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Rapidly developable therapeutic-grade equine
immunoglobulin against the SARS-CoV-2 infection in

rhesus macaques
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Dear Editor,

The unprecedented COVID-19 pandemic caused by SARS-CoV-2
remains ongoing, but there is a lack of fully effective treatments.
Convalescent plasma-derived hyperimmune globulins have been
a safe and effective treatment but restricted by the difficulties in
obtaining sufficient plasma with high antibody titers from a large
number of recovered patients. Heterologous antibodies, particu-
larly equine antibodies, have been widely used for decades as the
therapeutics against some viral infections or as antivenoms.’
Equine antibodies could be rapidly developed and manufactured
into therapeutic antibodies in large quantities under WHO
standardized guidelines. Here we explored the development of
equine antibody-derived F(ab’), as an option to treat COVID-19 by
targeting the receptor-binding domain (RBD) of the viral spike
protein that is essential for the viral entry into the host cells.> We
observed excellent neutralization titers of the F(ab’), in vitro and
high potency against SARS-CoV-2 infection in the nonhuman
primate rhesus macaques.

In this study, ten healthy horses (4-6-year old) were immunized
with recombinant RBD (rRBD) with satisfactory binding activity to
ACE2 (Supplementary Fig. S1a, b). Each horse was subcutaneously
immunized with rRBD (based on GenBank No. 43740568)
emulsified with Freund's adjuvants on days 0, 7, 14, 21, 28, and
42 (Fig. 1a). Serums were collected weekly (prior to injections on
days when animals receiving immunization). Anti-RBD antibody
started to elevate on day 14, rose to near the highest on day 21,
and slightly increased more on days 35 and 42 (Supplementary
Fig. S1c). In vitro anti-SARS-CoV-2 assay (KMS-1 isolate; genome
sequence at GenBank: MT226610) for serums collected on days 21,
35, and 42, the 50% plaque reduction neutralization titers (PRNT5)
reached 1/9000, 1/10,000 and 1/12,000, respectively (Fig. 1b).
Large serum volumes were collected on days 21, 35, and 49 (~2 L
serum/horse/day) for manufacturing F(ab’), fragment following
the production and quality standards described in the 2015
edition of Chinese Pharmacopoeia,® yielding a total of 1.5 L
(26 mg/mL) of therapeutic-grade F(ab’), that showed a PRNTs, at
1/32,000 (Fig. 1b and see Supplementary Table S1 for detailed
quality control parameters). The F(ab’), product was aliquoted
(2 mL/vial) and lyophilized for storage.

F(ab’), product was evaluated for efficacy and safety in 16
rhesus macaques infected with SARS-CoV-2 (KMS-1 isolate; dose at
5 % 10g1o[CCIDspl/animal) via a single nasal spray. Animals were
randomly assigned into a control group receiving vehicle (n = 4)
and four treatment groups (designated as T1 to T4 groups; n =3
each) intravenously receiving F(ab’), treatments: one dose of
65 mg on day 2 post-infection (dpi) (T1), two doses of 65 mg on 2
and 4 dpi (T2), one dose of 130 mg (T3) and two doses of 130 mg
(T4) (Fig. 1a). The combined dosages were equivalent to PRNTs,
doses at 8 x 10%, 1.6 x 10°, 1.6 x 10°, and 3.2 x 10°, respectively, in
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which PRNTS, at 8 x 10* was approximately twofold of the clinical
use of 200-500 mL of human-convalescent plasma with typical
PRNTs, values between 1/40 and 1/80.* Nasal/throat swabs were
collected daily for detecting viral loads by qRT-PCR using primers
targeting envelope (E) protein. Body weights and body tempera-
tures were measured daily. One animal each from control, T1 and
T3 on 5 dpi and one each from control, T2 and T4 groups on 7 dpi
were sacrificed. On 10 dpi, the remaining animals were sacrificed
(two in each group; also see Supplementary Table S2 for detailed
daily specimen numbers). Sacrificed animals were subjected to
collection of bronchoalveolar lavage fluids (BALFs) and internal
organs for detecting viral loads and/or histology.

