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polyclonal human antibodies protects hACE2
transgenic hamsters against multiple variants

Theron Gilliland,1,5 Matthew Dunn,1,5 Yanan Liu,3,5 Maria D.H. Alcorn,1 Yutaka Terada,1 Shauna Vasilatos,1

Jeneveve Lundy,1 Rong Li,3 Sham Nambulli,2 Deanna Larson,3 Paul Duprex,2 Hua Wu,4 Thomas Luke,4

Christoph Bausch,4 Kristi Egland,4 Eddie Sullivan,4 Zhongde Wang,3 and William B. Klimstra1,6,*

SUMMARY

Pandemic SARS-CoV-2 has undergone rapid evolution resulting in the emergence of many variants with
mutations in the spike protein, some of which appear to evade antibody neutralization, transmit more
efficiently, and/or exhibit altered virulence. This raises significant concerns regarding the efficacy of
anti-S monoclonal antibody-based therapeutics which have failed against variant SARS-CoV-2 viruses.
To address this concern, SAB-185, a human anti-SARS-CoV-2 polyclonal antibody was generated in the
DiversitAb platform. SAB-185 exhibited equivalent, robust in vitro neutralization for Munich, Alpha,
Beta, Gamma, and D144-146 variants and, although diminished, retained PRNT50 and PRNT80 neutraliza-
tion endpoints for Delta and Omicron variants. Human ACE2 transgenic Syrian hamsters, which exhibit
lethal SARS-CoV-2 disease, were protected from mortality after challenge with the Munich, Alpha,
Beta, Delta, and D144-146 variants and clinical signs after non-lethal Omicron BA.1 infection. This sug-
gests that SAB-185 may be an effective immunotherapy even in the presence of ongoing viral mutation.

INTRODUCTION

SARS-CoV-2 has spread worldwide during the previous two years resulting in over 600 million cases and over 6 million deaths (WHO dash-

board https://covid19.who.int).1 Since late fall 2020, variant viruses have been identified that exhibit altered infection, transmission, and

disease characteristics,2,3 as reviewed earlier.4–7 These variants may reflect immune response escape mutants as well as mutants adapting

to replication and transmission in normal or immunocompromised human populations8–10; reviewed by Gomez et al. and Peacock

et al.11,12 Of particular concern are variants with multiple changes in the spike protein, which is a primary target of acquired immune

responses. These mutated viruses exhibit increased resistance to spike-targeted vaccines and immuno-therapeutics such as monoclonal

antibodies,8,9,13–16 as reviewed earlier.2,17–19

To address the need for improved pathogen immunotherapies, SAB Biotherapeutics, Inc. (SAB) created the DiversitAb platform that

utilizes vaccination of transchromosomic (Tc) bovine to produce diverse, fully human pAbs.20–25 We have previously demonstrated the

pre-clinical efficacy of this platform against Middle East respiratory syndrome coronavirus (MERS-CoV), Ebola, and Venezuelan equine

encephalitis viruses, among others.23–25 In separate studies with SARS-CoV-2, SAB-185 exhibited in vitro neutralization of the SARS CoV-2

(Munich/D614G variant), several VSV-SARS-CoV-2 pseudotyped chimeric virus variants and prevented the identification/development of

escape variants as compared to a monoclonal antibody.26 Here, we demonstrate that SAB-185 retains in vitro neutralization of ten SARS-

CoV-2 variants and show the in vivo protective efficacy against six SARS-CoV-2 variants using a new human ACE2 receptor transgenic hamster

model.27

RESULTS

Neutralizaiton of SARS-CoV-2 variants by SAB 185 in vitro

The generation, purification, and characterization of SAB-185 have been previously described.28 Here, we evaluated the ability of SAB-185 to

neutralize a panel of SARS-CoV-2 variants by plaque assay with Vero E6 or Vero Ace2/TMPRSS2 (Vero A/T) cells (Figure 1A and 1B). SAB-185
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neutralized theMunich, Alpha, Beta, Gamma, and D144-146 variants equivalently on Vero E6 cells with PRNT50 values ranging from 1:5,223 to

1:27,785. SAB-185 neutralized the Delta variant AY.1 andOmicron BA.1.1.529 variants with a�4-fold and 31-fold respective average decrease

versus Munich. In comparison, a National Institute for Biological Standards and Control convalescent human serum (NIBSC 20/130) neutral-

ized the Munich, Alpha, D144-146, and Gamma variants (PRNT50 range 1:1,079-1:6,219) but failed to provide 50% neutralization against the

Beta variant at a 1:320 dilution. Similarly, the NIBSC 20/120 control showed a decrease between theMunich (PRNT50 1:356) and Delta (PRNT50
1:107) variants (Figure 1B). NIBSC controls were not available for the Gamma and Omicron neutralization assays.

