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Severe acute respiratory syndrome (SARS) 
emerged as a new human infection in South 
China in 2002, and ultimately caused over 8000 
infections and almost 800 deaths as it spread to 
five continents along airline routes [1,2]. To date, 
most SARS patients have been adults with very 
few cases in children less than 15 years of age 
[2]. While the overall mortality rate from SARS 
during the 2002–2003 pandemic was approxi-
mately 10%, the mortality among the elderly 
exceeded 50% [1,2]. Subsequent outbreaks were 
reported later in 2003 with the latest outbreak 
in 2004 in China occurring as a result of acci-
dental exposure to a laboratory virus isolate [1]. 
Early on, a new coronavirus, SARS coronavirus 
(SARS-CoV), was identified as the etiologic 
agent responsible for human SARS; the virus 
was also determined to be of zoonotic origin 
with bats, Chinese palm civets and other mam-
mals serving as natural reservoir hosts [2]. SARS-
CoV is an enveloped virus with a positive and 
ssRNA genome encoding a replicase and several 

structural proteins including an important spike 
(S) protein, which binds to host receptors and 
can elicit neutralizing antibodies linked to pro-
tective immunity [1]. SARS outbreaks remain as 
a serious global concern because of the continued 
threat of zoonotic transmission to humans or 
the accidental or intentional release of labora-
tory isolates [1]. The SARS-CoV is classified by 
the National Institute of Allergy and Infectious 
Diseases of the US NIH (NIH-NIAID) as a cat-
egory C pathogen, which also includes yellow 
fever virus, influenza virus and other emerging 
pathogens that could be bioengineered for mass 
dissemination based on their availability, ease of 
production and dissemination, and potential for 
high morbidity and mortality [101].

The prospect of renewed transmission of 
SARS-CoV to human populations suggests an 
urgent need to prepare vaccines for this emerging 
agent [2]. Vaccines to protect high-risk groups, 
including the elderly, healthcare workers and 
laboratory personnel are particularly critical [2]. 
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A subunit vaccine, RBD-S, is under development to prevent severe acute respiratory syndrome 
(SARS) caused by SARS coronavirus (SARS-CoV), which is classified by the US NIH as a category C 
pathogen. This vaccine is comprised of a recombinant receptor-binding domain (RBD) of the SARS-
CoV spike (S) protein and formulated on alum, together with a synthetic glucopyranosyl lipid A. 
The vaccine would induce neutralizing antibodies without causing Th2-type immunopathology. 
Vaccine development is being led by the nonprofit product development partnership; Sabin 
Vaccine Institute and Texas Children’s Hospital Center for Vaccine Development in collaboration 
with two academic partners (the New York Blood Center and University of Texas Medical 
Branch); an industrial partner (Immune Design Corporation); and Walter Reed Army Institute of 
Research. A roadmap for the product development of the RBD-S SARS vaccine is outlined with 
a goal to manufacture the vaccine for clinical testing within the next 5 years.
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Several recent reviews have been published on the development 
of SARS vaccines, including those targeting the SARS-CoV S 
protein [1–3]. Here, the authors provide a rationale for develop-
ing a vaccine based on eliciting neutralizing antibodies to the 
receptor-binding domain (RBD) of the S protein (RBD-S) [4] 
and building on this concept the authors provide a roadmap for 
the development and manufacture of a prototype RBD-S SARS 
vaccine. Our roadmap includes using the peer-reviewed literature 
to invite the scientific community to follow the progress of the 
development of a new vaccine through the activities of a nonprofit 
product development partnership (PDP).

Proposed product
The proposed RBD-S SARS vaccine is a recombinant protein-based 
vaccine formulated with alum (either Alhydrogel® or aluminum 
phosphate), together with a suitable synthetic Toll-like receptor 4 
(TLR4) agonist known as glucopyranosyl lipid A (GLA).

