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Abstract Vaccines for neuroinfectious diseases are becom-
ing an ever-increasing global health priority, as neurologic
manifestations and sequelae from existing and emerging
central nervous system infections account for significant
worldwide morbidity and mortality. The prevention of neu-
rotropic infections can be achieved through globally coor-
dinated vaccination campaigns, which have successfully
eradicated nonzoonotic agents such as the variola viruses
and, hopefully soon, poliovirus. This review discusses vac-
cines that are currently available or under development for
zoonotic flaviviruses and alphaviruses, including Japanese
and tick-borne encephalitis, yellow fever, West Nile, den-
gue, Zika, encephalitic equine viruses, and chikungunya.
Also discussed are nonzoonotic agents, including measles
and human herpesviruses, as well as select bacterial, fun-
gal, and protozoal pathogens. While therapeutic vaccines
will be required to treat a multitude of ongoing infections
of the nervous system, the ideal vaccination strategy is pre-
exposure vaccination, with the ultimate goals of minimiz-
ing disease associated with zoonotic viruses and the total
eradication of nonzoonotic agents.
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Introduction

The World Health Organization (WHO) estimates that vaccina-
tion is only second to cleanwater as amajor preventativemeasure
of human infectious disease. Annually, vaccines prevent around 6
million deathsworldwide [1], and from a public health standpoint
are extraordinarily cost-effective. As neurologic manifestations
and sequelae from existing and emerging central nervous system
(CNS) infections account for significant worldwide morbidity
and mortality, the development and adequate distribution of vac-
cines for neuroinfectious diseases should be prioritized [2]. CNS
infections can result in symptoms ranging from fever and in-
creased intracranial pressure to disorientation and altered mental
status, which, if not fatal, are associated with permanent residual
deficits. Moreover, virtually every age group is susceptible to
CNS infectious disease, from neonates to older adults [3].

The prevention of neurotropic infections can be achieved
through globally coordinated vaccination campaigns. This review
aims to highlight several major classes of neuroinfectious agents
and the status of the associated vaccination efforts (for an excel-
lent overview of global CNS infections, see [4]). Many of the
most globally significant neuroinfectious agents are zoonotic ar-
boviruses, which are the primary focus of this review; however,
nonzoonotic viruses and select nonviral agents are also discussed.

Vaccines Available Against Zoonotic Flaviviruses

Zoonotic infections are those transmitted from vertebrate ani-
mals to humans directly or indirectly, for example by a blood-
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feeding arthropod vector intermediate [5]. Arthropod-borne vi-
ruses are predominantly RNAviruses that replicate in arthropods
prior to transmission [6]. As these agents have nonhuman reser-
voirs, an achievable goal is effective control of the spread of
infection via prophylactic, or pre-exposure vaccination. Thema-
ture virion of all flaviviruses consists of an icosahedral particle
with three structural proteins: capsid, membrane, and envelope
[7]. The primary target of neutralizing antibodies induced by
flavivirus vaccines is the envelope protein, although antibodies
against the membrane protein and a nonstructural protein, NS1,
have also been shown to be protective [8].

Japanese Encephalitis Virus

Japanese encephalitis (JE) is the leading vaccine-preventable
cause of encephalitis in Asia, with an estimated 68,000 annual
cases worldwide [9]. The natural reservoirs of JE virus (JEV)
are pigs and wading birds, and the virus is transmitted to
humans by Culex mosquitos, primarily in rural agricultural
settings [9]. The majority of infections are asymptomatic; <
1 % of infected individuals develop clinical disease, and the
most commonly recognized manifestation is acute encephali-
tis. Other presentations include aseptic meningitis, seizures, or
acute flaccid paralysis. The fatality rate is 20–30 %, and 30–
50 % survivors are left with neurologic sequelae [10].

Several classes of JEV vaccines are available, including
inactivated, live attenuated and live recombinant versions
[11]. All vaccines are based on strains of the GIII JEV geno-
type, and current data suggest that vaccination can induce cross-
protective immunity against all major JEV genotypes [9]. The
full duration of protection is unknown, however, studies sug-
gest that antibodies are maintained for approximately two years.
Between 1973 and 2013, 68 cases of JE were published or
reported to the Centers for Disease Control, but only eight were
reported between 1993 and 2013, during which a vaccine be-
came available [10]. Moreover, endemic countries that have
implemented routine childhood vaccinations have recorded re-
markable declines in disease incidence [9].

