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TherapeuTic advances in 
infectious disease

Introduction
The sheer diversity and emergence of novel neu-
rotropic pathogens pose unique challenges and 
opportunities in therapeutic drug development. 
Drugs targeting central nervous system (CNS) 
infections require unique properties, including 
the ability to enter the CNS through barriers, 
including the blood-cerebrospinal fluid (blood-
CSF) barrier. Additionally, the impact of para 
and post-infectious neuroinflammation, which is 
often driving the neurological conditions seen, 
requires targeting inflammatory cascades rather 
than the primary infectious processes. Despite 
these challenges, there have been several impor-
tant advances in therapeutic options for the treat-
ment of neurotropic infectious diseases over the 
past two decades. These include the development 
of new therapeutic agents and repurposing of 
existing agents, particularly immunomodulatory 
treatments. These advances are especially impor-
tant for immunocompromized patients, who 
often require unique therapeutic strategies.

In this review, we will highlight key therapeutic 
advances in the treatment of neurological infec-
tions, including viral, bacterial, fungal, and prion 

diseases. The first section of our review focuses 
on advances in direct antimicrobial agents, high-
lighting the discovery of novel agents and the 
repurposing of existing agents. The second sec-
tion of our review focuses on advances in immu-
nomodulatory treatments for the treatment of 
neurological infections, including steroids, intra-
venous immunoglobulin (IVIG), checkpoint 
inhibitor immunotherapy, viral-specific T-cells, 
and other immunomodulatory agents. While 
many of the described agents are commercially 
available, others may require an investigational 
new drug (IND) application for emergency com-
passionate use (see Figure 1).

Direct antivirals

Introduction
Viruses remain a frequent cause of neurological 
infections throughout the world. As bacterial 
meningitis has decreased in prevalence due to 
vaccinations, viral meningitis has emerged as the 
leading cause of meningitis in many regions of the 
world. Although many cases of viral meningitis 
and encephalitis are self-limited, there is still a 
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risk of serious and potentially fatal complications 
associated with these infections, particularly in 
immunosuppressed patients.1 Historically, antivi-
ral treatments for viral meningitis and encephali-
tis have been largely limited to the use of acyclovir 
for infections involving herpes simplex virus and 
varicella-zoster virus (VZV). However, recent 
advances in the field have expanded therapeutic 

options for the treatment of viral infections of the 
nervous system, especially in those with underly-
ing immunodeficiency.

Pleconaril
Pleconaril is an orally administered antiviral med-
ication with activity against the picornaviruses 

Figure 1. In many countries, physicians can request the use of unapproved investigational drugs for individual 
patients in certain circumstances. In the United States, this is completed by submitting an IND Application 
to the FDA. When an investigational drug is needed on an emergent basis, authorization can potentially be 
granted by an FDA official over telephone prior to a written IND submission. Some institutions may also have 
local IND offices that guide clinicians during the application process.
FDA, Food and Drug Administration; IND, investigational new drug.
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class of viruses, including enterovirus and rhino-
virus.2 It exerts its antiviral effect via binding to 
the viral capsid and interferes with viral uncoat-
ing. Additionally, pleconaril has excellent CNS 
penetration, achieving several-fold higher con-
centrations in the CNS compared to the serum.3 
It was originally evaluated for the treatment of 
rhinoviral respiratory infections, but did not 
receive approval from the Food and Drug 
Administration (FDA) due to potential drug 
interactions.2 However, the drug was later stud-
ied in enterovirus infections with several reports 
of favorable outcomes in severe meningoen-
cephalitis.4 A placebo-controlled trial in infants 
with enterovirus meningitis did not demonstrate 
efficacy, but this was likely confounded by the 
small number of enrolled subjects and a rela-
tively benign and short course of illness.5 
However, a review of two placebo-controlled  
trials did suggest a shortened duration of head-
aches in some patients with enterovirus meningi-
tis.2 In addition, there is at least one case report 
suggesting successful treatment of echovirus 6 
associated chronic meningoencephalitis in a 
patient with underlying common variable immu-
nodeficiency (CVID).6

Pocapavir
Pocapavir is also an orally administered viral cap-
sid inhibitor that has more recently been devel-
oped as a potential treatment of enteroviruses, 
including poliovirus.7 While extensive in vitro 
studies have been completed, the literature on its 
clinical use is largely limited to case reports. As 
examples, several case reports have been pub-
lished demonstrating clinical improvement with 
pocapavir in immunocompromized patients. In 
one, pocapavir was associated with clinical stabi-
lization in a patient with rituximab-associated, 
chronic enterovirus meningoencephalitis.8 In 
another, treatment with pocapavir in a patient 
with chronic enteroviral meningoencephalitis in 
the setting of Good’s syndrome was associated 
with a favorable outcome.9 Although robust clini-
cal trials for the use of pocapavir in neurological 
infections is lacking, these case reports suggest a 
potential role for its use in certain immunocom-
promized patients.