Antigen
The recombinant protein is comprised of a 193 amino acid 
(21  kDa) polypeptide corresponding to the minimal RBD 
(amino acid residues: 318–510) of the SARS-CoV S protein [4]. 
The full-length SARS-CoV S protein belongs to the class I of 
viral fusion proteins, which also includes the glycoprotein gp160 
of HIV and hemagglutinin of influenza virus [5,6]. The S pro-
tein fragment spanning the 193-mer polypeptide is the mini-
mal RBD responsible for virus binding to the host-cell receptor, 
angiotensin-converting enzyme 2 [4,7].

RBD-S, which contains multiple conformation-dependent 
epitopes, induces strong neutralizing antibody responses, CD8+ 
T-cell responses and long-term protective immunity in animal mod-
els, as well as potent cross-neutralizing antibodies against pseudovi-
ruses expressing S proteins of 2002–2003 and 2003–2004 human 
SARS-CoV strains, and an isolate from a civet zoonotic host [8–11]. 
Moreover, more than 50% of the neutralizing activity in the sera 
of convalescent SARS patients is mediated by RBD-S-specific anti-
bodies [9,12], while RBD-S can absorb and remove the majority of 
neutralizing antibodies in the antisera of rabbits, mice and monkeys 
immunized with inactivated SARS-CoV or modified vaccinia virus 
expressing S protein [9,13]. These studies provide the rationale for 
selecting RBD-S as an important target for vaccine development. 
The recombinant 21 kDa RBD-S will be expressed in yeast (Pichia 
pastoris), bacteria (Escherichia coli), or baculovirus (pending stud-
ies demonstrating optimal protection, as described below). More 
recently, a second RBD-S 219-mer construct corresponding to 
residues 318–536 was expressed in Chinese hamster ovary-K1 cells 
and shown to exhibit correct folding and conformation followed 
by equivalent or enhanced protection [14]; this construct will also 
be evaluated as a back-up vaccination strategy.

Adjuvant
GLA is a 1.7 kDa synthetic TLR4 agonist functionally equivalent 
to monophosphoryl lipid A, a nontoxic derivative of the lipopoly-
saccharide [15–18]. In a study in mice with a commercial killed 
influenza vaccine, chemically synthesized GLA was effective in 

enhancing IgG1 and IgG2a titers, both as an oil–water emul-
sion (squalene oil and surfactant) and as an aqueous formulation 
[15,16]. Subsequent studies revealed that GLA also enhances T-cell 
responses to influenza vaccine among older adults [18], which 
would be a desirable feature for a SARS vaccine.

Indication & target product profile of the RBD-S SARS 
vaccine
The vaccine is initially indicated for adults and individuals over 
the age of 15 who are considered at greatest risk of mortality from 
SARS [2]. The vaccine would be administered as an injectable prod-
uct to protect against lethal SARS-CoV infection, either as a single 
dose or two doses spaced closely together (within 2–4 weeks), 
so that vulnerable populations could be rapidly immunized in 
an outbreak setting (Table 1). The proposed target product pro-
file also accounts for the stability of the RBD-S SARS vaccine 
(up to 4 years at 2–8°C) to allow for emergency stockpiling and 
to protect at low-cost at-risk populations in underdeveloped and 
developing countries (particularly southeast Asia where the risk of 
reemergence is greatest), as well as developed countries.

