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Rabies is an ancient zoonosis that continues to be an important health problem worldwide. Vaccination
with rabies vaccine is the most important strategy to prevent rabies. Adjuvants contribute to the immune
response of viral vaccine. The aim of this study was to investigate whether artemisinin derivatives arte-
sunate and dihydroartemisinin could enhance the immunogenicity of inactivated rabies virus in mice.
Administration of artesunate or dihydroartemisinin by intramuscular injection at a dose of 5 mg/kg
did not cause body weight loss and unusual symptoms in mice. Mice were immunized with inactivated
CVS-11 or inactivated rHEP-dG together with either artesunate or dihydroartemisinin through intramus-
cular injection. Blood samples were collected to investigate the virus-neutralizing antibody (VNA) titers,
and challenge assays were then conducted. The results showed that the rabies VNA titers in mice
co-treated with artesunate rather than dihydroartemisinin were significantly higher than in the control
animals treated with the phosphate buffered saline (PBS). In addition, mice co-treated with artesunate
survived from lethal rabies virus challenge compared with those treated with PBS. In contrast, co-
treatment with dihydroartemisinin did not improve the survival rate of the challenged mice. The findings
indicate that artesunate could be used as a new candidate adjuvant for rabies vaccination.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Rabies is an ancient zoonosis and causes more than 59,000
human deaths each year. The domestic dog is the main source of
human rabies [1]. Although rabies is associated with a high mortal-
ity rate in both humans and dogs once clinical signs are apparent,
rabies vaccines can be effectively used to control the disease. How-
ever, most rabies cases occur in the developing countries/regions,
especially in Asia and Africa, and the high costs of these vaccines
limit their use in those places [2]. Currently, the World Health
Organization (WHO) recommends inactivated rabies vaccine based
on their safety. To develop more efficient and cheaper inactivated
rabies vaccines, it is imperative to improve immunogenicity of vac-
cines and better adjuvants.

Artemisinin was originally used as an antimalarial drug [3]. Sev-
eral artemisinin derivatives (termed artemisinins), such as dihy-
droartemisinin (DHA) and artesunate (ART), are currently used
for clinical treatment of malaria [4–6]. Previous studies have
demonstrated that artemisinin and its derivatives possess potent
anticancer effects [7–9]. Recently, more studies have focused on
the immune regulatory function of artemisinins. It has been shown
that artemisinin derivatives inhibit Th1 and Th17 cells in vitro and
enhance the expansion and functions of Treg cells [10,11]. In addi-
tion, artemisinin and its derivatives can enhance T lymphocyte-
mediated immune responses in vivo [12]. Furthermore, artemisinin
can activate NK cells [13], and shift the lymphocyte responses from
Th1 to Th2 [14]. Therefore, artemisinins may contribute to humoral
immunity response in vivo. However, so far, it remains unknown
whether any of artemisinin derivatives can enhance viral vaccine
immune response as vaccine adjuvants.

This study was set to determine whether ART and DHA can act
as adjuvants to enhance immunogenicity of inactivated rabies vac-
cine in mice. Our previous study has indicated that rabies virus
(RABV) encoding two G (rHEP-dG) induces stronger immune
response than that encoding one G [15]. In the present study,
CVS-11 strain and rHEP-dG strain were inactivated and were then
used to immunize mice in combination with ART or DHA. We
found that ART rather than DHA enhanced the virus-neutralizing
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antibody (VNA) level induced by inactivated rabies vaccine. In
addition, ART preferably protected vaccinated mice from lethal
RABV challenge. Therefore, ART has a great potential to be a viral
vaccine adjuvant.
Fig. 1. Effects of ART and DHA on mouse body weight. ART or DHA were
administered to KM mice (3–4 weeks of age; n = 6 per group) once by i.m. injection
at a dose of 5 mg/kg or PBS (control). Body weight was monitored daily for 15 days.
Changes of body weight are shown as the percentages compared to the body weight
at day 0 (100%). Data are presented as mean values ± standard error (SE), and
calculated by one-way ANOVA with the Holm-Sidak method. ns: none significant
differences.
2. Materials and methods

2.1. viruses, reagents and animals

Rabies strains rHEP-dG [15] and CVS-11 (a gift from Dr. Xianzhu
Xia, Academy of Military Medical Sciences, Beijing, China) were
propagated in neuroblastoma NA cells (obtained from the Wuhan
Institute of Biological Products, China). ART (TCI AmericaPortland,
OR, USA) was directly dissolved in Dulbecco’s modified Eagle’s
medium (DMEM), while DHA (TCI AmericaPortland) was firstly
dissolved in dimethyl sulfoxide (DMSO) and then diluted in DMEM
for use. 3–4 weeks of age or 6–7 weeks of age female Kunming
(KM) mice, which is an outbreeding strain from Swiss mice, were
purchased from the Center for Laboratory Animal Science of the
Southern Medical University (Guangzhou, China). Mice were
housed in the Laboratory Animal Center of the South China Agri-
cultural University. All animal experiments were approved by the
Ethics Committee for Animal Experiments of the South China Agri-
cultural University, and conducted in compliance with the Regula-
tions for the Administration of Affairs Concerning Experimental
Animals approved by the State Council of People’s Republic of
China.