In addition to treatment of enterovirus-associated 
meningoencephalitis, pocapavir is also being 
studied for the clearance of immunodeficiency-
associated vaccine-derived poliovirus infections 

(iVDPVs).10 In one randomized, blinded, pla-
cebo-controlled study, pocapavir was well-toler-
ated and significantly reduced time to virus 
clearance in immunocompetent patients chal-
lenged with the oral poliovirus vaccine.7 In 2020, 
the first case of successful clearance of iVDPV by 
pocapavir was reported in an infant with X-linked 
agammaglobulinemia.10 In 2021, pocapavir was 
utilized in the coordinated response to vaccine-
derived poliovirus infection in Barcelona, Spain 
in a patient with CVID.11

Fluoxetine
Fluoxetine, a selective serotonin reuptake inhibi-
tor used in the treatment of depression and anxi-
ety disorders, has been proposed as a potential 
treatment option for enterovirus infections.12 
Initial in vitro studies identified fluoxetine as a 
potent inhibitor of enteroviruses through stere-
oselective binding to the highly conserved entero-
virus 2C protein.12 The exact function of the 
enterovirus 2C protein is yet to be determined, 
but is it has been proposed to be integral to viral 
replication and may be involved in viral evasion of 
the host immune response.13 Additionally, fluox-
etine has high CNS penetration, reaching con-
centrations 20-fold higher in the CNS compared 
to the serum.14 Given evidence of in vitro antiviral 
effects, it has been proposed as a potential treat-
ment strategy for enterovirus D68-associated acute 
flaccid myelitis.12 A multicenter retrospective 
observational cohort study in 2019 demonstrated 
that fluoxetine was well-tolerated in patients with 
Enterovirus D68 (EVD68) AFM but failed to 
show efficacy.14 However, the authors propose that 
fluoxetine may have been preferentially provided 
to patients with more severe disease related to 
AFM, resulting in selection bias that may have 
confounded ability to prove efficacy.

Since the identification of fluoxetine as a potential 
antiviral agent, several case reports also followed 
suggesting potential efficacy in the treatment of 
enterovirus meningoencephalitis in immunocom-
promized patients, though this was usually in com-
bination with IVIG.15,16 A more recent case report 
involving rituximab-associated chronic echovirus 
13 meningoencephalitis and myofascitis demon-
strated treatment failure to IVIG followed by clini-
cal improvement and CSF viral clearance after 
treatment with fluoxetine.17 These studies suggest 
a potential role for fluoxetine in some patients with 
enterovirus infection of the nervous system.
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Amenamevir
Amenamevir is an anti-herpetic drug with a 
unique mechanism of action directed toward the 
helicase-primase complex.18 It was approved for 
the treatment of herpes zoster in Japan in 2017.18 
Compared to acyclovir and valacyclovir, ame-
namevir has the benefit of once-daily dosing and 
does not require dosing adjustment based on 
renal function. The current indication for ame-
namevir is restricted to herpes zoster and not for 
central nervous system infections due to poor 
CNS penetration of the drug.19 Related to this, it 
is relevant to note that there have been several 
reports of VZV meningitis and/or vasculitis after 
treatment of herpes zoster with amenamevir.20–22 
Notably, most of these cases were related to treat-
ment of herpes zoster with trigeminal nerve 
involvement. Therefore, caution should be exer-
cised in using amenamevir for the treatment of 
herpes zoster with trigeminal involvement or in 
immunocompromized patients.

Mirtazapine
Mirtazapine is a serotonin 5HT2a receptor antago-
nist used primarily for treatment of depression. As 
in vitro studies have demonstrated that John 
Cunningham virus (JCV) infects oligodendrocytes 
through the 5HT2a receptor, there has been inter-
est in mirtazapine as a potential treatment for pro-
gressive multifocal leukoencephalopathy (PML), 
especially as the drug is known to have good CNS 
penetration.23,24 While there are no robust clinical 
trials to demonstrate its efficacy, there are numer-
ous case reports and case series that suggest poten-
tial benefits. For example, one case series of four 
patients with human immunodeficiency virus 
(HIV) infection and PML suggested clinical 
improvement in three of four patients after treat-
ment with mirtazepine.25 Over the past decade, 
several additional case reports of clinical benefit 
with mirtazapine in PML have been published, 
some of which involved concurrent use of the anti-
malarial agent mefloquine.26,27 While evidence on 
efficacy is currently limited, it is reasonable to 
consider mirtazapine in the treatment of PML 
given its overall safety and tolerability.

Direct antibacterials and antimycobacterials

Meropenem and fluroquinolones
Community-acquired bacterial meningitis 
(CABM) continues to cause epidemics across the 

African Sahel region and is a growing burden in 
immunologically susceptible populations world-
wide. Specific bacterial pathogens responsible for 
CABM may vary depending on epidemiology, 
risk factors, and vaccination status of specific 
communities but may include Streptococcus pneu-
moniae, Neisseria meningiditis, Haemophilus influ-
enza, S. agalactiae, and Listeria monocytogenes. 
Outcomes in CABM depend on the prompt ini-
tiation of antibiotics. Additionally, the selection 
of a specific antibiotic regimen is dependent on 
the regional drug susceptibility patterns, though 
data is often incomplete with regard to epidemio-
logical patterns of resistance. Over the decade, 
few new antibiotics have emerged, though there 
are growing scientific efforts to evaluate the use of 
novel immunomodulatory therapies in CABM 
(discussed further in the immunomodulatory sec-
tion of this paper below).

