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Abstract

Introduction:Herpes simplex virus (HSV) may be involved in Alzheimer’s disease (AD)

pathophysiology. The antiviral valacyclovir inhibits HSV replication.

Methods: This phase-II pilot trial involved valacyclovir administration (thrice daily,

500 mg week 1, 1000 mg weeks 2–4) to persons aged ≥ 65 years with early-stage

AD, anti-HSV immunoglobulin G, and apolipoprotein E ε4. Intervention safety, toler-

ability, feasibility, and effects on Mini-Mental State Examination (MMSE) scores and

cerebrospinal fluid (CSF) biomarkers were evaluated.

Results: Thirty-two of 33 subjects completed the trial on full dosage. Eighteen per-

cent experienced likely intervention-related mild, temporary adverse events. CSF

acyclovir concentrations were mean 5.29 ± 2.31 μmol/L. CSF total tau and neuro-

filament light concentrations were unchanged; MMSE score and CSF soluble trig-

gering receptor expressed on myeloid cells 2 concentrations increased (P = .02

and .03).

Discussion: Four weeks of high-dose valacyclovir treatment was safe, tolerable, and

feasible in early-stage AD. Our findingsmay guide future trial design.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
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1 BACKGROUND

Since its presentation in 1982, the hypothesized involvement of her-

pes simplex virus (HSV) in the etiology of Alzheimer’s disease (AD)

has been supported by accumulating preclinical and epidemiologi-

cal evidence.1–14 This theory entails exciting prospects for AD treat-

ment and prevention amongHSV carriers, as indicated by considerable

reductions in the risk of later dementia and AD diagnoses achieved

by anti-herpes virus treatment in registry and cohort studies.15–18

Such treatment is used widely, administered easily, and generally well

tolerated.

Valacyclovir, an oral antiviral agent, is effective against herpesvirus

infections (e.g., herpes labialis, herpes encephalitis, and herpes zoster).

The oral administration of 1 g valacyclovir twice daily was shown

to effectively treat the signs and symptoms of herpes infection,19

and 500 mg valacyclovir twice daily suppressed asymptomatic her-

pes infection reactivation.20 Valacyclovir also may effectively sup-

press intracerebral HSV reactivation,21,22 but a higher dose would

be required due to its low central nervous system (CNS) penetration

(mean± standard deviation [SD], 19%± 3%).23 The safety, tolerability,

and feasibility of 1 g valacyclovir administered three times daily have

been evaluated in small populations, with satisfactory results,21–25 but

have not been assessed among patients with AD.

As HSV carriership is highly prevalent, any benefit achieved with its

treatment may apply to a large portion of the population.26 Concur-

rent carriership of HSV type 1 (HSV-1) and apolipoprotein E (APOE) ε4
is associated strongly with AD,6,7 suggesting an increased probability

of HSV-driven AD development. Randomized controlled trials (RCTs)

are needed to evaluate anti-herpes virus treatment effectiveness in

terms of AD symptoms and pathology. Here, we report the outcome

of a phase II pilot trial involving high-dose valacyclovir administration

to patients with early-stage AD and anti-HSV immunoglobulin (Ig)G

and APOE ε4 positivity. In addition to the treatment’s safety, tolera-

bility, and feasibility, we assessed its clinical efficacy, as reflected by

Mini-Mental State Examination (MMSE) scores and biological effects

reflected by cerebrospinal fluid (CSF) biomarkers. The trial results may

guide the design of future RCTs.

2 METHODS

2.1 Design

In this open phase II dual-site pilot trial, high-dose valacyclovir was

administered to patients with early-stage AD. No placebo was admin-

istered. The trial was approved by the Regional Ethics Review Board of

Umeå (nos. 2016-390-31 M and 2018-93-32 M), the Swedish Medical

Products Agency (nos. 5.1-2016-71047 and 5.1-2018-53658, Eudra-

CT 2016-002317-22), and RegionVästerbotten’s Radiation Protection

Committee (no. 1623). It was conducted in accordance with the Decla-

ration of Helsinki, as revised in 2013, and registered prior to its initia-

tion (ClinicalTrials.gov: NCT02997982).

In addition to participation in the present trial, patients at the

University Hospital of Umeå were initially offered participation

in a joint trial of the safety and feasibility of 9-(4-[18F]fluoro-3-

(hydroxymethyl)butyl)guanine ([18F]FHBG)-positron emission tomog-

raphy/computed tomography (PET/CT) examination to assess the

potential use of this probe for HSV-1 thymidine kinase imaging dur-

ing virus replication. That trial was discontinued due to the lack of sig-

nificant cerebral uptake. Its methodology is described in supporting

information.

2.2 Sample size

The predetermined optimal sample was 36 participants, with assess-

ment of eligibility of up to 120 persons. As no data on which to base a

power calculationwere available, aminimum sample of 30 participants

was chosen to allow for invocation of the central limit theorem, with an

additional 20% to allow for potential drop-outs.

2.3 Setting

This studywas conducted at the University Hospital of Umeå andUpp-

sala University Hospital, Sweden. Data were collected in the hospitals’

memory clinics and theUniversity Hospital of Umeå’s Neurology Clinic

and Unit of NuclearMedicine.