Comparative advantage of an RBD-S SARS vaccine
Several different technologies have been proposed for developing 
human SARS-CoV vaccines, including inactivated virus vac-
cines, live–attenuated vaccines, adenovirus or poxvirus vectored 
vaccines, and DNA vaccines [1]. Among the concerns regarding 
these vaccines is the possibility of vaccine enhancement of disease, 
which has been noted with feline CoVs causing feline infectious 
peritonitis [1,19,20]. Similarly, laboratory animals administered 
alum-adjuvanted whole-virus SARS-CoV vaccine and subse-
quently challenged with infectious virus experienced enhanced 
disease and immunopathology comprised of eosiniophilic infil-
tration and Th2-mediated inflammatory alveolar damage [21], 
similar to immunopathologic lung reactions found in infants 
and animals challenged with respiratory syncytial virus (RSV) 
[22,23]. A double-inactivated SARS-CoV (formalin and ultraviolet 
radiation) was also shown to elicit eosinophilic and immunoen-
hancing pathology, as well as poor protection, especially in aged 
animals, suggesting the possibility that aged humans (a desired 
target population for the vaccine) may be particularly vulner-
able to vaccine-induced effects [24]. Further studies showed that 
a Venezuelan equine encephalitis vector containing the SARS 
nucleocapsid (NP) gene also elicited eosinophilic immunopa-
thology in BALB/c mice after challenge without any noticeable 
protection [25]. Thus, it was hypothesized that the NP antigen of 
SARS-CoV may be responsible for this property of inactivated 
vaccines [25,26]. It was also reported that the formalin-inactivated 
RSV vaccine was associated with lack of antibody affinity matura-
tion followed by poor TLR stimulation, suggesting that NP may 
not account entirely for immune enhancement [27].

Both Venezuelan equine encephalitis vector containing 
S-expressing plasmid and alum-adjuvanted recombinant pro-
tein (expressed in baculovirus) were shown to elicit protection 
in BALB/c mice when challenged with live SARS-CoV [28]. 
However, it remains unclear whether such S protein constructs 
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also elicit eosinophilic pathology. One report, for example, has 
indicated that S protein administered either as a baculovirus-
expressed and purified recombinant protein or as a virus-like par-
ticle, causes Th2-type pathology with eosinophils, albeit reduced 
when compared with whole virus or NP protein constructs [28]. 
Similarly, a SARS vaccine candidate based on recombinant, 
properly folded, native full-length S protein trimers (expressed 
in mammalian cells) was also shown to elicit some immune 
enhancement [29].

Thus, while the recombinant S protein elicits protection, its use 
as a human vaccine might be limited by host immunopathology.

In order to re-engineer the S protein as a safe and effective 
vaccine, early studies indicate that the RBD component is highly 
protective in laboratory animals, while significantly reducing the 
risk of antibody enhancement of disease [5,6,8–12]. Additional data 
confirm that sera from SARS convalescent patients contain robust 
neutralizing antibodies to RBD-S [9,12].

To summarize, our vaccine technology has the potential advan-
tages over existing vaccine technologies that have previously been 
reported:

•	 The RBD-S subunit vaccine is expected to be safer than other 
SARS vaccines described above because the latter may elicit 
eosinophilic immunopathology or antibody-mediated enhance-
ment of disease, while our vaccine is not expected to cause 
harmful immune responses.

•	 The RBD-S subunit vaccine may induce more potent cross-
neutralizing antibody responses than other SARS vaccines 
reported.

Scientific & technical value of the project
The goal and deliverable is to produce a formulated recom-
binant RBD-S vaccine under current good manufacturing 
practices (cGMP), in preparation for clinical testing to assess 
safety, immunogenicity and efficacy against human SARS-CoV 
infection.

The key technological objectives involve developing a process 
for vaccine manufacture utilizing a bacterial, yeast or baculovirus 
expression system, as well as an inexpensive purification method 
that maximizes the production of RBD-S antigen component of 
the vaccine at a minimum cost. These activities would take place 
through a consortium led by Sabin Vaccine Institute and Texas 
Children’s Hospital Center for Vaccine Development (‘Sabin-
TCH’), an established PDP with more than a decade-long track 
record of transitioning recombinant protein vaccines through pro-
cess development, cGMP and clinical testing [30]. PDPs are non-
profit organizations that use industry practices and often partner 
with for-profit organizations, including biotechnology and multi-
national pharmaceutical companies, as well as academic and other 
partners [30]. To develop the RBD-S SARS vaccine, Sabin-TCH 
will work with the Immune Design Corporation (Seattle, WA, 
USA) for adjuvant access and formulation, and with the Lindsley 
F Kimball Research Institute of the New York Blood Center (New 
York, NY, USA) and the University of Texas Medical Branch 
(Galveston, TX, USA), in the areas of assay development and 
confirmatory preclinical efficacy testing.

