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a b s t r a c t

The SARS-CoV-2 variant is rapidly spreading across the world and causes to resurge infections. We
previously reported that CT-P59 presented its in vivo potency against Beta variants, despite its reduced
activity in cell experiments. Yet, it remains uncertain to exert the antiviral effect of CT-P59 on Gamma,
Delta and its associated variants (L452R). To tackle this question, we carried out cell tests and animal
studies. CT-P59 showed neutralization against Gamma, Delta, Epsilon, and Kappa variants in cells, with
reduced susceptibility. The mouse challenge experiments with Gamma and Delta variants substantiated
in vivo potency of CT-P59 showing symptom remission and virus abrogation in the respiratory tract.
Collectively, cell and animal studies showed that CT-P59 is effective against Gamma and Delta variants
infection, hinting that CT-P59 has therapeutic potential for patients infected with Gamma, Delta and its
associated variants.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

On November 2020 in Brazil, SARS-CoV-2 infection rapidly
increased again in Manaus, where previously showed high sero-
prevalences and the newly emerging virus was designated as P.1
or Gamma [1,2]. Gamma variant possesses 12 mutations in the
spike protein of SARS-CoV-2. In particular, three mutations (K417T,
E484K, and N501Y) in RBD (Receptor Binding Domain) are common
in Alpha (N501Y) and Beta (K417 N, E484K, and N501Y) which are
associated with increased transmissibility, immune escape and
pathogenicity [3,4].

New lineage B.1.617 is considered to cause a steep increase in
infection cases and death in India; Kappa (B.1.617.1) and Delta
(B.1.617.2). In particular, highly transmissible Delta rapidly spread
l, Yeonsu-gu, Incheon, 22014,

Lee).
and replaced globally dominant Alpha even in most vaccinated
countries such as the United Kingdom and the United States [5e8].
The Delta has L452R, T478K and P681R in the spike protein
(Table 1) which may contribute to increased infectivity, pathoge-
nicity and immune evasion, resulting in re-infection or resistance to
vaccine-elicited antibody and therapeutic antibodies [9,10]. One of
Delta-associated variants, B.1.427 and B.1.429 also known as Epsilon
have L452R mutation, causing reduction in antibody neutralization
[11]. In addition, B.1.1.519 has common mutation sites with Delta at
T478 and P681 residues, in commonwith Alpha variant [12]. T478K
was a previously predominant variant in Mexico and located at the
interface of RBD and ACE2 (Angiotensin-Converting Enzyme 2)
interaction, thereby potentially impacting viral infection [13]. Delta
and Kappa have a P681R mutation at furin cleavage sites
(681PRRAR/S686). Recent studies showed that P681R enhances spike
cleavage and fusion for viral entry, suggesting augmented trans-
missibility and pathogenicity [14,15]. Thus, it is important to assess
the impact of mutations within the spike on COVID-19
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Table 1
Mutations in spike protein of variants.

SARS-CoV-2
Variant

Origin S1 S2

N-Terminal Domain Receptor Binding Domain e Furin Cleavage Site e

Delta (B.1.617.2) India T19R G142D D156-157 R158G L452R T478K e D614G P681R D950 N
Epsilon (B.1.427) US e e e e L452R e e D614G e e

Epsilon (B.1.429) US S13I G142D e W152C L452R e e D614G e e

Kappa (B.1.617.1) India e e E154K e L452R e E484Q D614G P681R Q1071H
B.1.1.519 Mexico e e e e e T478K e D614G P681H T732A
Gamma (P.1) Brazil L18F

T20 N
P26S

D138Y e R190S K417T e E484K
N501Y

D614G
H655Y

e T1027I
V1176F

D.-K. Ryu, B. Kang, H. Noh et al. Biochemical and Biophysical Research Communications 578 (2021) 91e96
therapeutics.
The CT-P59 human monoclonal antibody (Regdanvimab) spe-

cifically binds to spike of SARS-CoV-2, blocking interaction with
ACE2 for viral entry. We have demonstrated that CT-P59 has
neutralization and protection against the original and Beta viruses
in in vitro and in vivo studies [16,17]. However, it remains uncertain
whether CT-P59 has the therapeutic effect on Gamma, Delta and its
associated variants. To this end, we examined the sensitivity of CT-
P59 against Gamma, Delta, Epsilon and Kappa variants by cell-
based assays, and animal test using Gamma and Delta-infected
mice.

