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Novel Approaches and Challenges to
Treatment of Central Nervous System

Viral Infections

Avindra Nath, MD1 and Kenneth L. Tyler, MD2,3

Existing and emerging viral central nervous system (CNS) infections are major sources of human morbidity and mor-
tality. Treatments of proven efficacy are currently limited predominantly to herpesviruses and human immunodefi-
ciency virus (HIV). Development of new therapies has been hampered by the lack of appropriate animal model
systems for some important viruses and by the difficulty in conducting human clinical trials for diseases that may be
rare, or in the case of arboviral infections, often have variable seasonal and geographic incidence. Nonetheless,
many novel approaches to antiviral therapy are available, including candidate thiazolide and pyrazinecarboxamide
derivatives with potential broad-spectrum antiviral efficacy. New herpesvirus drugs include viral helicase-primase and
terminase inhibitors. The use of antisense oligonucleotides and other strategies to interfere with viral RNA translation
has shown efficacy in experimental models of CNS viral disease. Identifying specific molecular targets within viral rep-
lication cycles has led to many existing antiviral agents and will undoubtedly continue to be the basis of future drug
design. A promising new area of research involves therapies based on enhanced understanding of host antiviral
immune responses. Toll-like receptor agonists and drugs that inhibit specific cytokines as well as interferon prepara-
tions have all shown potential therapeutic efficacy. Passive transfer of virus-specific cytotoxic T lymphocytes has been
used in humans and may provide an effective therapy for some herpesvirus infections and potentially for progressive
multifocal leukoencephalopathy. Humanized monoclonal antibodies directed against specific viral proteins have been
developed and in several cases evaluated in humans in settings including West Nile virus and HIV infection and in
pre-exposure prophylaxis for rabies.
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The national and worldwide burden of neurological

infections continues to grow. New infections con-

tinue to emerge at a rapid pace as humans explore every

remote corner of the planet and use animal and human

products for treatment and transplantation. Once an

infection enters the population, the globalization of

human travel helps spread infections quickly. Recent

emerging viral outbreaks include those caused by Hanta

virus, Marburg virus, influenza strains, severe acute respi-

ratory syndrome coronavirus, enteroviral encephalitis,

and West Nile encephalitis. These viral infections fre-

quently involve the central nervous system (CNS).1–3 As

better treatments are becoming available for treatment of

cancer and immune-mediated diseases, opportunistic

infections are also on the rise. Several herpesvirus infec-

tions and progressive multifocal leukoencephalopathy

(PML) due to JC virus (JCV) are commonly seen in

immune-suppressed individuals.4 Additionally, there are

many patients with undiagnosed meningoencephalitis

where an infection is suspected but not confirmed. In 1

study, nearly 1=3 of patients with suspected infections of

the nervous system in a tertiary care facility remained

undiagnosed.5

Currently, except for some of the herpesviruses and

human immunodeficiency virus (HIV), there are no

treatments of proven efficacy available for CNS viral

infections. The absence of treatment contributes to high

associated morbidity and mortality, leading to large

health care costs with major socioeconomic consequences.

There is great need for development of antiviral
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therapeutics that would be effective in brain infections.

However, development of therapeutics for infections of

the CNS poses unique challenges. Delivery of drugs to

the brain either requires the use of small molecules that

follow Lipinski’s rules for predicting activity based on

pharmacokinetic principles and “likeness” to known

active drugs,6 or requires direct delivery to the brain by

invasive procedures such as a lumbar puncture, a reser-

voir placed in the lateral ventricle, or convection-

enhanced delivery. However, if there is sufficient inflam-

mation associated with the infection, it may aid the

delivery of the therapeutic agent to the site of infection

through the cerebral vasculature.

The lack of animal models for CNS infections (eg,

JCV-induced PML) that replicate human disease means

that human studies may need to be conducted following

in vitro efficacy studies and in the absence of preclinical

animal safety and efficacy testing, enhancing the risk of

failure or unexpected side effects. For example, a recent

multicenter study on the use of mefloquine for PML was

stopped prematurely due to lack of efficacy in humans

despite promising in vitro studies.7 It is possible that

humanized rodent models could be developed for some

pathogenic human viruses, but the process is technically

challenging and there are potential ethical limitations

related to introducing human brain cells into rodent

brain.8 Conducting clinical trials for viral infections of

the nervous system also poses unique challenges. The

infections may be seasonal, and outbreaks may occur in

regions where imaging and monitoring facilities are not

be available. The acute nature of the illness demands

quick action and setup. For some viruses, reactivation

may not always be pathogenic, which is the case for

example with human herpes virus-6 and Epstein–Barr

virus (EBV).9,10 The rarity of many CNS viral infections

means that multicenter studies are essential even for

phase II studies to achieve the targeted sample size.

Despite these challenges, several multicenter studies have

been conducted for PML, herpes simplex virus encephali-

tis (HSVE), and neurological complications of HIV

infection.11–14 Companies interested in development of

therapeutic agents for neurovirology can access clinical

expertise through the section on CNS infections of the

American Academy of Neurology (www.aan.com), and

basic science expertise through the International Society

of Neurovirology (www.isnv.org).

Traditionally, drug development has been the pur-

view of pharmaceutical companies, and they have limited

interest in rare diseases including many CNS viral infec-

tions due to limitations in the ultimate size of the poten-

tial market. Recently, pharmaceutical companies have

shown an interest in rare diseases only if the drugs can

be priced so as to make a profit. The high cost of drug

development is largely driven by the large failure rate

and the inability to predict efficacy in humans.

Most drug trials for CNS viral infections have been

conducted with drugs approved for systemic indications

rather than specifically developed for use in the CNS. It

is possible that if broad-spectrum antiviral agents were to

be developed that penetrate the blood–brain barrier, new

therapeutics would become available.

Drug development for CNS viral diseases has a dis-

tinct advantage over that for chronic diseases, which is

the availability of measurements of viral load as a

dependable surrogate marker of disease. It is expected

that if the viral load decreases, clinical improvement

should follow. Hence, clinical trials could potentially be

conducted in smaller sample sizes over shorter periods of

time. However, resources for medicinal chemistry, toxi-

cology, pharmacodynamics, and pharmacokinetic studies

are limited in academic institutions, and unless these

aspects are addressed, the challenge in treating these ill-

nesses may continue into the foreseeable future.

In the following sections, some of the new pharma-

cological, biological, and immunomodulatory approaches

to treatment of CNS viral diseases are briefly reviewed.

Therapeutic Pipeline in 2013

Pharmacological Therapies

BROAD-SPECTRUM ANTIVIRAL AGENTS. Nitazoxa-

nide (NTZ) is a thiazolide anti-infective agent with activ-

ity against anaerobic bacteria, protozoa, and viruses

(Table 1).15–18 Originally developed as a treatment for

intestinal protozoan infections, the antiviral properties of

NTZ were discovered during the course of its develop-

ment for treating cryptosporidiosis in patients with

acquired immune deficiency syndrome. Recent random-

ized double-blind clinical trials have demonstrated effec-

tiveness of NTZ against treating rotavirus and

norovirus,18 and it may be effective against hepatitis virus

as well.19 These broad-spectrum effects suggest that this

drug and its derivatives may be candidates for testing

against neurotropic viruses if they can be delivered across

the blood–brain barrier.