The Syrian hamster was among the first rodents to be used as a model to study SARS-CoV-2 infection. Normal hamsters are susceptible to

SARS-CoV-2 infection but only developmild clinical disease limiting their utility to assess vaccine and therapeutic efficacy.29We first evaluated

the ability of SAB185 to protect normal Syrian hamsters from weight loss and clinical signs with the Munich strain infection as the disease in

these animals is not fatal. Significant protection from both was observed at multiple times post infection (Figure S1). While the hamster ACE2

protein (hACE2) serves as a functional cell receptor for SARS-CoV-2 infection, some amino acid residues that are critical for the recognition

and binding by the SARS-CoV-2 spike protein are not conserved between the hamster ACE2 and human ACE2 protein, possibly diminishing

infectivity of SARS-CoV-2 in the hamster model.30,31 To develop a highly susceptible hamster model capable of mimicking severe/fatal infec-

tion in humans, we employed a piggyBac-mediated transgenic approach and generated multiple independent hACE2 transgenic hamster

lines expressing the humanACE2gene from the human cytokeratin 18 promoter usedpreviously to create hACE2-expressingmice.32,33 These

hamster lines are highly susceptible to SARS-CoV-2 infection via intranasal infection and develop respiratory disease and mortality, similar to

that observed in severe COVID-19 patients.32

SAB 185 protection of hACE2 hamsters from mortality

We initially evaluated the disease course after intratracheal (it.) versus intranasal (in.) infection of hACE2 animals. Significant differences in

survival time or weight loss were not observedwith the exception of a single animal surviving the it. infection (Figure S2, day 6 singe it. animal).

We chose to determine the protective efficacy of SAB-185 after it. rather than in. infection to minimize direct infection of the CNS through the

olfactory neuroepithelium. SAB-185 (50mg/kg), or an equivalent volume of PBS for control groups, was delivered via intramuscular injection in

A

B

Figure 1. SAB-185 neutralization potential versus the Munich variant (spike D614G) and other variants

(A) Nonlinear curve fits to dilution versus plaque inhibition data.

(B) Calculated PRNT50 and PRNT80 endpoints. Neutralization capacity of SAB-185 and the NIBSC controls was assayed by Vero E6 or Vero hAce2/TMPRSS2 cell

plaque neutralization assay. SAB-185 was diluted to 1 mg/ml in PBS and then diluted serially 2-fold before reaction with viruses. NIBSC controls were diluted

2-fold and then 2-fold serially. Data points are averages of results from at least 3 replicates with 2 averaged duplicate wells at each dilution. Error bars are

omitted for clarity.
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the gastrocnemius muscle followed 24 h later by it. challenge with �1000 Vero E6 plaque-forming units of each variant virus. A sex-based

difference was observed in control groups challenged with Munich, Alpha, Beta, Gamma, Delta, and D144-146 variants as all female animals

died between four- and seven-days post infection and male hamsters exhibited 50 to 100% mortality over a similar interval (data not shown).

Mortality curves were not significantly different between the Munich and D144-146, Alpha, Beta, Gamma, or Delta SARS CoV-2 variants (Fig-

ure 2A) (variants compared to Munich: p > 0.05).

SAB-185 treatment prior to infection completely protected all hamsters fromdeath, regardless of sex, when challengedwithMunich,D144-

146, Alpha, Beta, and Delta variants (Figures 2B–2G). In animals challenged with the Omicron variant, mortality was not observed (Figure 1H).

However, as described in detail in the following text, weight loss and clinical signs of disease were observed in untreated hamsters, similar to a

published report assessing the virulence of Omicron following intranasal infection using hACE2 hamsters.34

SAB-185 protection of hACE2 hamsters from weight loss

In addition tomortality, hamsters were also assesseddaily for signs of disease, such as weight loss (Figure 3) and clinical scoring (see, Figure 4).

Without treatment, hACE2 hamsters challenged with Munich, D144-146, Alpha, Beta, and Delta variants experienced weight loss beginning
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Figure 2. SAB-185 protection from mortality in hamsters challenged with six variant SARS-CoV-2 isolates

(A–H) Hamsters were administered SAB-185 or PBS intramuscularly and then challenged intratracheally 24 h later with 1000 plaque-forming units of variant virus.

Mortality for individual variant PBS controls (A) and for combined (all SARS-CoV-2 variants tested) PBS control versus SAB-185-treated groups (B). Individual

mortality data for Munich (C), D144-146 (D) Alpha (E), Beta (F), Delta (G), and Omicron (H) viruses. Mantel-Cox log rank significance is indicated within each

panel. *p < 0.05, **p < 0.01, ***p < 0.005.
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Figure 3. SAB-185 protection from weight loss in hamsters challenged with six variant SARS CoV-2 isolates

(A) Weight loss for individual hamsters in all groups.