Al monkeys were successfully infected with SARS-CoV-2.
Treatment with F(ab’), produced a dose-dependent antiviral
efficacy. The viral loads were detectable in nasal/throat swabs in
all animals on 1 dpi, which peaked at 3 dpi and then start to decline
over the time (Fig. 1¢, d). In comparison to the control, the decline
of nasal/throat viral loads was insignificant in T1 group receiving
the lowest dose of F(ab’),, but significant in T2 to T4 groups (P<0.01
to P<0.001). In tissues collected at 5, 7, and 10 dpi, the viral loads in
lungs and BALFs were the highest on 5 dpi but declined at 7 and 10
dpi in the control specimens (Fig. 1e). Note that lungs collected on
5 and 7 dpi were accidentally decomposed, from which virus was
detected only from the two control specimens (Supplementary
Table S2). On 10 dpi, virus continued to exit in lungs and BALFs in
the control and T1 groups, but became undetectable in all other
treatment groups (Fig. 1e). All animals showed no obvious mental
and dietary changes, and treatment with F(ab’), had no effect on
the animal's body weights and body temperatures (Fig. 1f, g),
supporting the safety of the F(ab’), product.

In histology of tissues collected on 10 dpi, control monkeys
developed pathological changes in brains (local hemorrhage),
livers (portal hepatocyte edema), spleen (hemorrhage and
enlarged corpuscular germinal center), and lungs (pulmonary
hemorrhage, widening of alveolar septa, and varying degrees of
lymphocyte infiltration around blood vessels and bronchial tubes)
(Supplementary Fig. S2), but no apparent changes in hearts,
kidneys, testicles/epididymis, and wombs/ovaries. No improve-
ments were observed on the histopathology in livers, spleens and
lungs in all treatment groups. Notably, however, the brain local
hemorrhage was fully resolved in T2, T3, and T4 groups (Fig. 1h
and Supplementary Fig. S2). In summary, F(ab’), treatments were
safe in monkeys, highly efficacious in reducing the viral loads (T2
to T4), and able to eliminate virus to undetectable levels on 8 dpi
in nasal/throat swabs (T4) or 10 dpi in lungs and BALF (T2 to T4)
when administrated at reasonably high doses.

Therapeutic-grade equine immunoglobins can be rapidly pro-
duced and historically considered as an emergency treatment
option in outbreaks (such as during the SARS-CoV-1 outbreak in

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-022-01095-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-022-01095-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-022-01095-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-022-01095-8&domain=pdf
www.nature.com/sigtrans

Letter

a
0 7 14 21 28 35 2 49 day Equine immunization (n=10) b
A A A A ® Serum collection n
3mg S5mg 7mg 10mg 10mg 10mg  F(ab), product A Immunization with rRBD g 2
52
0 1 2 3 4 5 6 7 8 9 10 dpi g o
e I | 1 L 1 I I I 1 I ol :
A Ctl. <— Vehicle control (n=4) M infecti = =
19 <— 65 mg of F(ab), x 1 dose (n=3) ot g3
e ) - g 2 treatment & sample £0
Viral inoculation A A T2 <— 65 mg of F(ab"), x 2 doses (n = 3) collection scheme DV
(5%log,,[CCIDs5;]) A T3 <— 130 mg of F(ab’); x 1 dose (n=3) g E
A A T4 <— 130 mg of F(ab); x2 doses (n=3) E] V=‘
S
° ° ° ° ° ° ° ° ° ® < Swabs e®°
@ < Tissues
Ct,T1,T3(n=Teach)  CH,T2,T4(n=1each) C,T1,72,73, T4 (n=2each) : : ’ Ty
D21 D35 D42 Fab),
c Nasal swabs d Throat swabs
CtlvsT1,T2 groups CtlvsT3,T4 groups CtlvsT1,T2 groups) Ctlvs T3, T4 groups
< e . — ook B s s e e = L e — = X
Ctlvs T3 (130 mgx 1): ## CtlvsT1(65mgx1): ns Ctlvs T3 (130 mgx1): =
T Ctlvs T4 (130 mgx2): ### 44+ —-—--—-——-—-——— CvsT2(65mgx2:#s 44+ ——— —=———— Ctlvs T4 (130 mgx2): #»+