A series of pyrazinecarboxamide derivatives, T-705

(favipiravir), T-1105, and T-1106, are broad-spectrum

antiviral drugs that target RNA viruses such as influenza

virus, arenaviruses, bunyaviruses, West Nile virus

(WNV), yellow fever virus, and foot-and-mouth disease

virus. These compounds do not inhibit host DNA and

RNA synthesis. These compounds were effective in pro-

tecting animals even when treatment was initiated after

virus inoculation. Importantly, T-705 imparts its
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beneficial antiviral effects without significant toxicity to

the host.20 Two structurally unrelated compounds (LJ-

001 and dUY11) have broad-spectrum activity against

virtually all enveloped RNA and DNA viruses.21,22

TARGETED TREATMENTS FOR SPECIFIC VIRUSES. Uni-

que enzymes and regulatory proteins encoded by the

genome of specific neurotropic viruses are excellent tar-

gets for specific antiviral therapy (Table 2). This

approach has worked well, as exemplified by drugs tar-

geting DNA polymerase for herpes simplex virus (HSV)

and reverse transcriptase, integrase, and protease for

HIV. Understanding the steps in the viral replicative

cycle should allow a similar approach for other neuro-

tropic viruses. For example, with regard to flaviviruses,

the envelope glycoprotein and several enzymes (NS3

protease, NS3 helicase, NS5 methyltransferase, and NS5

RNA-dependent RNA polymerase) are all potential

drug targets.23 Similarly, targeting viral protease has

been successful in drug (boceprevir and telaprevir)

development against hepatitis C virus.24

ANTI-HIV THERAPIES FOR HIV-ASSOCIATED NEURO-

COGNITIVE DISORDERS. It has become clear that cur-

rent antiretroviral therapies (ARTs) are not able to

eliminate HIV-associated neurocognitive deficits,25 and

despite intensification of ART, CNS dysfunction persists

in many patients.26 The underlying reasons for this fail-

ure and persistent immune activation are unclear. How-

ever, several factors have been considered. This includes

microbial translocation and persistent production of early

viral products such as Tat protein.27 Currently, available

drugs do not impact Tat transcription from the proviral

DNA. Novel approaches for treatment of HIV infection

include targeting host proteins involved in viral assembly

and maturation.28 However, drugs that target Tat are

needed. A major shift in HIV drug development

occurred recently with the realization that in an isolated

case, HIV could be eliminated from reservoirs allowing a

true “cure” of the disease.29 There are now several clini-

cal trials underway that use a variety of approaches to

develop HIV-resistant lymphocytes or activate the latent

reservoirs and the immune system in the presence of

TABLE 2. Novel Targets in Viral Gene Products for Drug Development

Virus Target Function

Flaviviruses Protease Processing of precursor polyprotein

Helicase Initiation of viral replication
Methyltransferase Needed to form mature RNA cap structure
RNA-dependent RNA polymerase Synthesis of minus strand RNA
Unknown

HIV Tat Transactivation of HIV genome

Herpes Helicase Unwind viral DNA to initiate replication

Terminase Helps package DNA into the capsid
JC virus T antigen Regulatory protein

Agnoprotein Regulatory protein

VP-1 Core protein

HIV 5 human immunodeficiency virus.

TABLE 1. Broad Spectrum Antiviral Drugsa

Drug Viral Targets

Nitazoxanide RNA viruses

Pyrazinecarboxamide RNA viruses

LJ-001 Anti–enveloped RNA and DNA viruses

dUY11 Anti–enveloped RNA and DNA viruses

CMX-001 Anti-DNA viruses
aEfficacy in central nervous system infections remains to be established.

ANNALS of Neurology

414 Volume 74, No. 3



ART with the hope that the cytotoxic lymphocytes would

then eliminate the viral reservoirs. Thus far, these

approaches have failed to produce a cure, and concerns

have been raised about the activation of HIV in the

brain.30

ANTI-HERPES VIRUS THERAPIES. Although acyclovir

remains the most widely used drug for HSV, in recent

years several drugs have seen clinical use. These include

valaciclovir, valganciclovir, famciclovir, and foscarnet.

Other drugs in clinical trials include CMX001, which is

a prodrug of cidofovir, a helicase-primase inhibitor

AIC316, FV-100, the valine ester of Cf 1743, and the

terminase inhibitor letermovir.21,22 CMX001 can be

given orally and has antiviral activity against most DNA

viruses. However, toxicity, CNS delivery, and develop-

ment of viral resistance are potential limiting factors for

generalized use for these newer agents.

A variation on the theme of targeted therapies is

the use of antisense oligonucleotide analogs that are engi-

neered to inhibit translation of viral proteins by specifi-

cally binding RNA sequences in the viral genome. In a

particular subtype of antisense molecules, the DNA

ribose ring is replaced with a morpholine ring and the

phosphodiester linkages are replaced with phosphorodia-

midate (phosphorodiamidate morpholino oligomers

[PMOs]).31 These PMOs successfully inhibit a wide vari-

ety of neurotropic viruses, including Japanese encephalitis

virus (JEV),32 arenaviruses,33 and filoviruses34 in cell cul-

ture and more significantly influenza A,35 the alphavirus

Sindbis,36 JEV,37 lymphocytic choriomeningitis virus,33

and WNV38 in mice. Related strategies using RNA inter-

ference and small-interfering RNAs have also proven suc-

cessful in animal models of both JEV39 and rabies40 and

are being developed for measles as well and have the

potential for treating subacute sclerosing panencephalitis,

which is caused by a persistent measles infection.41 The

success of a preclinical study led to a small-scale trial by

AVI BioPharma (now Sarepta Therapeutics) of interfer-

ence of WNV mRNA translation using a PMO in

humans (NCT00091845). This trial and related studies

suggested that the PMO tested, AVI-4020, crossed the

blood–brain barrier and was safe to administer, although

no efficacy data are available.

Biologic Therapies
Among the most effective mechanisms for controlling

and preventing neurotropic viral infections are the host’s

own array of innate and acquired immune defenses. One

illustration of the general effectiveness of these defenses is

that for the most common causes of viral encephalitis

(eg, arboviruses and herpesviruses), neuroinvasive disease

is an exceedingly rare outcome of infection. For example,

millions of individuals are latently infected with herpesvi-

ruses, yet there are likely only a few thousand cases a

year of HSVE and other herpesvirus encephalitides in the

United States each year. Similarly, for virtually all of the

common arbovirus infections (eg, WNV and JEV), neu-

roinvasive disease occurs in <1% of those infected. Data

concerning the potential role of innate immunity, cell-

mediated immunity, and antibody responses in important

CNS viral infections are briefly reviewed below, along

with potential opportunities for manipulating these sys-

tems in antiviral therapy.

INNATE IMMUNE RESPONSES. RNA and DNA pro-

duced during viral replication can be recognized by host

pathogen recognition receptors, which include the family

of toll-like receptors (TLRs) and the RIG-I–like receptors

(RLRs). Signaling through TLRs and RLRs occurs via

intermediary proteins (eg, interferon regulatory factors)

to induce new gene transcription and activation of antivi-

ral programs best exemplified by type I interferon

responses. These gene products have been implicated in

the pathophysiology of most viral infections. For exam-

ple, several studies in humans and animals have linked

aspects of WNV infection (acquisition, symptomatic vs

nonsymptomatic disease, neuroinvasive disease) with

interferon-associated genes, including members of the oli-

goadenylate synthetase (OAS) family,42–45 interferon reg-

ulatory factor-3, and the myxovirus-resistance family

gene.44 OAS1 genes have also been linked to resistance to

flavivirus infection in mice,46 and to susceptibility to

develop WNV encephalitis in horses.47

The cytokine tumor necrosis factor-a (TNFa) also

plays a role in innate immune responses against most

viral infections. For example, in WNV infection,

although it has been suggested that elevated levels of

TNFa may increase the risk of developing West Nile

neuroinvasive disease by impairing endothelial cell integ-

rity and facilitating viral entry across the blood–brain

barrier, mice lacking TNF receptor 1 or treated with

neutralizing TNFa monoclonal antibodies (MAbs) show

increased mortality after WNV challenge and increased

viral loads in the CNS.48 This suggests that the role of

TNFa may be complex, with some aspects facilitating

neuroinvasion and others facilitating antiviral roles

including accumulation of CD81 T cells and macro-

phages.48 Interestingly, polymorphisms in the TNFa pro-

moter region that are associated with alterations in the

transcription of TNFa and its plasma levels have been

linked to the risk of developing encephalitis, as opposed

to milder febrile illness, following JEV infection. For

example, patients with the 308A allele have an odds ratio
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(OR) of 0.09 for developing JEV fever as opposed to