(B) Combined (all SARS-CoV-2 variants tested) average weight loss data for SAB-185-treated and PBS control hamsters.

(C) Combined average weight loss data for SAB-185-treated and PBS control hamsters on D5 (last day all animals were alive) or D8 post challenge for Omicron-

infected animals (peak clinical signs).

(D–O) Individual weight loss data for Munich (D), D144-146 (F), Alpha (H), Beta (J), Delta (L) and Omicron (N) viruses. Combined average weight loss data for

Munich (E), D144-146 (G), Alpha (I), Beta (K) and Delta (M) variants on D5 (last day all animals were alive) post challenge or D8 post challenge for Omicron-

infected animals (O) (peak weight loss). *p < 0.05, **p < 0.01, ***p < 0.005. Open circles are surviving animals (controls) and the SAB-185 treated animal that

exhibited delayed replication.
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Figure 4. SAB-185 protection from clinical signs in hamsters challenged with six variant SARS CoV-2 isolates

Data is presented as the inverse of the clinical score sum values, as described in Materials andMethods, to be comparable to weight loss data. Each datum point

represents an average of morning and afternoon observations.

(A) Clinical sign scoring for individual hamsters in all groups. Each datum point represents an average of morning and afternoon observations.

(B) Combined clinical sign scoring data for SAB-185-treated and control hamsters.

(C) Combined clinical sign scoring data for SAB-185-treated and control hamsters on D5 (last day all animals were alive) post challenge or D8 post challenge for

Omicron-infected animals (peak clinical signs).
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between D1 and D2 post challenge with peak weight loss between D5 and D7, depending upon the variant. Hamsters challenged with

Omicron experienced weight loss beginning on day 6 with peak weight loss on day 8. When treated with SAB-185 prior to variant virus chal-

lenge, the hamsters, on average, did not lose weight and weight loss was significantly greater in PBS controls on D2-11 post challenge (Fig-

ure 3B). The greatest difference in weight was observed on D5 for Munich, D144-146, Alpha, Beta, Delta variants, the last day on which all

animals were alive (Figures 3D–3M), and D8 for Omicron, the day of peak disease (Figures 3C, 3N, and 3O). When each group was analyzed

individually, hamsters treated with SAB-185 and challenged withMunich, Beta, Delta, andOmicron variants exhibited significantly less weight

loss than PBS controls (Figures 3E, 3K, 3M, and 3O). While hamsters in the PBS control groups challenged with Alpha and D144-146 variants

experienced weight loss, the difference failed to reach statistical significance compared to SAB-185-treated hamsters challenged with the

same variants (Figures 3F–3I). Interestingly, the only surviving PBS control male that did not lose weight over the course of the experiment

was in the Alpha challenge group (Figure 3H), suggesting this animal’s infection was limited. Additionally, the only SAB-185 treated animal

to lose weight was in the D144-146 group (Figure 3F), and this animal survived infection. If survivors in the PBS control groups and the poorly

infected SAB-185-treated animal were removed, D5 weight loss was significantly lower for Alpha and Beta infected SAB-185 treated animals

(Figures S3D, S3F, and S3G), and the significance of Munich differences increased. The SAB-185 treated, D144-146 challenged animals ex-

hibited a non-significant trend toward less weight loss by D5 (Figure S3E).

SAB-185 protection of hACE2 hamsters from clinical signs

In addition to daily weights, hamsters were evaluated twice daily for clinical signs of disease (ruffled fur, hunching, increased respiratory

rate, anorexia, and lethargy) (Figure 4). In concordance with the mortality and weight loss data, PBS control hamsters challenged with Mu-

nich, Alpha, Beta, Delta, and D144-146 variants showed signs of infection starting on D1 to D2 with a peak on D5 post challenge (Fig-

ure 4A–4M). Challenge with the Omicron variant caused delayed signs of infection, with clinical signs of disease beginning on days 5–6

with peak disease occurring on days 8–9, (Figure 4N and 4O). When combining the SARS-CoV variant groups, clinical signs were signif-

icantly lower in PBS controls compared to the SAB-185-treatment group on D2-12 (Figure 4B) and highly significant (p < 0.001) on D4-12

(Figures 4B and 4C). When analyzed individually, SAB-185 treatment significantly reduced signs of disease in animals challenged with Mu-

nich, Alpha, Delta, and Omicron (Figures 4E, 4I, 4M, and 4O). The average clinical score for PBS control animals challenged with D144-146

and Beta was lower compared to SAB-185-treated animals in these groups but did not reach statistical significance (Figures 4G and 4K).