Meropenem is a promising drug that was studied 
in a randomized study in children and shown to 
be as bactericidal as cefotaxime in this patient 
population.28 Another class of drugs is fluoroqui-
nolones, with moxifloxacin effective in models of 
penicillin-resistant S. pneumoniae and L. monocy-
togenes meningitis.29,30 A variety of antibacterial 
treatments have been utilized for intrathecal ther-
apy (including vancomycin and aminoglycosides) 
and are typically simultaneously used with intra-
venous therapy. Intraventricular (IVT) adminis-
tration of antibiotics has been only documented 
by case reports with no major randomized con-
trolled studies to date. Therefore, there is a lack 
of conclusive data regarding optimal use of 
intrathecal therapy.31

Rifampin, isoniazid, pyrazinamide, and 
levofloxacin
Tuberculous meningitis (TBM) remains a major 
cause of global morbidity and mortality, and the 
leading cause of death due to extrapulmonary 
tuberculosis (TB). Though current World Health 
Organization (WHO) guidelines recommend the 
use of the same drug regimen for pulmonary and 
extrapulmonary TB (rifampicin, isoniazid, pyrazi-
namide, and ethambutol) with differences in 
length of treatment time, data suggests that this 
regimen is not optimal for CNS disease. The evi-
dence showing that there was a lack of optimiza-
tion in CNS drug treatment was highlighted in 
phase II trials evaluating the safety of higher dos-
ing rifampicin in Indonesia.32,33 Additionally, an 
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open-lab randomized controlled trial (RCT) in 
Uganda (ISRCTN42218549) compared high-
dose rifampicin (35 mg/kg/day orally or 20 mg/kg/
day intravenously) to standard-of-care rifampicin 
dosing in people living with HIV (PLWH).34 In 
patients who received rifampicin at the standard-
of-care dosing, approximately one-third had 
undetectable rifampicin concentrations in the 
CSF while those receiving high-dose rifampicin 
had CSF concentrations above the minimum 
inhibitor concentration. The ongoing short inten-
sive treatment for children with tuberculous men-
ingitis trial is an RCT investigating whether 
higher dose rifampin (30 mg/kg vs 15 mg/kg), iso-
niazid (20 mg/kg), and pyrazinamide (40 mg/kg) 
in combination with levofloxacin (20 mg/kg) for 
6 months is a safe and effective alternative to 
12 months of standard-of-care treatment.35

Linezolid
Another strategy of treatment for TBM has included 
the use of adjunctive linezolid, leveraged for treat-
ment in drug-resistant TB. As an example, the 
adjunctive linezolid for treatment of TBM (ALTER 
study) is an ongoing phase II randomized open-
label trial (NCT04021121) investigating the phar-
macodynamics and tolerability of adjunctive 
linezolid in TBM in Uganda. Additionally, the 
ongoing intensified trial (INTENSE) is a phase III 
RCT assessing both the role of adjunctive linezolid 
and high-dose rifampin and aspirin 200 mg in the 
first 8 weeks for treatment of TBM (NCT04145258). 
Although the results of these studies are pending, 
they may prove to be promising strategies in the 
treatment of drug-resistant TBM.

Bedaquiline
Bedaquiline is a relatively new anti-TB medica-
tion used in multidrug resistant tuberculosis with 
a unique mechanism of action involving inhibi-
tion of Adenosine Triphosphate (ATP) synthase 
in mycobacteria.36 The drug was approved for use 
in the United States and the European Union in 
2012, making it the first targeted TB medicine 
with a novel mechanism of action in over 
40 years.37 Although bedaquiline has not histori-
cally been utilized specifically for the treatment of 
TBM, a recent pharmacodynamic study has dem-
onstrated that bedaquiline freely penetrates into 
the CSF of patients with pulmonary TB at con-
centrations similar to plasma.38 However, further 
studies are needed to investigate clinical benefit.

Delamanid and pretomanid
Drugs used for second- or third-line treatment in 
drug-resistant TB may also be another important 
therapeutic target for CNS disease. For example, 
Delamanid and Pretomanid are novel anti-TB 
medications that exert their effect via inhibiting 
the synthesis of mycobacterial cell wall compo-
nents, including methoxy mycolic acid and keto-
mycolic acid. They have significant bactericidal 
activity with a pharmacodynamic profile that 
achieves adequate concentrations in the CNS, 
making them attractive agents for evaluation in 
TBM regimens.39–42

Direct anti-fungals
Current antifungal drugs used for invasive fungal 
infections (IFIs) include polyenes, azoles, pyrimi-
dines, and echinocandins.43 However, even with 
first-line treatment, mortality is high in patients 
with CNS fungal infections.44 Limitations with 
current therapies include drug toxicity, drug-drug 
interactions, limited spectrum of activity, and 
increased drug resistance over the years.43,45 
There is also the additional challenge of achieving 
adequate CNS penetration, which has limited the 
use of the echinocandin class in treatment of neu-
roinfectious diseases.46,47 While existing drugs 
such as sertraline and tamoxifen have shown 
promise as potential antifungal agents in preclini-
cal studies, recently completed clinical trials for 
adjunctive use of these drugs in the treatment of 
HIV-associated cryptococcal meningitis did not 
demonstrate clinical benefits.48–50 There remains 
a pressing demand for novel therapeutic drugs 
and improvements in current antifungal treat-
ment regimens.