encephalitis, whereas those with the 308G allele have an

OR of 11.6, a >100-fold risk difference.49

Multiple studies in mice indicate that TLRs and

RLRs recognize WNV-associated nucleic acids generated

during viral replication and subsequently lead to activa-

tion of type I interferon (IFN) responses and transcrip-

tional responses mediated through IFN regulatory factors

3 and 7. Mice lacking interferon a or b receptors,50

TLR3 or TLR7,51,52 or the RLR MyD8852,53 all show

enhanced severity of WNV infection and enhanced viral

replication compared to their wild-type counterparts. In

the case of TLR7 deficiency, at least some of the

enhanced susceptibility is likely due to the failure of

CD45 leukocytes and CD11b macrophages to home to

WNV-infected cells or infiltrate infected target organs.

Similarly, at least part of the effect of MyD88 deletion in

enhancing WNV mortality and spread can be linked to

its role in inducing cytokines that in turn facilitate

recruitment of macrophages and T cells into the brain.53

The majority of cases of HSVE are sporadic in

nature and lack defined immunological risk factors.

However, children with inborn errors in TLR3 signal-

ing54–56 or defects resulting in abnormal signaling

through several antiviral TLRs including 3, 7, 8, and 9

(eg, UNC-93B deficiency)57 are susceptible to HSVE. A

common component associated with these defects is

impaired interferon a/b signaling. In many cases, cells

derived from affected individuals show enhanced HSV

replication and cytopathicity, phenotypes that can be res-

cued by treatment with IFNa or b.56,58 The human

genetic data are consistent with experimental studies

showing that mice lacking IFN receptor 1 have enhanced

growth of HSV in CNS and increased mortality after

intracerebral viral challenge. These studies indicate that

an effective type I IFN response is critical for murine

survival from HSVE.59 Murine studies also point to the

importance of TLRs in controlling HSV infection. For

example, mice lacking TLR9 showed enhanced mortality

after HSV challenge.60

MANIPULATING INNATE IMMUNE RESPONSES AS

ANTIVIRAL THERAPY. The importance of innate

immunity in natural control of CNS viral infections sug-

gests that augmentation of these pathways could provide

a novel strategy for antiviral therapy. Some experimental

evidence is available to support this approach. For exam-

ple, mice treated with a combination of acyclovir and

IFNa show an �30% reduction in mortality after HSV

challenge compared to mice treated with acyclovir

alone.61 Agonists of TLR3 and TLR9 have also been

studied in murine models of HSVE. TLR9 agonists are

typically CpG oligodeoxynucleotides that activate pro-

duction of IFNa/b. In a study in a mouse model of

HSVE, intranasal administration of the TLR3 agonist

polyinosinic:polycytidylic acid before intranasal HSV

challenge reduced severity of disease; however, adminis-

tration after infection had already been established

increased mortality and disease severity.62 In a similar

experimental model, TLR9 agonist pretreatment

increased survival from 15% to 70%.62,63 Interestingly, a

TLR9 antagonist also had a modest effect in improving

survival when given either before or following viral chal-

lenge (15–30%). These results suggest that in some cases

the very same cytokine responses that may reduce risk of

infection play detrimental roles during established infec-

tion and suggest the potential complexity of targeting

these pathways for antiviral therapy. The TLR3 agonist

rintatolimod (Ampligen) has also been evaluated in a

murine model of Venezuelan equine encephalitis virus

CNS infection. Intranasal and intraperitoneal administra-

tion of Ampligen at 24 and 124 hours in relation to

intranasal Venezuelan equine encephalitis virus challenge

prevented neuroinvasion and the development of sympto-

matic disease. Even when Ampligen was administered

only at 124 hours, treated mice showed decreased CNS

viral invasion and minimal disease.64

Another strategy to reduce production of proin-

flammatory cytokines that may have a detrimental role in

infection involves the use of tetracycline class antibiotics,

including minocycline and doxycycline. These agents

may exert neuroprotective effects by reducing microglial

activation and subsequent production of proinflamma-

tory cytokines. Beneficial effects of these drugs on disease

severity and CNS injury have been reported in murine

models of alphavirus (Sindbis),65 flavivirus (JEV),66 and

reovirus encephalitis67 and in a macaque model of SIV

encephalitis.68 One notable exception to these mostly

positive results has been in rabies encephalitis, in which

therapy actually enhances disease severity.69

MANIPULATING INNATE IMMUNITY IN HUMAN CNS

VIRAL INFECTION. Experimental studies suggest that

manipulation of host innate immune responses might

produce novel strategies for treating CNS viral infection.

One obvious approach that has been tried in the treat-

ment of several human neurotropic viral infections

involves the direct administration of IFN preparations.

In a nonrandomized trial involving Saint Louis encepha-

litis, patients receiving IFNa2b (3 million units intrave-

nously then subcutaneously after 12 hours, then daily 3

14 days) seemed to have less persistent quadriparesis,

quadriplegia, and respiratory insufficiency than untreated

controls.70 Isolated case reports of IFN therapy in WNV
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have shown examples of both apparent benefit71,72 and

no effect.73 In a randomized placebo-controlled trial in

112 children in Vietnam with JEV, IFNa2a (10 million

units/m2 intramuscularly 3 7 days) had no effect on

mortality or incidence of severe sequelae.74 Furthermore,

IFNa is unlikely to be of benefit in progressive multifo-

cal leukoencephalopathy due to JCV infection.75 In the

case of HSVE, almost no data are available. In a small

study of 14 children with acute focal encephalitis who

received either acyclovir alone or acyclovir plus recombi-

nant IFNb, there was no appreciable difference in out-

comes between the 2 treatment groups.76

There are now 5 licensed TNFa inhibitors utilized

in the treatment of psoriasis, inflammatory bowel disease,

and rheumatoid arthritis (adalimumab, etanercept, inflixi-

mab, golimumab, certolizumab), but there are no data

concerning possible utility in CNS viral infection. TLR

agonists, including Ampligen, are now in human clinical

trials in settings including HIV infection (eg,

NCT00002269) and chronic fatigue syndrome

(NCT00215813), but have not yet been evaluated in

CNS infection. A potential cautionary note to the use of

TNFa antagonists in antiviral therapy is that at least 3

cases of HSV encephalitis have been reported in patients

being treated with infliximab (n 5 1) and adalimumab

(n 5 2) for rheumatologic disorders, including psoriatic

arthritis, rheumatoid arthritis, and inflammatory polyar-

thritis.77 Similarly, treatment with TNFa inhibitors may

increase the risk of herpes zoster. A review of a German

registry for patients being treated with biologics found

23 cases of zoster associated with treatment with TNFa
antibodies (adalimumab, infliximab) and 23 with TNFa
antagonist (etanercept).78 The estimated hazard ratio

(HR; corrected for epidemiological factors) was 1.82

(95% confidence interval [CI] 5 1.05–3.15) for the anti-

bodies, but nonsignificant (HR 5 1.36, 95% CI 5 0.73–

2.55) for etanercept. A more recent US study failed to

find an increased risk for herpes zoster in rheumatoid

arthritis patients treated with anti-TNF therapy,79 so the

area remains unsettled. These studies at least raise the

cautionary possibility that, for herpesviruses, TNFa may

play a role in controlling reactivation from latency.

