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Abstract

Herpesviruses establish a state of persistent infection which is suppressed by sus-
tained virus-specific immune control. The magnitude of this immune response can
increase with age and lead to attrition of immune reserve against other pathogens.
Approaches which suppress herpesvirus-specific immunity may therefore have the
potential to improve general immune function. Anti-retroviral therapy for HIV leads
to a reduction in HIV viral antigen and has been shown to mediate a secondary
attenuation of the HIV-specific immune response. As such, we assessed if treatment
with valaciclovir could suppress the immune response against cytomegalovirus and
Epstein Barr Virus in donors aged >65 years. Medication was given at 3 different
doses up to a maximum of 4gm/day for 6 months and humoral and cellular profiles
were assessed over 12 months. Anti-viral therapy did not impact on the magnitude
or phenotype of the humoral or cellular virus-specific immune response during the
study period. Treatment also had no impact of physical or mental quality of life
assessment. These data show that valaciclovir treatment, at this dose and treatment
duration, does not attenuate the CMV or EBV-specific immune response in this age

group.
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Author summary

Cytomegalovirus (CMV) is a herpesvirus that infects most people during their
lifetime. The virus can never be eradicated after infection and its replication must
be suppressed by sustained immune pressure throughout life. This virus-specific
immune response becomes very large in older people and may limit the ability of
the immune system to make effective immune responses against other infec-
tions. Here we performed a clinical trial in which we treated healthy older people
for six months with the antiviral drug valaciclovir to see if suppression of CMV
would subsequently attenuate the CMV-specific immune response and improve
well being. This approach did not lead to a reduction in CMV-specific immune
response and had no impact on health measurements. As such, alternative
approaches such as extended duration therapy or alternative anti-viral drugs are
required in future studies to assess potential suppression of herpesvirus-specific
immunity.

Introduction

Human herpesviruses (HHV) are a family of eight dsDNA viruses that establish per-
sistent infection and are widely prevalent. HHV have evolved a range of mechanisms
to mediate latent and lytic replication and the host immune response is critical for
control of viral replication. Cytomegalovirus (CMV; HHV-5) is particularly immuno-
dominant and the cellular immune response against CMV can represent over 10%

of the peripheral T cell pool [1,2]. This increment in the T cell memory pool leads

to relative suppression of the naive repertoire that is required for immunity against
novel pathogens [3-5]. The magnitude of the adaptive immune response against
CMV increases with age [6] and positive CMV serostatus has been associated with
the development of immune senescence and impaired immune response to influenza
vaccination [7,8]. There is therefore interest in approaches that may act to suppress
the magnitude of the CMV-specific immune response and thereby support rejuvena-
tion of immune function. A particular feature of the association between persistent
CMV infection and poor health is that the magnitude of the CMV-specific immune
response is itself a determinant of risk [9—13]. The reason for this is not clear but may
represent an inflammatory burden arising from inflated virus-specific immunity driven
by subclinical virus replication [14,15]. An approach that could act to reduce the mag-
nitude of virus-specific immune responses could thus hold clinical value.

Epstein Barr Virus infection (EBV; HHV-4) is also highly prevalent in the adult pop-
ulation and associated with multiple sclerosis and several malignant disorders [16].
The immune response against EBV is directed against a range of lytic and latent pro-
teins and the magnitude and phenotype of this response varies according to epitope
specificity [17]. The inflammatory and clinical burden arising from sustained EBV-
specific immunity is currently uncertain but there is increasing interest in the potential
importance of EBV carriage on heterologous immunity [18—20].
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Virus-specific immune responses are boosted by intermittent stimulation by viral antigen [21]. Indeed, the magnitude
of CMV-specific immunity is related directly to latent viral load [22]. Given this observation, suppression of viral load by
anti-viral medication may attenuate the magnitude of adaptive immunity. This has been observed clearly in the setting
of HIV infection where HIV-specific cellular immune responses are markedly reduced following the introduction of anti-
retroviral therapy [23]. In this setting, the HIV specific CD8* T cell count is seen to decline with an initial half-life of around
39 weeks [24], a value comparable with t,, of memory T cells [25]. Herpesvirus-specific T cells have comparable rates of
turnover [26—28] and anti-viral therapy might therefore also hold potential for modulation of the immune response against
viruses such as CMV or EBV. A range of anti-viral medications have been developed against CMV and EBV although the
side effect profile of agents such as ganciclovir, foscarnet and cidofovir is such that the risk-benefit ratio for their use in
immune modulation prophylaxis is uncertain. Letermovir combines efficacy with good safety profile but its use has been
limited largely to patients undergoing transplantation [29]. Aciclovir is an effective and very well tolerated anti-viral med-
ication with activity against a range of herpesviruses. Valaciclovir is the I-valyl ester of aciclovir and is licensed in some
countries for suppression of CMV reactivation following renal transplantation at a dose of 8gm/day, although a regime
of 3gm daily has also shown utility [30]. Valaciclovir can also reduce the frequency of EBV-infected B cells [31]. Chronic
valaciclovir administration has been shown to markedly suppress CMV-specific T cells in murine models and enhance
reconstitution of the naive T cell pool [32]. However, to our knowledge, valaciclovir has not yet been assessed for its ability
to suppress CMV viral load or modulate HHV-specific immunity in immunocompetent donors.