Fosmanogepix
Fosmanogepix (FMGX) is a first-in-class small-
molecule drug targeting the Gwt1 enzyme in the 
glycosylphosphatidylinositol (GPI) anchor bio-
synthesis pathway that has demonstrated broad-
spectrum activity against invasive yeast and mold 
infections. FMGX is currently under develop-
ment for treatment of invasive candidiasis, asper-
gillosis, scedosporiosis, fusariosis, mucormycosis, 
cryptococcosis, and coccidioidomycosis.43,51,52 
This new drug offers several advantages that 
make it a particularly exciting new treatment for 
CNS fungal infections. It has wide tissue distribu-
tion including penetration of the CNS, unlike the 
echinocandin class, and its new mechanism of 
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action makes it a promising therapy against drug-
resistant fungal strains. It also boasts a favorable 
drug-drug interaction profile, good drug tolera-
bility, and high oral availability, allowing for the 
development of both intravenous (IV) and oral 
formulations.53,54

Significant progress has been made in clinical tri-
als of FMGX with successful completion of two 
phase II studies for the treatment of candidemia 
and invasive candidiasis with treatment success 
rates over 80%, as defined by clearance of candi-
demia (NCT03604705, NCT04148287). A 
phase III trial for the potential treatment of candi-
demia and/or invasive candidiasis is currently 
underway and is scheduled for completion in 
2026 (NCT05421858). In this two-arm study, 
the safety and efficacy of FMGX will be com-
pared to standard-of-care therapy (caspofungin 
plus fluconazole). FMGX has also been trialed as 
a potential treatment of invasive aspergillus or 
rare mold infections in a phase II study 
(NCT04240886), which was recently terminated 
early to prioritize a randomized comparative 
phase III trial for the same indication, though 
phase III trial plans have not yet been posted on 
ClinicalTrials.gov. In addition to clinical trials, 
some patients have been able to access FMGX 
through Pfizer’s expanded access program, with 
demonstrated success in several cases of drug-
resistant or invasive Fusarium infections.55,56

Olorofim
Another drug under development, olorofim (for-
merly F901318), is the first of the novel oroto-
mide drug class to reach clinical trials. Inhibiting 
the fungal enzyme dihydroorotate dehydrogenase, 
olorofim has selective activity against molds and 
dimorphic fungi.43 Early models have also shown 
some penetration to the CNS, including high in 
vitro and in vivo activity against CNS Coccidioides, 
and the drug has received breakthrough therapy 
designation from the FDA for treatment of CNS 
coccidioidomycosis.43,51,57,58 It has now completed 
enrollment in a single-arm phase IIb trial for treat-
ment of IFIs, including Aspergillus spp. In addi-
tion, other resistant fungi in patients without other 
treatment options (NCT03583164). Though 
results are not yet published from this trial, parent 
company F2G reported preliminary results of the 
first 100 patients, showing favorable drug tolera-
bility and a 44% treatment response rate at day 
42.59 With these promising results, F2G 

submitted a New Drug Application to the FDA 
for treatment of drug-resistant IFIs, but the FDA 
recently denied approval, requesting additional 
data.60 A multicenter phase III trial for treatment 
of invasive aspergillosis comparing olorofim with 
AmBisome (liposomal amphotericin B) followed 
by standard-of-care is also actively ongoing 
(NCT05101187), with estimated completion in 
2025. F2G also has a managed access program 
(MAP) for the compassionate use of olorofim, 
though at the time of this publication, it is tempo-
rarily closed to new patients due to problems 
matching supply to demand.61

New formulations of amphotericin B
In addition to these new drug classes, advances 
have been made in the formulation of ampho-
tericin B to reduce its toxicity and enhance the 
medication delivery process. In the AmBisome 
Therapy Induction Optimization (AMBITION) 
trial in HIV-positive patients with cryptococcal 
meningitis, single high-dose liposomal ampho-
tericin B (AmBisome) combined with flucytosine 
(5-FC) and fluconazole was found to be noninfe-
rior compared to the current WHO recommended 
regimen (7 days of amphotericin B deoxycholate 
with flucytosine). The ability to administer higher 
doses with fewer adverse effects may lead to 
reductions in hospital stay length, a particularly 
advantageous feature in resource-limited set-
tings.62,63 A new nanoparticle-based encochleated 
form of amphotericin B, MAT2203, similarly 
offers potentially reduced toxicity and lower costs 
compared to the traditional intravenous formula-
tion. Developed by Martinas Biopharma, 
MAT2203 is the first oral formulation to reach 
clinical development.51,57,64 The phase I/II 
EnACT trial evaluating the treatment of crypto-
coccal meningitis in patients infected with HIV 
was completed in February 2023 (NCT04031833), 
and preliminary analyses showed a >90% early 
survival rate in patients receiving MAT2203 and 
5-FC, which was noninferior, if not improved, 
compared to the patient group receiving 
IV-administered amphotericin B and 5-FC.65 A 
phase III trial (EnACT3) is currently being 
planned for the same indication (NCT05541107).