Latent states are not seen in arboviral infections, and the

potential risks and benefits of TNFa inhibition in these

infections may be different than those seen in herpes

viral infections. The use of TNF blockers may also

increase the risk of reactivation of mycobacterial infec-

tions,80 which may further limit their use in populations

where mycobacterial infections are endemic. Although

there have been reports of PML in patients receiving

anti-TNF therapies, including infliximab81 and etaner-

cept,82 all patients reported to date have had other dis-

eases or therapies associated with risk of PML. A recent

review of the US Food and Drug Administration’s

Adverse Event Reporting System database that identified

6 such cases in patients with rheumatic diseases con-

cluded that a causal relationship between PML and anti-

TNF therapy was unlikely.83

Cytokines such as interleukin (IL) 2 and IL7 have

also been used to simulate the immune system so as to

enhance the antiviral response. However, IL2 failed to

show any clinical benefit in 2 large clinical trials,84 and

supplemental IL7 treatment actually enhanced HIV per-

sistence in patients receiving antiretroviral therapy.85

Cytokine therapy has yet to be specifically applied in

patients with CNS viral infections.

Treatment with tetracycline class antibiotics may

have broad-spectrum effects on proinflammatory cytokine

production. In a clinical study on infection by the flavivi-

rus dengue, doxycycline treatment (200mg load then

100mg every 12 hours 3 10 days) was shown to reduce

serum levels of a variety of proinflammatory cytokines

(IL6, IL1b, TNF) whose expression has been linked to

increasingly severe disease at days 3 and 7 post-treatment

compared to controls.86

Cellular Immunity
A variety of studies suggest that cellular immunity plays

a critical role in the control of viral infections, and in

particular emphasize a critical role for both CD41- and

CD81-mediated T-cell immunity. In murine models of

WNV, age-related declines in CD4/CD8 T-cell responses

may also explain at least some of the age-related suscepti-

bility to CNS infection87; whether similar defects occur

in humans remains uncertain.88 Mice lacking CD81 T

cells show decreased CNS viral clearance and increased

mortality after challenge with virulent WNV strains,89

although this depletion may actually reduce severity of

disease after challenge with some attenuated WNV

strains. This suggests that CD81 T cells may have bene-

ficial effects through accelerated viral clearance and

potentially deleterious effects via immunopathology. The

importance of CD81 T cells in viral clearance may vary

even for viruses in the same family. For example, in con-

trast to their relative importance in WNV pathogenesis,

CD81 T cells apparently play a much more subsidiary

role in CNS clearance of another neurotropic flavivirus,

JEV, as compared to virus-specific antibody.90

Failure of WNV-specific T cells to migrate to the

CNS even when present has essentially the same effect as

CD8 deficiency.91 Infection of neurons and other cells

can result in production of CXCL10, which binds to the

CXCR3 receptor and promotes trafficking of virus-

specific CD81 T cells into the CNS. Trafficking of both
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CD41 and CD81 T cells into the CNS is also depend-

ent on the chemokine receptor CCR5, and mice lacking

CCR5 have increased mortality, higher WNV viral titers

in brain, and a paucity of infiltrating CD31 inflamma-

tory cells.92 CCR5 deficiency may also exacerbate experi-

mental HSVE.93 Approximately 1% of the US Caucasian

population is homozygous for a deletion (delta32) in

CCR5, resulting in its complete loss of function. The

presence of the CCR5delta32 homozygosity does not

increase susceptibility to WNV infection but does

increase the risk of severe WNV disease by approximately

4-fold.92,94,95 CCR5 is also a well-known coreceptor for

HIV infection, and in contrast, individuals with the

CCR5delta32 mutations have a milder form of the dis-

ease with slower progression.96

MANIPULATING CELLULAR IMMUNITY IN HUMAN

CNS VIRAL INFECTION. Traditionally, vaccinations

have been used as a means to boost immune responses

against viral pathogens. This approach has been success-

ful with varicella zoster virus for prevention of zoster,

and a similar approach is being considered for JCV.

However, this approach may have limitations in patients

with significant immune suppression. Hence, other

approaches are being considered. Passive transfer of virus-

specific cytotoxic T cells (CTLs) can protect against

disease.97,98 These studies suggest the possibility that

transfer of virus-specific immune cells may be useful in

the treatment of human viral CNS infections. A proof of

principle in human CNS disease comes from treatment

of a patient with PML following hematopoietic stem cell

transplantation and immunosuppression for graft versus

host disease.99 Peripheral blood mononuclear cells

(PBMCs) were obtained from the stem cell donor, JCV

antigen-specific CTLs were generated after in vitro stim-

ulation of these cells with peptides derived from the JCV

for 1 month, and the patient received 2 infusions. He

developed measurable CTL activity against the viral pro-

tein that had not been detectable preinfusion. He showed

remarkable signs of clinical (ambulation, motor function,

cognition) and magnetic resonance imaging improve-

ment, and virus was cleared from the cerebrospinal fluid

(CSF). Because this patient also received antiviral therapy

and because of alterations in his immunosuppressive

therapy, it is not possible to unequivocally attribute his

response to his immunotherapy. Nonetheless, this case

shows that it is potentially feasible to generate and infuse

virus-specific CTLs that impart measurable antiviral CTL

activity to the recipient, and that this can be done safely.

A number of studies of passive transfer of donor-

derived cytomegalovirus (CMV) and EBV-specific CTLs

have been reported. As the technique has matured, efforts

have been focused on developing more rapid culture and

in vitro stimulation with viral peptides followed by selec-

tively purifying IFNc-secreting cells and transferring

them back into the host. All of this can be accomplished

in <24 hours.100,101 Transfer typically results in develop-

ment of measurable viral-specific CTL activity in recipi-

ents in whom this was often absent pretransfer. Cell

transfer has been used successfully both in patients with

disease refractory to antiviral therapy100,102 and in mod-

els of prophylaxis.101 In a study involving 18 patients, 2

had CMV encephalitis, and both responded clinically

with clearance of virus from blood and/or CSF after

immunotherapy.100 Virus-specific CTLs from donor

PBMCs can also be isolated by binding of their T-cell

receptor to a specifically constructed multimer containing

the target of interest (eg, CMV pp65 or EBV nuclear

antigen peptide) coupled to the appropriate major histo-

compatibility complex human leukocyte antigen.102

Humoral Immunity
Perhaps the best-studied component of the host’s defense

against viral infection is the generation of a virus-specific

antibody response. With the advent of MAb technology,

it became possible to map out protective epitopes on spe-

cific viral proteins (reviewed in Griffin et al103). It was

shown that for some viruses, passive transfer of MAbs

directed against these proteins could clear virus and viral

nucleic acid from the CNS and from neurons even in

mice with deficient cellular immunity,104 and that such

clearance could occur after infection in the CNS was

established.105 Humanized forms of these antibodies have

been developed with similar protective capacity in experi-

mental models of encephalitis, such as those involving

arboviruses, including Venezuelan equine encephalitis,

JEV, and WNV, as well as in postexposure prophylaxis

(PEP) against rabies.106–110 Humanized MAbs have also

been tested in animal models of other neurotropic

viruses, including enterovirus 71,111 and in models of

infection with influenza viruses, including H5N1112 and

pandemic H1N1.113 Studies using humanized MAbs for

treatment of herpesvirus infections are more limited,

although there is one report of the use of a humanized

anti-HSV MAb in a mouse model of HSV ocular dis-

ease,114 in which antibody-treated animals had signifi-

cantly reduced ocular disease.