2.4 Participants

Potential participants were recruited via advertisements and during

regular health-care visits. They provided written informed consent to

participation after having been provided information by a participating

physician. Potential participants’ eligibility was then further assessed

using the criteria listed in Table 1 through interviews, medical records

reviews, and blood assays.

2.5 Intervention

The study substance was valacyclovir (Valtrex; GlaxoSmithKline),

ingested orally as 500-mg tablets (three times daily; one tablet on
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RESEARCH INCONTEXT

1. Systematic review: Traditional sources, such as PubMed,

were used for the literature review. No previous trial

examining antiviral therapy for patients with Alzheimer’s

disease (AD) was identified.

2. Interpretation: We present novel findings of the high

safety, tolerability, and feasibility of 4 weeks of antiviral

therapy for patients with early-stage AD, in line with pre-

vious findings from other patient groups. These findings

enable thedesignof efficient randomized controlled trials

examining the effects of such treatment onAD symptoms

and pathology.

3. Future directions: Randomized controlled trials are

needed to assess the effects of the intervention on AD

symptoms and pathology. This paper provides guidelines

for the design of such studies.

HIGHLIGHT

∙ We evaluated a 4-week high-dose oral valacyclovir treat-

ment regimen.

∙ Participants were ≥65 years old with early Alzheimer’s

disease, HSV, and APOE ɛ4.
∙ The intervention was safe, tolerable, and feasible.

∙ Cognitive performance and sTREM2 levels increased dur-

ing the intervention.

∙ Our findings can aid the design of RCTs on antivirals in

Alzheimer’s disease.

days 1–7, two tablets on days 8–28). Patients were given all doses on

day 1 and instructed in the self-administration of the drug. They were

encouraged to involve their next-of-kin or other supporting individuals

in drug administration and to bring these individuals to study visits to

receive instruction. The information was also repeated during check-

ups conductedby telephone1and2weeks after intervention initiation.

Information on adverse events (AEs) and serious adverse events

(SAEs) was recorded from intervention day 1 to 30 days after inter-

vention termination. A participating physician determined the degree

to which AEs and SAEs were related to the intervention. Clinically rel-

evant AEs and SAEs suspected to be related to the intervention were

followed until their resolution. The intervention was terminated early

in cases of withdrawn consent or the occurrence of a possibly related

AE that rendered continuation unsuitable.

2.6 Procedure

Baseline clinical information, including participants’ age, sex, height,

and weight, was collected during initial screening visits. Participants’

blood was sampled during screening and on intervention day 28 using

a standardized clinical procedure for venipuncture. The blood was col-

lected intoethylenediaminetetraacetic acid tubes,whichwere inverted

10 times, and into serum tubes, whichwere incubated at room temper-

ature for 60 minutes and then centrifuged at 2000 g for 10 minutes.

The supernatant was collected and stored at –80◦C.

Participants’ CSF was sampled by lumbar puncture, using a stan-

dardized clinical procedure, on intervention days 0 and 28. A sterile

atraumatic (pencil-point) spinal needle (22 G, 0.7 × 90 mm; MEDIQ)

was used to collect the first 10ml of CSF into two polypropylene tubes.

The sampleswere centrifuged at 2000 g for 10minutes, and the super-

natant was collected and stored at –80◦C, according to a standardized

procedure. Participants on antiplatelet drugs were instructed to tem-

porarily discontinue those drugs the day before lumbar puncture.

2.7 Outcome measures

The primary outcomes were the intervention’s feasibility, tolerability,

and safety, and changes in the CSF levels of total tau (t-tau) and neuro-

filament light chain (NfL) during the intervention. The secondary out-

comes were changes in the MMSE score, anti-HSV IgG titers, and CSF

levels of amyloid beta (Aβ)42, Aβ40, phosphorylated tau (p-tau), solu-

ble triggering receptor expressedonmyeloid cells 2 (sTREM2), YKL-40,

glial fibrillary acidic protein (GFAP), interleukin (IL)-6, IL-8, IL-1β, and
tumor necrosis factor (TNF)-α during the intervention; and the detec-

tion, magnitude, and location of replicating herpesvirus in the CNS by

[18F]FHBGPET/CT.

The intervention’s feasibility and tolerability were assessed by cal-

culating the proportion of participants who completed it on a full or

reduced valacyclovir dosage and by assessing the CSF acyclovir con-

centration on intervention day 28. The CSF and serum concentra-

tions of acyclovir and themetabolite 9-carboxymethoxymethylguanine

(9-CMMG) were analyzed using accredited liquid chromatography-

tandemmass spectrometry, as described in the supporting information,

at the Pharmacological Laboratory, Division of Clinical Pharmacology,

Karolinska University Hospital, Sweden. CSF acyclovir concentrations

were compared to the half maximal inhibitory concentration (IC50) for

HSV-1 clinical isolates (mean ± SD, 1.69 ± 1.02 μmol/L).27 The inter-

vention’s safety was assessed by evaluating the frequency and severity

of AEs and SAEs considered to be related to the intervention occurred

during and 30 days after the intervention, and by assessing changes in

the serum creatinine concentration during the intervention.

