A phase 2a open-label clinical trial to determine the effect of Famciclovir on Epstein-Barr virus activity as measured by EBV shedding in the saliva of patients with Multiple Sclerosis
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Abstract 
 
Background: Despite increasing evidence that Epstein-Barr virus (EBV) plays a causal role in MS, no treatments have been shown to reduce EBV turnover. We studied the effect of famciclovir on salivary EBV shedding in people with MS (NCT05283551) in a pilot, proof-of-concept study.
 
Methods: People with MS receiving natalizumab provided weekly saliva samples for 12 weeks before starting Famciclovir 500mg twice daily. 12 saliva samples were provided on treatment and 12 following treatment. A real-time qPCR Taqman assay was used to detect EBV DNA in saliva. The proportion of saliva samples containing EBV DNA was compared using the Friedman test.
 
Results: Of 30 participants (19F; mean age 41 years; median EDSS 3.5), 29 received famciclovir, and 24 completed the 12-week course. 21 participants provided at least one usable saliva sample in all epochs. 10/21 had shedding in at least one sample pre-drug; 7/21 when taking famciclovir (not significant). No difference in EBV DNA copy number was seen. There were no drug-related serious adverse events.
 
Conclusions: No significant effect of famciclovir on EBV shedding was seen in this small pilot study. Given the low numbers, a small effect of famciclovir cannot be excluded. Salivary EBV shedding in this natalizumab-treated cohort was lower than in previous studies, which requires replication.


Background 

There is increasing evidence that Epstein-Barr virus (EBV) plays a key role as an aetiological, or triggering, factor in multiple sclerosis (MS) development.1,2 EBV is a B-cell lymphotropic virus that infects more than 90% of the human population. Developing MS without evidence of prior EBV infection is rare.3–5 Recent large nested case-control studies demonstrate that people who are EBV-negative and subsequently develop MS always seroconvert to becoming EBV-positive before MS onset.6
Following primary infection, EBV establishes a lifelong presence in memory B-cells.  It is not known how EBV triggers or contributes to MS development and/or ongoing disease activity. One theory is that people with MS appear to show evidence of dysregulated EBV control. People with MS have higher titres and broader antibody responses to both latent7 and lytic8 EBV proteins. In addition to elevated antibody titres against the Epstein Barr nuclear antigen (EBNA) complex and EBNA-1 antigen,7,9 people with MS have more EBNA-1 reactive CD4+ T-cells,10 which respond to a large repertoire of epitopes across the EBNA-1 protein. People with MS are more likely than people without MS to produce spontaneous EBV-associated lymphoblastoid cell lines (LCLs) when their peripheral lymphocytes are cultured ex vivo,11–13 potentially indicating significant viral dysregulation.  However, these observations may indicate immune dysregulation in the context of MS rather than viral dysregulation.14 
Salivary shedding of EBV occurs following acute symptomatic infection (infectious mononucleosis/ glandular fever).15 Salivary shedding also occurs periodically outwith acute EBV infection, reflecting reactivation of the lytic phase within the tonsils and resulting epithelial turnover, and is an important means of transmission within households and following close contact.16,17 Both adults and children with MS shed EBV in the saliva more frequently than people without MS.18,19 The detection of low EBV titres in saliva reflects latent stage memory B cell infection in the tonsils, where EBV replication is controlled by host immunity. Factors prompting the latent-lytic switch in the tonsillar environment include immune impairment and acute infection, but these remain incompletely understood.20  We have previously demonstrated that it is possible to demonstrate both EBV viral presence (detectable viral DNA) and periodic viral shedding (viral DNA copy number >5.8 copies/ul) in the saliva of people with MS.18
Whilst epidemiological, serological and immunological data indicate an important role for EBV in MS development, we do not know whether targeting EBV can influence the natural history of MS. Small randomised clinical trials using the anti-herpes nucleotide analogue acyclovir and its prodrug valacyclovir, showed some possible efficacy in patients with highly active MS, but overall results were inconclusive.21,22 Subtherapeutic drug levels, particularly in the central nervous system, could have affected the outcome of these studies. In the absence of a drug with proven anti-EBV activity, investigating the effect of inhibiting lytic EBV activity is impossible. Further, evaluating the effect of an anti-EBV agent on IgG titres against viral antigens may aid understanding of whether targeting EBV turnover impacts on anti-EBV humoral immune response. Given the uncertainty around how EBV contributes to MS risk, this understanding may prove useful in future studies.
Famciclovir is a prodrug of the nucleotide analogue penciclovir, which has enhanced central nervous system (CNS) bioavailability compared to acyclovir following oral administration and an intracellular half-life 10 times that of acyclovir.23 Famciclovir is rapidly converted to penciclovir, which is phosphorylated to the active triphosphate form by virus-expressed thymidine kinase, present only in virus-infected cells in the lytic phase. There are two case reports of the use of famciclovir in acute severe infectious mononucleosis.21,24 Famciclovir is widely used for prophylaxis of herpes virus infections in both immunocompetent and immunocompromised populations. 
In order to understand the feasibility of a clinical trial to evaluate the effect of a potential anti-EBV treatment on clinical outcomes in MS, the impact of any proposed treatment on EBV turnover needs to first be evaluated. Given the relationship between EBV infection and MS, an MS cohort provides the ideal population in which to study this. Emerging evidence suggests that some MS disease modifying therapies have antiviral activity, either directly,25,26 or via targeting of lymphocyte compartments associated with EBV latency.27,28 
We therefore set out to study the effect of famciclovir on salivary EBV shedding in a cohort of people with MS treated with natalizumab, a highly effective disease modifying therapy with no known antiviral activity. This trial was a phase 2a interventional study, examining the efficacy of a usual prophylactic dose of a licensed medication on a biological endpoint for a different indication, however also brings characteristics of an early phase pilot study.
Methods 