Novel Approaches to Antibody Therapy in
Human CNS Viral Infection
A humanized MAb (MGAWN1) directed against an epi-

tope on the WNV envelope glycoprotein that was protec-

tive in mouse and hamster models of WNV encephalitis

has been tested for safety in humans. This antibody was
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administered to normal volunteers at doses up to 30mg/

kg by intravenous infusion and was well tolerated. Phar-

macokinetic studies indicated that the half-life was 27

days and that levels achieved substantially exceeded those

required for protection in hamster models.115

Another promising area for use of humanized

MAbs is in PEP for rabies virus infection. It has been

estimated that 10 million to 16 million people world-

wide receive rabies PEP every year and that a minimum

of 55,000 rabies deaths occur.116 Current regimens rely

on use of either human or equine rabies immunoglobulin

coadministered with rabies vaccine. Phase I trials indi-

cated that a cocktail of humanized anti–rabies virus

MAbs (CL184 manufactured by Crucell Holland, Lei-

den, the Netherlands) administered intramuscularly was

safe in phase I human trials and did not interfere with

the development of subsequent vaccine-induced rabies

virus–neutralizing antibodies.117 Two phase II trials were

completed in 2008 in children and adolescents in the

Philippines (NCT00708084) and in adults in the United

States (NCT00656097), followed by a third trial in

adults in India that was just completed in late 2012

(NCT01228383). The data available suggest that human-

ized MAbs will be a viable alternative to polyclonal anti-

rabies immunoglobulin for PEP.

New technological approaches may enhance the

utility of humanized MAb approaches to CNS viral

infection. Almost all trials of humanized MAbs have uti-

lized passive transfer techniques in which antibody is

directly administered either intravenously (eg, WNV

MGAWN1) or intramuscularly (rabies CL84). A novel

strategy referred to as vectored immunoprophylaxis uti-

lizes gene transfer to express high levels of antibodies for

prolonged periods. Humanized MAbs transferred by con-

ventional passive methods can protect mice with human-

ized immune systems from HIV challenge.118 Human

neutralizing anti-HIV antibodies are also protective when

expressed after a single intramuscular injection in mice

using an adeno-associated vector.119 In this system, anti-

body was detected within a week of injection, peaked at

12 to 16 weeks, and persisted for >64 weeks. This type

of model may be a promising approach to avoiding

repeated administration of antibodies in situations such

as chronic disease or continued risk exposure, where

treatment must ideally be maintained for periods exceed-

ing the half-life of individual antibody administration.

As noted, the typical target for humanized antiviral

antibodies is against specific viral proteins, and the use of

cocktails or pools of several antibodies may enhance effi-

cacy and reduce the likelihood of the selection of viral

escape mutants. Another strategy for use of these anti-

bodies is to target key host cell components involved in

viral binding or entry rather than viral proteins per se.

This strategy has been successfully utilized in HIV infec-

tion, in which 2 different humanized MAbs (PRO 140

and HGS004) directed against domains on the amino-

terminal and extracellular loops of the HIV receptor

CCR5 have been shown to be safe and well tolerated

and to reduce plasma HIV viral load in phase I/II tri-

als.120,121 Phase I trials have also shown similar safety

and efficacy for a humanized MAb, ibalizumab (TNX-

355), directed against CD4.122

Conclusions

New therapies for viral CNS infections are in develop-

ment based both on understanding and targeting specific

steps in the virus replication cycle and utilizing knowl-

edge gained from increasingly more sophisticated under-

standing of host antiviral immune responses, including

innate, humoral, and cell-mediated immunity. A host of

potentially novel approaches to CNS antiviral therapy are

available at the experimental and preclinical level. The

rarity of many CNS infections and their unpredictability,

especially for vector-borne diseases, pose formidable chal-

lenges in designing clinical trials and equally daunting

challenges in establishing an economically viable pathway

for new drug development. Nonetheless, the economic

and public health burdens of both existing and emerging

CNS viral threats make progress in identifying both spe-

cific and broad-spectrum antiviral therapies imperative.

Potential Conflicts of Interest

K.L.T.: board membership, DSMB, LPath; consultancy,

PML Consortium, Genentech, Roche, Johnson & John-

son, Pfizer, Janssen Pharmaceuticals, Biogen; expert testi-

mony, Bassett Law Firm; royalties, Elsevier, McGraw-

Hill; travel expenses, American Neurological Association;

editorial board services, Neurology Today (AAN); editorial

board: Archives of Neurology.

References
1. Tyler KL. Emerging viral infections of the central nervous system:

part 1. Arch Neurol 2009;66:939–948.

2. Tyler KL. Emerging viral infections of the central nervous system:
part 2. Arch Neurol 2009;66:1065–1074.

3. Wilson MR, Tyler KL. Issues and updates in emerging neurologic
viral infections. Semin Neurol 2011;31:245–253.

4. Nath A, Berger JR. Complications of immunosuppressive/immuno-
modulatory therapy in neurological diseases. Curr Treat Options
Neurol 2012;14:241–255.

5. Tan K, Patel S, Gandhi N, et al. Burden of neuroinfectious diseases
on the neurology service in a tertiary care center. Neurology 2008;
71:1160–1166.

Nath and Tyler: CNS Viral Infections

September 2013 419



6. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental
and computational approaches to estimate solubility and perme-
ability in drug discovery and development settings. Adv Drug
Deliv Rev 2001;46:3–26.

7. Clifford DB, Nath A, Cinque P, et al. A study of mefloquine treat-
ment for progressive multifocal leukoencephalopathy: results and
exploration of predictors of PML outcomes. J Neurovirol 2013;19:
351–358.

8. Jaeger LB, Nath A. Modeling HIV-associated neurocognitive disor-
ders in mice: new approaches in the changing face of HIV neuro-
pathogenesis. Dis Model Mech 2012;5:313–322.

9. Martelius T, Lappalainen M, Palomaki M, Anttila VJ. Clinical char-
acteristics of patients with Epstein Barr virus in cerebrospinal fluid.
BMC Infect Dis 2011;11:281.

10. Bhanushali MJ, Kranick SM, Freeman AF, et al. Human herpes 6
virus encephalitis complicating allogeneic hematopoietic stem cell
transplantation. Neurology 2013;80:1494–1500.

11. Whitley RJ, Alford CA, Hirsch MS, et al. Vidarabine versus acyclo-
vir therapy in herpes simplex encephalitis. N Engl J Med 1986;
314:144–149.

12. Turchan J, Sacktor N, Wojna V, et al. Neuroprotective therapy for
HIV dementia. Curr HIV Res 2003;1:373–383.

13. Brew BJ, Davies NW, Cinque P, et al. Progressive multifocal leu-
koencephalopathy and other forms of JC virus disease. Nat Rev
Neurol 2010;6:667–679.

14. Kimberlin DW, Whitley RJ, Wan W, et al. Oral acyclovir suppres-
sion and neurodevelopment after neonatal herpes. N Engl J Med
2011;365:1284–1292.

15. Fox LM, Saravolatz L. Nitazoxanide: a new thiazolide antiparasitic
agent. Clin Infect Dis 2005;40:1173–1180.

16. Rossignol JF, Abu-Zekry M, Hussein A, Santoro MG. Effect of nita-
zoxanide for treatment of severe rotavirus diarrhoea: randomised
double-blind placebo-controlled trial. Lancet 2006;368:124–129.

17. Rossignol JF. Nitazoxanide in the treatment of acquired immune
deficiency syndrome-related cryptosporidiosis: results of the
United States compassionate use program in 365 patients. Ali-
ment Pharmacol Ther 2006;24:887–894.