2. Materials and methods

2.1. Viruses

Gamma (hCoV-19/Japan/TY7-503/2021) were obtained from BEI
Resources. Gamma (hCoV-19/Korea/KDCA95637/2021), Delta (hCoV-
19/Korea/KDCA5439/2021), Epsilon (hCoV-19/Korea/KDCA1792/
2020, and hCoV-19/Korea/KDCA1793/2020), Kappa (hCoV-19/Korea/
KDCA2950/2021) were obtained through National Culture Collection
for Pathogens. Pseudoviruses for Gamma, Delta, Epsilon, Kappa,
L452R, T478K, and P681H, K417T, E484K, and N501Ywere produced.

2.2. Biolayer interferometry (BLI)

Binding affinity of CT-P59 to wild type and mutant RBDs were
evaluated by the Octet QKe system (ForteBio). Mutant RBDs (K417T/
E484K/N501Y, L452R/T478K, and L452R) were purchased from Sino
Biological [16,17].

2.3. Plaque reduction neutralization test (PRNT)

PRNT were carried out as previously described [17]. Briefly, pre-
incubated mixture of variant and CT-P59 was inoculated to VeroE6
cells. After incubation, the neutralizationwas determined as plaque
counting.

2.4. Microneutralization (ViroSpot) assay

ViroSpot assay was performed as previously described [16].
Briefly, the mixture of virus and CT-P59 was inoculated to VeroE6.
The infected cells were probed by treatment with anti-
nucleocapsid antibody and TrueBlue staining. Neutralization were
assessed by Immunospot analyzer.

2.5. Pseudovirus assay

Luciferase-based pseudovirus assay was performed using wild-
type and mutant spike-expressing lentiviruses. Mutations in spike
gene were introduced by gene cloning and its protein expression
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was confirmed by Western blot. Pseudoviruses were produced by
transfection with luciferase reporter plasmid along with Gag-Pol,
Rev, and Spike expression plasmids and then the copy number of
pseudoviruses was quantitated by qPCR. Pseudoviruses weremixed
with diluted antibodies ranging either from 100 to 0.005 ng/mL or
1000 to 0.05 ng/mL. The inocula infected ACE2-expressing
HEK293T cells. After 72 h, luciferase activities were measured and
IC50 values were calculated with Prism.

2.6. Animal experiments

8-week-old female human ACE2 transgenic mice, tg(K18-ACE2)
2Prlmn (The Jackson Laboratory), were housed in a certified A/BSL-
3 facility at International Vaccine Institute (IVI) and Korea Disease
Control and Prevention Agency (KDCA) for Gamma and Delta var-
iants studies, respectively. All procedures were approved by the
Institutional Animal Care and Use Committee at IVI (IACUC
Approval No. 2020-021) and KDCA (No. KDCA-IACUC-21-026) for
Gamma and Delta studies, respectively.

2.7. Mouse study

hACE2 transgenic (TG) mice were intranasally inoculated with
30 mL of Gamma or Delta variant (1� 104 PFU) under anesthesia for
Gamma (n ¼ 11/group) and Delta (n ¼ 8e9/group) variants studies,
respectively. CT-P59 was administered via a single intraperitoneal
IP injection at 8 h post-inoculation at 5, 20, 40, and 80 mg/kg. Lung
tissues and nasal washes were collected at scheduled necropsy at 3
dpi (days post-infection) and 6 dpi. The nasal washes were
collected by flushing with 50 mL of PBS twice through the nasal
cavity in the Gamma variant study only. The lungs were aseptically
removed andwashedwith Hank's balanced salt solution containing
1% penicillin/streptomycin (ThermoFisher Scientific), then ho-
mogenized and strained through a 70-mm cell strainer (Becton
Dickinson). Virus titration was determined by plaque assay in
VeroE6 cells. The body weight and mortality were monitored daily
until 6 dpi for Delta and until 10 dpi for Gamma variants, respec-
tively. Animals with 25% (Delta) or 30% (Gamma) loss of body
weight were euthanized according to each facility's standard and
excluded from statistics.