Tick-Borne Encephalitis Virus

Tick-borne encephalitis (TBE) virus is the most common
arthropod-transmitted viral infection of humans in Europe and
central and eastern Asia [12]. Of the three known subtypes, the
Siberian and Far-Eastern subtypes are associated with compar-
atively more severe disease than the European subtype [13].
Clinical manifestations range from fever, headache and nausea
to encephalitis with or without altered consciousness [14]. One
study of the Polish health registry reported that TBE presents as
meningitis in about 50 % patients, meningoencephalitis in
about 40 % and meningoencephalomyelitis in about 10 %
[13]. Neurologic sequelae have been reported in up to 50 %
affected individuals, particularly neurocognitive and motor

symptoms. The disease is fatal in approximately 1–4 % cases;
poorer outcomes are usually observed among elderly patients
and those with chronic diseases or additional infections.

As transmission occurs through bite of an infected tick,
there is no direct person-to-person transmission of TBEV
[11]. Forest workers and others with a high work-related risk
of infection are often vaccinated [13]. Austria boasts the
world’s highest general population vaccination rate (82 %)
and produces one of the two licensed vaccines available in
Europe. Both of these vaccines contain purified TBE virus
grown in chick embryo cells, inactivated by formalin, with
an aluminum hydroxide adjuvant [12] and appear to protect
against all TBEV subtypes circulating in Europe and Asia [15].

Yellow Fever Virus

Yellow fever (YF) occurs in sub-Saharan Africa and Central
and South America. Most infections are asymptomatic,
though a subset can lead to jaundice, vomiting, and hemor-
rhagic manifestations. Yellow fever is also associated with
encephalitis and myelitis [16]. Approximately 200,000 cases
of YF occur annually, leading to 60,000 deaths worldwide [7,
17]. Transmission occurs through Aedes aegyptimosquitos. In
rural areas, monkeys are the main reservoir, and mosquitos
spread the disease between monkeys and humans in a cycle
referred to as jungle yellow fever (sylvatic). In urban areas,
mosquitos can transmit the virus between humans in a cycle
known as urban yellow fever.

The currently available vaccine, YF-17D, has been admin-
istered to more than 600 million people worldwide and is live
attenuated, developed by successive passages of the Asibi
viral strain in mouse and chicken embryos [7]. A single dose
should confer lifelong protective immunity [18], which is
reflected by the vaccine’s strong immune signature; nota-
bly, the efficient activation of antigen presenting cells, high
neutralizing antibody titers, the induction of polyfunctional T
cells, and long-term memory T and B cells [7]. A robust type I
interferon response can be transiently observed in the blood
transcriptomes of vaccinated individuals [19]. Owing to its
strong elicitation of immune responses, the yellow fever vac-
cine has become a vector platform for vaccine development of
heterologous viruses such as JEV and dengue.

Yellow fever outbreaks still occur despite the available
vaccine, as evidenced by the ongoing outbreak in Angola,
the largest in almost 30 years. The world’s annual YF vaccine
production is around 40 million doses, which, while sufficient
for small outbreaks in Africa, would be entirely insufficient if
the disease became established in Asia. However, even in
Africa, vaccination rates must be improved, as some countries
have less than 50 % coverage. In the opinion of a WHO
official, the availability of a YF vaccine may have ironically
contributed to complacency in vector control and other pre-
ventative measures [17].
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Vaccines Under Development for Zoonotic
Flaviviruses

West Nile Virus

Clinical manifestations ofWest Nile virus (WNV) can include
fever, headache, seizures, and generalized paresis. WNV first
emerged in the USA in 1999, and over the next ten years there
were 12,000 reported cases of West Nile neuroinvasive dis-
ease, with a mortality rate of approximately 10 % [20].