18. Rossignol JF, El-Gohary YM. Nitazoxanide in the treatment of viral
gastroenteritis: a randomized double-blind placebo-controlled
clinical trial. Aliment Pharmacol Ther 2006;24:1423–1430.

19. Korba BE, Montero AB, Farrar K, et al. Nitazoxanide, tizoxanide
and other thiazolides are potent inhibitors of hepatitis B virus and
hepatitis C virus replication. Antiviral Res 2008;77:56–63.

20. Furuta Y, Takahashi K, Shiraki K, et al. T-705 (favipiravir) and
related compounds: novel broad-spectrum inhibitors of RNA viral
infections. Antiviral Res 2009;82:95–102.

21. De Clercq E. A cutting-edge view on the current state of antiviral
drug development. Med Res Rev 2013 Mar 11. doi: 10.1002/
med.21281. [Epub ahead of print]

22. De Clercq E. Selective anti-herpesvirus agents. Antivir Chem Che-
mother 2013 Jan 23. doi: 10.3851/IMP2533. [Epub ahead of print]

23. Sampath A, Padmanabhan R. Molecular targets for flavivirus drug
discovery. Antiviral Res 2009;81:6–15.

24. Bartenschlager R, Lohmann V, Penin F. The molecular and struc-
tural basis of advanced antiviral therapy for hepatitis C virus infec-
tion. Nat Rev Microbiol 2013;11:482–496.

25. Heaton RK, Franklin DR, Ellis RJ, et al. HIV-associated neurocogni-
tive disorders before and during the era of combination antiretro-
viral therapy: differences in rates, nature, and predictors. J
Neurovirol 2011;17:3–16.

26. Dahl V, Lee E, Peterson J, et al. Raltegravir treatment intensifica-
tion does not alter cerebrospinal fluid HIV-1 infection or immu-

noactivation in subjects on suppressive therapy. J Infect Dis 2011;
204:1936–1945.

27. Johnson T, Nath A. Immune reconstitution inflammatory syndrome
and the central nervous system. Curr Opin Neurol 2011;24:284–
290.

28. Bocanegra R, Rodriguez-Huete A, Fuertes MA, et al. Molecular
recognition in the human immunodeficiency virus capsid and anti-
viral design. Virus Res 2012;169:388–410.

29. Allers K, Hutter G, Hofmann J, et al. Evidence for the cure of HIV
infection by CCR5D32/D32 stem cell transplantation. Blood 2011;
117:2791–2799.

30. Nath A, Clements JE. Eradication of HIV from the brain: reasons
for pause. AIDS 2011;25:577–580.

31. Warren TK, Shurtleff AC, Bavari S. Advanced morpholino oligomers:
a novel approach to antiviral therapy. Antiviral Res 2012;94:80–88.

32. Anantpadma M, Stein DA, Vrati S. Inhibition of Japanese encepha-
litis virus replication in cultured cells and mice by a peptide-
conjugated morpholino oligomer. J Antimicrob Chemother 2010;
65:953–961.

33. Neuman BW, Bederka LH, Stein DA, et al. Development of
peptide-conjugated morpholino oligomers as pan-arenavirus
inhibitors. Antimicrob Agents Chemother 2011;55:4631–4638.

34. Iversen PL, Warren TK, Wells JB, et al. Discovery and early devel-
opment of AVI-7537 and AVI-7288 for the treatment of Ebola virus
and Marburg virus infections. Viruses 2012;4:2806–2830.

35. Lupfer C, Stein DA, Mourich DV, et al. Inhibition of influenza A
H3N8 virus infections in mice by morpholino oligomers. Arch Virol
2008;153:929–937.

36. Paessler S, Rijnbrand R, Stein DA, et al. Inhibition of alphavirus
infection in cell culture and in mice with antisense morpholino
oligomers. Virology 2008;376:357–370.

37. Nazmi A, Dutta K, Basu A. Antiviral and neuroprotective role of
octaguanidinium dendrimer-conjugated morpholino oligomers in
Japanese encephalitis. PLoS Negl Trop Dis 2010;4:e892.

38. Deas TS, Bennett CJ, Jones SA, et al. In vitro resistance selection
and in vivo efficacy of morpholino oligomers against West Nile
virus. Antimicrob Agents Chemother 2007;51:2470–2482.

39. Wu Z, Xue Y, Wang B, et al. Broad-spectrum antiviral activity of RNA
interference against four genotypes of Japanese encephalitis virus
based on single microRNA polycistrons. PLoS One 2011;6:e26304.

40. Gupta PK, Sonwane AA, Singh NK, et al. Intracerebral delivery of
small interfering RNAs (siRNAs) using adenoviral vector protects
mice against lethal peripheral rabies challenge. Virus Res 2012;
163:11–18.

41. Reuter D, Schneider-Schaulies J. Measles virus infection of the
CNS: human disease, animal models, and approaches to therapy.
Med Microbiol Immunol 2010;199:261–271.

42. Yakub I, Lillibridge KM, Moran A, et al. Single nucleotide polymor-
phisms in genes for 20-50-oligoadenylate synthetase and RNase L
inpatients hospitalized with West Nile virus infection. J Infect Dis
2005;192:1741–1748.

43. Lim JK, Lisco A, McDermott DH, et al. Genetic variation in OAS1
is a risk factor for initial infection with West Nile virus in man. PLoS
Pathog 2009;5:e1000321.

44. Bigham AW, Buckingham KJ, Husain S, et al. Host genetic risk fac-
tors for West Nile virus infection and disease progression. PLoS
One 2011;6:e24745.

45. Cho H, Diamond MS. Immune responses to West Nile virus infec-
tion in the central nervous system. Viruses 2012;4:3812–3830.

46. Mashimo T, Lucas M, Simon-Chazottes D, et al. A nonsense muta-
tion in the gene encoding 20-50-oligoadenylate synthetase/L1 iso-
form is associated with West Nile virus susceptibility in laboratory
mice. Proc Natl Acad Sci U S A 2002;99:11311–11316.

ANNALS of Neurology

420 Volume 74, No. 3

info:doi/10.1002/med.21281
info:doi/10.1002/med.21281
info:doi/10.3851/IMP2533


47. Rios JJ, Fleming JG, Bryant UK, et al. OAS1 polymorphisms are
associated with susceptibility to West Nile encephalitis in horses.
PLoS One 2010;5:e10537.

48. Shrestha B, Zhang B, Purtha WE, et al. Tumor necrosis factor alpha
protects against lethal West Nile virus infection by promoting traf-
ficking of mononuclear leukocytes into the central nervous system.
J Virol 2008;82:8956–8964.

49. Pujhari SK, Ratho RK, Prabhakar S, et al. TNF-alpha promoter
polymorphism: a factor contributing to the different immunologi-
cal and clinical phenotypes in Japanese encephalitis. BMC Infect
Dis 2012;12:23.

50. Samuel MA, Diamond MS. Alpha/beta interferon protects against
lethal West Nile virus infection by restricting cellular tropism and
enhancing neuronal survival. J Virol 2005;79:13350–13361.

51. Daffis S, Samuel MA, Suthar MS, et al. Toll-like receptor 3 has a
protective role against West Nile virus infection. J Virol 2008;82:
10349–10358.

52. Town T, Bai F, Wang T, et al. Toll-like receptor 7 mitigates lethal
West Nile encephalitis via interleukin 23-dependent immune cell
infiltration and homing. Immunity 2009;30:242–253.

53. Szretter KJ, Daffis S, Patel J, et al. The innate immune adaptor mole-
cule MyD88 restricts West Nile virus replication and spread in neu-
rons of the central nervous system. J Virol 2010;84:12125–12138.