A participating physician or registered nurse with experience in the

procedure administered the revised Swedish version of the MMSE

according to the instructions with the instrument.28–30 The assess-

ments were performed before participants took their first valacyclovir

doses on day 0, and after they had taken their last doses on day 28.
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TABLE 1 Eligibility criteria

Inclusion criteria

1. Provision of informed consent.

2. Age≥ 65 years.

3. Sufficient cognitive performance to provide informed consent, as determined by clinical evaluation.

4. Diagnosis of late-onset AD ormild cognitive impairment of the AD type, supported by typical clinical presentation and/or progression and at least one

objective finding (e.g., significantly decreased perfusion ormetabolism in both brain hemispheres in the temporal lobes or hippocampal atrophy, as

determined by CT,MRI, PET/CT, or SPECT; pathological concentrations of AD biomarkers in cerebrospinal fluid [low Aβ42 concentration, lowAβ42/40
ratio, and/or high p-tau concentration, as determined by laboratory analysis]; or absence of other significant pathology). Diagnostic support from at

least one cerebral imagingmodality (CT,MRI, PET/CT, or SPECT). Patients with normal white-matter changes for their age were not excluded.

5. Serum or plasma anti-herpes simplex virus IgG positivity.

6. Hetero- or homozygous APOE ε4 genotype carriership.

7. At least 1month stability of medication regimens for other conditions.

Exclusion criteria

1. Known allergy to valacyclovir or acyclovir.

2. Inability to adhere to a treatment regimen. Assistance from non-study personnel involved in the daily administration of medication was encouraged

andwas not a reason for exclusion.

3. Kidney failure or decreased kidney function (estimated glomerular filtration rate< 30ml/min/1.73m2).a

4. Ongoing anticoagulant treatment, excluding the use of antiplatelet drugs in normal doses.

5. Unstable or life-threatening disease with expected survival time< 1 year.

6. Severe somatic condition projected to obstruct study participation.

7. Diagnosis of major neurocognitive disorder other than AD.

8. Known severe neurological or neurocognitive disease.

9. Psychiatric condition requiring treatment that is likely to obstruct study participation (e.g., depression or psychosis).

10. Current or recent (in the last 5 years) history of substance addiction.

11. Condition rendering examination in the supine position impossible.b

12. Claustrophobia or other contraindication to PET/CT examination.b

aCalculated using the Chronic Kidney Disease Epidemiology Collaboration equation from the serum creatinine level, sex, and age.
bOnly for participation at the University Hospital of Umeå study site.

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; APOE, apolipoprotein E; CT, computed tomography; IgG: immunoglobulin G; MRI, magnetic reso-

nance imaging; PET, positron emission tomography; p-tau, phosphorylated tau; SPECT, single-photon emission computed tomography.

The assessment environment was controlled, with only the assessor,

patient, and, optionally, a close relativewhowasnot allowed tohelp the

patient, present. Care was taken to vary the use of alternative versions

of items 11 and 12.

Anti-HSV IgG titers were determined using an in-house enzyme-

linked immunosorbent assay (ELISA) at the Department of Clinical

Microbiology, Section of Virology, Umeå University, Sweden. The anti-

HSV IgG titer was defined as the highest positive dilution in CSF and

serumwith an absorbance value (optical density [OD]) ≥ 0.150, except

for 1/100 serum dilutions, for whichOD≥ 0.200was used. Serum/CSF

anti-HSV IgG titer ratios < 100 were considered to be patholog-

ical and CSF/serum anti-HSV IgG titer ratios > 1% were consid-

ered to indicate blood-brain barrier disruption or intrathecal antibody

production.

CSF samples obtained on intervention days 0 and 28 were ana-

lyzed to determine the t-tau, NfL, Aβ42, Aβ40, p-tau, sTREM2, YKL-40,

GFAP, IL-6, IL-8, IL-1β, and TNF-α concentrations at theClinical Neuro-

chemistry Laboratory, Sahlgrenska University Hospital, Mölndal, Swe-

den. The Aβ42, Aβ40, t-tau, and p-tau concentrations were measured

using automated sandwich immunoassays on a LUMIPULSE G600II

instrument (Fujirebio). Aβ42/40 ratios ≤ 0.072 were considered to be

pathological. NfL and GFAP concentrations were measured using in-

house ELISAs, as described previously.31,32 sTREM2 concentrations

were measured using an in-house immunoassay with electrochemilu-

minescence detection.33 YKL-40 concentrations were measured using

a commercially available ELISA (R&D Systems). The IL-6, IL-8, IL-1β,
and TNF-α concentrations were measured using an MSD 4-plex kit

(Meso ScaleDiscovery). The plasma t-tau andNfL concentrationswere

measured on an HD-X Analyzer using commercially available single-

molecule-array assays, as described by the manufacturer (Quanterix

Corporation). Board-certified laboratory technicianswhowereblinded

to the clinical data performed allmeasurements in one round of experi-

ments using one batch of reagents. Intra-assay coefficients of variation

were< 10%.
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2.8 Other measures

Blood samples for routine clinical analysis of the creatinine, albu-

min, and C-reactive protein (CRP) concentrations and the erythrocyte

sedimentation rate (ESR) were collected from the participants dur-

ing screening and on intervention day 28, and analyzed at accred-

ited clinical laboratories (Laboratoriemedicin, University Hospital of

Umeå; Laboratoriemedicin, Skellefteå Lasarett; Akademiska laborato-

riet, Uppsala Research Hospital). The prothrombin time-international

normalized ratio, activated partial thromboplastin time, and complete

blood count were determined to ascertain whether participants’ coag-

ulation was normal before lumbar puncture.