Here we undertook a clinical study to determine the potential impact of valaciclovir treatment on CMV and EBV viral
load and virus-specific immune response during and following 6 months of therapy. The findings indicate a limited impact
of this treatment regimen on modulation of the CMV and EBV-specific immune response.

Results
Valaciclovir therapy does not reduce CMV or EBV viral load

41 donors were recruited to the study with a median age of 72 years. Donors were allocated randomly into four groups
comprising either no treatment (n=10) or valaciclovir at a dose of 500mg twice daily (n=7), 1gm twice daily (n=10) or
1gm four times daily (n=11) for 6 months (S1 Table). 3 donors assigned to the 500mg dose declined study entry after
randomisation leaving 38 for whom results are presented. 58% of donors were male and demographic factors were evenly
distributed across groups (Table 1).

Initial work focussed on the potential impact of valaciclovir treatment on the viral load of CMV or EBV within peripheral
blood. Baseline viral load measurement showed variation in median values between subgroups at study entry. CMV viral
load was broadly stable over time whilst more variation was observed in EBV values. However, anti-viral therapy had no
impact on viral load either during the treatment period or within follow up (Fig 1).

Valaciclovir therapy does not alter CMV-specific antibody titre or the number of CMV-specific T cells

We next went on to determine the impact of valaciclovir therapy on the adaptive humoral and cellular immune response to CMV.

Baseline CMV-specific antibody titre varied between donors but was stable thereafter within all groups and not
impacted by anti-viral therapy (Fig 2A and S1 Table).

CMV-specific CD4* T cells were identified by IFN-y release following stimulation with CMV viral lysate. Mean values at
baseline varied between 0.5% and 1.6% of the CD4* T cell pool [33] and no consistent changes were observed in these
values over the study period in the 4 treatment subgroups (Fig 2B). Lysate stimulation was not used to quantify virus-specific
CD8+T cells due to the low efficiency of cross presentation of protein through the HLA class | presentation pathway.

CMV-specific CD8* and CD4* T cells were identified through the use of HLA class | and class ll-peptide tetram-
ers. Summation of individual tetramer-specific responses within each donor was used as a measure of the aggregate
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Table 1. Demographic features of treatment groups.