The Walter Reed Army Institute of Research (WRAIR) will 
take the lead on the final cGMP manufacture (Figure 1). Batch 
production records will be utilized to ensure reproducibility 

Table 1. Proposed target product profile of the recombinant receptor-binding domain spike protein-based 
severe acute respiratory syndrome coronavirus vaccine.

Item Desired target

Indication A preventative vaccine to protect against lethal infection caused by the SARS-CoV

Target population Adults and children >15 years of age

Route of administration Intramuscular injection

Product presentation Single-dose vials. 1.0 ml volume of delivery

Dosage schedule Maximum of two immunizations regardless of age, with the second injection given 
2–4 weeks after the first immunization

Warnings and precautions/pregnancy and lactation Mild-to-moderate local injection site reactions, such as erythema, edema and pain, 
the character, frequency and severity of which is similar to licensed recombinant 
protein vaccines. Less than 0.01% risk of urticaria and other systemic allergic 
reactions. Incidence of SAEs no more than licensed comparator vaccines

Expected efficacy 80% efficacy at preventing SARS-associated deaths

Co-administration All doses may be co-administered with antiviral drugs and/or other vaccines used 
in public health emergencies

Shelf-life 4 years

Storage Refrigeration between 2 and 8°C. Cannot be frozen. Can be out of refrigeration 
(at temperatures up to 25°C) for up to 72 h

Product registration Licensure by the US FDA

Target price Less than US$10 per dose for use in low- and middle-income countries

SAE: Serious adverse event; SARS: Severe acute respiratory syndrome; SARS-CoV: Severe acute respiratory syndrome coronavirus.

Vaccine for severe acute respiratory syndrome
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and documentation under a quality umbrella. Before transfer-
ring technology to the WRAIR Pilot Bioproduction Facility 
for cGMP manufacture, the final process will be repeated a 
minimum of three times at the 10-l scale to assure that the 
vaccine manufacture, from fermentation through formulation, 
reproducibly results in a product of sufficient yield and qual-
ity. In addition, antigen/adjuvant formulation studies will be 
established both biochemically and by immunological assess-
ment (potency). By performing a minimum of three full pilot 
runs with quality control for both process and release, the 
authors will maximize the probability of successful technol-
ogy transfer for the cGMP manufacture and with optimal yield 
and purity. Accelerated and long-term stability studies will be 
conducted on the final formulations, with chemical stability 
emphasizing provocative tests at high pH to induce deamida-
tion and with selective oxidizing agents to produce oxidation. 
In addition, stability will be assessed at different time points 

after conducting temperature incursion experiments (repeated 
freeze–thaw cycles and storage at different temperatures). 
Following completion of process development of the vaccine, 
the production technology will be transferred to WRAIR for 
cGMP manufacture. The final product will be subjected to a 
rigorous battery of assays for lot and product release at Sabin-
TCH, WRAIR and other contractors (Table 2). Following GLP 
toxicology testing, a regulatory filing for clinical testing will 
be submitted to the US FDA.

The major innovations for this product include:

•	 Producing the RBD-S polypeptide formulation, rather than 
the complete S protein, with the use of GLA, a novel TLR4 
agonist, at point of injection in order to limit vaccine-induced 
Th2-type immunopathology enhancement.

•	 The long-term stability of the vaccine will be maximized by 
evaluating the biochemical and biophysical characteristics [31,32]. 