HSV and cytomegalovirus (CMV) serology and polymerase chain

reaction (PCR) were performed at the Department of Clinical Microbi-

ology, Section of Virology, Umeå University. Serum anti-HSV IgG posi-

tivity was assessed using an in-house HSV-1 whole cell lysate antigen-

based ELISA, modified from that described by Juto and Settergren,34

and the Umeå clinical isolate HSV-1 1351-95 for antigen production,

as described previously.1 Anti-HSV IgG-positive sampleswere subtype

characterized using commercial ELISAkits (HerpeSelect 1 andHerpeS-

elect2; FocusDiagnostics). Anti-CMVIgGpositivitywasassessedusing

the same in-house ELISA method, with the CMV 169 laboratory strain

for antigen production.35 All analyses were performed in duplicate.

DNA was purified from participants’ whole blood on a magLEAD

12gC platformwithMagDEADx SV reagent kits (Precision System Sci-

ence). For each quantitative polymerase chain reaction (qPCR), 50 ng

purified DNA was used. All qPCR reactions and analyses were per-

formed on aQuantstudio5 platform (Thermo Fisher Scientific).

Participants’ APOE genotypes, based on the single nucleotide

polymorphisms rs429358 and rs7412 (ε2, ε3, ε4), were determined

using a protocol based on differential amplification by allele-specific

primers.36 Reaction mixes consisted of primers as referenced, sample

DNA, and Power SYBR Green PCR Master Mix (Thermo Fisher Scien-

tific; final volume, 25 μl). Manual melt-curve analysis, which enables

unambiguous allotype discrimination, was performed.

Participants’ γ marker (GM) 3/17 genotypes were determined

using a custom-designed TaqMan assay (Applied Biosystems Inc.) and

5Prime HotMaster Mix (QuantaBio), as described previously.37 Paired

immunoglobulin-like type 2 receptor alpha (PILRA) rs1859788 geno-

types were determined using a custom-designed TaqMan assay, as

described previously.38 The reaction mixes consisted of primers and

probes as referenced (0.2- and 0.1-μM concentrations, respectively),

sample DNA, and TaqMan GT Master Mix (Thermo Fisher Scientific;

final volume, 20 μl). Allelic discrimination was performed using stan-

dard genotyping settings. GM 3/17 and PILRA genotypes were catego-

rized as reflectingGM 17/17 or PILRAA/A carriership (homozygotic) or

non-carriership (including heterozygotic carriership).

2.9 Statistical analyses

Prior to analysis, all variables were examined for missing values, out-

liers, and normality using standardized scores and the z test. Variables

with > 5% missing values were investigated to detect patterns. The

data preparation is described in detail in the supporting information.

Changes occurring during the intervention were evaluated using the

paired-samples t test and Wilcoxon signed rank test for normally and

non-normally distributed variables, respectively.

Bivariate correlations were examined using Pearson and Spearman

analyses for normally and non-normally distributed variables, respec-

tively. Associations of baseline values with absolute changes in vari-

ables that changed significantly during the interventionwere examined

using linear regression. Non-independence of errors in themodels was

assessed using the Durbin-Watson statistic (acceptable, 1.0–3.0), and

outliers in the solutionswere identifiedusing theMahalanobis distance

(α = 0.001). The normality, linearity, and homoscedasticity of residu-

alswere assessed using scatterplots, P-P plots, and histograms.Models

including acyclovir or 9-CMMG concentrations were adjusted for the

time (in minutes) since the last valacyclovir dose.

All testswere two-tailed andP< .05was considered to reflect signif-

icance. Complete case analysiswas used. The analyseswere performed

using IBM SPSS Statistics (ver. 24.0 forWindows; IBMCorporation).

3 RESULTS

Figure 1 shows the flow of participants through the study. In total, 33

participants (100% of included participants, 45% of persons whose eli-

gibilitywas assessed) completed the4-weekvalacyclovir treatment; 32

participantswere on the full dosage and1was on a reduceddosage due

to the adverse reaction of headache. On average, 147.5 ± 8.6 tablets

per participant were taken. The recruitment period lasted 3 years

(December 1, 2016–December 4, 2019; follow-up January 9, 2017–

March 11, 2020). Twenty-six of 33 participants were recruited and

treated at the University Hospital of Umeå. The study was terminated

prematurely due to the low recruitment rate, after having obtained a

sufficient sample (> 30 participants) for statistical analysis.

Nine participants underwent brain [18F]FHBG PET/CT examina-

tions before the intervention, and two of these participants were re-

examined after the intervention. Preliminary analyses indicated likely

[18F]FHBG distribution to the CSF, but no clear cerebral CNS uptake,

in any participant.

Fourteen AEs in 11 participants and two SAEs in one participant

were reported. Ten AEs and no SAE in six participants (18.2% of

all) were considered related to the valacyclovir intervention (fatigue,

headache [n = 2 each]; thirst, nausea, loose stools, mild depressive

symptoms, mild tremor, polyuria [n = 1 each]). One AE (panic attack)

related to the [18F]FHBGPET/CT intervention occurred.

