China CDC Weekly

Preplanned Studies

Efficacy Evaluation of Virus Clearance of SYN023 in
A Murine Rabies Model — China, 2025

Yixiang Ma"%; Zixin Fang*®; Xiaoyan Tao% Shuging Liu% Qian Liu* Minghui Zhang?;
Pengcheng Yu?*; SiLiu'*; Wuyang Zhu?

Summary

What is already known about this topic?
Rabies is a fatal, but preventable, viral disease. Post-
exposure prophylaxis (PEP), which includes the
administration of passive immune preparations, is
critical after exposure to the rabies virus, particularly in
high-risk cases. The delayed or missed application of
passive immunizing agents may increase the risk of
infection.

What is added by this report?

SYNO023, a novel anti-rabies monoclonal antibody
cocktail, can effectively reverse the course of rabies
infection, even at a late stage of the disease. In a mouse
model infected with the rabies virus strain SCI16,
multiple high-dose injections of SYN023 administered
5 days post-inoculation rescued 69% of the animals.
What are the implications for public health
practice?

These findings suggest that SYNO023 could serve as a
promising therapeutic agent for rabies PEP, particularly
in cases in which treatment initiation is delayed. This
study provides a scientific basis for future clinical trials
aimed at improving rabies treatment protocols.

ABSTRACT

Introduction: Rabies is a lethal yet preventable viral
disease caused by lyssaviruses. It is recommended that
post-exposure prophylaxis (PEP) be administered as
early as possible after viral exposure. The application
of passive rabies immune preparations is an important
measure of rabies PEP, especially for high-risk exposures.
However, owing to various factors, patients exposed to
the rabies virus may not receive passive immune agents
in a timely manner, thereby increasing the risk of
infection.

Methods: We evaluated the clearance efficacy of
SYNO023, an anti-rabies cocktail monoclonal antibody
(mAb), in mice infected with the rabies virus strain

SC16.
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Results: Our results demonstrated that SYN023
rescued 69% of the infected mice at a late stage (5
days post-inoculation).

Conclusion: Multiple daily injections of high-dose
SYNO023 reversed rabies infection during the late
exposure stage. These findings provide a critical scientific
groundwork to guide the design and implementation
of future clinical trials for rabies therapy.

Rabies is a zoonotic infectious disease characterized
by acute progressive encephalomyelitis caused by
lyssaviruses, including the rabies virus (RABV). Despite
its nearly 100% fatality rate, timely and comprehensive
post-exposure prophylaxis (PEP) remains an effective
preventive measure. Following rabies exposure, in
addition to thorough wound cleaning and vaccination,
passive immunization preparations are administered as
required. The WHO Expert Advisory Panel on Rabies
recommends that for individuals exposed to Category
III RABV, vaccination should be accompanied by
meticulous wound cleaning and administration of
passive immune agents, such as human rabies
(HRIG),
immunoglobulin  (ERIG), or
antibody (mAb) to prevent viral entry into the nervous
tissue and provide immediate protection (7).

immunoglobulin equine rabies

rabies monoclonal

Owing to advantages such as standardized production
and higher neutralizing titers compared to polyclonal
immunoglobulin  preparations, mAbs represent a
promising alternative to HRIG and ERIG (2). Notably,
mADbs can easily reach a much higher neutralization titer
against RABV than HRIG, allowing them to neutralize
the RABV that has already been systematically exposed
(3). In 2020, in a groundbreaking study, mice were
challenged with the RABV and administered a
combination of rabies mAbs (RVC20 and RVC58) via
peripheral intramuscular injections at various time
points continuous

along  with  long-term
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intracerebroventricular infusions using an iPRECIO
microinfusion pump (4); this approach effectively cured
rabid animals, even in advanced stages of infection.

SYNO023, a cocktail of two mAbs (CTBO11 and
CTBO012) against RABV, has been approved in China
for PEP of rabies. In this study, we evaluated the
clearance efficacy of SYN023 in a murine model
challenged with China I strain SC16. Mice were
administered SYN023 on day 5 post-inoculation, a late-
stage PEP time point at which mice may begin to
develop initial symptoms after SC16 injection. Notably,
69% of the treated mice recovered from rabies symptoms
and survived until the end of the study with no viral
presence in the brain, indicating successful reversal with
SYNO023.