There are several live and inactivated WNV vaccines ap-
proved for equines, but none yet for humans. The JE
serocomplex is comprised of nine genetically and antigenical-
ly related flaviviruses, including WNV [21]. Research has
demonstrated that infection with one JE serocomplex virus
can provide protection against heterologous viruses, raising
the question of harnessing cross-protection for WNV from
existing JEV vaccines. In a 2013 study, Petrovsky et al. [20]
demonstrated that in mice, JE-ADVAX induced complete
cross-protection of WNV, with a reduced viral burden and
no CNS perivascular lymphocytic infiltrates. In this study,
WNV protection appeared to be mediated by the induction
of cross-protective memory B cells [20]. The JE-ADVAX
vaccine is a Vero cell-derived, formalin-inactivated JEV anti-
gen with an Advax adjuvant [20]. Vero cells were originally
derived from African green monkey kidney cells and are a
widely used platform in vaccine production [21]. Two human
studies used an inactivated JE vaccine (JE-VAX) to examine
the induction of cross-neutralizing WNV antibodies. While
one study reported negative results, another that co-delivered
the JE vaccine with the YF-17D vaccine reported effective
levels of WNV cross-neutralizing antibodies, which waned
faster than JE antibodies but increased again after a booster
with JE-VAX [22].

Dengue Virus

Dengue infects around 390 million people annually, most
commonly in South Asia, Africa, and Latin America.
Similar to yellow fever, chikungunya, and Zika, the principal
vector is the A. aegypti mosquito [23]. Neurologic outcomes
of infection can include meningitis, meningoencephalitis, en-
cephalitis, seizures, and Guillain-Barré syndrome [4].

Dengue can be divided into four serotypes, which share
67 % homology at the nucleotide level and differ by up to
37 % in the envelope protein sequences. In 2007, a distinct
serotype was isolated fromMalaysia; though phylogenetically
distinct from all known DENV serotypes, it remains unclear
whether it represents a fifth serotype or a variant. Patients who
are sequentially infected by multiple DENV serotypes are
more likely to manifest severe symptoms, which is thought
to be attributable to the mechanism of antibody-dependent
enhancement. Therefore, a safe and effective dengue vaccine

must be multivalent to induce robust homotypic immunity to
each of the four serotypes [7, 24].

Despite attempts at vaccine development over the last
70 years [24], only in December 2015 was the first dengue
vaccine licensed in Mexico [25]. This CYD-TDV vaccine is a
live-attenuated formulation, as are the two other candidates
awaiting Phase 3 evaluation. CYD-TDV is tetravalent, pro-
duced by inserting DENV genes from each of the four sero-
types into the YF-17D backbone. Initial results suggested that
neutralizing antibodies were unequally elicited to the four se-
rotypes; DENV-3 and DENV-4 elicited the most robust sero-
conversion frequencies and virema compared to DENV-1 and
DENV-2 [24]. There was also limited induction of an early
proinflammatory response and CD8 T-cell activation [7]. This
may be because the monovalent components of the vaccine
contain nonstructural proteins of the yellow fever 17D virus—
not DENV—and many DENV CD8 epitopes are located in
nonstructural proteins. Again, balanced infectivity of all four
components is essential for the induction of homotypic anti-
body to each serotype [24], which remains the ultimate goal of
a DENV vaccine in the context of known antibody-dependent
enhancement.

Zika Virus

Zika is a flavivirus that has been recognized in Africa and Asia
since the 1940s, but the virus’s geographic range has greatly
expanded since 2007. The principal vectors are A. aegypti
mosquitos [26], and there is increasing evidence that Zika
may also be transmitted sexually [27]. Infection is asymptom-
atic in about 80% cases, and causes a mild disease in the other
20 %, characterized by fever, muscle aches, eye pain, and
maculopapular rash [28]. The virus is also neurotropic, as
evident from the surge in microcephalic births in areas affect-
ed by the 2015 South American outbreak [29]. In a Brazilian
cohort of 35 infants with microcephaly, all mothers had been
in Zika-affected areas during pregnancy; 71 % infants had
severe microcephaly, 50 % had at least one neurologic abnor-
mality, and among 27 infants with neuroimaging, all had ab-
normalities [30]. Moreover, Zika virus RNA has been isolated
from the amniotic fluid of women with microcephalic fetuses,
as well as from the brains of several deceased infants with
microcephaly.

