammation scoring parame-

ters44 was performed as previously described for SARS-CoV-2 infection in hamsters.1,26 These parameters

included the relative area and severity of interstitial pneumonia; the infiltration of immune cells subdivided

in lymphocytes, macrophages, neutrophils and heterophils; and the extent of bronchial epithelial cell (BEC)
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necrosis, BEC hyperplasia, bronchitis, bronchiolitis, hyaline membranes, alveolar epithelial cell (AEC) ne-

crosis, AEC type II hyperplasia, alveolar edema, perivascular edema, perivascular lymphocytic cuffing

(PLC), bronchus-associated lymphoid tissue (BALT), endothelialitis and alveolar hemorrhage (Table S2).

Of those parameters three scores have been assessed as described previously1,26: (1) immune cell infiltra-

tion score that includes the infiltration of lymphocytes, macrophages and neutrophils and the extent of

PLC; (2) lung inflammation score that includes the severity of interstitial pneumonia and the extent of

BEC necrosis, of bronchitis and of AEC type II hyperplasia; and (3) the edema score that includes the extent

of alveolar and perivascular edema.

Reactivity screening on murine tissues

8 to 12 weeks old C57BL/6J mice were sacrificed in isoflurane anesthesia to carefully prepare brain, lung,

heart, liver, kidney and colon tissues, which were then immediately frozen in�50�C cold 2-methylbutane to

cut 20 mm sections on a cryostat. Glass-mounted tissue slices were used for reactivity screening following

established protocols.1,31 In brief, unfixed tissues were rinsed with phosphate-buffered saline (PBS) then

blocked with PBS containing 2% Bovine Serum Albumin (Roth) and 5% Normal Goat Serum (Abcam) for

1 hour at room temperature, before mAbs were added at 5 mg/ml and incubated at 4�C overnight. The sli-

ces were then washed three times with PBS, before a two hour incubation with a secondary goat anti-human

IgG-Alexa Fluor 488 antibody (Dianova, 1:1000 in blocking solution). After another three PBS washing

steps, the slices were mounted using DAPI-containing Fluoroshield (Abcam). Staining was examined under

an inverted fluorescence microscope (Olympus CKX41, Leica DMI6000). As a control, we used the isotype-

matched human mAb #011–138 which has been isolated from an autoimmune encephalitis patient31 and

which binds to human tissues.

Human membrane protein library screen

A commercial library-basedMembrane Proteome Array (MPA) screening was conducted at Integral Molec-

ular (Philadelphia, U.S.A.) to investigate for mAb binding to 6,000 distinct human membrane protein

clones, each overexpressed in live cells from expression plasmids. Each clone was individually transfected

in separate wells of a 384-well plate followed by 36 hours of incubation.45 Cells expressing each individual

MPA protein clone were arrayed in duplicate in a matrix format for high-throughput screening. Before

screening on the MPA, the test concentration of CV38-142 for screening was determined on HEK-293T

cells expressing positive (membrane-tethered Protein A and SARS-CoV-2 S1 RBD) and negative (mock

vector-transfected) binding controls, followed by detection by flow cytometry using a fluorescently-labeled

secondary antibody. The test concentration was chosen at 20 mg/ml with a background rate below 0.1%

measured as average mean fluorescence intensity (MFI) in comparison to the vector control. CV38-142

was then added to theMPA at 20 mg/ml and binding across the protein library wasmeasured on an Intellicyt

iQue using a fluorescently labeled secondary antibody. Each array plate contains both positive (Fc-binding)

and negative (empty vector) controls to ensure plate-by-plate reproducibility. CV38-142 interactions with

any targets identified byMPA screening were confirmed in a second flow cytometry experiment using serial

dilutions of the test ligand, and the target identity was re-verified by sequencing.

Human tissue cross-reactivity study

The human tissue crossreactivity study was performed in compliance with GLP requirements by a certified

provider, TPL Path Labs GmbH (Freiburg, Germany). CV38-142 from CHO cell production and negative

control antibody (#I5154, Sigma) were biotinylated using EZ-Link� NHS-LC-LC Biotin (Pierce). Antibodies

to be biotinylated were adjusted to 2.0–2.5 mg/ml in sodium bicarbonate buffer. The biotinylation reagent

was prepared by dissolving Succinimidyl-6-(Biotinamido)-6-Hexanamid-Hexanoat in Dimethylsulfoxid