However, if PBS control survivors and the poorly infected SAB-185 animal were removed, the SAB-185-treated animals were also signifi-

cantly different (Figure S4). While mortality was observed, clinical signs were less severe in control animals challenged with the Beta virus

versus the other variants (Figures 4D, 4F, 4H, 4J, 4L, and 4N), which could attribute to the smaller treated versus control differences with

this strain.

Effect of SAB-185 treatment on SARS-CoV-2 oropharyngeal plaque and PCR titers

Lastly, we assessed viral titers in oropharyngeal swabs taken from animals every other day starting onD1 or D2 and continuing throughD10 or

D11 post challenge. Swabs were assayed for virus genome equivalents (GE) by quantitative RT-PCR (Figure S5) and plaque assay. GE titers in

control animals ranged from undetectable (250 GE limit of detection) to greater than 1x107 GE/mL on D1-2 post challenge (Figure S5). Titers

were highly variable between individual animals between combined control and SAB-185-treatment groups (Figures S5A–S5C) and none of

the titers were significantly different (p > 0.05) (Figures S5B and S5C). Notably, undetectable titers on D3-5 were associated with survival of the

male animals inMunich,D144-146, Alpha, and Beta control groups. However, titers in all surviving animals had risen to detectable levels by D6

(Figures S5D, S5F, S5H, and S5J). Only one animal in the SAB-185-treated group exhibited this replication profile (Beta variant challenge

group Figure S5J), suggesting that only one of the SAB-185 animals might have survived without pAb treatment. As noted in weight loss

and clinical sign sections previously, if samples without titer on D3 to 5 were omitted from the analyses (this includes the 4 surviving controls

and one challenged SAB-185-treated animal, Figures S4A–S4G), the combined data show a non-significant trend toward lower virus genome

titers on D5 (Figure S6C) with SAB-185 treatment. Non-significant trends toward lower genome abundance were also observed in Alpha and

Beta SAB-185-treatment groups (Figures S6F and S6G). Oropharyngeal swabplaque titers for all hamsters were below the limit of detection of

a plaque assay (25 PFU/mL) on all measured days post challenge, which suggests that genomic RNA detected by the PCR assay was not asso-

ciated with shedding of high levels of live virus.

DISCUSSION

The occurrence of successive waves of SARS-CoV-2 variants with novel spike-protein mutations throughout the COVID-19 pandemic has

reduced the prophylactic efficacy of vaccines9,10,12 and abrogated the efficacy of many antibody-based therapeutics16. SAB-185 is a human

polyclonal IgG generated in the DiversitAb platform produced using spike protein from the WA-1 SARS CoV-2 variant. The current studies

demonstrated that a single IM injection of SAB-185 protected recombinant hACE2 hamsters from mortality and/or severe morbidity when

Figure 4. Continued

(D–O) (B) Individual clinical sign scoring data for Munich (D),D144-146 (F) Alpha (H), Beta (J), Delta (L) andOmicron (N) viruses. Individual clinical sign scoring data

for Munich (E), D144-146 (G) UK (I), SA (K), Delta (M), and Omicron (O) variants on D5 (last day all animals were alive) post challenge or D8 post challenge for

Omicron (peak clinical signs). *p < 0.05, **p < 0.01, ***p < 0.005. Open circles are surviving (controls andOmicron) and the SAB-185 treated animal that exhibited

delayed replication.
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intratracheally infected with successive SARS CoV-2 variants including Omicron. Although reduced in vitro SAB-185 PRNT50 and

PRNT80 neutralization titers were observed with Delta and Omicron variants, the preparation still was highly protective at human-relevant

doses in vivo. Therefore, reduced in vitro neutralization titers of SAB-185 against SARS CoV-2 variants were not associated with loss of in vivo

efficacy.

The hACE2 transgenic hamsters used here provide a new and relevant model of severe/fatal SARS CoV-2 disease that can be utilized to

test future vaccines and therapeutics.32 Consistent with other studies using normal hamsters and other animal models and possibly human

infections,35–38 mild versus severemanifestations of disease were not closely associated with an effect on oropharyngeal swabGE titers. How-

ever, if control and SAB-185-treated animals that had delayed virus replicationwere removed, suppression of titers by SAB-185 was significant

for combined challenge groups (p = 0.01). Furthermore, high-GE titers in oropharyngeal secretions were not associated with detectable live

virus, suggesting that the GE shedding may not be productive for transmission. These data contribute to the body of evidence that vaccina-

tion and/or Ab therapeutic treatment may only provide limited protection from virus infection and upper respiratory tract replication while

reducing severe disease.