3. Results

3.1. In vitro potency of CT-P59 against Gamma, Delta and its
associated variants in cells

To investigate the therapeutic efficacy of CT-P59 against
Gamma, Delta and Epsilon variants, we first evaluated the binding
affinity of CT-P59 against mutant RBDs (K417T/E484K/N501Y,
L452R/T478K and L452R) by using Bio-Layer interferometry. The
equilibrium dissociation constant (KD) of CT-P59 against RBD of
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Gamma, Delta and Epsilon variants was reduced by 9e12-fold
compared to that against wild-type (Supplementary Table 1).
Next, we carried out two types of in vitro assays with live or
pseudotyped viruses to assess the susceptibility of Gamma, Delta
and its associated variants to CT-P59. The live virus micro-
neutralization and pseudovirus assays showed approx. 61~138-fold
reduced susceptibility against Gamma variants, compared to that
against wild type SARS-CoV-2 (Table 2 and Supplementary Fig. 2).
E484K (8.66-fold) and N501Y (5.49-fold) was less than 10-fold
susceptible to CT-P59, but CT-P59 showed lower IC50 value (0.7-
fold) against K417T. CT-P59 showed reduced susceptibility against
Delta, Epsilon and Kappa variants with IC50 of 1,237, 365.6e499.5
and 161.5 ng/mL compared to that against wild type (6.76 ng/mL) in
PRNT. Approx. 183-, 54e74-, 24-fold reduced susceptibility against
Delta, Epsilon and Kappa were observed compared to wild type
SARS-CoV-2, respectively (Table 2 and Supplementary Fig. 1A). In
addition, CT-P59 showed approx. 98-, 31-, 50-fold reduced
neutralizing activity against Delta, Epsilon and Kappa pseudotyped
virus compared to that of wild type, respectively (Table 2 and
Supplementary Fig. 1B). CT-P59 was less susceptible to L452R, but
retained its own neutralizing effect against T478K, and P681H
(Table 2 and Supplementary Fig. 1B). Thus, we found that CT-P59
can neutralize Gamma, Delta and Epsilon variants despite
reduced binding affinity and antiviral ability in in vitro experiments.
3.2. In vivo potency of CT-P59 against Gamma and Delta variants in
mice

To evaluate whether CT-P59 has an ability to lower viral burden
against Gamma and Delta variants in in vivo setting, hACE2 TGmice
were treatedwith clinically relevant dosages in consideration of the
40 mg/kg of clinical dose of CT-P59. The dose of 80 mg/kg is
considered as the equivalent exposure in clinical study (data not
shown), and lower doses of 5 and 20 mg/kg were selected to
investigate the lower exposure in the clinical situation.

Survival rate of the Gamma variant-infected placebo group
resulted in 0% at 8 dpi, having two mice euthanized which showed
more than 30% body weight loss at 7 dpi and one mouse died at 8
dpi. In contrast, there was no lethality in all CT-P59 treatment
groups (Fig. 1 A). CT-P59 treatment delayed body weight loss and
showed a statistically significant difference compared to the pla-
cebo group from 3 dpi to 6 dpi. Mean body weight of CT-P59
treatment groups began to revitalize from 7 dpi and fully recov-
ered at 10 dpi. In contrast, the placebo group showed an average
body weight loss of 27.3% at 6 dpi, and showed 28.4% reduction for
one mouse while two euthanized mice excluded from statistical
analysis at 7 dpi (Fig. 1 B). Delta variant-infected placebo group
Table 2
Neutralization effect of CT-P59 against variant live viruses and pseudoviruses.