No treatment 500mg 1000mg 1000mg Total
(n=10) valaciclovir b.d. | valaciclovir b.d. | valaciclovir gq.d.s | (n=38)
(n=7) (n=10) (n=11)
Minimisation variables
Age at time of randomization 65-74 7(70) 4 (57) 6 (60) 7 (64) 24 (63)
(years), n (%) 275 3(30) 3 (43) 4 (40) 4 (36) 14 (37)
Mean (SD) 73.3 (6.0) 73.3 (5.3) 73.4 (4.7) 73.6 (6.9) 73.4 (5.6)
Median [IQR] | 72.2[68.5-77.5] |73.4[69.7-77.0] 72.1[69.0-78.2] 72.1[67.0-80.0] 72.4[69.0-77.5]
Demographic and other baseline variables
Gender, n (%) Female 4 (40) 3 (43) 3 (30) 6 (55) 16 (42)
Male 6 (60) 4 (57) 7 (70) 5 (45) 22 (58)
Ethnicity, n (%) White British 10 (100) 6 (86) 10 (100) 11 (100) 37 (97)
Indian 0(0) 1(14) 0 (0) 0 (0) 1(3)
BMI (kg/m?) Mean (SD) 28.2 (3.8) 27.5 (4.0) 27.1 (3.0) 25.8 (4.3) 27.1 (3.8)
Median [IQR] | 29.2[26.6-29.7] |29.0[23.5-31.6] 27.2 [24.4-29.8] 25.5[23.0-27.8] 26.9 [23.5-29.8]
Missing 1 0 0 0 1
Medical history, n (%) Yes 5 (50) 2 (29) 5 (50) 3(27) 15 (39)
No 5 (50) 5(71) 5 (50) 8 (73) 23 (61)
Current medication, n (%) Yes 3(30) 2 (29) 3(30) 4 (36) 12 (32)
No 7 (70) 5(71) 7 (70) 7 (64) 26 (68)
Flu vaccination, n (%) Yes 5 (50) 3 (43) 5 (50) 2(18) 15 (39)
No 5 (50) 4 (57) 5 (50) 9(82) 23 (61)
Pneumonia vaccination, n (%) | Yes 4 (40) 0 (0) 2 (20) 1(9) 7(18)
No 6 (60) 7 (100) 8 (80) 10 (91) 31(82)
Shingles vaccination, n (%) Yes 0(0) 0(0) 0(0) 0(0) 0(0)
No 10 (100) 7 (100) 10 (100) 11 (100) 38 (100)
EQ-5D-5L score Mean (SD) 0.92 (0.07) 0.96 (0.05) 0.90 (0.09) 0.89 (0.14) 0.91 (0.10)
Median [IQR] | 0.92 [0.89-1.0] 1.0 [0.89-1.0] 0.89 [0.84-0.94] 0.94 [0.82-1.0] 0.94 [0.88-1.0]
Missing 0 0 1 0 1
SF36 (physical component Mean (SD) 44.6 (13.5) 46.7 (3.4) 47.7 (5.5) 42.9 (15.8) 45.1 (11.5)
score) Median [IQR] | 49.9[43.2-54.5] |46.9 [43.4-49.1] 49.3 [45.8-51.7] 51.3 [33.6-53.2] 49.5[43.4-51.7]
Missing 0 0 4 1 5
SF36 (mental component Mean (SD) 60.9 (4.2) 59.7 (5.0) 61.7 (3.1) 58.8 (6.7) 60.2 (5.0)
score) Median [IQR] | 61.4[57.2-63.7] |61.9 [54.6-63.1] 61.8 [60.4-64.2] 59.4 [57.6-62.0] 61.1[57.6-63.1]
Missing 0 0 4 1 5

https://doi.org/10.1371/journal.ppat.1013803.t001

CMV-specific CD8* T cell response. These values varied at baseline in the different treatment subgroups but overall
numbers remained stable over the 12-month study period (Fig 2C). The percentage of T cells bound by individual CMV-
specific tetramers was also examined and whilst these values were remarkably stable over the study there was no impact
of anti-viral therapy on these values (Fig 2D).
These findings show that anti-viral therapy did not suppress the magnitude of the humoral or cellular immune response

against CMV.

Valaciclovir therapy does not alter EBV-specific antibody titre or EBV-specific T cell number

The impact of valaciclovir therapy was next assessed on the magnitude of the adaptive immune response against EBV.
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Fig 1. Valaciclovir therapy does not suppress CMV or EBV viral load. EBV and CMV virus load in PBMC was measured using Q-PCR. Copy num-
ber of f2m was used to determine the cell input in each sample. Data shown as copy numbers per thousands PBMCs (CMV) and per million PBMCs

(EBV); analysis in all donors in study.

https://doi.org/10.1371/journal.ppat.1013803.9001
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Fig 2. CMV-specific antibody and T cell immune response is not reduced by valaciclovir therapy. A. CMV antibody titre measured by ELISA
(n=38). B. CMV-specific CD4* T cell response measured by cytokine production following stimulation with viral lysate (n=38). C. Frequency of CMV-
specific CD8* T cells measured by HLA class | peptide tetramers (n=25). D. Frequency of CD4* and CD8* T cells binding individual HLA-peptide tetram-
ers within each treatment subgroup. Differences in tetramer usage between groups represent assignment according to HLA genotype distribution. Group
1 is the no treatment group, group 2 is treatment group with dose of 500mg twice daily, group 3 with the dose of 1gm twice daily and group 4 with 1gm

four times daily.

https://doi.org/10.1371/journal.ppat.1013803.9002
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Antibody titres against EBNA-1 and VCA were measured in donors at each timepoint. Values were very stable over the
study period within both the control group and treatment cohorts (Fig 3A).