Table 2 shows the participants’ baseline demographic and clin-

ical characteristics and the acyclovir and 9-CMMG concentrations

on intervention day 28. The mean CSF acyclovir concentration was

5.29 ± 2.31 μmol/L. The median CSF/serum acyclovir ratio was 0.20

(interquartile range [IQR] 0.15–0.32).

Participants’ GFAP levels were not analyzed due to the lack of CSF

volume. The CSF IL-1β and TNF-α concentrations could not be ana-

lyzed statistically due to the small numbers of measurable samples
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Assessed for eligibility (n = 73) 

Excluded (n = 40) 
�   Not meeting inclusion criteria (n = 36) 
 �   Not HSV IgG carrier (n = 14) 

�   Not APOE ε4 carrier (n = 20) 
�   No AD or MCI-AD diagnosis (n = 1) 
�  Advanced cognitive impairment (n = 1) 

�   Declined participation (n = 1) 
�   Other reasons (n = 3) 

Included (n = 33) 
� Received intervention (n = 32) 
� Did not receive full intervention (due to 

adverse reaction) (n = 1) 

Primary objectives assessed: 
1. Safety, feasibility, and tolerability of valacyclovir intervention (n = 33) 
2. Effects of valacyclovir on CSF t-tau and NFL concentrations (n = 33) 
3. Safety and feasibility of [18F]FHBG PET/CT (n = 9, of which 2 re-examined) 

Screened prior to eligibility assessment  
(n = 132) 

Excluded (n = 59) 
�   Not aged ≥ 65 years (n = 8) 
�   No dementia/MCI diagnosis (n = 17) 
�   Advanced cognitive impairment (n = 9) 
�   Anticoagulant treatment (n = 9) 
�   Declined participation (n = 12) 
�   Participating in another clinical trial (n = 2) 
�   Other diseases possibly interfering with 

trial participation (n = 2) 

Lost to follow-up (n = 0) 
Discontinued intervention (n = 0) 

Secondary objectives assessed: 
4. CSF and serum concentrations of acyclovir and 9-CMMG (n = 33) 
5. Effect of valacyclovir on MMSE score (n = 33) 
6. Effects on AD and neuroinflammatory biomarkers and HSV titers (n = 28-33) 
7. Intracerebral presence and location of replicating herpes virus, determined by [18F]FHBG 

PET/CT (n = 9) 
8. Effect of valacyclovir on intracerebral presence of replicating herpes virus determined by 

[18F]FHBG PET/CT (n = 2) 
9. Prediction of effect on MMSE score or biomarkers by intracerebral detection of replicating 

herpes virus by [18F]FHBG PET/CT before intervention (n = 2) 

F IGURE 1 Participant flow. [18F]FHBG PET/CT, 9-(4-[18F]fluoro-3-(hydroxymethyl)butyl) guanine positron emission tomography/computed
tomography; 9-CMMG, 9-carboxymethoxymethylguanine; AD, Alzheimer’s disease; APOE, apolipoprotein E; CSF, cerebrospinal fluid; HSV, herpes
simplex virus; IgG, immunoglobulin G;MCI, mild cognitive impairment; NfL, neurofilament light chain; MMSE,Mini-Mental State Examination;
t-tau, total tau.
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TABLE 2 Baseline demographic and clinical characteristics and 28-day acyclovir and 9-CMMG concentrations

Characteristics Baseline assessment (n= 33)

Age (years), mean± SD 74.4± 4.3

Sex (women), n (%) 12 (36.4)

APOE genotype

ε2/ε4, n (%) 2 (6.1)

ε3/ε4, n (%) 24 (72.7)

ε4/ε4, n (%) 7 (21.2)

PILRA genotype

AA, n (%) 5 (15.2)

AG, n (%) 12 (36.4)

GG, n (%) 16 (48.5)

GM 3/17 genotype

3/3, n (%) 10 (30.3)

3/17, n (%) 19 (57.6)

17/17, n (%) 4 (12.1)

Serum anti-HSV-1 IgG-positive, n (%) 31 (93.9)

Serum anti-HSV-2 IgG-positive, n (%) 9 (27.3)

Serum anti-CMV IgG-positive, n (%) 27 (81.8)

MMSE score, median (IQR) 23 (19-26)

CSF Aβ42/40 ratio≤ 0.072, n (%) 31 (96.9)a

28-day assessment (n= 33)

Serum acyclovir, μmol/L, mean± SD 25.94± 14.48

CSF acyclovir, μmol/L, mean± SD 5.29± 2.31

CSF/serum acyclovir ratio, median (IQR) 0.20 (0.15–0.32)

Serum 9-CMMG, μmol/L, mean± SD 3.86± 2.07

CSF 9-CMMG, μmol/L, median (IQR) 0.00 (0.00–0.00)b

CSF/serum 9-CMMG ratio, median (IQR) 0.00 (0.00–0.00)b

Time from last valacyclovir dose, min, median (IQR) 150 (82.5-240)

Abbreviations: 9-CMMG, 9-carboxymethoxymethylguanine; Aβ, amyloid beta; APOE, apolipoprotein E; CMV, cytomegalovirus; CSF, cerebrospinal fluid; GM,

γmarker;HSV, herpes simplex virus; IgG, immunoglobulinG; IQR, interquartile range;MMSE,Mini-Mental State Examination; PILRA, paired immunoglobulin-

like type 2 receptor alpha; SD, standard deviation.
aTotal n= 32.
bOnly four participants had detectable CSF 9-CMMG concentrations (0.1640, 0.1706, 0.1930, and 0.4816 μmol/L, respectively), with corresponding

CSF/serum 9-CMMG ratios of 0.0212, 0.0274, 0.0357, and 0.0578, respectively.