Participants 
30 patients with a confirmed diagnosis of relapsing remitting MS treated with natalizumab were recruited from the neurology department at the Royal London Hospital, Barts Health NHS Trust. All participants were aged over 18, had normal renal function as defined by estimated glomerular filtration rate (eGFR), were not pregnant, breastfeeding or planning pregnancy, not on any antiviral medication, and had not received steroids in the three months prior to study entry. All participants provided written informed consent prior to study entry. 

Trial design and sample collection 
This open label pre-post study lasted 36 weeks, with three phases. Sample and visit schedule is summarised in figure 1. All participants had a 12-week pre-treatment phase, prior to initiating treatment with famciclovir 500mg twice daily (bd) for 12 weeks. This was followed by a 12-week post-treatment phase (figure 1). All participants continued treatment with natalizumab throughout the study under usual neurological care. Where participants switched disease modifying therapy for clinical reasons, they were withdrawn from the study. 

Participants were asked to collect saliva samples on a weekly basis using salivettes throughout the study (figure 1). They were instructed to collect their saliva at the same time every week (ideally in the morning) due to significant diurnal variation in EBV shedding with a relative peak in the morning. No processing was required immediately post-sampling, and participants were instructed to store the samples in their freezer with double layered packaging, and to return them to the study site in person at study visits. Participants were provided with temperature monitoring devices in order to ensure sample integrity, and were provided with instructions in the event of freezer failure. Previous work has demonstrated the stability of saliva samples for DNA sequencing when collected and stored at home with repeated freeze-thaw cycles.18 

Visit schedule
Participants underwent scheduled study visits at the time of their natalizumab infusions, with additional telephone visits during the treatment period. Given the introduction of extended interval dosing for natalizumab, the drug monitoring visits could be in person or via telephone. Venous blood samples were taken at 4 timepoints during the study. 

Medication 
Famciclovir 500mg tablets were provided to all participants, with instructions to take twice daily. Compliance was assessed using package return and self-report. 

Laboratory assessments 
Analysis of EBV viral load in saliva was performed using a validated real-time quantitative PCR.18 EBV DNA was detected using a Taqman assay targeted to a non-repeated sequence of the EBV polymerase gene, together with a reference gene known to be present in genomic DNA. Samples were all run in duplicate, and a standard curve generated on each PCR plate using a dilution series derived from quantitated EBV DNA. This analysis has previously been fully reproducible (with coefficient of variation <1.4) for EBV levels above 3.0 copies/ul. We have previously shown that our assay is able to detect lower concentrations of EBV DNA (down to 1.0 copy/ul), however reproducibility is lower at these lower concentrations.18 An absolute copy number of EBV per sample (copies per µl of saliva) was calculated directly from the standard curve. 
Viral shedding was defined as a salivary EBV concentration greater than 5.8 copies/ul, with viral presence defined as any detectable EBV DNA in saliva.18
Epstein Barr nuclear antigen-1 (EBNA1) and viral capsid antigen (VCA) IgG titres in serum were measured using commercially available quantitative ELISA (Abnova, Taiwan). All serum samples had not been subject to previous freeze-thaw cycles. Briefly, samples were diluted in dilution buffer 1:500 and plated in duplicate along with the manufacturers standards and run according to manufacturer’s protocol. Results were expressed as arbitrary units per ml (AU/ml). Plate validity was assessed, and inter-assay coefficient of variation (CoV) was less than 5%.  
Sample size calculations

As this is a pilot, proof of concept study, formal sample size calculations were difficult to perform. It was estimated that 30 participants would allow us to detect a 50% reduction in the number of EBV-shedding positive samples on treatment across a range of pre-treatment shedding rates. 