Viruses

Live virus Gamma (P.1)
Delta (B.1.617.2)
Epsilon (B.1.427)
Epsilon (B.1.429)
Kappa (B.1.617.1)

Pseudovirus Gamma (P.1)
Delta (L452R/T478K/P681R)
Epsilon (S13I/W152C/L452R)
K417T
E484K
N501Y
L452R (Epsilon)
T478K
P681H
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showed the survival rate of 75% at 5 dpi and 0% at 6 dpi, respec-
tively. In contrast, there was no lethality in all CT-P59 treatment
groups (Fig. 2 A). CT-P59 treatment also prevented the weight loss
of the mice infected with Delta variant. 5 and 20 mg/kg of treat-
ment groups showed the delay in weight loss until 6 dpi, and 40
and 80 mg/kg of treatment showed statistically significant differ-
ence compared to the placebo group at 4 dpi and 5 dpi, respectively
(Fig. 2 B).

CT-P59 significantly inhibited the virus replication in the res-
piratory tract. In the Gamma variant study, the mean virus titer in
lung tissues reached 5.1 log10 PFU/mL at 3 dpi and declined to 2.4
log10 PFU/mL at 6 dpi in the placebo group. On the contrary, all CT-
P59-treated groups showed considerably reduced viral titers at 3
and 6 dpi. At 6 dpi, complete eradication of virus in all CT P59-
treated groups were shown (Fig. 1. C and D). From the nasal
washes, there were no statistical differences between placebo and
CT-P59 treated groups, where complete eradication of virus was
shown from all mice except for a single mice from placebo group at
both 3 and 6 dpi (Supplementary Fig. 3. A and B). CT-P59 also
significantly abrogated the virus replication from lungs in the study
with Delta variant. In the placebo group, themean virus titer in lung
tissues reached 4.1 log10 PFU/mL at 3 dpi and declined to 2.3
log10 PFU/mL at 6 dpi. In contrast, CT-P59 treatment showed sub-
stantial reduction in viral titers at 3 dpi and 6 dpi. At 3 dpi, infec-
tious viral titers were 3.1 and 3.3 log reduced in 5 and 40 mg/kg
groups, respectively, while complete eradication was observed in
20 and 80mg/kg groups. At 6 dpi, no viral titers were detected from
all CT P59-treated mice (Fig. 2C and D).
4. Discussion

Here, we tested and confirmed in vitro neutralizing ability of CT-
P59 against Gamma, Delta, and its associated variants in authentic
and pseudo viral cell-based assays which are generally used to
determine antiviral effects. However, in vitro cell-based evaluation
is limited to determine the in vivo antiviral efficacy of therapeutics
since IC50 indicates its antiviral ability and does not reflect the
effectiveness of treatment dosage and in vivo environments.

In accordance with the in vivo ferret study against Beta variant
[16], CT-P59 reduced viral loads and also ameliorated clinical
symptoms in Gamma or Delta variant-infectedmice. Recently, Chen
et al., showed that a monoclonal antibody with partial loss of
in vitro neutralizing activity comparably confers the in vivo pro-
tections from variant infections in mice [18]. This notion was sup-
ported by our results, suggesting that clinical dosage of CT-P59
could overcome a certain level of reduction in in vitro antiviral
activity, as long as it is not a complete loss in neutralizing activity.
IC50 (ng/mL) Fold change (reduction)

275.75 (WT: 2.0) 137.86
1237 (WT: 6.76) 182.99
499.5 (WT: 6.76) 73.89
365.6 (WT: 6.76) 54.08
161.5 (WT: 6.76) 23.89
13.45 (D614G: 0.219) 61.42
21.52 (D614G: 0.219) 98.26
6.819 (D614G: 0.219) 31.14
0.154 (D614G: 0.219) 0.70
3.273 (D614: 0.378) 8.66
1.202 (D614G: 0.219) 5.49
13.22 (D614: 0.378) 34.97
0.213 (D614G: 0.219) 0.97
0.378 (D614: 0.378) 1.00