(supporting information). Correlations between plasma and CSF NfL

concentrations were significant on intervention day 1 (rho = –0.63,

P < .001) and on day 28 (rho = 0.37, P = .03). Correlations between

plasma and CSF t-tau concentrations were not significant. Bivariate

correlations between participants’ MMSE scores and CSF levels of AD

andneuroinflammation biomarkers at baseline are shown in Table S1 in

supporting information.

Table 3 shows participants’ MMSE scores, CSF AD and neuroin-

flammation biomarker levels, and anti-HSV IgG titers before and after

the intervention, with correlations and associations between baseline

and end-of-study values presented. Figure 2 shows individual changes

in t-tau, NfL, p-tau, YKL-40, and sTREM2 concentrations and MMSE

scores during the intervention. After the removal of data from three

participants with undetectable CSF IgG, the median CSF/serum anti-

HSV IgG titer ratio was 0.25% (range 0.25%–1.00%). The serum cre-

atinine, albumin, and CRP levels and ESR did not change significantly

during the intervention, but seven participants experienced temporary

creatinine increases > 10%; all of these participants’ creatinine lev-

els had normalized at the time of subsequent medical records reviews.

Pre-intervention serum creatinine was median (IQR) = 78.0 (69.5–

92.0) μmol/L and post-intervention 77.0 (67.5–102.5) μmol/L (P for

change = .09). Pre-intervention estimated glomerular filtration rate

was mean= 72.1 ± 15.4 ml/min/1.73 m2 and post-intervention 70.2 ±

17.3ml/min/1.73m2 (P for change= .05).
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TABLE 3 MMSE scores, CSF levels of AD and neuroinflammation biomarkers, and anti-HSV IgG titers at baseline and after 28 days of
high-dose valacyclovir treatment

Correlation

Biomarker n pairs Before treatment After treatment

P value for
difference r P value

MMSE score, median (IQR)a 33 23 (19–26) 24 (20–27) .023 0.864 < .001

CSF Aβ42, pg/ml, mean± SD 32 363.2± 130.0 376.1± 115.4 .204 0.902 < .001

CSF Aβ40, pg/ml, mean± SD 33 10344.9± 3715.7 10650.1± 3502.5 .245 0.918 < .001

CSF Aβ42/40 ratio, median (IQR) 32 0.34 (0.29–0.42) 0.33 (0.30–0.42) .112 0.990 < .001

CSF t-tau, pg/ml, mean± SD 33 720.8± 342.8 727.7± 326.6 .653 0.967 < .001

CSF p-tau, pg/ml, mean± SD 32 97.1± 47.1 97.6± 46.55 .819 0.971 < .001

CSFNfL, pg/ml, mean± SD 32 1768.8± 680.4 1816.3± 702.4 .520 0.822 < .001

CSF sTREM2, pg/ml, mean± SD 33 2483.6± 917.4 2674.6± 889.3 .028 0.861 < .001

CSF YKL40, ng/ml, mean± SD 28 179.0± 65.0 183.0± 61.9 .488 0.893 < .001

CSF IL-6, pg/ml, mean± SD 32 0.93± 0.34 0.86± 0.23 .568 0.334 .062

CSF IL-8, pg/ml, mean± SD 32 38.9± 9.9 41.7± 13.3 .374 0.581 < .001

Serum anti-HSV IgG, titer, median (IQR) 33 6400 (6400–25600) 6400 (6400–25600) .157 0.921 < .001

CSF anti-HSV IgG, titer, median (IQR)b 32 64 (16–64) 16 (16–64) .083 0.870 < .001

Serum/CSF anti-HSV IgG ratio, median (IQR)b 31 400 (100–400) 400 (100–400) .655 0.701 < .001

Note: The data include repeat assessments.Mean differences and correlationswere tested using the paired-samples t test and Pearson analysis, respectively,

except for the MMSE score; CSF Aβ42/40 ratio; CSF IL-6, IL-8, and anti-HSV IgG levels; serum anti-HSV IgG level; and serum/CSF-anti-HSV IgG ratio, for

which theWilcoxon signed rank test and Spearman correlation analysis were used to accommodate ordinal data or non-normality.

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; HSV, herpes simplex virus; IgG, immunoglobulin G; IL, interleukin; IQR,

interquartile range; MMSE, Mini-Mental State Examination; NfL, neurofilament light chain; p-tau, phosphorylated tau; SD, standard deviation; sTREM2, sol-

uble triggering receptor expressed onmyeloid cells 2; t-tau, total tau.
aMeanMMSE change= 0.88± 1.96 points.
bThree participants had undetectable CSF anti-HSV IgG concentrations, recorded as 0.