54. Zhang SY, Jouanguy E, Ugolini S, et al. TLR3 deficiency in patients
with herpes simplex encephalitis. Science 2007;317:1522–1527.

55. Guo Y, Audry M, Ciancanelli M, et al. Herpes simplex virus
encephalitis in a patient with complete TLR3 deficiency: TLR3 is
otherwise redundant in protective immunity. J Exp Med 2011;208:
2083–2098.

56. Herman M, Ciancanelli M, Ou YH, et al. Heterozygous TBK1 muta-
tions impair TLR3 immunity and underlie herpes simplex encepha-
litis of childhood. J Exp Med 2012;209:1567–1582.

57. Casrouge A, Zhang SY, Eidenschenk C, et al. Herpes simplex virus
encephalitis in human UNC-93B deficiency. Science 2006;314:308–312.

58. Lafaille FG, Pessach IM, Zhang SY, et al. Impaired intrinsic immu-
nity to HSV-1 in human iPSC-derived TLR3-deficient CNS cells.
Nature 2012;491:769–773.

59. Wang JP, Bowen GN, Zhou S, et al. Role of specific innate
immune responses in herpes simplex virus infection of the central
nervous system. J Virol 2012;86:2273–2281.

60. Lima GK, Zolini GP, Mansur DS, et al. Toll-like receptor (TLR) 2
and TLR9 expressed in trigeminal ganglia are critical to viral con-
trol during herpes simplex virus 1 infection. Am J Pathol 2010;177:
2433–2445.

61. Wintergerst U, Gangemi JD, Whitley RJ, et al. Effect of recombi-
nant human interferon alpha B/D (rHu-IFN-alpha B/D) in combina-
tion with acyclovir in experimental HSV-1 encephalitis. Antiviral
Res 1999;44:75–78.

62. Boivin N, Sergerie Y, Rivest S, Boivin G. Effect of pretreatment
with toll-like receptor agonists in a mouse model of herpes sim-
plex virus type 1 encephalitis. J Infect Dis 2008;198:664–672.

63. Boivin N, Menasria R, Piret J, Boivin G. Modulation of TLR9
response in a mouse model of herpes simplex virus encephalitis.
Antiviral Res 2012;96:414–421.

64. Patterson M, Poussard A, Taylor K, et al. Rapid, non-invasive
imaging of alphaviral brain infection: reducing animal numbers
and morbidity to identify efficacy of potential vaccines and antivi-
rals. Vaccine 2011;29:9345–9351.

65. Irani DN, Prow NA. Neuroprotective interventions targeting detri-
mental host immune responses protect mice from fatal alphavirus
encephalitis. J Neuropathol Exp Neurol 2007;66:533–544.

66. Mishra MK, Basu A. Minocycline neuroprotects, reduces microglial
activation, inhibits caspase 3 induction, and viral replication follow-
ing Japanese encephalitis. J Neurochem 2008;105:1582–1595.

67. Richardson-Burns SM, Tyler KL. Minocycline delays disease onset
and mortality in reovirus encephalitis. Exp Neurol 2005;192:331–
339.

68. Zink MC, Uhrlaub J, DeWitt J, et al. Neuroprotective and anti-
human immunodeficiency virus activity of minocycline. JAMA
2005;293:2003–2011.

69. Jackson AC. Is minocycline useful for therapy of acute viral
encephalitis? Antiviral Res 2012;95:242–244.

70. Rahal JJ, Anderson J, Rosenberg C, et al. Effect of interferon-
alpha2b therapy on St. Louis viral meningoencephalitis: clinical
and laboratory results of a pilot study. J Infect Dis 2004;190:1084–
1087.

71. Sayao AL, Suchowersky O, Al-Khathaami A, et al. Calgary experi-
ence with West Nile virus neurological syndrome during the late
summer of 2003. Can J Neurol Sci 2004;31:194–203.

72. Kalil AC, Devetten MP, Singh S, et al. Use of interferon-alpha in
patients with West Nile encephalitis: report of 2 cases. Clin Infect
Dis 2005;40:764–766.

73. Chan-Tack KM, Forrest G. Failure of interferon alpha-2b in a
patient with West Nile virus meningoencephalitis and acute flaccid
paralysis. Scand J Infect Dis 2005;37:944–946.

74. Solomon T, Dung NM, Wills B, et al. Interferon alfa-2a in Japanese
encephalitis: a randomised double-blind placebo-controlled trial.
Lancet 2003;361:821–826.

75. Geschwind MD, Skolasky RI, Royal WS, McArthur JC. The relative
contributions of HAART and alpha-interferon for therapy of pro-
gressive multifocal leukoencephalopathy in AIDS. J Neurovirol
2001;7:353–357.

76. Wintergerst U, Kugler K, Harms F, et al. Therapy of focal viral
encephalitis in children with aciclovir and recombinant beta-
interferon—results of a placebo-controlled multicenter study. Eur J
Med Res 2005;10:527–531.

77. Bradford RD, Pettit AC, Wright PW, et al. Herpes simplex enceph-
alitis during treatment with tumor necrosis factor-alpha inhibitors.
Clin Infect Dis 2009;49:924–927.

78. Strangfeld A, Listing J, Herzer P, et al. Risk of herpes zoster in
patients with rheumatoid arthritis treated with anti-TNF-alpha
agents. JAMA 2009;301:737–744.

79. Winthrop KL, Baddley JW, Chen L, et al. Association between the
initiation of anti-tumor necrosis factor therapy and the risk of her-
pes zoster. JAMA 2013;309:887–895.

80. Winthrop KL, Baxter R, Liu L, et al. Mycobacterial diseases and
antitumour necrosis factor therapy in USA. Ann Rheum Dis 2013;
72:37–42.

81. Kumar D, Bouldin TW, Berger RG. A case of progressive multifocal
leukoencephalopathy in a patient treated with infliximab. Arthritis
Rheum 2010;62:3191–3195.

82. Graff-Radford J, Robinson MT, Warsame RM, et al. Progressive
multifocal leukoencephalopathy in a patient treated with etaner-
cept. Neurologist 2012;18:85–87.

83. Molloy ES, Calabrese LH. Progressive multifocal leukoencephalop-
athy associated with immunosuppressive therapy in rheumatic dis-
eases: evolving role of biologic therapies. Arthritis Rheum 2012;
64:3043–3051.

84. Markowitz N, Lopardo G, Wentworth D, et al. Long-term effects of
intermittent IL-2 in HIV infection: extended follow-up of the
INSIGHT STALWART Study. PLoS One 2012;7:e47506.

85. Vandergeeten C, Fromentin R, Dafonseca S, et al. Interleukin-7
promotes HIV persistence during antiretroviral therapy. Blood
2013;121:4321–4329.

86. Castro JE, Vado-Solis I, Perez-Osorio C, Fredeking TM. Modula-
tion of cytokine and cytokine receptor/antagonist by treatment
with doxycycline and tetracycline in patients with dengue fever.
Clin Dev Immunol 2011;2011:370872.

Nath and Tyler: CNS Viral Infections

September 2013 421



87. Brien JD, Uhrlaub JL, Hirsch A, et al. Key role of T cell defects in
age-related vulnerability to West Nile virus. J Exp Med 2009;206:
2735–2745.

88. Parsons R, Lelic A, Hayes L, et al. The memory T cell response to
West Nile virus in symptomatic humans following natural infection
is not influenced by age and is dominated by a restricted set of
CD81 T cell epitopes. J Immunol 2008;181:1563–1572.

89. Shrestha B, Diamond MS. Role of CD81 T cells in control of West
Nile virus infection. J Virol 2004;78:8312–8321.

90. Larena M, Regner M, Lee E, Lobigs M. Pivotal role of antibody
and subsidiary contribution of CD81 T cells to recovery from
infection in a murine model of Japanese encephalitis. J Virol 2011;
85:5446–5455.