In addition to microcephaly, there are reports of other neu-
rologic complications resulting from Zika, including Guillain-
Barré syndrome [6], which was reported in approximately 1
per 4000 infections in the 2013 French Polynesia outbreak
[31, 32], and reports of meningoencephalitis and acute mye-
litis [33, 34].Murine experiments in the early 1970s suggested
Zika’s neurotropism, as intracerebral inoculation of mice re-
sulted in neuronal destruction, with viral replication observed
in neurons and astrocytes [35].
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There are no Zika vaccines yet in advanced development
[6], though there are reports that safety trials may begin in the
fall of 2016, and efficacy trials as early as 2017. A live-
vectored formulation may have the greatest success, given
Zika’s similarity to YF, JE, and dengue viruses [27]. As the
rubella vaccine eliminated congenital rubella syndrome in
countries where it was widely administered, there is an incen-
tive to deploy a Zika virus vaccine quickly. The ideal vaccine
should rapidly protect against infection after a single dose, and
be safe to administer during pregnancy [36].

Vaccines Under Development for Zoonotic
Alphaviruses

Encephalitic Equine Viruses

The encephalitic alphaviruses Eastern, Western, and
Venezuelan equine encephalitis viruses (EEEV, WEEV and
VEEV) are widely distributed throughout North, Central,
and South America. In North America, WEEV is found from
the mid-west to the west coast, while EEEV is found from the
mid-west to the Gulf and Atlantic coasts. VEEV is found
predominantly in Central and South America [37].

The viruses have differing fatalities among humans and
horses, but all are more significantly fatal to horses. In
humans, EEEV is the most virulent of the three, with an esti-
mated mortality rate of 50–70 % (WEEV, 3–7 %) and (VEEV,
1 %) [37]. EEEV can cause symptoms of encephalitis, fever,
headache, and seizures. Brain edema with necrosis and hem-
orrhage are seen upon gross pathological examination of fatal
human cases. By contrast, though a minority of individuals
infected with WEEVor VEEVexperience encephalitis or en-
cephalomyelitis, these viruses are associated with significant
neurologic sequelae [37, 38]. In a 1995 VEEV outbreak in
Columbia and Venezuela, of 313 hospitalized patients, over
half had signs of intracranial hypertension, and neurologic
complications including cerebellitis, meningoencephalitis,
and encephalomyelitis [39].

The live attenuated VEEV strain TC-83 is the only licensed
veterinary vaccine available to protect equines, and the only
strain available for vaccinating laboratory workers and mili-
tary personnel [40]. Nearly 40 % of vaccinated individuals
develop a disease with some symptoms of VEEV infection
[38] and in equines, TC-83 vaccination can lead to viremia
levels sufficient to infect mosquitos [38, 40], likely attribut-
able to the presence of only two attenuating point mutations.
In an effort to create a more safe and stable VEEV vaccine,
Guerbois et al. [38] generated a recombinant candidate that
does not infect mosquitos, and is stable following several pas-
sages [38].

As current vaccine strategies target only a single alphavirus
species (VEEV), Phillips et al. [41] designed an alphavirus

vaccine comprised of cationic lipid nucleic acid complexes
and the ectodomain of the WEEV E1 protein. This immuni-
zation provided 100 % protection in mice challenged with
WEEV subcutaneously, intranasally, or via mosquito.
Moreover, 90 % of the mice survived EEEV challenge, dem-
onstrating strong cross-protection of theWEEV immunization
and the potential to develop a pan-encephalitic alphavirus
vaccine [41].

Chikungunya

Chikungunya is an alphavirus transmitted by A. aegypti mos-
quitos. From 2013 to 2015, it spread throughout 45 countries
in tropical and subtropical North and South America, with
over 1.7 million reported cases of infection. Infection is often
clinically symptomatic, with febrile illness and debilitating
polyarthralgia, hence the derivation of the name
Bchikungunya^ from the phrase Bthat which bends^ in the
Makonde language of Tanzania [28]. Though mortality is
low compared with other arboviral diseases (<1 %), morbidity
can be significant, in the form of persistent polyarthralgia. For
instance, there are reports of up to 60 % of survivors suffering
from joint pain three years post-infection [42]. There are also
reported neurologic complications, including meningoen-
cephalitis, myelitis, and Guillain-Barré syndrome. In a retro-
spective study following a 2006 outbreak in western India,
Chandak et al. [43] reported that 49 of 300 (16 %) patients
had neurological complications, including over half with en-
cephalitis and the remaining with myelopathy, peripheral neu-
ropathy, and myeloneuropathy.