The RABV strain used in this study, SC16 (GenBank:
CSC1016D), was isolated from a dog brain in Sichuan,
China, in 2010. SC16 is a representative strain of the
China I group, which is the most prevalent and
abundant RABV group in China (5). SYN023 (batch
number: SYN023DP120210901) is a 1:1 mixture of
two anti-RABV mAbs, CTB011 and CTBO012,
produced by Synermore Biologics.

The median lethal dose (LD5() of the SC16 RABV
was determined by intramuscular injection in BALB/c
mice. The virus, diluted 10-fold from 107! to 107, was
injected into the left hind leg muscle of each mouse
(10 mice/group). The number of dead mice in each
group was recorded daily for 21 days. The LDs, was
calculated using the Reed—-Muench method (6).

Specific pathogen-free 6-week-old female BALB/c
mice were purchased from Vital River Laboratory
Animal Technology Co., Ltd. (Beijing), and housed in
individual ventilated cages.

For the in vivo murine rabies model, 23 BALB/c mice
were intramuscularly injected with 5xLDsq (0.1 mL)
of the SC16 virus and randomly divided into a virus
control group (#=10) and an SYNO023 group (#=13),
using a random number generator (https://www.
graphpad.com/quickcalcs/randomizel/). Mice in the
SYNO023 group received daily injections of SYN023
(20 mg/kg) at the virus inoculation site from 5 to 30
days post-infection (dpi). The body weights and
symptoms of the test animals were monitored and
recorded daily. Animal care staff and administrators
were blinded to the allocation groups to ensure that all
animals in the experiment were handled, monitored,
and treated similarly. Progressive clinical symptoms
include ruffled fur, slow movement, hind limb ataxia,
apathy, monoplegia, hind limb paralysis, conjunctivitis,
and urine staining (4). Brain tissues from the mice that
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died or were sacrificed at the end of the study were
collected for direct fluorescent antibody test (DFA).
Blood from surviving mice was collected at termination
to measure RABV-neutralizing antibody (RVNA) levels
using the rapid fluorescence focus inhibition test
(RFFIT).

The RFFIT used a standard challenge virus (CVS-
11) and BSR cells. Notably, 50 pL of rabies
immunoglobulin and serum (1:3 dilution) were co-
incubated with 50 pL of CVS-11 at 37°C in a 5%
CO, incubator for 1 hour. Subsequently, 50 pL of
BSR cell suspension (1x10° cells/m) was added and
incubated for 24 hours at 37°C. Cells were fixed, stained
with a fluorescent RABV antibody, and observed under
a fluorescence microscope. RVNA titers were calculated
using the Reed—Muench method (6) and expressed in
IU/mL.

To evaluate the therapeutic effect of SYN023 on
rabies, the SC16 challenge animal model was first
established. Fifty mice were evenly divided into five
groups, each comprising 10 mice. These mice were
intramuscularly inoculated with serially diluted brain
homogenates containing the SC16 strain. All the mice
in each group received an injection volume of 0.1 mL.
All mice (10/10) in the group inoculated with the
highest viral concentration ( 107! dilution) died; all mice
(10/10) inoculated with the 1072 dilution also died. At
107 dilution, the mortality rate decreased to 50%
(5/10). Remaining groups of mice, inoculated with
lower viral concentrations (10'4 and 107 dilutions)
showed complete survival (0/10 deaths). The DFA test
results were positive in the brain tissue of all deceased
mice and negative in all surviving mice. The LDg( of
SC16 was calculated as 107/0.1 mL using the
Reed—Muench method.

The SCI16 challenge mouse model was used to
evaluate the effects of SYN023. Mice infected with the
SC16 strain of the RABV were administered either
SYNO023 (20 mg/kg) or a vehicle control from 5 to
30 dpi. Mice in the control group developed obvious
clinical symptoms of rabies from 5 to 7 dpi, and 100%
(10/10) of these mice died within 3—6 days of symptom
onset. Mice in the SYN023 group demonstrated a
markedly improved survival rate of 69% (9/13) by day
30 (P<0.001, log-rank test). The remaining four mice in
the SYNO023 group died within 7-9 days after symptom
onset, which was much longer than that in the control
group (Figure 1A and B).