Reasons underlying the protective efficacy of SAB-185 versus multiple strains may include the hyper-immunization of Tc bovines with full-

length spike pDNA for priming and recombinant spike ectodomain protein for boosting, which may increase stimulation of polyclonal anti-

bodies reactive with subdominant epitopes that are less likely/able to mutate during widespread human infection. Loss of reactivity of

monoclonal antibodies that bind various epitopes in the S protein has been demonstrated clearly,16,8,39,40, and the broad reactivity provided

by polyclonal Ab products may have an advantage in neutralization and protection against variants. In addition, other factors such as non-

neutralizing anti-spike antibodies and/or innate immune mechanisms such as effector cell function(s) that were previously reported in an

anti-Ebola immunoglobulin produced in the DiversitAb platform23 could be important in vivo.

In summary, the DiversitAb platform represents a highly scalable system that produces high-neutralizing titer, fully human polyclonal

antibodies. SAB-185 retained neutralization activity against successive SARS-CoV-2 variants, and this was associated with protection

from mortality and/or severe disease in the hACE2 hamster model. The data in this report suggests that human anti-SARS-CoV-2 poly-

clonal antibody, SAB-185, may have broad efficacy in preventing or treating SARS-CoV-2 variant infections in humans. This will need to

be confirmed in human clinical trials. Such trials could include studies in severely immuno-compromised patients that are known to man-

ifest severe disease, prolonged viral replication, and the ability to produce SARS CoV-2 variants such as the spike D144-146 variant used in

this study.

Limitations of the study

While SAB-185 was protective from SARS-CoV-2 mortality and clinical signs in the lethal hACE2 hamster model, it is unclear how this might

translate to treatment of human patients infected with SARSCoV-2. The it. route of infection used heremay not mimic the route of infection in

humans and, therefore, the antibodies in SAB-185 may not have similar exposure to circulating virions or infected cells. Furthermore, it is un-

likely thatmost treatment of humans would occur prior to exposure to SARS-CoV-2. Further research is required to determine the relationship

of SAB-185 efficacy to timing of treatment relative to virus infection.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human anti-SARS-CoV-2 plasma panel NIBSC 20/120

Human anti-SARS-CoV-2 plasma panel NIBSC 20/130

Tc Bovine-derived human anti-SARS-CoV-2 IgG SAb Biotherapeutics SAb-185

Bacterial and virus strains

SARS-CoV-2/München-1.1/2020/929 Klimstra et al., 202042 N/A

SARS-Related Coronavirus 2, Isolate hCoV-19/

England/204820464/2020

BEI Resources Cat# NR-54000

SARS-Related Coronavirus 2, Beta Isolate hCoV-19/

South Africa/KRISP-K005325/2020

BEI Resources Cat# NR-54009

SARS-Related Coronavirus 2, Gamma Isolate hCoV-19/

Japan/TY7-503/2021 (Brazil P.1)

BEI Resources Cat# NR-54982

SARS-Related Coronavirus 2, Delta Isolate hCoV-19/

USA/CA-VRLC086/2021 (lineage AY.1)

BEI Resources Cat# NR-55691

SARS-related Coronavirus 2, Omicron isolate hCoV-

19/USA/CO-CDPHE-2102544747/2021(lineage BA.2-B.1.1.529)

BEI Resources Cat# NR-56522

SARS-Related Coronavirus 2 Omicron isolate (lineage BA.2.12.1) BEI Resources Cat# NR-56782

NIAID, NIH SARS-Related Coronavirus 2 Omicron

isolate (lineage BA.4)

BEI Resources Cat# NR-56803

SARS-Related Coronavirus 2 Omicron isolate

hCoV-19/USA/COR-22-063113/2022 (lineage BA.5)

BEI Resources Cat# NR-58616

SARS-CoV-2 D144-146 virus (4 aa deletion in NTR RDR 2) McCarthy, K.R. et al., 20218

Chi, X. et al., 202043
N/A

Chemicals, peptides, and recombinant proteins

Immunodiffusion Agarose MP Biomedicals Cat# 952012

Crystal Violet Fisher Scientific Cat# C581

Opti-MEM Gibco Cat# 31985-070

DMEM Corning Cat# 10-013-CV

Fetal Bovine Serum R&D Systems Cat# S12450

L-Glutamine Corning Cat# 25-005-CI

Penicillin Streptomycin Corning Cat# 30-002-CI

Sodium Pyruvate Corning Cat# 25-000-CI

Puromycin Mirus Bio Cat# MIR5940

Isoflurane Covetrus Cat# 29405

TRIzol Reagent Invitrogen/Thermo Fisher Cat# 15596018

PBS, 1X Corning Cat# 21-031-CV

Critical commercial assays

Reliance One-Step Multiplex Supermix Bio-Rad Cat# 12010176

20 3 18s rRNA Control Mix Applied Biosystems Cat# 4318839

Experimental models: Cell lines

VERO E6 C1008 ATCC Cat# CRL-1586

VERO E6-TMPRSS2-T2A-ACE2 BEI Resources Cat# NR-54970

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information is available by request and should be directed to Dr. William Klimstra (Klimstra@pitt.edu).