Fig. 1. In vivo efficacy of CT-P59 against Gamma variant in mice. Vehicle and 5, 20, 40 and 80 mg/kg of CT-P59 were administered intraperitoneally 8 h after virus inoculation. Body
weights and survival rates were monitored daily (A, B). The weight per mouse on day 0 was used as a baseline, and weight change was determined relative to baseline. 30% or higher
of weight loss was considered to be dead. Four animals each were euthanized for virus titration at 3 dpi and 6 dpi, respectively. The virus titers from lung tissue was measured (C, D)
using plaque assay. Alphabets and asterisks indicates statistical significance between the virus only and each treatment group as determined by one-way ANOVA followed by a
Dunnett's post-hoc test. a denotes p < 0.0001 between control and CT-P59 treatment groups (pooled). b denotes p < 0.01 to p < 0.05 between control and CT-P59 treatment group at
80 mg/kg c denotes p < 0.0001 to p < 0.01 between control and CT-P59 treatment groups at 5, 20, 40 and 80 mg/kg d denotes p < 0.0001 to p < 0.001 between control and CT-P59
treatment groups at 5, 20, 40 and 80 mg/kg * indicates P < 0.05, and **** indicates P < 0.0001.
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In addition, the biodistribution of monoclonal antibody to target
sites i.e., respiratory tracts is important to translate the in vitro
antiviral activity to the in vivo efficacy in terms of pharmacokinetics
(PK) of patients, for COVID-19 [19]. Given that a lung to serum
concentration ratio is 15%, predicted lung concentration during the
treatment period could provide the rationale for the therapeutic
efficacy with administered dosages [20e22]. Moreover, CT-P59 is
predicted to achieve sufficient lung epithelial lining fluid concen-
trations above the IC90 values against Gamma, Delta and its asso-
ciated variants during the treatment period based on the clinical
PK. Hence, the biodistribution of CT-P59 supports that expected
sufficient concentration in lung could clinically compensate for the
reduced activity of CT-P59 against Gamma, Delta and its associated
variants in the patients. In addition, The therapeutic ability of
Regdanvimab (40mg/kg dosage and 6.76 ng/mL IC50) could come to
approx. 70-fold over that of Sotrovimab (500 mg dosage and
100 ng/mL IC50) [23]. Importantly, the findings that CT-P59
ameliorated clinical symptoms in Gamma and Delta-infected
mice which is reported to represent severe symptoms model [24],
supports the potency of CT-P59 in mild to moderate patients by
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preventing from progressing to severe COVID-19. The human
therapeutic effectiveness needs to be further investigated in pa-
tients infected with the Gamma and delta variants.
5. Conclusion

CT-P59 retained antiviral activity against Gamma, Delta, Epsilon,
and Kappa variants in cells, and showed in vivo substantial pro-
tection in Gamma and Delta variant-infected mice, suggesting that
the use of CT-P59 could be a curable option to COVID-19 patients
infected with these variants and other potential variants having
identical mutation sites.
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Fig. 2. In vivo efficacy of CT-P59 against Delta variant in mice. Negative control (NC) indicates naïve mice without virus infection. Vehicle and 5, 20, 40 and 80 mg/kg of CT-P59 were
administered intraperitoneally 8 h after virus inoculation. Body weights and survival rates were monitored daily (A, B). The weight per mouse on day 0 was used as a baseline, and
weight change was determined relative to baseline. 25% or higher of weight loss was considered to be dead. Five and four animals each were euthanized for virus titration at 3 dpi
and 6 dpi, respectively. The virus titers from lung tissue was measured (C, D) using plaque assay. Alphabets and asterisks indicates statistical significance between the virus only and
each treatment group as determined by one-way ANOVA followed by a Dunnett's post-hoc test. a denotes statistically significant difference (p < 0.05) between virus only and each
treatment group (5, 20, 40 and 80 mg/kg). b denotes statistically significant difference (p < 0.05) between virus only and 40 mg/kg c denotes statistically significant difference
(p < 0.05) between virus only and each treatment group (40 and 80 mg/kg). *** indicates P < 0.001, and **** indicates P < 0.0001 between virus only and each treatment group.
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