Both the groups progressively developed rabies
symptoms. Notably, the nine surviving mice in the
SYNO023 group initially

experienced  worsening

Chinese Center for Disease Control and Prevention



China CDC Weekly

No apparent changes

Ruffled fur

Show movement, hind limb ataxia
Apathy

Monoplegia

Hind limb paralysis, tremors

QmmOOw>

Paralysis, conjunctivitis, urine stain
Death

Experimental animal code

4 6 8 10 12 14 16 18 20 30
Days post-injection

a

40 -
30
20 1
10 1
0
~10 1
20 -
30 -
—40) -
=50

Variation in body weight (%)

D0 D3 D6 D9 DI2DI15DI18 D21 D24 D27 D30
Time (d)

Survival proportions: Survival of SYN023
100 —o— SCI16
—- SYNO023
s 80+
B
£ 60 A
=
2
z 40
=)
wn
20 A
0 T T T T T ]
0 5 10 15 20 25 30
Time (d)
-+ Vi1
S - V2
%o -+ V3
g -+ V4
o V5
2 - V6
k= - V7
E -+ V8
B V9
S V10

DO D3 D6 D9 D12
Time (d)

FIGURE 1. Therapeutic effect of SYN023 in the SC16 challenge model. (A) Changes in symptoms in the mice in both
groups. (B) Survival curves of mice treated with vehicle control or SYN023. (C) Changes in body weight of mice treated with
SYNO023. (D) Changes in body weight of mice treated with vehicle control.

Note: Survival analysis revealed that SYN023 improved outcomes (69% vs. 0% survival); surviving mice exhibited transient

weight loss during the symptomatic phase followed by recovery.

symptoms even after SYN023 administration, ultimately
reversing to no apparent symptoms.

All dead mice exhibited significant weight loss before
death. Notably, the nine surviving mice in the SYN023
group also lost weight during the symptomatic period,
but eventually regained baseline weight after recovery
(Figure 1C and 1D).

All mice brain tissues were dissected, and tested using
DFA test. Fluorescein isothiocyanate-labeled mAbs
against RABV nucleoprotein used for DFA were
purchased from Fujirebio, catalog 311520. In the
control group, 10 dead mice tested positive for DFA
(Figure 2A). In the SYNO023 group, four dead mice
tested positive for DFA, whereas the nine surviving
mice tested negative on day 30 (Figure 2B).

To further evaluate the effects of SYN023, blood
samples were collected from the nine surviving mice in
the SYNO23 group on day 30 for RVNA detection
using RFFIT. As presented in Table 1, the median
RVNA titer in the nine surviving mice was 4995.12
IU/mL (range: 2698.89-12535.31 IU/mL), indicating
that the sera of the animals maintained high levels of
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anti-RABV-neutralizing  activity ~ following  the
administration of a high dose of SYN023.

DISCUSSION

In 2004, Willoughby from the United States
introduced the Milwaukee Protocol, a novel treatment
regimen that was considered a potential breakthrough
in managing symptomatic rabies cases (7—9). This
innovative therapy primarily involves the induction of
a medically induced coma and the administration of
ketamine and amantadine. However, its efficacy remains
inconclusive, and it may cause significant adverse effects;
thus, the search for an effective treatment for rabies
continues. The combination of RVC20 and RVC58
mADbs has been shown to effectively treat rabies-infected
mice via peripheral

intramuscular  injections in

conjunction with long-term continuous
intracerebroventricular infusions (4). Neutralization of
RABV in the brain and the Fc-mediated immune

functions of RVC20 and RVC58 are potential
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FIGURE 2. DFA results from mouse brain tissues. (A) DFA staining of brain imprints from dead mice; (B) DFA staining of

brain imprints from surviving mice.

Note: The rabies virus, labeled with an FITC-conjugated monoclonal antibody against its nucleoprotein, exhibits green

fluorescence.

Abbreviation: FITC = fluorescein isothiocyanate; DFA= direct fluorescent antibody test.

TABLE 1. Serum RVNA level of the surviving mice in
SYNO023 group.