Materials availabilit

Full genotypes of unpassaged viral stocks are available at https://www.beiresources.org.

(NIBSC product information sheets available at https://www.NIBSC.org)

The creation and characterization of the SAB-185 human polyclonal IgG is an SAB Biotherapeutics IP and is restricted. Please contact Dr.

Thomas Luke (tluke@sab.bio) with inquiries.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d The paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

Animals

TC bovine

Adult Tc bovine of mixed sex used in this study are homozygous for triple knockout in the endogenous bovine immunoglobulin genes (IGHM

� /� IGHML1 � /� IGL � /�). Briefly, both bovine immunoglobulin heavy-chain (bIGH) loci were homozygously inactivated by gene target-

ing.20 Because lambda light chain (bIGL) is the predominantly expressed light-chain isotype in bovine B cells, homozygous inactivation of the

bIGL locus was performed by deleting the entire bovine lambda gene cluster.22 To reconstitute B cell function in Tc bovine, a human artificial

chromosome (HAC) was used. The HAC is comprised of a human chromosome 14 fragment which contains the entire unrearranged germline

loci of human immunoglobulin heavy chain (hIGH). In addition, the HAC includes the human chromosome 2 fragment containing the entire

human immunoglobulin K light chain locus (hIGK).21 To further enhance fully human IgG production with human IgG1 subclass dominancy in

Tc bovine, the human IGHM constant region and key regulatory sequences on the HAC were optimized.21,41

Syrian Golden and hACE-2 transgenic hamsters

Male and female hACE2 hamsters of 8–14 weeks of age were obtained from Utah State University and male and female normal Syrian

hamsters between 8 and 12weeks of agewere purchased fromCharles River. All animals were randomizedby animal support staff and housed

singly after receipt at the University of Pittsburgh. All hamster procedures were in accordance with AAALAC procedures and approved by the

University of Pittsburgh IACUC committee (protocol #IS00017405).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Golden Syrian Hamster Charles River Cat# LVG

hACE-2 Golden Syrian Hamster Dr. Zhongde Wang, Utah State University N/A

Oligonucleotides

nCOV_N2 Forward Primer Aliquot, 100 nmol (50

TTA CAA ACA TTG GCC GCA AA 30)

IDTdna Cat# 100006833

nCOV_N2 Reverse Primer Aliquot, 100 nmol (50

GCG CGA CAT TCC GAA GAA 30)

IDTdna Cat# 100006834

nCOV_N2 Probe Aliquot, 50 nmol (50 6-FAM/ACA

ATT TGC CCC CAG CGC TTC AG/BHQ_1 30)

IDTdna Cat# 100006835

Software and algorithms

GraphPad Prism https://www.graphpad.com/ N/A

CLC Genomics Workbench https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/analysis-

and-visualization/qiagen-clc-genomics-workbench/

N/A
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Viral stocks

The Munich strain (containing D614G) was obtained and amplified in Vero E6 cells (ATCC CRL-1586) as described,42 while the Alpha, Beta,

Gamma, Delta and Omicron viruses were obtained from BEI Resources [BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate

hCoV-19/England/204820464/2020, NR-54000, contributed by Bassam Hallis; BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2,

Beta Isolate hCoV-19/South Africa/KRISP-K005325/2020, NR-54009, contributed by Alex Sigal and Tulio de Oliveira; BEI Resources, NIAID,

NIH: SARS-Related Coronavirus 2, Gamma Isolate hCoV-19/Japan/TY7-503/2021 (Brazil P.1), NR-54982, contributed by National Institute

of Infectious Diseases; BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Delta Isolate hCoV-19/USA/CA-VRLC086/2021 (lineage

AY.1), NR-55691, contributed by Andrew S. Pekosz; BEI resources, NIAID, NIH SARS-related Coronavirus 2, Omicron isolate hCoV-19/

USA/CO-CDPHE-2102544747/2021, NR-56522, (lineage BA.2-B.1.1.529); contributed by Centers for Disease Control and Prevention; BEI

Resources, NIAID, NIH: SARS-Related Coronavirus 2 Omicron isolate, NR-56782 (lineage BA.2.12.1) contributed by Dr. Viviana Simon; BEI