Viral copies/0.1 mL (log,,)
o = N W H» O

A A65mgx2 A A A65mgx2 A A 130mgx2
123 456 7 8 91 1 23 456 7 8910 123 456 7 891 1 23 456 7 8910
Day post-inoculation (dpi Day post-inoculation (dpi) Day post-inoculation (dpi) Day post-inoculation (dpi)
e 5 dpi 7 dpi 10dpi/Lung 10 dpi/BALF f F(ab), treatment g 3950 ---—---"-"-"-"-——— - ———
~ 31 e 197 2 ) o-Ctl ©-T165mg ¥ T3(130mg)
> Lung L o X Vehicle 65mg 65mg 130mg 130mg < 39254 - —A-T2(65mgx2) —¢— T4(130 mgx2)
K} L = £ "o 2-control  x1 X2 x1 %2, @
= BALF ung K g, r 1T 1 1T 1T 1 3 39.004
z %] slfe, o+ £ ' §
< ~ = ~ . i
3 X295/23 %005 £ ol g 3875
&1 2 E €5k 2 1° 2 3850
3 s 8 R g 88 g 1 b
£ BiF Undetected Undetected = Dataon 0,2, 4(5), 7, 10 dpi 8§ 3825+---- ‘k-—-T -------------
I 1 l 1 Q - for each group Administration of F(ab),
0 = == erres gl BOFT 335287551
Ctl Ctl CGITIT2T3T4 CITIT2T3 T4 c e o) ey T4 Day post inoculation dof
h Vehicle control Group T2 (65mgx2) Group T4 (130 mg x2) ! Fold reduction in PRNTso
% PATE IS % s Rz Yy A x 1.7x 6.8x 2.6x 32x
- . %% S 10°
AN A 3
R , |°Z—=
Ve e A, g ¢ a
HEr ¢
8 i S 2
g A =
4 ‘...! e “‘=‘-|04_ | [ ]
e 0 nReery ) o =)
- . " = - — ==,
A E = T
P e ] = el T; - —| —
o s ehi Ty S z - - -
SR B T ] ¢ L) ) -
i .,‘- ¥y o Y =2
[t BAG 5 R e 10° T T T T T
LA . fiRE X 29 GD108  Alpha Beta Delta  Omicron
2 TR RS (2020isolate) B.1.1.7  B.1.351 B.1.617.2 B.1.1.529

Fig. 1 Anti-SARS-CoV-2 efficacy in rhesus macaques of equine F(ab’), product. a Experimental design for the immunization of horses (n = 10)
with the recombinant receptor-binding domain (rRBD) of the SARS-CoV-2 spike protein and for the treatment of SARS-CoV-2 infections in
rhesus macaques with therapeutic F(ab’), (also see Supplementary Fig. S1 for data on rRBD and Supplementary Table S1 for quality control
parameters for F(ab’), product). b In vitro 50% neutralization titers (PRNT5o) of equine antiserums collected on days 21, 35, and 42 after the
first immunization and the prepared F(ab’), product against the replication of SARS-CoV-2 (KMS-1 isolate). ¢, d Viral loads in nasal and throat
swabs collected from macaques collected daily from 1 to 10 days post-infection (dpi) as determined by qRT-PCR. Arrows mark the days when
F(ab’), preparations at specified doses were administrated. **P<0.01 and ***P<0.001 between control and specified treatment groups (n = 2-4;
see detail in Supplementary Table S2) based on two-way ANOVA; ns, no statistical significance. e Viral loads determined by gRT-PCR in lung
tissues and bronchoalveolar lavage fluids (BALF) collected from macaques sacrificed on 10 dpi. f Precent changes of body weights in
macaques in the control and treatment groups on 0, 2, 4 (or 5), 7, and 10 dpi. g Daily body temperatures in macaques in the control and
treatment groups. Arrows mark the days when F(ab’), preparations were administrated. h Representative micrographs of histological sections
of brain tissues from the control and treatment groups T2 and T4 showing the resolution of local hemorrhage in macaques receiving F(ab’),
treatments. Also see Supplementary Fig. S2 for a complete set of histological micrographs of tissues from brains, lungs, livers, and spleens.
Scale bars for all images, 100 pm. i In vitro neutralization titers of the F(ab’), preparation against the early isolate GD108 and selected variants
of concerns (i.e., Alpha, Beta, Delta, and Omicron) assigned with Pango lineages. All bars show standard errors of the means (SEMs)
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2003 in China), and approved in countries like China and United
States for producing therapeutic antibodies for human use. There
are at least seven FDA-approved equine-derived immune globulin
products. The excellent anti-SARS-CoV-2 efficacy demonstrated in a
nonhuman primate model here provides strong proof-of-concept
data for use of F(ab’), as an option to treat SARS-CoV-2 infections. In
a more recently reported phase 2/3 clinical trial, equine F(ab’),
improved clinical symptoms of hospitalized patients with SARS-
CoV-2 pneumonia, particularly those with severe disease.> Because
of the high original neutralizing titers, this F(ab’), product showed
lower, but still satisfactory and higher-than-human-convalescent-
plasma neutralizing titers on selected SARS-CoV-2 variants (i.e,
Alpha, Delta, and Beta variants of concerns) (Fig. 1i). While its
neutralizing efficacy on Omicron was unsatisfactory due to the large
number of mutations at RBD, new equine F(ab’), could be quickly
produced in response to the emergence of new variants. Another
advantage for F(ab’), is the lack of Fc region, thus avoiding
potential Fc-mediated antibody-dependent enhancement (ADE).