Advances in treatment of prion diseases
Prion diseases, also known as transmissible 
spongiform encephalopathies, are neurodegener-
ative diseases that progress rapidly, are universally 
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fatal, and are currently incurable.66 Current 
standard-of-care consists of supportive measures 
due to limited efficacy of disease-modifying treat-
ments. Despite several repurposed drugs such as 
quinacrine, pentose polysulfate, doxycycline, and 
flupirtine advancing to clinical trials, none have 
shown significant improvement in human survival 
rates.67–70 New anti-prion mechanisms being 
investigated target the reduction or neutralization 
of cellular prion protein (PrPC) and its pathogenic 
isoform, scrapie prion protein (PrPSc).66,71

PRN100
A notable advancement in the field is PRN100, a 
newly developed fully humanized PrPC monoclo-
nal antibody. Created by the Medical Research 
Council (MRC) Prion Unit at University College 
London (UCL), PRN100 was administered as 
compassionate use treatment to six patients with 
probable sporadic or iatrogenic Creutzfeldt-Jakob 
disease (CJD) at University College London 
Hospital in 2018 to 2019.72 Intravenously admin-
istered through a cautious dose-escalation 
approach, treatment was well-tolerated and 
reached target CSF drug concentrations. PRN100 
did not significantly impact survival or disease 
progression when compared to historical data of 
untreated patients; however, the MRC Prion 
Disease Rating Scale score, a functional status 
scale designed to measure disease severity, 
appeared to stabilize in three patients once CSF 
drug concentrations reached target levels. In 
addition, autopsy results of two patients showed 
altered patterns of PrP labeling in the brain, sug-
gesting potential disease-modifying effects in tar-
get tissue.72,73 These results show promise, and it 
will be of great interest to observe whether a larger 
clinical trial, along with earlier administration of 
the antibody during the disease process, might 
yield more favorable outcomes.

Anle138b
Another novel therapeutic candidate is anle138b, 
an oligomer modulator that inhibits PrPSc forma-
tion. Preclinical studies have demonstrated anti-
prion activity with excellent penetration of the 
blood-brain barrier (BBB) and oral bioavailabil-
ity, and it has been found to improve survival out-
comes in late prion infections in murine 
models.74–76 While not yet the subject of specific 
clinical trials for prion diseases, anle138b has 
been investigated as a therapeutic agent for 

Parkinson’s disease due to its ability to inhibit 
alpha-synuclein aggregation. Initial evaluations  
in a phase Ia trial involving healthy volunteers 
demonstrated a favorable safety profile 
(NCT04208152), and a subsequent phase Ib 
study in patients with mild and moderate 
Parkinson’s disease has recently been completed 
(NCT04685265). While results from this study 
are pending, confirmation of anle138b’s safety 
and efficacy could prompt a broader exploration 
and application of this therapeutic to patients 
with prion diseases.

Immunomodulatory therapies
Immunomodulatory therapies are increasingly 
being used in the treatment of neuroinfectious 
diseases in several somewhat distinct contexts. 
The first is the use of immunomodulation in the 
direct treatment of infections, via increased 
immune system activation against the infectious 
pathogen. The second is to limit the deleterious 
effects of the host inflammatory response against 
the infection. Within this second context is the 
specific role of immunomodulation in the preven-
tion and treatment of immune reconstitution 
inflammatory syndrome (IRIS).

Steroids for bacterial meningitis
Corticosteroids have been investigated in bacte-
rial, tuberculous, and cryptococcal meningitis as 
well as neurocysticercosis and viral encephalitis. 
The most recent robust data on the use of corti-
costeroids in CABM was a 2015 meta-analysis of 
25 RCTs which found that corticosteroids had no 
impact on overall mortality but were associated 
with the following: (1) decreased mortality in S. 
pneumoniae meningitis in high-income countries, 
(2) decreased morbidity (hearing loss and neuro-
logic sequelae) for adults and children with any 
pathogens in high-income countries, and (3) 
decreased hearing loss for children with H. influ-
enzae meningitis in any income country.77 While 
earlier studies had shown that the benefit of ster-
oids was dependent on timing (benefit only seen if 
steroids were given before or with antimicrobials) 
this study did not find variability with timing.

Following this 2015 meta-analysis, there have 
been several additional studies in high-income 
countries. The 2017 MONALISA prospective 
study of 212 patients with neurolisteriosis in 
France demonstrated increased mortality in 
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patients receiving dexamethasone.78 While not a 
RCT, baseline characteristics between the two 
groups were relatively similar, pointing toward a 
true effect of dexamethasone as opposed to a 
biased treatment group. A 2016 prospective study 
in the Netherlands of 1412 patients showed mor-
tality benefit of dexamethasone in both pneumo-
coccal and non-pneumococcal species, though 
notably neurolisteriosis only made up a minority 
of the non-pneumococcal group.79 Two studies 
out of Taiwan in 2019 and 2021 showed increased 
mortality with dexamethasone; however, neither 
was randomized and the dexamethasone groups 
were sicker at baseline, so it is difficult to draw 
conclusions about the impact of dexametha-
sone.80,81 Two recent reviews recommend a 4-day 
course of dexamethasone for all adults in high-
income regions with bacterial meningitis exclud-
ing those with confirmed neurolisteriosis.82,83

In low-income regions, data is limited to small series 
in specific countries. A 2022 prospective study in 
Afghanistan on 393 children with CABM found 
that dexamethasone was associated with a signifi-
cant mortality benefit.84 A 2017 prospective study 
in Ethiopia showed survival benefit in the subgroup 
of patients not receiving early antimicrobials.85

In summary, recent data mostly supports the 
findings in the 2015 meta-analysis that steroids 
provide a morbidity and mortality benefit in bac-
terial meningitis in high-income regions, though 
has added to our understanding that this benefit 
likely extends to non-pneumococcal species and 
that a notable exception is listeriosis where ster-
oids are likely harmful. Some small studies also 
suggest a potential benefit in low-income regions, 
but these findings warrant confirmation in larger 
multinational studies.