Resources, NIAID, NIH SARS-Related Coronavirus 2 Omicron isolate, NR-56803 (lineage BA.4) contributed by Dr. Andrew S. Pekosz; BEI Re-

sources, NIAID, NIH: SARS-Related Coronavirus 2 Omicron isolate hCoV-19/USA/COR-22-063113/2022 (lineage BA.5), NR-58616, contrib-

uted by Dr. Richard J. Webby, respectively]. The D144-146 virus (4 aa deletion in NTR RDR 2) was obtained from an immunocompromised

patient as described and removes an epitope recognized by mAb 4A8.8,43 The Munich (D614G; 4.0. x 106 Vero E6 PFU/ml) and D 141–144

(5.0 x 105 Vero E6 PFU/ml) viruses were isolates passaged two times in Vero E6 cells and shown to possess an intact S protein furin protease

cleavage signal.8,42 The Alpha (4.0 x 106 Vero E6 PFU/ml), Beta (9.5 x 106 Vero E6 PFU/ml), Gamma (6.8x106 Vero E6 PFU/ml) and Omicron

(BA.2-B.1.1.529 [6.5 x 105 Vero A/T pfu/ml] BA.2-B.2.12.1 [1.3 x 107 Vero A/T pfu/ml], BA.4 [Vero A/T 3.6 x 106 pfu/mL] and BA.5 [1.2 x 107

Vero A/T pfu/ml]), viruses were unamplified stocks from BEI Resources, diluted and used directly. The Delta and Omicron BA.2-B.1.1.529 var-

iants (Delta 6.8 x 106 Vero E6 PFU/ml; Omicron 1.5 x104 Vero E6 PFU/ml) were obtained from BEI resources and passaged one time in Vero

hACE2/TMPRSS2 cells (BEI Resources, NIAID, NIH: Cercopithecus aethiops Kidney Epithelial Cells Expressing Transmembrane Protease,

Serine 2 and Human Angiotensin-Converting Enzyme 2 (Vero E6-TMPRSS2-T2A-ACE2, NR-54970). The passaged Gamma and Delta variants

were deep-sequenced (Illumina,MiGS sequencing center, Pittsburgh, PA) and no differences with the BEI isolates were found in the structural

protein regions.

Cell lines

Vero E6 cells

African green monkey kidney Vero C1008, Clone E6 (ATCC CRL-1586) cells were cultured in DMEM (Corning) 10% FBS (R&D Systems), 1 mM

L-Glutamine (Corning), 1x penicillin/streptomycin (Corning) in a humidified incubator with 5% CO2 at 37C.

Vero E6-TMPRSS2-T2A-ACE2

Stably transfected African green monkey kidney Vero E6-TMPRSS2-T2A-ACE2 (BEI Resources NR-54970) cells were cultured in DMEM (Corn-

ing) 10% FBS (R&D Systems), 1 mM L-Glutamine (Corning), 0.75 mg/mL Sodium Bicarbonate (Corning), 10ug/mL Puromycin (Mirus Bio) in a

humidified incubator with 5%CO2 at 37C. For neutralization assays, cells weremaintained in the regular Vero E6 growthmedia as described in

this paper.

METHOD DETAILS

Immunization of Tc bovine for production of anti-SARS-CoV-2 human polyclonal IgG

Tc Bovine were vaccinated, plasma collected and purified as described previously.26 Briefly, Tc bovines were immunized twice with plasmid

DNA expressing the Wuhan WA-1 strain spike protein at three-week intervals. Starting week six, animals were boosted three times with re-

combinant WA-1 spike ectodomain protein derived from insect cells. Plasma from weeks 7–8, 11–12 and 15–16 were pooled and human IgG

was purified for the SAB-185 final preparation. Tc bovine plasmawas thawed, pooled, fractionated by caprylic acid (CA), and clarifiedby depth

filtration in the presence of Celpure P1000 filter aid. The clarified sample containing Tc bovine-derived human IgG is further purified by affinity

chromatography, first using an anti-human IgG kappa light chain-specific column, KappaSelect (GE Healthcare Life Sciences) to capture hIgG

followed by a low pH treatment, and second, by passing through an anti-bovine IgG heavy chain-specific affinity column, Capto HC15 (GE

Healthcare Life Sciences). To further remove residual IgG that contains bovine heavy chain, the human IgG fraction was then subjected to

a Q Sepharose chromatography polishing step to further reduce impurities, nanofiltration, final buffer exchange, concentration, and sterile

filtration. Finally, the SAB-185 product was terminally filtered and filled into vials.