There are no licensed vaccines for chikungunya, though
more than 15 candidates are under development, including
inactivated, live attenuated, chimeric, subunit protein, virus-
like particle, and DNAvaccines. Two inactivated whole virus
vaccines have reached Phase 1 trials, and one in a measles
vector platform has reached Phase 2 tr ials [42].
Chikungunya vaccine efforts are not entirely new; in the
1980s, the US military developed a live-attenuated vaccine
with strong immunogenicity and mild side effects, namely
transient arthralgia in approximately 10 % of the recipients.
This vaccine was discontinued owing to low priority at the
time, but has since been provided to vaccine developers fol-
lowing the chikungunya resurgence in the mid-2000s [42].

Vaccines Available for Rabies Virus

Although neither a flavi- nor an alphavirus, no discussion of
significant neuroinfectious diseases is complete without the
mention of rabies. Despite the availability of pre- and post-
exposure prophylaxis, rabies remains a significant cause of
viral encephalitis, responsible for approximately 60,000
deaths annually, particularly in sub-Saharan Africa and India
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[4]. The rabies virus is found in the saliva of many domestic
and wild mammals and transmission to humans occurs direct-
ly, usually through the bite of an infected animal. Rabies in-
fection results in an acute encephalomyelitis, which is almost
always fatal following symptom onset [44]. A less common
presentation is paralytic rabies, which closely simulates
Guillain-Barré syndrome or ascending myelitis [45].

The neurologic complications of rabies are entirely pre-
ventable with prompt post-exposure prophylaxis vaccination,
which can also include the administration of human or equine
rabies immunoglobulin (RIG). Widespread dog vaccination
programs have also proven effective at disease control, but
many parts of the developing world lack the infrastructure to
widely implement and track dog vaccines [46]. However, the
limited supply and high cost of RIG limits its accessibility in
low-income, endemic countries, necessitating the develop-
ment of alternative options.

Recently, De Benedictis et al. [44] identified two broadly
neutralizing human monoclonal antibodies from vaccinated
donors, and demonstrated that the antibodies were able to
neutralize all 35 rabies viruses and 25 nonrabies lyssaviruses,
showing higher potency and breadth than other antibodies
under clinical development and the currently available RIG
[44]. It is thought that infection with all lyssaviruses culmi-
nates in viral encephalitides clinically indistinguishable from
rabies; therefore, it is significant to identify broadly neutraliz-
ing antibodies capable of binding RABV and non-RABV
lyssaviruses [44].

The Significance of Vaccines Against Nonzoonotic
Agents

Nonzoonotic viral diseases, unlike those described above, al-
low for the tantalizing possibility of global eradication.
Without an environmental reservoir, an eradicated pathogen
cannot re-emerge unless intentionally reintroduced by
humans. Worldwide vaccination programs have enabled the
total eradication of the variola major and minor viruses, the
causative agents of smallpox. The last documented case of
smallpox was in 1977, and hence vaccination efforts have been
discontinued. The eradication of poliovirus, which causes irre-
versible paralysis in up to 1 % cases, is in sight. With the
inactivated and live oral poliovirus vaccines, significant prog-
ress has been made towards global eradication, with 359 re-
ported cases of wild polio (vs vaccine-derived) in 2014 [1], 74
cases in 2015 [47], and only nine cases in the first four months
of 2016. In the posteradication era, inactivated vaccines based
on attenuated strains are preferred from a biosafety standpoint
to any live formulations. Sanders et al. [47] recently described
several stably attenuated, immunogenic poliovirus strains ca-
pable of propagating at 30 °C but not 37 °C, suggesting that

they are noninfectious at physiologic temperatures, thereby de-
creasing the biosafety risks associated with manufacturing.

Vaccines Available for Measles Virus

Subacute sclerosing panencephalitis (SSPE) is a fatal progres-
sive neurologic disorder that can manifest 6–8 years after a
clinical measles infection. Symptoms may begin subtly, with
behavioral changes and intellectual decline, and progress to
generalized convulsions, dementia, and death. Data from the
UK and USA place the incidence of SSPE at 4–11 cases per
100,000 cases of measles [48].