F IGURE 2 Individual changes in t-tau, NfL, p-tau, YKL-40, and sTREM2 concentrations andMMSE scores between day 0 (T1) and day 28 (T2)
of the intervention. MMSE,Mini-Mental State Examination; NfL, neurofilament light chain; p-tau, phosphorylated tau; sTREM2, soluble triggering
receptor expressed onmyeloid cells 2; t-tau, total tau.
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TABLE 4 Associations of study variables with changes in theMMSE score and CSF sTREM2 level during 28 days of high-dose valacyclovir
treatment (linear regression analysis)

MMSE change CSF sTREM2 change

Baseline assessment B (95%CI) Stand. β P value B (95%CI) Stand. β P value

Age (years) 0.13 (−0.29–0.03) −0.28 .109 35.60 (−2.58–73.79) 0.32 .067

Sex (women) −1.24 (−2.64–0.16) −0.31 .081 142.86 (−211.55–497.27) 0.15 .417

PILRAA/A 0.14 (−1.83–2.12) 0.03 .884 −456.47 (−907.09–−5.85) −0.35 .047

GM 17/17 0.42 (−1.74–2.59) 0.07 .694 99.39 (−427.39–626.16) 0.07 .703

Serum anti-HSV-2 IgG-positive 0.32 (−1.27–1.91) 0.07 .684 −18.67 (−405.56–368.23) −0.02 .922

Serum anti-CMV IgG-positive 1.07 (−0.72–2.87) 0.21 .231 0.26 (−6.45–6.98) −0.07 .938

MMSE score −0.07 (−0.26–0.11) −0.15 .419 17.28 (−27.47–62.03) 0.14 .437

CSF Aβ42, pg/ml −1.43× 10−3 (−7.11×

10−3–4.26× 10−3)

−0.09 .612 −1.58 (−2.84–0.32) −0.42 .016

CSF Aβ40, pg/ml −0.11× 10−3 (−0.30×

10−3–0.08× 10−3)

−0.21 .235 −0.05 (−0.10–−0.01) −0.40 .020

CSF Aβ42/40 ratioc −2.26 (−8.13–3.62) −0.14 .439 152.03 (−1286.49–1590.54) 0.04 .831

CSF t-tau, pg/ml −0.72× 10−3 (−2.80×

10−3-1.37× 10−3)

−0.13 .487 −0.42 (−0.90-0.07) −0.30 .093

CSF p-tau, pg/ml −0.01 (−0.02–0.01) −0.13 .465 −2.12 (−5.85–1.62) −0.21 .256

CSFNfL, pg/ml −1.20× 10−3 (−2.18×

10−3–−0.22× 10−3)

−0.41 .019 −0.17 (−0.43–0.08) −0.24 .178

CSF sTREM2, pg/ml −0.66× 10−3 (−1.41×

10−3–0.09× 10−3)

−0.31 .081 −0.17 (−0.35–0.02) −0.32 .071

CSF YKL40, ng/ml −0.02 (−0.03–−0.01) −0.48 .006 −2.43 (−5.20–0.33) −0.32 .082

CSF IL-6a, pg/ml −2.27 (−6.59–2.05) −0.19 .291 −420.34 (−1476.99–636.30) −0.15 .423

CSF IL-8a, pg/ml −0.31 (−1.28–0.66) −0.12 .519 −168.37 (−396.16–59.43) −0.27 .142

Serum anti-HSV IgG, titer 0.02× 10−3 (0.05×

10−3–0.09× 10−3)

0.12 .499 0.02 (0.00–0.03) 0.37 .036

CSF anti-HSV IgG, titerb 0.04 (−0.23–0.31) 0.06 .757 3.66 (−3.08–10.40) 0.20 .276

Serum/CSF anti-HSV IgG ratiobc 1.98 (−1.05–5.01) 0.16 .191 714.77 (−12.25–1441.79) 0.25 .054

MMSE change CSF sTREM2 change

28-day assessmentd B (95%CI) Stand. β p value B (95%CI) Stand. β P value

Serum acyclovir, μmol/L −0.03 (−0.09–0.02) −0.25 .188 −7.37 (−19.88–5.15) −0.22 .238

CSF acyclovir, μmol/L −0.08 (−0.40–0.25) −0.09 .642 6.07 (−72.34–84.48) 0.03 .875

CSF/serum acyclovir ratioc 2.56 (−0.49–5.61) 0.38 .096 376.00 (−376.29–1128.30) 0.23 .316

Serum 9-CMMG, μmol/L −0.07 (−0.43–0.28) −0.08 .675 −10.39 (−95.25–74.48) −0.05 .804

Abbreviations: 9-CMMG, 9-carboxymethoxymethylguanine; Aβ, amyloid beta; CI, confidence interval; CMV, cytomegalovirus; CSF, cerebrospinal fluid; GM,

γmarker; HSV, herpes simplex virus; IgG, immunoglobulin G; IL, interleukin; MMSE, Mini-Mental State Examination; NfL, neurofilament light chain; PILRA,

paired immunoglobulin-like type 2 receptor alpha; p-tau, phosphorylated tau; sTREM2, soluble triggering receptor expressed on myeloid cells 2; t-tau, total

tau.
aSquare root-transformed.
bThree participants had undetectable CSF anti-HSV IgG concentrations, recorded as 0.
cBase-10 log-transformed.
dModels adjusted for the time (in minutes) since the last valacyclovir dose (log 10-transformed).