Neutralization assays

Neutralization capacity of SAB-185 and the NIBSC convalescent serum controls (NIBSC 20/130 and 20/120) was assayed by Vero E6 or Vero

hAce2/TMPRSS2 cells (grown in DMEM [Corning], 10% FBS [R&D Systems], 1 mMLGlutamine [Corning], 1x penicillin/streptomycin [Corning])

plaque neutralization assay. Due to unavailability of additional NIBSC 20/130, we used NIBSC 20/120 (from the 20/118 panel) for the Delta

variant neutralizations (NIBSC product information sheets available at https://www.NIBSC.org). NIBSC 20/120 was used at a similar live

SARS CoV-2 PRNT50 concentration to NIBSC 20/130 and NIBSC 20/120 PRNT50 and PRNT80 endpoints were calculated for the Munich virus

for comparison. SAB-185 was diluted to 1 mg/ml in PBS and then diluted serially 2-fold before reaction with viruses, while the NIBSC controls

were diluted 2-fold directly from NIBSC vials. All Ab samples were heat inactivated by incubation at 56�C for 30 min. Viruses were diluted in
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OPTI-MEM (Gibco) with 2% FBS to approximately 200 PFU in 250 mL and reacted with an equal volume of serial 2-fold dilutions of each anti-

body (in PBS) for 1 h at 37�C followed by infection of Vero E6monolayers for 1 h at 37�C. A solution of 0.1% immunodiffusion agarose (MP Bio)

in 2X Vero E6 growth medium was then added and plaques were developed at 37�C for 72–96 h followed by removal of agarose, staining of

cells with crystal violet (Fisher Scientific) and counting of plaques. At least three independent dilutions of each sample were performed, and

these were replicated in two averaged wells per dilution. Data points represent averages of the three independent dilutions.

Preclinical Hamster model

Equal numbers of male and female hACE2 Hamsters of 8–14 weeks of age (4–10/group) were given either a 50 mg/kg dose of SAb185

(treated) diluted in PBS or 50 mL of PBS (control) in the gastrocnemius muscle. Twenty-four hours later, all hamsters were challenged intra-

tracheally (it.) with 50 mL of virus diluent (OPTIMEM medium; Gibco) containing 1000 Vero E6 or Vero hAce2/TMPRSS2 cell plaque-forming

units of each virus. For comparison of intratracheal and intranasal routes of infection hACE 2 hamsters were infected with 1000 PFU it. Or 100

PFU intranasally by instillation of 25 mL of diluted virus into each nostril. Normal Syrian Hamsters (Charles River) of random sex between 8 and

12weeks of agewere challenged it. with 1000 PFUof theMunich strain.Weobserved a sex-baseddifferencewith several variants in the hACE2

model with control group females uniformly succumbing to infectionwith each tested virus, butmales exhibited approximately 50–100%mor-

tality depending upon the experiment.

Hamsters were observed (�30 seconds-1 minute) twice daily post challenge through day 12 (acute viral disease period). Animals were as-

sessed for the appearance of signs of disease: ruffled fur, hunching, increased respiratory rate, anorexia or lethargy, and scored accordingly (0

for no, 1 for yes) with a cumulative number totaled for the clinical score. Data is presented as the inverse of the clinical score sum values to be

comparable to weight loss data. For oropharyngeal swabs, animals were sedated with isoflurane (3–5%) and a sterile swab was inserted into

the oral cavity and upper trachea and then placed into virus diluent. Quantitative RT-PCR and plaque assays were performed on RNA purified

from plasma and swab supernatants or directly with plaque assay. Weights were recorded once daily. Hamsters losing >20% of starting body

weight or exhibiting prolonged hunching/ataxia (>3 days) indicative of severe disease were euthanized.

Quantitative RT-PCR

One step quantitative RT-PCR was performed as previously described42 for SARS CoV-2 RNA on blood or from oropharyngeal swabs taken at

multiple times post challenge. Quantitative RT-PCR primer/probe sets (forward 50 TTA CAA ACA TTGGCCGCA AA 30, reverse 50 GCGCGA

CAT TCCGAAGAA 30 probe: 50 6-FAM/ACA ATT TGCCCCCAGCGC TTCAG/BHQ_1 30) were directed to the nucleocapsid gene in region

of conserved sequence between the variant viruses. Virus isolation/titration was also performed with the samples using Vero E6 cells using a

standard SARS CoV-2 plaque assay as described.42

QUANTIFICATION AND STATISTICAL ANALYSIS

Results were evaluated for statistical significance with GraphPad PRISM software.Mortality curves were evaluated usingMantel-Cox Log Rank

analysis. Average weight loss, clinical sign and virus titration data were compared with two-way ANOVA. Individual time points in particular

assays were compared between two treatments with a two-tailed Student’s t test. Neutralization data was analyzed and PRNT50/PRNT80
calculated using Graphpad PRISM and the asymmetric sigmoidal 5PL standard curve fit (confidence limit 95%).
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