The currently approved measles vaccines are live attenuat-
ed, either monovalent or multivalent, administered alongside
one or more vaccines against mumps, rubella, and varicella
[11]. Epidemiologic data following the introduction of the
measles, mumps, and rubella vaccine demonstrate a marked
decrease of neurologic events associated with these agents
[49]. In countries with good measles control through vaccina-
tion, a decline in new SSPE cases is observable a few years
following a decline in measles incidence [48, 50] and when
epidemics occur, an increase in SSPE is observable after a few
years. Measles vaccinations, combined with surveillance and
SSPE registers, have reduced the incidence of SSPE by 82–
96 % in the UK, USA, the Netherlands, Israel, Poland, and
Bulgaria [48].

Measles was declared eliminated in the USA in 2000; how-
ever, the recent re-emergence is closely tied to parental oppo-
sition to vaccination. In a review of 18 measles studies pub-
lished between 2000 and 2015, Phadke et al. [51] found that of
the 1416 measles cases, 56 % had no history of vaccination
and 41 % had nonmedical exemptions. Such interference
should not be permitted in an age armed with the technolog-
ical means to eradicate human disease.

Vaccines Under Development for Human Herpesviruses

The human herpesviruses (HHVs) account for a significant
fraction of viral-associated neurologic diseases, both due to
primary infection and reactivation from latency. For instance,
herpes simplex virus (HSV) is the most common identifiable
cause of viral encephalitis, responsible for about 13.8 % of all
cases [52]. Approximately 90% cases of HSVencephalitis are
caused by HSV-1, and 10 % by HSV-2. HSV encephalitis is
reported to result in neurocognitive sequelae, predominantly
memory impairment [4], in up to 70% survivors. Encephalitis
can result from a primary infection, re-infection, or reactiva-
tion of latent virus. Reactivation of HSV and other HHVs is
often tied to the suppression of cell-mediated immunity,
whe the r by immunosuppres s ion o r age- r e l a t ed
immunosenescence [4]. HHV-6 is another HHV with increas-
ingly recognized encephalitic potential, particularly in the set-
ting of clinical immunosuppression [53], as well as primary
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infection in young children [54]. Awide variety of neurologic
presentations are also associated with Epstein–Barr virus
(EBV), including Guillain-Barré syndrome, cranial nerve pal-
sy, optic neuritis, encephalitis, and meningitis. Encephalitis/
meningitis was in fact the first described neurologic compli-
cation of infectious mononucleosis (IM), a symptomatic pri-
mary infection with EBV [55]. The frequency of neurologic
involvement in IM is estimated around 1-18 %. EBV-
associated CNS lymphoma, which is more commonly ob-
served in immunocompromised patients, represents another
significant EBV-related CNS disease [56].

Varicella is the only HHV for which there is a currently
available vaccine. The formulation is live-attenuated, which
can prevent primary infection as well as reactivation in older
adults [57]. Not yet available for clinical use is an adjuvanted
recombinant subunit formulation [58]. Similar to the other
HHVs, primary infection with varicella has been associated
with CNS complications such as ataxia, encephalitis, stroke,
meningitis, and Guillain-Barré syndrome [59].

Vaccine development for HSV-2 is being actively pursued,
as HSV-2 is the leading cause of genital ulcer disease and
increases the risk of acquiring HIV. Both preventative and
therapeutic strategies are being explored. The most advanced
in clinical trials are adjuvanted glycoprotein (gp) subunit vac-
cines, as viral surface glycoproteins are rationale targets for
neutralizing antibodies. Also in preclinical phases are several
live attenuated or replication defective candidates [60].
Vaccines for EBV are also under active development, as
EBVis a recognized oncovirus and is annually associatedwith
about 200,000 cases of cancer worldwide [61]. There has been
one Phase 2 trial of an EBV vaccine in humans, involving 181
seronegative young adults. Those who received the vaccine of
soluble adjuvanted gp350 had a 78 % reduction in the rate of
IM, but no difference in the rate of infection. Phase 3 studies
are planned to test efficacy in a larger cohort [62]. A similar
study was performed in China with seronegative infants, and
only one-third of the vaccinated children became infected at
16 months of age, compared with all of the unvaccinated
controls. The vaccine in this particular study was a vaccinia
virus expressing EBV gp350 [61]. Though for clinical trials
the former study in young adults is more feasible, the latter
study in infants is the ideal strategy for ubiquitous HHVs
acquired at a young age, as the most effective mechanism to
prevent HHV-associated diseases would be the complete pre-
vention of infection [62].