Figure 1. Partnership for the development of a recombinant receptor-binding domain spike protein-based severe acute 
respiratory syndrome coronavirus vaccine. The roles of the major partner institutions are described in the text.  
cGMP: Current good manufacturing practice.
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Such activities are essential for a vaccine that might require 
emergency stockpiling. Biophysical assessment is initiated 
evaluating the recombinant protein using multiple biophysical 
techniques, including circular dichroism, intrinsic and extrin-
sic fluorescence, light scattering, and differential scanning 
calorimetry [31,32]. Collectively, these studies provide specific 
information concerning the physical state of the protein as a 

function of temperature and pH. Biophysical data are then used 
to design high-throughput screening assays for the identifica-
tion of potential stabilizers, typically GRAS (generally regarded 
as safe)-designated excipients and stabilizers that would be 
acceptable to the FDA and other regulatory agencies [32].

•	 Preclinical testing in an innovative human angiotensin-convert-
ing enzyme 2 transgenic (Tg) mouse model [33,34]. Following 

Table 2. Assays proposed for product characterization and release.

Assay (application) Description

SE-HPLC (bulk protein) in-process, release, stability A SE-HPLC assay is used to analyze recombinant protein samples 
(crude fermentation supernatant to release of purified bulk). This 
assay has been developed for other antigens and adapted to RBD-S 
protein to quantitate target protein from other contaminants during 
in-process analysis. This assay also serves as a purity assay for RBD-S 
protein

RP-HPLC (bulk protein) release, stability Column and condition screening of a variety of RP-HPLC columns 
(including silica- and polymer-based) has been initiated to provide 
an assay that can better resolve full-length RBD-S protein from its 
product-derived cleaved forms (i.e., <1 kDa difference)

Multi-angle light scattering (bulk protein), information only A multi-angle light scattering detector utilized both online (with 
SE-HPLC) and offline (batch) has provided valuable data regarding 
the aggregation and native state of candidate antigens in solution. 
This assay could be used to detect polydispersity of RBD-S protein 
and assist in development of a stable formulation

SDS-PAGE (bulk protein and formulation) in-process, release, 
stability

SDS-PAGE assays under both nonreduced and reducing conditions 
allow determination of molecular weight, aggregation and purity of 
samples. A calibrated scanning densitometer allows a relatively 
quantitative aspect to the assay, involving the determination of limit 
of detection and linear range of the assay to assess purity and 
relative quantity. This assay is already adapted and implemented 
routinely for RBD-S protein analysis

N-terminal sequencing (bulk protein), information only N-terminal sequencing has been completed on major, minor and 
contaminant bands to identify whether contaminants are product 
derived and cleavage sites. SDS-PAGE is completed, then transferred 
to a PVDF membrane and sent to a contracted service, audited by 
Sabin’s Quality Assurance team and subject to a quality agreement

Mass spectrometry (bulk protein), information only ESMS is carried out on a Micromass Q-Tof mass spectrometer on 
samples to monitor mass and any post-translational modifications. 
This assay will be used for RBD-S protein

OPA (formulation) release, stability The OPA assay measures protein content by fluorescent detection of 
primary amines using OPA, a highly sensitive amine-reacting 
reagent. This technique is especially applicable to vaccine 
formulations with Alhydrogel® (Brenntag Biosector, Frederikssund, 
Denmark) where protein content cannot be measured by 
absorbance at 280 nm and measurement of the percentage of 
Alhydrogel-bound protein and Alhydrogel-unbound protein is 
desired. This assay will be adapted to RBD-S protein and its 
formulation buffers and has been widely used to determine 
Alhydrogel protein binding efficiency thus far

HCP content in-process, release Residual HCP impurities in in-process fermentation and purification 
products and final purified protein samples are evaluated using a 
slot blot system with a scanning calibrated densitometer with a 
picogram level of sensitivity

Potency, ELISA (formulation) release and stability to be determined.
ESMS: Electrospray ionization mass spectrometry; HCP: Host cell protein; OPA: O-phtaladehyde; PVDF: Polyvinylidene fluoride; RBD: Receptor-binding domain; 
RP-HPLC: Reversed-phase HPLC; S: Spike; SE-HPLC: Size-exclusion HPLC.