Animal ID RVNA (IlU/mL)
T 2,698.89
T3 4,995.12
T4 4,255.64
T5 4,145.78
T6 5,979.24
T8 4,454.98
T9 5,625.22
T10 12,535.31
T13 7,351.75

Abbreviation: RVNA= rabies virus neutralizing antibody.

mechanisms of action. In this study, the rescue rate
decreased from 100% in the group treated at 6 dpi to
33% in the group treated at 8 dpi, indicating that
early administration of mAbs plays a critical role in the
reversal process from the onset of rabies symptoms.
However, intracerebroventricular administration has a
high technical threshold that may limit its clinical
application.

SYNO023 comprises two mAbs that target two distinct
and non-overlapping epitopes, thereby ensuring a broad
neutralization spectrum (/0). Owing to its high
neutralizing titer against RABV, we evaluated its
therapeutic effect in a murine model challenged with
the RABV strain SC16. SYN023 was administered daily
at a dose of 20 mg/kg via intramuscular injection from
5 to 30 dpi with SC16. In the viral control group, all
mice succumbed to the disease 3—6 days after symptom
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onset, whereas in the SYN023 treatment group, four
mice (31%) died within 7-9 days following symptom
manifestation. Notably, mAb therapy extended the
survival intervals in these mice. Additionally, nine mice
(69%) in the SYNO23-treated group recovered to
normal health 15-20 days after symptom onset, with
concurrent weight gain as the rabies symptoms subsided.
The DFA test confirmed RABV clearance from the
brains of surviving mice treated with SYNO023. This
study demonstrated that even when the optimal PEP
window was missed, SYN023 could effectively eliminate
the RABV that had entered the central nervous system
through  high systemic concentrations, thereby
producing a significant reversal effect in symptomatic
animals. Given the similar survival rate following
SYNO023 administration via intramuscular injection with
that of RVC20 and RVC58 mAbs administration via
intramuscular injection and intracerebroventricular
infusion, SYN023 could prove a more feasible clinical
application. SYN023 has been successfully approved for
rabies PEP in China, whereas the clinical development
of the RVC20 and RVC58 mAbs was terminated in a
phase 2 study. Our findings have important implications
for guiding future clinical research, such as combination
therapy as an add-on to the Milwaukee Protocol.

This study has several limitations. The cerebrospinal
fluid of the nine surviving mice in the SYN023 group
was not collected for RVNA detection; thus, the
penetration capability of high-dose mAbs across the
blood-brain barrier could not be evaluated. The
establishment of a dose-response relationship and dosage
optimization of SYNO023 in a murine rabies model
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requires further exploration of different dose regimens,
administration routes, and durations. Furthermore, in
future clinical trials, early administration of SYN023
may depend on the development of more sensitive
diagnostic methods for rabies. However, the repeated
administration of high-dose mAbs has shown promising
efficacy in our murine rabies model. Further basic
research will be conducted to explore the mechanism by
which mAbs penetrate the blood-brain barrier to treat
rabies. In the future, clinical trials should be designed
and conducted in patients with rabies using marketed
mAbs based on sufficient preclinical studies.

Conflicts of interest: No conflicts of interest.

Ethical Statement: Animals were handled in
accordance with the Guidelines for the Management and
Use of Laboratory Animal Feeding, and the study
protocol was reviewed by the Animal Experimental
Ethics Committee of the National Institute for Virus
Control and Prevention of the Chinese Center for
Disease Control and Prevention (license number:
sbbdbs20250422055).

Funding: Supported by Beijing Natural Science
Foundation (L.252070), National High Level Hospital
Clinical Research Funding (Scientific Research Seed
Fund of Peking University First Hospital 2024SF102),
and Interdepartmental Research Project of Peking
University First Hospital 2024IR10.

doi: 10.46234/ccdcw2025.209

* Corresponding authors: Pengcheng Yu, yupc@ivdc.chinacde.cn; Si
Liu, docleo@pku.edu.cn.

' Emergency Department of Peking University First Hospital, Beijing,
China; * National Health Commission Key Laboratory of Biosafety,
National Institute for Viral Disease Control and Prevention, Chinese
Center for Disease Control and Prevention, Beijing, China.