In summary, we showed the feasibility to rapidly produce a large
quantity of therapeutic equine F(ab’), with outstanding anti-SARS-
CoV-2 efficacy on an early isolate and satisfactory efficacies on
selected variants. We also demonstrated the safety and excellent
efficacy of the equine F(ab’), product against SARS-CoV-2 infection
in rhesus macaques, which paves the way for its clinical
investigation and/or experimental treatment option.

DATA AVAILABILITY
The data that support the findings of this study are available from the lead
corresponding author upon reasonable request.

ACKNOWLEDGEMENTS

This study was supported in part by the National Key Research and Development
Program of China (2021YFC2600200). We thank Dr. Weijin Chen at the Changchun
Institute of Biological Products Co. for assisting horse immunization; Dr. Yansong Sun
at the Academy of the Military Medical Sciences for assisting the in vitro neutralization
assay; Dr. Bin Tang at the College of Veterinary Medicine, Jilin University for technical
assistance; and Dr. Guan Zhu at the College of Veterinary Medicine, Jilin University for
preparing the manuscript.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41392-022-01095-8.

Competing interests: The authors declare no competing interests.
Xiaolei Liu', Yi Liu', Xuemin Jin', Zhanlong He?, Zhen Huang;,
Shumin Sun*, Yuwei Gao®, Jingyu Li%, Qin Ning’, Zhongping Xie*™,
Ningyi Jin®™ and Mingyuan Liu'®

Signal Transduction and Targeted Therapy (2022)7:219

Letter

'State Key Laboratory for Zoonotic Diseases, Key Laboratory for
Zoonosis Research of the Ministry of Education, Institute of Zoonosis,
and College of Veterinary Medicine, Jilin University, 130062
Changchun, China; Institute of Medical Biology, Chinese Academy of
Medicine Sciences & Peking Union Medical College, Yunnan Key
Laboratory of Vaccine Research and Development on Severe
Infectious Diseases, 650118 Kunming, China; *Walvax Biotechnology
Co., Ltd, 650106 Kunming, China; *College of Animal Science and
Technology, Inner Mongolia University for Nationalities, 028000
Tongliao, China; *Changchun Veterinary Research Institute, Chinese
Academy of Agricultural Sciences, Changchun, China; ®Yuxi JOZO
Biotechnology co., LTD, 653199 Yuxi, China and ’"National Medical
Center for Major Public Health Events, State Key Laboratory for
Zoonotic Diseases, Department and Institute of Infectious Disease,
Tongji Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China

These authors contributed equally: Xiaolei Liu, Yi Liu, Xuemin Jin,
Zhanlong He, Zhen Huang

Correspondence: Zhongping Xie (xzp218@hotmail.com) or

Ningyi Jin (ningyik@126.com) or Mingyuan Liu (liumy36@163.com)

REFERENCES

1. Wilde, H., Thipkong, P., Sitprija, V. & Chaiyabutr, N. Heterologous antisera and
antivenins are essential biologicals: perspectives on a worldwide crisis. Ann. Intern.
Med. 125, 233-236 (1996).

2. Pan, X. et al. Immunoglobulin fragment F(ab'), against RBD potently neutralizes
SARS-CoV-2 in vitro. Antivir. Res. 182, 104868 (2020).

3. Chinese Pharmacopoeia Commission (eds). Pharmacopoeia of the People’s Republic
of China 2015 edn, Il (China Medical Science Press, 2015).

4. Li, L. et al. Effect of convalescent plasma therapy on time to clinical improvement
in patients with severe and life-threatening COVID-19: a randomized clinical trial. J.
Am. Med. Assoc. 324, 460-470 (2020).

5. Lopardo, G. et al. RBD-specific polyclonal F(ab'), fragments of equine antibodies in
patients with moderate to severe COVID-19 disease: a randomized, multicenter,
double-blind, placebo-controlled, adaptive phase 2/3 clinical trial. EClinicalMedicine
34, 100843 (2021).

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

SPRINGER NATURE


https://doi.org/10.1038/s41392-022-01095-8
mailto:xzp218@hotmail.com
mailto:ningyik@126.com
mailto:liumy36@163.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Rapidly developable therapeutic-grade equine immunoglobulin against the SARS-CoV-2 infection in rhesus�macaques
	Supplementary information
	Acknowledgements
	ADDITIONAL INFORMATION
	References