Vaccine for severe acute respiratory syndrome
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intranasal infection of such Tg mice with SARS-CoV, weight 
loss and other clinical manifestations become apparent before 
reaching 100% mortality within 8 days post-infection. In con-
trast, infected transgene-negative (Tg) mice survive without 
showing any clinical illness [33]. The severity of the disease 
developed in these Tg mice makes them valuable for preclinical 
testing of SARS-CoV vaccines [33,34].

Summary of immediate project goals & key 
technological objectives

•	 Development of a process for high-yield, low-cost expression 
and purification of the recombinant RBD-S protein antigen, 
followed by formulation on alum in the presence of GLA;

•	 Development and qualification of product-specific assays, 
followed by process and formulation optimization, which 
incorporates biophysical profiling;

•	 Completion of three process development and release of pilot 
runs with quality control;

•	 Technology transfer for cGMP manufacture (both drug 
substance and product);

•	 Formal release of the drug product based on qualified assays 
and an established formal stability program, which includes 
vaccine potency;

•	 A pre-IND meeting followed by completion of a GLP toxicology 
study;

•	 IND submission and approval for clinical testing.

The first major deliverable will be an RBD-S protein-based SARS 
vaccine approved for Phase I clinical testing by the FDA.

Product & clinical development challenges
The major product challenges includes: selection of antigen 
expression systems and demonstrating feasibility of scale-up 
expression with process development at acceptable yields, purity, 
and stability; preclinical optimization for testing immunologi-
cal responses and efficacy in laboratory animals; technology 
transfer for cGMP manufacture; completion of a GLP toxicol-
ogy study and a clinical development plan that meets require-
ments of the FDA for ‘the animal rule’; and immune correlates 
of protection [102].

Selection of antigen expression systems & feasibility 
of scale-up expression
Three protein expression systems, bacterial (E. coli), yeast 
(P. pastoris) and baculovirus (and possibly mammalian cells), will 
be evaluated in parallel for the feasibility of scalable expression of 
the recombinant RBD-S protein. Preliminary studies have shown 
that E. coli-expressed RBD-S protein was able to elicit high levels 
of neutralizing antibodies and protection in an animal model [6]. 
However, the E. coli-expressed protein was not evaluated and 
formally characterized for its scalability; hence, a more formal 
evaluation is proposed.

Alternatively, Sabin-TCH has demonstrated that P. pastoris 
is a very robust and sometimes simpler, system for expression. 
Through Sabin’s Human Hookworm Vaccine Initiative, at least 
two hookworm vaccine antigens, Na-ASP-2 and Na-GST-1, have 
already been shown to be suitable for scalability, producing high 
resolution crystals for X-ray diffraction [35–38], as well as antigens 
suitable for clinical development [39,40]. For RBD-S, the opti-
mal expression systems will be selected for the subsequent stud-
ies based on the following criteria: yield, scalability, purity and 
stability profile of the RBD-S protein expressed; recognition of 
the RBD-S by conformational monoclonal antibodies and by 
human convalescent sera; ability of the RBD-S to inhibit viral 
infection in vitro; and ability of the RBD-S to induce neutralizing 
antibodies and other protective immune responses in vaccinated 
mice against subsequent lethal challenge with homologous and 
heterogeneous strains of SARS-CoV.

Preclinical optimization & immunological testing
Using the RBD-S protein from the selected expression system and 
adjuvant formulation, the authors will optimize the immunization 
regimens to induce the highest levels of immune responses, partic-
ularly neutralizing antibodies and protection against subsequent 
challenge. Immunological and protection studies using wild-type 
and Tg mice will require optimization in terms of antigen dose 
and formulation; number and interval of immunizations and 
route of administration; evaluation of efficacy of the optimized 
regimen; extended studies to optimize long-term immunologi-
cal responses and length of protection; and no vaccine-induced  
Th2-derived immunopathology.