& Joint first authors.

Copyright © 2025 by Chinese Center for Disease Control and
Prevention. All content is distributed under a Creative Commons

Chinese Center for Disease Control and Prevention

Attribution Non Commercial License 4.0 (CC BY-NC).

Submitted: July 21, 2025
Accepted: September 19, 2025
Issued: September 26, 2025

REFERENCES

1. World Health Organization. WHO expert consultation on rabies. 3rd
ed. Geneva: World Health Organization; 2018. WHO Technical
Report Series, No. 1012. https://iris.who.int/bitstream/handle/10665/
272364/9789241210218-eng.pdftua=1.

2. LiuXQ, LiJY, Zha Y, Wang ZX, Jiang Y, Zhang XY, et al. The efficacy
and safety of SYN023 (Zamerovimab and Mazorelvimab injection), the
recombinant humanized anti-rabies virus monoclonal antibody mixture,
combined with rabies vaccine in a WHO category III rabies post-
exposure population: a randomized, double-blind, positive control,
phase III clinical trial. Vaccine 2025;61:127289. https://doi.org/10.
1016/j.vaccine.2025.127289.

3. Ding YH, Wu M, Zhang H, Zhu XX, Hu Y, Li XJ, etal. Safety,
pharmacokinetics and pharmacodynamics of SYNO023 alone or in
combination with a rabies vaccine: an open, parallel, single dose, phase
1 bridging study in healthy Chinese subjects. Antiviral Res 2020;184:
104956. https://doi.org/10.1016/j.antiviral.2020.104956.

4. de Melo GD, Sonthonnax F, Lepousez G, Jouvion G, Minola A, Zatta
F, etal. A combination of two human monoclonal antibodies cures
symptomatic rabies. EMBO Mol Med 2020;12(11):e12628. https://
doi.org/10.15252/emmm.202012628.

5. Tao XY, Tang Q, Rayner S, Guo ZY, Li H, Lang SL, et al. Molecular
phylodynamic analysis indicates lineage displacement occurred in
Chinese rabies epidemics between 1949 to 2010. PLoS Negl Trop Dis
2013;7(7):€2294. https://doi.org/10.1371/journal.pntd.0002294.

6. Reed LJ, Muench H. A simple method of estimating fifty per cent
endpoints. Am ] Epidemiol 1983;27(3):493 - 7. https://doi.org/10.
1093/oxfordjournals.aje.a118408.

7. Zeiler FA, Jackson AC. Critical appraisal of the Milwaukee protocol for
rabies: this failed approach should be abandoned. Can ] Neurol Sci
2016;43(1):44 - 51. heeps://doi.org/10.1017/¢jn.2015.331.

8. Baker HJ, Martin DR, Gross AL, Chamorro MF, Naskou MC,
Johnson AK, etal. Rabies: who should care? ] Am Vet Med Assoc
2022;261(4):592-6. http://dx.doi.org/10.2460/javma.22.09.0420.

9. Du Pont V, Plemper RK, Schnell MJ. Status of antiviral therapeutics
against rabies virus and related emerging lyssaviruses. Curr Opin Virol
2019;35:1 - 13. https://doi.org/10.1016/j.coviro.2018.12.009.

10. Chao TY, Ren SQ, Shen EY, Moore S, Zhang SF, Chen L, etal.
SYNO023, a novel humanized monoclonal antibody cocktail, for post-
exposure prophylaxis of rabies. PLoS Negl Trop Dis 2017;11(12):
€0006133. https://doi.org/10.1371/journal.pntd.0006133.

CCDC Weekly / Vol. 7 / No. 39 1245


mailto:yupc@ivdc.chinacdc.cn
mailto:docleo@pku.edu.cn
mailto:yupc@ivdc.chinacdc.cn
mailto:docleo@pku.edu.cn
mailto:yupc@ivdc.chinacdc.cn
mailto:docleo@pku.edu.cn
https://doi.org/10.46234/ccdcw2025.209
mailto:yupc@ivdc.chinacdc.cn
mailto:docleo@pku.edu.cn

	ABSTRACT
	 
	DISCUSSION
	Conflicts of interest
	Ethical Statement
	参考文献