2.2. Effect of ART and DHA in mice

To investigate whether ART or DHA was toxic in vivo, KM mice
(3–4 weeks of age) were treated with ART or DHA once by intra-
muscular (i.m.) injection at a dose of 5 mg/kg. Phosphate buffered
saline (PBS) treatment was used as a control. Each group contained
6 mice. The body weights and symptoms (piloerection, appetite,
tremble, weakness et al.) of mice were monitored every day for
15 days after treatment.

2.3. Immunization assay

RABV CVS-11 strain and rHEP-dG strain were inactivated by UV
and the effectiveness of inactivation was assessed in NA cells using
a direct fluorescent antibody assay with FITC-labeled anti-RABV N
antibodies (Fujirebio Diagnostics, Malvern, PA, USA) after inacti-
vated RABVs treatment. Then, the inactivated CVS-11, inactivated
rHEP-dG, or PBS was mixed thoroughly with DHA or ART. KM mice
(6–7 weeks of age) were immunized by i.m. injection of the mix-
ture of 1.0 � 105 FFU inactivated RABV and 5 mg/kg ART, DHA or
PBS. Specifically, groups are rHEP-dG + ART, rHEP-dG + DHA,
rHEP-dG + PBS, CVS-11 + ART, CVS-11 + DHA and CVS-11 + PBS.
Mice received PBS injection without RABV were mock infection.
Each group contained 6 mice. Peripheral blood was collected at 7
and 14 days post immunization (dpi) and the serum was used to
determine VNA levels by the fluorescent antibody virus neutraliza-
tion (FAVN) test as described previously [16].

2.4. Challenge assay

KM mice (10 mice each group) were immunized with the mix-
ture of inactivated rHEP-dG + ART, rHEP-dG + DHA, or rHEP-dG
+ PBS, respectively, through i.m. route. A group of 8 mice received
PBS injection without RABV (mock). At 14 dpi, mice were i.m. chal-
lenged with 3.16 � 105 FFU of CVS-11. Survival rates were recorded
daily for 3 weeks, whereby death during the first 4 days of observa-
tion was considered non-specific.
2.5. Statistical analysis

Data were presented as mean values ± standard error (SE), and
analyzed using GraphPad Prism 6 (GraphPad software, San Diego,
CA, USA). The statistical significance was determined using one-
way ANOVA, Student’s t test or Logrank Mantel-Cox test. P < 0.05
was considered to be significantly different.

3. Results

3.1. Treatment with ART or DHA does not cause loss of body weight in
mice

To investigate whether ART and DHA have side effects in vivo,
KM mice were treated i.m. with ART or DHA at a dose of 5 mg/kg
every day for 15 days. The body weights of the mice were moni-
tored every day. As shown in Fig. 1, ART or DHA treatment did
not result in loss of body weight in mice, compared to PBS treat-
ment. Furthermore, no side effects such as piloerection, decreased
appetite, tremble, weakness et al. were noticed in all mice treated
with DHA, ART or PBS. The results indicate that a dose of 5 mg/kg
treatment of ART or DHA was safe to mice.

3.2. ART enhances VNA induced by inactivated RABV

VNA induced by RABV plays an important role in rabies preven-
tion. Next, we investigated whether ART or DHA enhances the
induction of VNA after RABV vaccination. As shown in Fig. 2A, mice
immunized with inactivated CVS-11+ART showed a significantly
higher level of VNA in the peripheral blood at 14 pdi, compared
to those treated with CVS-11+PBS. Similarly, ART treatment also
significantly enhanced the induction of VNA in mice immunized
with inactivated rHEP-dG, compared with PBS treatment
(Fig. 2B). To our surprise, treatment with DHA failed to potentiate
the induction of VNA in mice immunized with inactivated CVS-11
or rHEP-dG (Fig. 2).