Steroids in other neuroinfectious diseases
Corticosteroids have long been used in the treat-
ment of TBM and are part of the official Infectious 
Disease Society of America (IDSA) guidelines as a 
strong recommendation but with only moderate 
certainty in the evidence.86 A 2022 meta-analysis 
of 11 newer studies, most of which were RCTs, 
confirmed that dexamethasone in combination 
with antitubercular drugs was associated with 
improved effective rates and decreased adverse 
effects when compared to antitubercular drugs 
alone, adding to the evidence in support of dexa-
methasone use.87

Given the data supporting the use of corticoster-
oids in several forms of infectious meningitis, the 
CryptoDex trial was conducted to determine if 
corticosteroids were beneficial in HIV-associated 
cryptococcal meningitis.88 Unlike bacterial and 
TBM, this trial was stopped early after interim 
analysis demonstrated a statistically significant 
increase in disability and adverse events in the dex-
amethasone arm compared to the control group. 
The mortality rate was also higher in the dexa-
methasone group (47% vs 41%) but this did not 
reach statistical significance. Based on this RCT, 
the WHO now recommends against the use of cor-
ticosteroids for cryptococcal meningitis as a strong 
recommendation with high certainty evidence.89

The most recent IDSA guidelines for viral 
encephalitis from 2008 recommend against the 
use of corticosteroids for most infectious enceph-
alitis etiologies, including herpes encephalitis, cit-
ing insufficient data.90 Two recent trials have 
attempted to provide data on the role of dexa-
methasone as an adjunct treatment in herpes 
encephalitis. The GACHE trial in the early 2000s 
was unfortunately closed due to slow recruit-
ment.91 The DexEnceph trial conducted in the 
UK recruited its final patient as of 2022, and 
study results are forthcoming.92

In the 2008 IDSA guidelines, the two pathogens 
where steroids could be considered were varicella-
zoster and Epstein-Barr encephalitis based on 
limited, anecdotal reports.90 Outside isolated case 
reports, no recent robust data exists to support or 
oppose these recommendations.

Steroids are routinely used in neurocysticercosis. 
The 2017 IDSA guidelines recommend the use of 
adjunctive corticosteroids for patients with viable 
parenchymal cysts and subarachnoid neurocyst-
icercosis prior to receiving antiparasitic agents.93 
This is based on several case series and one pro-
spective study in 2004 showing decreased rate of 
seizures in patients on steroids plus antiparasitics 
compared to either alone.94

Interleukins
Interleukins are signaling molecules (cytokines) that 
play a critical role in T-cell proliferation and func-
tion. They are particularly important in regulating 
the immune response to infectious diseases, facili-
tating activation and recruitment of lymphocytes 
(particularly T-cells) to aid in pathogen clearance.95 
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Interleukins may exert effects within the CNS both 
by transport of peripheral interleukins through the 
BBB or via direct cytokine production from resident 
microglia in the CNS.96 Therefore, interleukins, 
specifically IL2, IL7, and IL15, have been proposed 
as a potential therapeutic to boost T-cell function 
and promote viral clearance.

PML due to JCV occurs almost exclusively in the 
setting of cellular immunodeficiency and thus 
interleukins have been explored as a potential 
therapeutic strategy for the treatment of PML. 
Numerous case reports in patients with PML have 
shown success with using IL7, reporting viral 
clearance from the CSF and clinical and/or radio-
graphic stabilization with some rare cases even 
showing improvement.97–107 A 2022 retrospective 
case series of 64 patients with PML receiving IL7 
had mixed results.108 For patients with HIV in this 
study, survival was similar to what has been 
reported with antiretroviral therapy (ART) alone 
(which patients in this study also received). This is 
not entirely surprising as ART itself leads to cel-
lular immune reconstitution (i.e., improved 
CD4+ T-cell count). The non-HIV patients in 
this study had several mechanisms of cellular 
immunodeficiency (primary immunodeficiency 
syndrome, hematologic malignancy, and iatro-
genic immunosuppression due to organ transplan-
tation or autoimmune conditions). In the first two 
mechanisms, there are no feasible therapeutic 
options to allow immune reconstitution. For the 
iatrogenic immunosuppression patients, many of 
these patients require some degree of ongoing 
immunosuppression, again limiting full immune 
reconstitution. In these patient populations, sur-
vival was much better than reported outcomes in 
the literature. While not a controlled comparison 
study, this does provide encouraging evidence of 
potential benefits for the non-HIV-associated 
PML patient population. There are several case 
reports using IL2 that showed improvement in 
CSF viral load and clinical improvement (some 
with complete resolution of symptoms).109 Finally, 
there is a single case report using an IL15 superag-
onist in a patient who developed PML after allo-
genic stem cell transplant, which resulted in 
clearance of JCV from the CSF as well as clinical 
and radiographic improvement.110