Statistical analysis 

Each saliva sample was assigned as showing evidence of EBV shedding, EBV viral DNA without evidence of shedding, or no detectable viral DNA. Missing samples were not imputed. The primary outcome measure, the rate of EBV shedding in saliva, was assessed as a proportion in the pre-treatment and the on-treatment epochs. As the on-treatment group were expected to be skewed, paired proportions were compared using the Wilcoxon signed rank Test.

A secondary analysis was performed using EBV DNA levels in saliva (treating EBV DNA levels as a continuous variable) in order to assess for any effect falling short of complete suppression. Median pre-treatment levels were compared to median on-treatment and post-treatment levels using a Friedman test. Finally, ​​pre-treatment EBV DNA copy number/ul (weeks 0 and 12) was compared to immediate post-treatment (week 24) and delayed post-treatment (week 36) levels using a generalized linear mixed effects model (GLMM) to take account of temporal autocorrelation at the patient level.

Pre-treatment IgG titres (from blood samples taken at 0 and 12 weeks), immediate post-treatment titres (24 weeks), and titres after the post-drug study period (36 weeks) were normalised with log transformation and then compared using two-way ANOVA.  

Ethics 

 This study had ethical approval from the Westminster REC (reference 19/LO/1026). All participants provided informed consent to take part in the study. 

Results 

Participant demographics 
31 potential participants entered screening, of whom 30 provided informed consent to take part in the study between November 2020 - January 2022. 29 participants received at least one dose of famciclovir, of whom 24 completed 12 weeks of treatment. 21 participants provided at least one usable saliva sample in all three epochs (pre-, during- and post-drug) and were included in the final analysis of saliva samples (figure 2). Participant demographics are summarised in table 1. 

Of the five participants who withdrew prior to completion of the treatment course (12 weeks of famciclovir), two had adverse events leading to study discontinuation (gastrointestinal symptoms and headaches). No serious adverse events related to the study drug were reported. All five participants chose to withdraw from the study and did not provide any further samples for analysis. 

Salivary shedding of EBV
All participants with at least one usable saliva sample showed evidence of detectable EBV DNA in saliva on at least one occasion. 10/21 (48%) participants had evidence of EBV shedding on at least one occasion pre-drug, 7/21 (33.3%) during and 5/21 (23.8%) post-drug (not significant; NS) (figure 3). When restricting to those participants with evidence of viral shedding in at least one sample, a median of 1/12 samples pre-treatment, 2/12 samples on treatment and 2.5/12 samples post-treatment showed evidence of viral shedding. Overall, 8.8% (16/181) pre-treatment samples showed evidence of viral shedding, 8.2% (15/183) whilst on treatment and 7.6% (14/184) in the post-treatment period. 

EBV DNA was detected in 86/181 samples prior to treatment, 74/183 samples taken during famciclovir, and 100/184 samples taken after treatment. A median of 0 samples per participant had evidence of EBV shedding in all epochs (NS). There was no significant difference in the median EBV DNA copy number/ul between pre-treatment, on-treatment and post-treatment stages (figure 4). A GLMM showed no change in EBV DNA copy number/ul through the study (data not shown). 

Serological response to EBV
Twenty-four participants had samples available at each timepoint (study enrolment, immediately pre-drug, at the end of the 12 week treatment period, and 12 weeks following last dose) for serological analysis. No significant differences were seen between pre- and post-treatment IgG titres against either EBNA-1 or VCA in serum (data not shown). Excluding participants who did not complete the treatment course did not significantly change this finding. 

Discussion 

Famciclovir did not meet our primary endpoint of reducing the frequency of viral shedding in our cohort, nor did it have a significant effect on either detectable viral DNA and overall copy number of EBV DNA detectable in saliva. Interventions to target existing EBV infection, or reduce viral load during acute EBV infection (infectious mononucleosis) remain an important area of study in MS. Without the development and testing of potentially effective anti-EBV interventions, understanding the role that EBV plays in MS remains challenging to study.  It remains a possibility that the dose used, 500mg twice daily, was insufficient to inhibit EBV turnover. This dose was selected as it is the licensed prophylactic dose to prevent viral replication in people with herpes simplex, however 500mg four times daily is used for the treatment of active disease. It is also important to note that this was a small, pilot study, aimed to demonstrate proof of concept. Given the lower-than-expected rate of shedding in people on natalizumab, a small effect of famciclovir on EBV shedding cannot be excluded. 