Table 4 shows associations of study variables with changes in the

MMSE score and CSF sTREM2 level during the intervention, as

determined by linear regression. No violation of assump-

tions was found in any model. Differences between par-

ticipants with MMSE and sTREM2 increases > 1 SD and

the other participants are presented in the supporting

information.

Repeated analyses performed without data from the two par-

ticipants with normal Aβ42/40 ratios produced essentially identical

results (not shown).
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4 DISCUSSION

This report describes the results of an open phase II dual-site pilot trial

of a 4-week high-dose valacyclovir intervention for subjectswith early-

stage AD. The intervention was found to be feasible, tolerable, and

safe for the duration of the trial. The CSF levels of t-tau and NfL (neu-

rodegeneration markers) did not change significantly during the inter-

vention, possibly because the intervention did not affect AD patho-

physiology or because these markers were not suitable for measure-

ment of the dynamics of such effects. Minor changes in these biomark-

ers, whose half-lives are suspected to exceed 20 days, would have

been difficult to detect over the 4-week period.39,40 Additionally, a

longer treatment periodmay be required to affect neurodegeneration.

The meanMMSE score increased significantly during the intervention.

The CSF sTREM2 level also increased during the intervention; other

biomarker levels remained unchanged.

The average CSF acyclovir concentrations were higher than the

previously reported IC50 value for HSV-1 and comparable to those

reported from a study in which HSV-1 encephalitis was treated suc-

cessfully with the same intervention.22 The AEs that occurred were

mild and did not result in intervention discontinuation. Although

4weeksmay be considered a short period for assessment of the safety

and tolerability of this high-dose treatment regimen, indications of its

long-term (6-month) safety and tolerability have been observed in a

small sample of patients with stable multiple sclerosis.23

An increase in the MMSE score was predicted by lower baseline

CSF NfL and YKL-40 levels, which in turn have been associated with

slower AD progression.41,42 CSFNfL is amarker of large-calibermyeli-

nated axon damage and is associated with cognitive deterioration and

structural brain changes over time.42 CSF YKL-40 is a biomarker of

neuroinflammation and may be involved in the downregulation of glial

phagocytic activities.41 Although these findings need to be replicated

in RCTs, participants with less axonal damage and neuroinflammation,

as indicated by lower baselineCSFNfL andYKL-40 levels, may bemore

likely to respond to this short-term antiviral intervention. The rela-

tively small SD for the change inMMSE score (1.96 points) is consistent

with a previously determined measurement error (within-subject SD)

of 1.44 points for this score.43 In relation to an average yearly MMSE

decline of about 2 points among patients with early-stage AD,44 this

finding suggests that theMMSE is an effective measure of cognition in

clinical AD trials, as argued previously.45

CSF sTREM2 is considered to be a marker of microglial activity.46

Higher CSF sTREM2 levels have been associated with increased gray-

matter volume, slower rates of decline in hippocampal volume and

memory, and slower rates of clinical progression in patients with early-

stage AD and mild cognitive impairment.47,48 Thus, an increase in the

sTREM2 level may indicate a favorable change in neuroinflammation

with antiviral treatment. However, these results must be interpreted

with caution.

An increase in the sTREM2 level was predicted by lower baseline

CSFAβ42 andAβ40 levels, PILRAA/Anon-carriership, and higher base-

line serumanti-HSV IgG titers. LowerCSFAβ (especiallyAβ42) concen-
trations indicate a greater brain amyloid load. Aβ also has been shown

to have antimicrobial activities against various pathogens, such asHSV,

potentially through microbe entrapment.12 Although such activities

may theoretically consume Aβ, relationships between Aβ concentra-

tions andantimicrobial activity levels havenotbeen investigated.PILRA

was analyzed in this study because of its connection to AD.38 As PILRA

A/A is the AD-protective variant, different pathological processes may

be involved in ADdevelopment among carriers and non-carriers. PILRA

is a cellular entry co-receptor for HSV-1,49 and A/A carriers may have

reduced infection by reactivatedHSV-1.38 PILRAA/A carriersmay thus

be less likely to develop HSV-1–associated AD. A high baseline serum

anti-HSV IgG titer may reflect greater exposure to HSV-1, possibly

due to poor immunological control over HSV reactivation. The increas-

ing sTREM2 concentrations with the suppression of HSV reactivation,

accentuated among individuals with potentially greater HSV exposure,

may indicate that HSV is involved inmicroglial activity inhibition.

As this studyhadnoplaceboarm,we could not determine the causes

of the observed effects on the MMSE score and biomarker levels. This

limitation must be taken into account when interpreting the study

results. Normally, MMSE score fluctuations over such a short period

would be expected to balance out at the group level, and the instru-

ment’s test–retest reliability is high.50 A training effect could partially

explain theMMSE score increase, but such an effectmay not be signifi-

cant among cognitively impaired individuals; theMMSE training effect

with administration at a 2.3-day interval was 0.28 points in another

study.43

This trial demonstrated that a 4-week high-dose oral valacyclovir

regimen was feasible, tolerable, and safe for patients with early-stage

AD, HSV, and APOE ε4. These findingsmay guide the design of RCTs for

the assessment of antiviral treatment effectiveness for such patients in

terms of AD symptoms, progression, and pathology.
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