3.3. ART helps rabies vaccine to provide a better protection against
RABV challenge

To investigate whether ART or DHA treatment can really help
rabies vaccine to improve the protection against a virulent RABV
challenge, KM mice were treated i.m. with ART or DHA along with



Fig. 2. Immunogenicity induced by inactivated RABVs together with ART or DHA in vivo. KM mice (6–7 weeks of age, n = 6 per group) were immunized once i.m. with the
mixture of 1.0 � 105 FFU of inactivated CVS-11 + ART (5 mg/kg), CVS-11 + DHA (5 mg/kg), CVS-11 + PBS, rHEP-dG + ART (5 mg/kg), rHEP-dG + DHA (5 mg/kg), rHEP-dG + PBS,
or only PBS without RABV (mock). (A) Inactivated CVS-11 and (B) inactivated rHEP-dG. Peripheral blood was collected and the concentrations of serum VNA were determined
by FAVN assay, as described in Materials and Methods. Data are presented as mean values ± SE, and analyzed by Student’s t test. *P < 0.05.

Fig. 3. Survival rates of mice challenged with CVS-11. KM mice (6–7 weeks of age,
10 mice each group) were immunized i.m. with the mixture of 1.0 � 105 FFU of
inactivated rHEP-dG + ART (5 mg/kg), rHEP-dG + DHA (5 mg/kg), or rHEP-dG + PBS.
Control group of 8 mice received PBS injection without RABV. At 14 dpi, mice were i.
m. challenged with 3.16 � 105 FFU of CVS-11 and were observed for 21 days.
Survival rates were recorded daily. Data are analyzed by Logrank Mantel-Cox test.
*P < 0.05.
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inactivated rHEP-dG. As shown in Fig. 3, mice treated with rHEP-
dG+ART had a higher survival rate (P < 0.05) than those treated
with rHEP-dG+PBS. In line with its effect on the induction of VNA
(Fig. 2), rHEP-dG+DHA treatment did not alter the survival rate sig-
nificantly, compared with rHEP-dG+PBS treatment. No mice trea-
ted with PBS survived the challenge. The results indicate that
ART is able to enhance the protective effect of rabies vaccine,
improving the survival rate in response to a virulent RABV
challenge.

4. Discussion

Rabies vaccines play an important role in rabies elimination by
providing protective immunity. To enhance the immune response
of rabies vaccines, we were interested in identifying a safe and
effective vaccine adjuvant. Artemisinins have been used as anti-
malarial drugs in many countries. In this study, we found that
treatment with the artemisinin derivatives ART and DHA at
5 mg/kg showed no obvious side effects in mice. This is consistent
with the previous observations that ART and DHA show good
safety in vivo [17–20]. RABV CVS-11 strain and HEP-Flury strain
have been used to make inactivated rabies vaccines [21,22]. Previ-
ous studies have shown that recombinant RABVs carrying two G
genes induce stronger immune responses in vivo [15,23–25]. In this
study, CVS-11 strain and rHEP-dG strain, which carries two G
genes, were used to investigate whether ART and DHA can really
enhance the immune response to rabies vaccination in mice. We
observed that treatment with ART indeed enhanced the immune
response induced by either inactivated CVS-11 or rHEP-dG. Our
results suggest that the ART-enhanced immune response induced
by RABV was strain independent.

Both ART and DHA belong to artemisinin derivatives. In this
study, we found that ART enhanced the VNA level induced by
rabies vaccine, but DHA showed no effect on rabies vaccination.
Th2 cells play an important role in humoral immunity. A previous
study demonstrated that DHA treatment inhibits the production of
IL-4, which induces Th2 proliferation and shifts the immune
response towards Th1 [26]. However, ART enhances the secretion
of IFN-c in Th1 cells and IL-4 in Th2 cells [27]. Moreover, ART treat-
ment could increase the number of Treg cells [28]. Therefore, we
speculate that ART, but not DHA, could enhance the VNA level
induced by rabies vaccine possibly through inducing different
cytokines and subtype of Th cells. VNA induced by rabies vaccine
is critical in counteracting the lethal RABV challenge [29]. In agree-
ment with this, here we noticed that only ART was able to enhance
the protective effect of rabies vaccine, improving the survival rate
of mice challenged by a virulent RABV.

In summary, here we show that the artemisinin derivative ART
enhanced immune response of inactivated rabies vaccine when
used as an adjuvant. In addition to artemisinin, DHA and ART, there
are more artemisinin derivatives in the market, such as arteeter,
artemether, and artemisone. Further research is needed to deter-
mine whether any of other artemisinin derivatives is superior to
ART as a vaccine adjuvant. This study provides a reference for
the research of viral vaccine adjuvants.
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