Process development, characterization, formulation 
& stability evaluation
Following selection of an expression system, a research cell bank 
will be generated, and expression of RBD-S in a 10-l bioreactor 
(fermentation) will be optimized. To improve yield, purity, sta-
bility and activity of the soluble protein, the optimal growth 
and induction conditions for the fermentation processes will 
be determined first using flasks. Once the best parameters are 
selected, they will be evaluated at the 10-l scale, with the aim 
of obtaining a reproducible high-yield production (minimum 
of 100 mg/l target). The major components of this activity will 
include: production of the RBD-S protein at the 10‑l fermentation 
scale and purification using ion-exchange, hydrophobic interac-
tion or other column chromatographies; documentation of three 
successive process development runs (fermentation and protein 
purification); development of product-specific assays to monitor 
the antigen identity, purity and integrity during fermentation and 
purification, and for clinical lot release; development of buffer and 
adjuvant formulations, and product stability studies.

Technology transfer, cGMP manufacture & lot release, 
GLP toxicology & IND preparation
The process development and formulation technology for 
the selected RBD-S vaccine will be transferred to WRAIR. 
Developed and qualified assays will be used for lot release and 
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stability/potency testing. The protein-specific assay will be con-
ducted at Sabin-TCH (Table 2), while other regulated assays will 
be contracted to industrial partners.

These assays can provide important feedback about the purity, 
stability and integrity of the molecule essential to guide process 
development and formulation. Additionally, new assays and 
technology are typically identified and implemented, where 
appropriate, to ensure specific characteristics of the molecule 
are maintained. Several of these assays, either currently used or 
being developed for RBD-S protein, have been qualified by Sabin-
TCH for other recombinant antigens for Phase I clinical trials. 
Following a pre-IND meeting with the FDA, a GLP toxicology 
testing will be performed. Sabin Vaccine Institute will serve as the 
sponsor and prepare the IND for the vaccine. The initial design 
of a global access roadmap for vaccine uptake and distribution 
will also be drafted.

Clinical development & pivotal animal efficacy studies
The safety of RBD-S vaccine will be evaluated in a Phase I clinical 
trial. Under a new subpart of the US Code of Federal Regulations, 
it is acceptable to approve new drugs through pivotal animal effi-
cacy studies based on the ‘Animal Rule’ [41] when human efficacy 
studies are not ethical or feasible because they would deliberately 
expose healthy human volunteers to a lethal agent [41]. While 
safety and immunogenicity studies with the RBD-S vaccine are 
feasible, human challenge studies with SARS-CoV would not be 
considered safe or ethical.

Therefore, pivotal animal efficacy studies will be conducted 
using at least one animal model exhibiting host pathogenic and 
immune responses that are matched as closely as possible to those 

of humans [41]. Besides the nonhuman primate model, the dis-
eases and lethality revealed by ACE2 transgenic mice infected by 
clinical isolates of SARS-CoV (e.g., Urbani) and those elicited 
by wild-type Balb/c mice in response to a mouse-adapted strain 
of SARS-CoV, designated MA-15) [33,34,42] make them among 
the best models for evaluating in vivo efficacy of SARS vaccines.

Determination of the virus neutralizing antibody titers among 
vaccine recipients in the pivotal animal efficacy study is an impor-
tant bridging of animal protection data to humans. To serve as 
an immune correlate of protection, antibody titers would have 
to equal or exceed the neutralizing antibody titers and amounts 
found in the sera of convalescent patients, with desired quantities 
of specific neutralizing antibodies to be determined in consulta-
tion with expert clinical virologists. In addition, levels of anti-
body affinity and avidity may need to be established using surface 
plasmon resonance and other technologies [43].