Nonviral Neuroinfectious Agents

While viruses represent a substantial proportion of the inciting
agents of neuroinflammation, there are indeed bacterial, fun-
gal, and protozoal agents that contribute to the global burden
of neuroinfectious disease. The following section discusses a

single agent from each of the above categories, for which
vaccines are at various stages of development and
implementation.

Bacterial: Neisseria meningitides

Meningococcal disease is caused by certain serogroups of the
Gram-negative proteobacteria Neisseria meningitides [63].
Sporadic cases are found worldwide, with large outbreaks
occurring in the Bmeningitis belt^ of sub-Saharan Africa, of-
ten during the November to June dry season. Humans are the
only natural reservoir, and transmission occurs through direct
contact and respiratory droplets [11]. Though N. meningitides is
a human commensal, in rare cases it can proliferate in the CNS,
with infection resulting in meningitis or meningoencephalitis,
which is fatal in 5–10 % cases [11]. Permanent neurologic se-
quelae are common among survivors [63].

The currently available N. meningitides vaccines include
polysaccharide and conjugate formulations. Polysaccharide
vaccines are lyophilized, heat-stable purified capsular poly-
saccharides from meningococci of defined serogroups (A, C,
Y, and W-135), available as bi-, tri-, or tetravalent vaccines.
However, these have been largely replaced by multivalent
conjugate vaccines, in which polysaccharides from the above
serogroups are conjugated to a carrier protein to induce a T
cell-dependent immune response [19]. The conjugate vaccines
are serogroup-specific and highly immunogenic, capable of
eliciting humoral responses even in infants. The vaccine is
recommended for travelers from low-endemic regions who
are planning to visit highly endemic regions [11]. Guidelines
were recently issued for another vaccine that was licensed by
the US Food and Drug Administration in 2014, and provides
protection against the fifth serogroup of N. meningitides,
serogroup B [64].

Fungal: Cryptococcus

Fungi can trigger meningitis in immunocompromised pa-
tients, though this is far less common in immunocompetent
individuals. Cryptococcus is the most common cause of fun-
gal meningitis and meningoencephalitis. Global estimates
suggest that 1 million cases of cryptococcal meningitis occur
each year, with approximately 600,000 fatalities [65]. CNS
disease resulting from C. neoformans strains are most com-
mon in patients with advanced HIV, while C. gattii strains are
emerging pathogens in immunocompetent individuals [66,
67].

Humans typically encounter fungi via spore inhalation or a
breach in anatomical barriers, as occurs in nosocomial fungal
infections [67]. Opportunistic fungal infections often occur in
immunosuppressed patients, such as those undergoing treat-
ments for cancer, transplant, autoimmune disease, or HIV.
Owing to the HIV pandemic, fungal infections in CD4
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lymphopenic patients have risen rapidly, and carry a mortality
rate of 50–70 % [67]. Consequently, there is an emphasis on
understanding the role played by CD8 cells in antifungal im-
munity, and the design of antifungal vaccines to augment
memory CD8 responses [67].

At present, there are no available antifungal vaccines, de-
spite promising preclinical reports. A 2011 study demonstrat-
ed that when immunocompetent mice were immunized with
an interferon-gamma-producing strain of C. neoformans
(H99γ) and subsequently rendered CD4 and CD8 T cell defi-
cient, the vaccine conferred protection for up to 100 days
postimmunization [68]. Separately, a recent report by Rella
et al. [69] describes a nonpathogenic sterylglucoside mutant
strain of C. neoformans that conferred complete protection
against lethal doses of both C. neoformans and C. gattii in
mice. The authors went on to show that pretreatment with this
mutant strain in CD4 T cell-depleted mice similarly protected
against subsequent lethal challenge with C. neoformans [69].

Though these and several other studies somewhat account
for a context of CD4 deficiency, many employ live-attenuated
fungal strains, which pose a risk in immunocompromised in-
dividuals. However, from these early foundational studies, al-
ternate formulations can be developed, such as heat-killed
strains or vesicles, which would eliminate the hazards associ-
ated with a live vaccine [69]. Another research priority for the
field is the identification of protective CD8 Tcell antigens [67].