Immune checkpoint inhibitors
Along the same line as interleukins, immune 
checkpoint inhibitors (ICIs) have also been  

proposed to aid in JCV control. In a recent multi-
center survey involving 79 patients with PML 
treated with ICIs, the mortality rate at 1 year was 
48.1%.111 Of note, this patient population 
included patients with HIV and patients without 
HIV, and mortality rates were similar regardless 
of the underlying condition. In HIV patients, 
where immune reconstitution can be achieved 
through the use of ART, mortality rates in the lit-
erature range from 25% to 50%.112,113 However, 
in the non-HIV population, where immune 
reconstitution is impossible or highly unlikely, 
mortality rates remain as high as 85%–90%.111 
Thus, similar to interleukins, ICIs seem to offer 
possible mortality benefits in patients without 
HIV who are otherwise unable to achieve immune 
reconstitution.

Immune-related adverse events (irAEs) are a 
major concern with ICIs, both off-target irAEs as 
well as a potentially increased risk for severe 
PML-associated IRIS. In this same series of 79 
patients mentioned above, 30% had irAEs, which 
were mostly dermatologic and gastrointestinal in 
nature. Of those, 30% had to discontinue ICI 
therapy, but it does not appear any of these irAEs 
were fatal. PML–IRIS occurred in 19% of 
patients, with the highest rates in the HIV popu-
lation (41.7%) and patients with chronic inflam-
matory conditions (37.5%). PML–IRIS was fatal 
in 9% of patients. There is insufficient literature 
to know the rates of IRIS among patients with 
chronic inflammatory conditions not treated with 
ICIs. However, in the HIV population, in a prior 
study of 59 patients with HIV treated with ART 
alone, the rate of PML–IRIS was 30.5%, suggest-
ing an increased rate when ICI therapy is added.114

In summary, while there is some convincing evi-
dence that ICI may improve outcomes in PML, 
this is highly dependent on the underlying etiol-
ogy of the IRIS. In the HIV population where 
immune reconstitution can be achieved through 
ART, there does not seem to be a benefit of add-
ing ICI, and there is likely an increased risk of 
IRIS. For patients with chronic inflammatory 
conditions, there may be an increased risk of 
PML–IRIS, though the benefit remains unknown 
as there are no controlled studies or prior litera-
ture for comparison. While not discussed in the 
review above, patients with life-sustaining organ 
transplants similarly are likely at prohibitively 
high risk of immunotherapy-mediated organ 
rejection to consider ICI therapy. Thus, if 
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considering this therapy, patients must be care-
fully selected.

Viral-specific T-cells
Viral-specific T-cells (VSTs) are another pro-
posed mechanism of immune augmentation to 
treat neuroinfectious diseases. Particularly given 
concerns about off-target irAEs with less specific 
treatments like ICIs, VSTs are appealing in their 
narrow action. Three small case series involving a 
total of 14 patients (1 HIV positive and 13 HIV 
negative) treated with VST have been pub-
lished.115–117 In the largest series of nine patients, 
six achieved PML control, while three died due to 
PML progression. In the series of three patients, 
two had clinical and radiographic improvement 
(including the 1 HIV positive patient), and one 
patient remained stably disabled and died while 
in hospice. Finally, in the series of two patients, 
both had clinical and radiographic improvement. 
Given the patient populations in these series were 
nearly all HIV-negative patients, the mortality 
rates are far better than those reported in the lit-
erature for similar populations. Importantly, one 
patient in this series was a lung transplant patient 
who would not have been a candidate for ICI, 
and she achieved control of her PML without any 
evidence of graft rejection.

Intravenous immunoglobulins:
IVIG has been trialed in the treatment of viral 
encephalitis, particularly in immunocompro-
mized populations. Although generally consid-
ered safe with minimal adverse effects, assessing 
its efficacy has been challenging. Existing evi-
dence primarily consists of case reports or series, 
and the inherent biases in patient selection as well 
as heterogeneity of cases make direct compari-
sons difficult.118 Despite the completion of the 
IgNiTE trial (NCT02308982), a phase III RCT 
evaluating the effects of early treatment of IVIG 
in pediatric patients with all-cause encephalitis, 
no results are available, and there remains a need 
for higher quality evidence for clinical decision 
making.