It must be noted that the overall level of salivary EBV shedding in the pre-treatment cohort (10/21 participants, with 8.8% samples showing evidence of shedding) is substantially lower than that demonstrated in other studies. We have previously demonstrated that 20-25% samples would be expected to show evidence of EBV shedding;18 similar work has demonstrated 17.5% samples from people living with HIV and 10-20% in healthy controls.29 The reason(s) for the unexpectedly low rates of shedding in our study are not immediately clear; our laboratory techniques were based on those previously used, and the relatively high rates of DNA detection in samples below the concentration taken to indicate shedding indicates that we were detecting DNA when present. Previous work has highlighted that these low levels of EBV DNA may reflect cellular DNA detection from epithelial cell shedding in saliva rather than EBV shedding,18 and so the lack of impact of famciclovir on EBV DNA presence and on these lower concentrations must be interpreted with caution. 

Natalizumab is not known to have any anti-viral action; indeed it is associated with an increased risk of PML secondary to JC virus infection,30 and additional case reports highlight potential morbidity from other viral reactivation syndromes in immune privileged sites.31 Of note, teriflunomide, an MS disease modifying therapy with a mechanism of action in keeping with anti-viral efficacy, has shown significant effect on EBV shedding in saliva,25 and it may be that natalizumab has some anti-EBV properties, however we cannot further typify these at this stage. The inclusion of only patients on natalizumab was a deliberate choice when designing this study for a number of reasons – people on natalizumab attend outpatient settings regularly for infusions, facilitating sample collection and safety monitoring without undue patient burden; the drug was not anticipated to have any antiviral effects (reducing shedding); nor is it known to have peripheral immunosuppressive effects which might increase shedding.

The lack of any detectable effect on anti-EBV IgG titres, either against EBNA1 or VCA, is interesting. It remains unclear as to whether this reflects a lack of anti-EBV efficacy of famciclovir, or alternatively that the higher titres observed in people in MS are representative of aberrant immune responses rather than reflective of increased viral turnover in this group. 

We had a higher than anticipated dropout rate in this study, although most participants completed the study and provided samples throughout. Two participants were unable to complete the course of famciclovir due to adverse events, both of which were clearly and commonly described in the summary of product characteristics (SmPC), resolved on stopping the study medication and were not serious. One participant was unable to continue in the study due to switching from natalizumab to a medication with potential anti-viral action. The remainder of the reasons for early study discontinuation related to challenges around sample collection and storage. 

One of the major challenges with this study was the use of remotely collected samples. Whilst this reduced the need for in person visits, which was commended by patients, particularly in the context of the COVID pandemic, the volume of saliva collected remotely was less than expected for some patients. Despite the provision of clear instruction leaflets, demonstration of how to take samples at each visit and relatively simple sample collection techniques, sample volume remained an analytic issue. Furthermore, a number of samples were not returned, and some patients reported that they were unable to continue in the study due to concerns around sample collection and storage. We recorded freeze thaw cycles; EBV DNA detection has been shown to be robust to multiple freeze thaw events, and so storage conditions were less of a concern.18 However, these challenges highlight the need to consider patient populations carefully during study design and recruitment, as unexpected barriers to participation may become apparent. 

Our study therefore provides an important proof of principle - that examining for EBV shedding in saliva is feasible in the context of a clinical trial. It highlights several challenges with the approach around recruitment and retention, sample collection, and overall rates of EBV shedding. Our study will inform both power calculations and study design in future studies of anti-EBV agents in multiple sclerosis. 
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Figure and table legends 

Figure 1: study design and visit schedule. 

Figure 2: participant flow through the study 

Figure 3: Median rate of EBV shedding in the pre-treatment and on-treatment stages. Each point represents the proportion of adequate samples provided that show evidence of EBV shedding (defined as >5.8 copies/ul) within each treatment epoch. The p value reflects the statistical significance of the difference between the pre-treatment and on-treatment proportions as evaluated by the Wilcoxon signed rank test. 

Figure 4: Combined dot and box and whisker plot demonstrating median EBV DNA levels (copies/ul) in the pre-treatment, on-treatment and post-treatment stages. Each dot represents the median DNA copy number/ul for an individual participant; the box the interquartile range transected by the median, and whiskers the 5th and 95th percentiles. The p value reflects the statistical significance of the difference between the pre-treatment, on-treatment and post-treatment DNA levels (copies/ul) as evaluated by the Friedman test.



Table 1: Participant demographics 


	
	Entire cohort (n=30)
	Cohort with saliva samples available for analysis (n=21)

	Age at consent  (median, range)
	45.8 (19.9 - 67.9) 
	45.8 (19.9 - 65.0)

	Sex (M:F; %F)
	11:19 (63%)
	7:14 (67%)

	Ethnicity (white, minority ethnic; % White)
	25, 5 (83%)
	17, 4 (81%)

	EDSS (median, range)
	3.5 (1.0 - 6.5)
	3.75 (1.0 - 6.5)



EDSS: Expanded disability status scale
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