91. Ma DY, Suthar MS, Kasahara S, et al. CD22 is required for protec-
tion against West Nile virus infection. J Virol 2013;87:3361–3375.

92. Glass WG, McDermott DH, Lim JK, et al. CCR5 deficiency
increases risk of symptomatic West Nile virus infection. J Exp Med
2006;203:35–40.

93. Vilela MC, Lima GK, Rodrigues DH, et al. Absence of CCR5
increases neutrophil recruitment in severe herpetic encephalitis.
BMC Neurosci 2013;14:19.

94. Lim JK, Louie CY, Glaser C, et al. Genetic deficiency of chemokine
receptor CCR5 is a strong risk factor for symptomatic West Nile
virus infection: a meta-analysis of 4 cohorts in the US epidemic. J
Infect Dis 2008;197:262–265.

95. Lim JK, McDermott DH, Lisco A, et al. CCR5 deficiency is a risk
factor for early clinical manifestations of West Nile virus infection
but not for viral transmission. J Infect Dis 2010;201:178–185.

96. de Roda Husman AM, Koot M, Cornelissen M, et al. Association
between CCR5 genotype and the clinical course of HIV-1 infec-
tion. Ann Intern Med 1997;127:882–890.

97. Purtha WE, Myers N, Mitaksov V, et al. Antigen-specific cytotoxic
T lymphocytes protect against lethal West Nile virus encephalitis.
Eur J Immunol 2007;37:1845–1854.

98. Brien JD, Uhrlaub JL, Nikolich-Zugich J. Protective capacity and
epitope specificity of CD8(1) T cells responding to lethal West
Nile virus infection. Eur J Immunol 2007;37:1855–1863.

99. Balduzzi A, Lucchini G, Hirsch HH, et al. Polyomavirus JC-targeted
T-cell therapy for progressive multiple leukoencephalopathy in a
hematopoietic cell transplantation recipient. Bone Marrow Trans-
plant 2011;46:987–992.

100. Feuchtinger T, Opherk K, Bethge WA, et al. Adoptive transfer of
pp65-specific T cells for the treatment of chemorefractory cyto-
megalovirus disease or reactivation after haploidentical and
matched unrelated stem cell transplantation. Blood 2010;116:
4360–4367.

101. Peggs KS, Thomson K, Samuel E, et al. Directly selected
cytomegalovirus-reactive donor T cells confer rapid and safe sys-
temic reconstitution of virus-specific immunity following stem cell
transplantation. Clin Infect Dis 2011;52:49–57.

102. Schmitt A, Tonn T, Busch DH, et al. Adoptive transfer and selec-
tive reconstitution of streptamer-selected cytomegalovirus-specific
CD81 T cells leads to virus clearance in patients after allogeneic
peripheral blood stem cell transplantation. Transfusion 2011;51:
591–599.

103. Griffin D, Levine B, Tyor W, et al. The role of antibody in recovery
from alphavirus encephalitis. Immunol Rev 1997;159:155–161.

104. Levine B, Hardwick JM, Trapp BD, et al. Antibody-mediated clear-
ance of alphavirus infection from neurons. Science 1991;254:856–
860.

105. Hu WG, Phelps AL, Jager S, et al. A recombinant humanized
monoclonal antibody completely protects mice against lethal chal-
lenge with Venezuelan equine encephalitis virus. Vaccine 2010;28:
5558–5564.

106. Hunt AR, Frederickson S, Hinkel C, et al. A humanized murine
monoclonal antibody protects mice either before or after chal-
lenge with virulent Venezuelan equine encephalomyelitis virus. J
Gen Virol 2006;87:2467–2476.

107. Morrey JD, Siddharthan V, Olsen AL, et al. Humanized monoclo-
nal antibody against West Nile virus envelope protein adminis-
tered after neuronal infection protects against lethal encephalitis
in hamsters. J Infect Dis 2006;194:1300–1308.

108. Goncalvez AP, Chien CH, Tubthong K, et al. Humanized monoclo-
nal antibodies derived from chimpanzee Fabs protect against Jap-
anese encephalitis virus in vitro and in vivo. J Virol 2008;82:7009–
7021.

109. O’Brien LM, Goodchild SA, Phillpotts RJ, Perkins SD. A humanised
murine monoclonal antibody protects mice from Venezuelan
equine encephalitis virus, Everglades virus and Mucambo virus
when administered up to 48 h after airborne challenge. Virology
2012;426:100–105.

110. Dietzschold B, Gore M, Casali P, et al. Biological characterization
of human monoclonal antibodies to rabies virus. J Virol 1990;64:
3087–3090.

111. Chang GH, Luo YJ, Wu XY, et al. Monoclonal antibody induced
with inactivated EV71-Hn2 virus protects mice against lethal EV71-
Hn2 virus infection. Virol J 2010;7:106.

112. Zheng Q, Xia L, Wu WL, et al. Properties and therapeutic efficacy
of broadly reactive chimeric and humanized H5-specific monoclo-
nal antibodies against H5N1 influenza viruses. Antimicrob Agents
Chemother 2011;55:1349–1357.

113. Hu W, Chen A, Miao Y, et al. Fully human broadly neutralizing
monoclonal antibodies against influenza A viruses generated from
the memory B cells of a 2009 pandemic H1N1 influenza vaccine
recipient. Virology 2013;435:320–328.

114. Berdugo M, Larsen IV, Abadie C, et al. Ocular distribution, spec-
trum of activity, and in vivo viral neutralization of a fully humanized
anti-herpes simplex virus IgG Fab fragment following topical
application. Antimicrob Agents Chemother 2012;56:1390–1402.

115. Beigel JH, Nordstrom JL, Pillemer SR, et al. Safety and pharmaco-
kinetics of single intravenous dose of MGAWN1, a novel monoclo-
nal antibody to West Nile virus. Antimicrob Agents Chemother
2010;54:2431–2436.

116. Both L, Banyard AC, van Dolleweerd C, et al. Passive immunity in
the prevention of rabies. Lancet Infect Dis 2012;12:397–407.

117. Bakker AB, Python C, Kissling CJ, et al. First administration to
humans of a monoclonal antibody cocktail against rabies virus:
safety, tolerability, and neutralizing activity. Vaccine 2008;26:
5922–5927.

118. Klein F, Halper-Stromberg A, Horwitz JA, et al. HIV therapy by a
combination of broadly neutralizing antibodies in humanized
mice. Nature 2012;492:118–122.

119. Balazs AB, Chen J, Hong CM, et al. Antibody-based protection
against HIV infection by vectored immunoprophylaxis. Nature
2011;481:81–84.

120. Lalezari J, Yadavalli GK, Para M, et al. Safety, pharmacokinetics,
and antiviral activity of HGS004, a novel fully human IgG4 mono-
clonal antibody against CCR5, in HIV-1-infected patients. J Infect
Dis 2008;197:721–727.

121. Jacobson JM, Lalezari JP, Thompson MA, et al. Phase 2a study of
the CCR5 monoclonal antibody PRO 140 administered intrave-
nously to HIV-infected adults. Antimicrob Agents Chemother
2010;54:4137–4142.

122. Jacobson JM, Kuritzkes DR, Godofsky E, et al. Safety, pharmacoki-
netics, and antiretroviral activity of multiple doses of ibalizumab
(formerly TNX-355), an anti-CD4 monoclonal antibody, in human
immunodeficiency virus type 1-infected adults. Antimicrob Agents
Chemother 2009;53:450–457.

ANNALS of Neurology

422 Volume 74, No. 3