Expert commentary
Following the initial discovery of the SARS-CoV as the etiologic 
agent of human SARS in 2003, an international effort has been 
underway to develop and test prototype vaccines. These intensive 
studies determined that when delivered as an injectable vaccine, 
inactivated SARS-CoV can elicit protective neutralizing antibodies. 
However, such vaccines also caused a Th2-derived immunoenhanc-
ing pathology bearing resemblance to the immunopathology that 
derailed efforts to produce an inactivated RSV vaccine more than 
four decades ago. Subsequent efforts determined that protective 
neutralizing antibodies were directed primarily against S protein 
responsible for receptor-binding, but even vaccines comprised of the 
full-length S protein can elicit immunopathology, albeit in reduced 

Key issues

•	 SARS emerged as a new and highly lethal human infection in South China in 2002. SARS-CoV is considered as a potential bioweapons 
threat.

•	 Vaccines are particularly critical for protecting high-risk groups, including the elderly, healthcare workers and laboratory personnel.

•	 The proposed RBD-S SARS vaccine is a recombinant protein-based vaccine formulated with alum and a glucopyranosyl lipid A Toll-like 
receptor 4 agonist novel adjuvant.

•	 The recombinant protein is comprised of a 193 amino acid (21 kDa) polypeptide corresponding to the minimal RBD of the SARS-CoV S 
protein.

•	 The vaccine is initially indicated for adults and individuals over the age of 15 who are considered at greatest risk of mortality from SARS. 
The vaccine would be administered as an injectable product to protect against lethal SARS-CoV infection, and as either a single dose 
or two doses spaced closely together (within 2–4 weeks), so that vulnerable populations could be rapidly immunized in an outbreak 
setting. The high stability of the RBD-S SARS vaccine is such that it can be stockpiled for up to 4 years at 2–8°C for emergency use.

•	 Unlike other prototype vaccines, the RBD-S SARS vaccine is designed to reduce the likelihood of eosinophilic (Th2) immunopathology.

•	 The immediate goals include the development of a process for high-yield, low-cost expression and purification of the RBD-S 
protein antigen, followed by formulation on alum and with the use of glucopyranosyl lipid A at point of injection; development 
and qualification of product-specific assays, followed by process and formulation optimization, which incorporates biochemical and 
biophysical assessments; completion of three process development pilot runs with quality control testing; technology transfer for the 
cGMP manufacturing processes of both drug substance and drug product; formal release of the drug product and establishment of a 
formal stability program, which includes vaccine potency; a pre-investigational new drug meeting followed by completion of a good 
laboratory practice toxicology study and an investigational new drug submission followed by approval for clinical testing. Having met 
these objectives, we expect that the first major deliverable, an RBD-S SARS vaccine will be approved for Phase I clinical testing by 
the US FDA.

•	 Vaccine development will be led by a nonprofit product development partnerships in collaboration with key academic, military and 
industrial partners.
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amounts. Therefore, efforts have, instead, focused on a subunit vac-
cine comprised of only the 193-mer RBD-S, the essential component 
responsible for receptor binding. In laboratory animals, recombinant 
RBD-S subunit vaccines elicited protection comparable with the S 
protein-based vaccines, but with minimal immune enhancement of 
immunopathology. A prototype recombinant RBD-S SARS vaccine 
formulated on alum, together with GLA at point of injection, is under 
development by the activities of a nonprofit PDP in collaboration  
with key academic, industrial and military partners.

Five-year view
Within 5 years, it is anticipated that a prototype recombinant 
RBD-S SARS vaccine formulated on alum, and with GLA at 
point of injection, will have completed cGMP manufacture at 
WRAIR. Following lot release and GLP toxicology testing, the 

vaccine will be ready for an IND submission and Phase I clini-
cal testing. A full clinical development plan leading to product 
licensure will need outside consultation to confirm the quantity 
and quality, as well as affinity and avidity, of virus neutralizing 
antibodies required for protection.
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