Protozoal: Plasmodium

Malaria remains one of the deadliest infectious diseases in
tropical countries, with 214 million cases and 438,000
deaths in 2015 alone [70]. More than 90 % of the deaths
occur in sub-Saharan Africa, and many in children youn-
ger than 5 years [71], though this is shifting to school-age
children [72]. It involves infection of human erythrocytes
by the protozoan Plasmodium, transmitted by Anopheles
mosquitos. There are five Plasmodium species known to
infect humans and the most severe cases, including cere-
bral malaria (CM), are caused by Plasmodium falciparum
[73]. CM is defined as a diffuse encephalopathy, with
seizures and coma as the clinical hallmark. The associated
mortality rate is around 8 % but can reach 50 % in pa-
tients with multiple organ dysfunction [73], which is also
associated with P. falciparum infection [71]. Short- and long-
term neurologic complications are common among children
with CM. Deficits such as ataxia, paresis, epilepsy, disruptive
behavior, and cognitive impairment have been reported to
resolve within 6 months of infection; however, another study
reported persistent neurologic and cognitive deficits for up to
9 years following infection. Intracranial hypertension is
thought to be associated with the morbidity and mortality of
CM.

There is currently no available malaria vaccine, though
over 30 P. falciparum candidates are at advanced preclinical
or clinical stages [71]. Vaccine development efforts have
mainly focused on P. falciparum, followed by P. vivax,
which is the dominant species outside sub-Saharan Africa
[71].

A large Phase 3 trial was recently completed with candidate
RTS, S/AS01 (Mosquirix), a recombinant fusion protein ex-
pressing regions of the P. falciparum circumsporozoite protein
covalently bound to the hepatitis B surface antigen. This fu-
sion protein is expressed with hepatitis B surface antigen to
form virus-like particles, which are reconstituted in an adju-
vant to form the vaccine suspension. The Phase 3 trial evalu-
ated two groups of children. Eighteen months after the third
dose, the efficacy was estimated at 45 % for the 5–17 month-
olds and 26 % for the 6–12 week-olds. When the whole trial
period was evaluated, the efficacy was 26 % and 18 %, re-
spectively [71]. This limited efficacy underscores the chal-
lenge of developing a vaccine against a complex organism
with an array of stage-specific genes [74], and while more
safety and efficacy data are clearly needed, RTS, S/AS01 rep-
resents the first malaria vaccine with a favorable benefit–risk
profile [75]. However, there are strategies to take advantage of
the short-term protection of this vaccine, such as reactive ring
vaccinations, whereby all people within a radius around a
geographically defined population are vaccinated. Similar ap-
proaches proved key to the eradication of smallpox [72].

Looking Forward

Research efforts to stem the tide of infection-associated neu-
rologic complications will at times be reactionary, particularly
to newly emerging neuroinfectious disease, such as the flaccid
paralysis associated with the 2014 outbreak of enterovirus
D68 and the even more recently emerged Zika pandemic. In
an editorial on Zika virus, Dr. Anthony Fauci writes that we
should prepare for a continual emergence of arthropod-borne
diseases stemming from behaviors that perturb the ecologic
balance, including global warming, increasing urbanization,
and international travel [6]. However, with concrete steps,
the time to develop and deploy effective vaccine therapies
can be substantially reduced. Such steps include the develop-
ment of cross-protective therapies and easily modifiable im-
munogenic vaccine platforms, the increase of international
stockpiles, and the acceleration of vaccination campaigns in
endemic areas [17].

Many of the current efficacious vaccines are live-
attenuated formulations, which mimic natural infection
through a biologically relevant (albeit controlled) amplifica-
tion of the agent [24]. As live-attenuated vaccines elicit some
safety concerns, particularly in subpopulations such as preg-
nant women and immunocompromised individuals, subunit
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vaccines with various prime/boost strategies may offer a solu-
tion, though vaccine strategies must be agent-dependent [76].
Given the worldwide morbidity and mortality directly stem-
ming from CNS infections, vaccine strategies against
neuroinfectious agents must be made a global health priority.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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