While the decision to initiate IVIG treatment is 
case-dependent, the literature provides evidence 
of more consistent application of IVIG in patients 
with hypogammaglobulinemia due to immuno-
suppression. Notably, several cases of enteroviral 
meningoencephalitis in hypogammaglobulinemic 

patients have demonstrated symptomatic 
improvement and viral clearance following IVIG 
treatment.8,15,119–121 A study further supports 
potential benefits by showing a dose-dependent 
effect on viral clearance.122 However, the timing 
and threshold of immunosuppression necessitat-
ing IVIG initiation remain unclear. Moreover, a 
review of patients diagnosed with arboviral dis-
ease while on rituximab treatment found no sig-
nificant difference in outcomes for those who 
received IVIG, raising uncertainties about the 
extension of benefits to immunosuppressed 
patients infected with other pathogens.123

Other immunomodulatory agents
Complement inhibitors, particularly drugs target-
ing C5a or C5aR, have been proposed as a possi-
ble method of reducing brain inflammation in 
bacterial meningitis. While adjunctive treatment 
with C5 antibodies has led to improved outcomes 
in a murine model of pneumococcal meningitis, 
the use of complement inhibitors for treatment of 
CNS infections has not yet been assessed in clini-
cal trials.124

Tumor necrosis factor alpha (TNF-α) inhibitor 
use in CNS infections has also been explored. 
Thalidomide and its synthetic analogs have dem-
onstrated improved survival and morbidity out-
comes in rabbit models of TBM.125,126 Though an 
earlier RCT of thalidomide use in children with 
TBM was terminated early due to adverse events, 
subsequent case reports indicate that administer-
ing thalidomide at lower doses may be associated 
with better drug tolerance and improved out-
comes for certain clinical indications such as 
necrotizing tuberculous abscesses.125,127,128 In 
addition, although TNF-α monoclonal antibod-
ies are typically limited by poor CNS penetration, 
they may play a role in conditions where inflam-
mation increases permeability of the BBB. 
Etanercept has been administered in cases of 
complicated neurocysticercosis with associated 
clinical improvement and a favorable safety 
profile.129

Teriflunomide, a dihydro-orotate dehydrogenase 
inhibitor primarily used in multiple sclerosis, has 
undergone testing in cell models for a variety of 
viral diseases, including JCV, HIV, and human 
T-lymphotropic virus 1 (HTLV-1).130–133 It works 
by inhibiting de novo pyrimidine synthesis lead-
ing to a reduction in lymphocytic proliferation, 
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therefore moderating inflammatory processes and 
potentially inhibiting replication of viruses 
dependent on cell proliferation. Currently, there 
is an ongoing phase I/II study evaluating the 
effects of teriflunomide in adults with HTLV-1-
associated myelopathy/tropical spastic parapare-
sis (HAM/TSP) (NCT04799288).

Therapeutic advances in CNS–IRIS
IRIS refers to a dysregulated inflammatory syn-
drome following reconstitution of the immune 
system in patients who were previously immuno-
suppressed. This is classically seen in HIV-
infected individuals after initiation of ART and 
may manifest as either the “unmasking” of an 
occult infection or paradoxical worsening of a 
previously known infection. Examples of com-
mon pathogens associated with CNS–IRIS 
include, but are not limited to, tuberculosis, cryp-
tococcus, and JC virus. Corticosteroids remain 
the mainstay of treatment of severe IRIS involv-
ing the CNS, especially when there are no antimi-
crobial agents available for treatment of the 
underlying infection or antimicrobial treatments 
fail to adequately control the inflammatory 
response.134 However, steroids may also hinder 
pathogen-specific T-cell responses and compro-
mise pathogen clearance. Therefore, there has 
been increasing interest in immunomodulatory 
strategies that reduce excessive neuroinflamma-
tion while preserving pathogen-specific T-cell 
responses. Maraviroc, a CC chemokine receptor 
5 (CCR5) antagonist, was proposed to have indi-
rect immunomodulatory properties that could be 
effective in managing PML–IRIS.135 However, 
despite mechanistic plausibility, a recent multi-
center retrospective cohort study involving 27 
patients with PML–IRIS did not demonstrate 
the clear efficacy of this drug.136 Similarly, TNF-
α inhibitors have also been proposed as thera-
peutic strategy in patients with CNS–IRIS in the 
setting of cryptococcal meningitis or tuberculo-
sis, with several case reports and case series sug-
gesting favorable response, usually in conjunction 
with steroids.137–139 However, there are not  
yet any controlled trials to demonstrate efficacy 
of TNF-α inhibitors for the management of 
CNS–IRIS.

Conclusion
There have been several important and clinically 
relevant advances in the treatment of neurological 

infections in the past two decades. This includes 
the development of several new direct antimicro-
bial agents and the repurposing of existing agents. 
In addition, immunomodulatory strategies target-
ing the host immune response are increasingly 
being utilized for the treatment of neurological 
infections. These advances are particularly relevant 
to immunocompromized patients with impaired 
immune responses to pathogens. Fortunately, 
many of these agents have already been approved 
for commercial use. However, when specific agents 
are not commercially available, physicians should 
be aware that they may be able to secure such 
agents through an IND application for emergency 
compassionate use (Figure 1). While many thera-
peutic advances have been achieved in the past 
several years, there remains a pressing need for the 
development of additional therapeutic agents in 
the treatment of neurological infections. With the 
increasing use of immunosuppressive medications 
for the treatment of chronic autoimmune condi-
tions and organ transplantation, the number of 
patients at risk for serious neurological infections is 
expected to rise. Therefore, a better understanding 
of pathogen and host immune responses will be 
key for developing new agents and therapeutic 
strategies in this patient population. The COVID-
19 pandemic has demonstrated that the rapid 
development of antimicrobial treatments and vac-
cines is possible in times of urgency.
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