(DMSO). Biotinylation reagent was mixed with the corresponding antibody in a molar ratio of 15:1, and

the mixture was incubated for 1 hour at room temperature. Finally, the mixtures were purified to remove

biotinylation reagent and stored in PBS buffer. Tissues from three different healthy donors were procured

from two commercial vendors (Cureline and Tissue Solutions) and were stored at �80�C. Blood smears

were prepared from TPL Path Labs GmbH and stored at room temperature in a dry environment. The tested

tissues comprised adrenal gland, aorta (endothelium), blood cells smear, bone marrow, brain (cortex),

brain (cerebellum), mammary gland, cervix, colon, duodenum, whole eye, anterior eye, posterior eye, heart

(myocardium), ileum, jejunum, kidney (cortex), liver, lung, lymph node, central ovary, oviduct/fallopian

tube, pancreas, parathyroid, parotid gland, peripheral nerve, pituitary gland, placenta, prostate, skin, spi-

nal cord, spleen, stomach, striated skeletal muscle, testis, thymus, thyroid, tonsil, ureter, urinary bladder

and uterus; complying with FDA and EMA requirements. For controls, HEK-293T cells either transfected
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with SARS-CoV-2 S1 (positive control) or untransfected (negative control) were embedded in OCT medium

(Roth). From blocks of human frozen tissues and control test systems serial sections were cut at 5 mm

nominal thickness with a freezing microtome. The biotinylated antibodies were prepared to stocks of

0.5 mg/ml and 5 mg/ml in Ventana diluent (#760-108, Ventana) that were used for the entire study. Opti-

mized immunohistochemical staining parameters were determined in a validation study and conducted

on an automated Ventana Discovery Ultra platform. Sections were fixed with 1% PFA (Roth) in PBS for

four minutes at room temperature, blocked 5% normal human serum (Invitrogen) for 32 minutes at room

temperature and then stained with biontinylated CV38-142 or control antibodies for 1 hour at room tem-

perature. Binding of antibodies was detected using a DAB Map detection system (#760-124, Ventana)

before counterstaining with Hematoxylin II (#790-2208, Ventana) and Bluing reagent (#760-2037, Ventana).

Positive and negative control stainings were performed in each immunostaining run to assure the quality

and stability of the staining. Visualization of all stained sections was performed by light microscopy, using

Zeiss Axioskop or A1 microscopes and evaluated for the distribution and intensity of staining by a certified

pathologist. Images were cropped using ZEN2 software (Zeiss Microscopy) from digital whole section

images acquired with an Axioscan Z1 slide scanner.

Characterization of RBD – mAb binding residues

The structural data was previously published of SARS-CoV-2 RBD in complex with CV38-14219 (PDB: 7LM8)

and Sotrovimab17 (PDB: 7JX3), respectively. The epitope and paratope residues as defined by a buried

surface area (BSA) greater than 0 Å2, as well as their interactions as hydrogen bonds or salt bridges were

identified using PDBePISA29 (https://www.ebi.ac.uk/pdbe/prot_int/pistart.html).

RBD VOC ELISA

Binding of mAbs against RBDs of Omicron, wildtype, and wildtype with the N440K substitution was

assessed by an ELISA. 96 well plates (Nunc Maxisorp, Roskilde, Denmark) were coated with 1 mg/mL

anti-His (clone GG11-6F4.3.2, Miltenyi Biotec) and then blocked with PBS containing 1% BSA. SARS-

CoV-2 Spike RBD of wildtype, VOC Omicron, and wildtype N440K (R319 to K537, ACROBiosystems),

respectively, were added at 1 mg/mL for 1 hour at room temperature. CV38-142 was applied at

20 mg/mL to 1 ng/mL in duplicates and incubated for 1 hour at room temperature. Detection was per-

formed by addition of anti-Fc-HRP (#A0170, Sigma) at 1:10,000 dilution and TMB (SERVA Electrophoresis).

Non-linear regression models using GraphPad PRISM, version 9 (GraphPad) were applied to determine

best fits and EC50 for binding.

QUANTIFICATION AND STATISTICAL ANALYSIS

Binding kinetics of mAbs to RBD were modeled from multi-cycle surface plasmon resonance measure-

ments (Figures 2A–2C) using the Biacore T200 software, version 3.2. All statistical tests were performed

using GraphPad PRISM, version 9 (GraphPad). For concentration-dependent mAb binding using ELISA

(Figures 5A and S1A) and for concentration-dependent neutralization of plaque formation from authentic

SARS-CoV-2 isolates (Figures 2F–2H, 5B, 5C, S1C, and S2A–S2C) and for concentration-dependent ACE2-

competition assay using SPR (Figure 2D) non-linear regression models were determined. For bodyweight

changes from hamster experiments (Figure 3B), a D’Agostino-Pearson normality test revealed normal

distribution. Thus, statistical significance of bodyweight changes from hamster experiments was tested

using a mixed-effects model (two-way ANOVA) with posthoc Dunnett’s multiple comparisons test in com-

parison to control group. Statistical details can be found in the figure legends.
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