The CD8* T cell response against EBV was next assessed using HLA class I-peptide tetramers containing immunodomi-
nant peptides. The median value of both the aggregate and individual tetramer response varied between groups at study entry
and in relation to epitope. However, no significant variation was observed in prospective values over the study period (Fig 3B).

These data show that anti-viral treatment had no impact on the humoral and CD8* T cell response against EBV.

Valaciclovir therapy does not alter the number of circulating CD28- T cells

CD28 is an important co-stimulatory molecule on T cells and loss of CD28 expression is observed on subpopulations of T
cells during clonal expansion and differentiation. CMV or EBV-specific CD8* T cells frequently express a CD28- phenotype
whilst CD4*CD28: cells are observed almost exclusively within CMV seropositive donors [34]. Given this association, we
next enumerated the number of CD28 T cells during the study period.

Variation in the median percentage of CD4*CD28- T cells was seen at baseline and reflects the heterogeneity of this
value across the population [35]. CD4*CD28- T cell number thereafter remained broadly stable during the study period
(Fig 4A). A similar profile was observed for the CD8"CD28- subset where cell number was not altered during the study
treatment period (Fig 4B).

Anti-viral therapy does not modulate the memory status of phenotype of CMV-specific T cells

Although the number of CMV and EBV-specific T cells was not reduced by anti-viral therapy we next assessed the effector
and memory status of virus-specific T cells to assess if this might be influenced by a potential reduction in viral antigen.
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Fig 3. EBV-specific antibody and T cell response is not reduced by valaciclovir therapy. A. Antibody titre against EBNA1 measured by ELISA.
Antibody titre against VCA measured by ELISA. B. Frequency of EBV-specific CD8*T cells measured by HLA class | peptide tetramers. C. Group 1 no
treatment; group 2 500mg twice daily; group 3 1gm twice daily; group 4 1gm four times daily.

https://doi.org/10.1371/journal.ppat.1013803.9003
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https://doi.org/10.1371/journal.ppat.1013803.9004

CMV-specific CD4* and CD8* T cells were identified by HLA peptide tetramer staining and antibody staining used to
differentiate naive (CD45RO-CCR7"), central memory (CD45RO*CCRY7*), early effector (CD45RO*CCR7-CD28*), late
effector (CD45RO-CCR7-CD28) and CD45RA* memory (Temra; CD45RA*CCR7-CD28") populations. CD4* populations
were seen to comprise mainly effector or effector memory phenotype whilst CD8* cells had a dominant CD45RA* memory
profile (Fig 5). Overall, the relative distribution of virus-specific T cells within these memory subsets was not influenced by
anti-viral therapy. The number of total CD4+ and CD8 +memory cells within blood was also determined but did not vary
during treatment (S1 Fig).

Valaciclovir treatment was well tolerated and assessment of physical and mental quality of life remained stable
during the study period

No clinical complications were encountered during the study and medication was well tolerated, in line with the substantial
clinical experience with valaciclovir. Baseline laboratory haematological and biochemical values remained stable and the
only notable feature was an increase in the mean red cell volume (MCV) whilst on valaciclovir, an association that has
been previously reported [36]. This value increased by 3, 6 and 10 fl respectively with the increasing doses of valaciclovir
(Fig 6).

Physical and mental component scores, as well as EQ5DS5, were measured at monthly intervals but did not change
during the study period (Fig 6).

Discussion

Immune surveillance of persistent herpesvirus infections requires substantial metabolic investment and can mediate an
attritional impact on heterologous immune function. Here we assessed if a 6-month course of valaciclovir therapy, acting
to reduce viral load, had the potential to attenuate the cytomegalovirus and Epstein-Barr virus-specific immune response.
This treatment was seen to have little impact on viral-specific immune responses and the findings raise several questions
in relation to future approaches to attenuate the burden of persistent herpesvirus infections.

Initial studies assessed CMV and EBYV viral load which is maintained predominantly within the myeloid and B cell com-
partments respectively. A notable feature was the substantial baseline heterogeneity of viral load across the study group.
Such variation in the setpoint of viral load is well established [37] and is likely to be an important determinant of the magni-
tude of associated immune response and potential secondary immunopathology. Notwithstanding this baseline heteroge-
neity, there was no evidence that valaciclovir treatment had an impact on viral load across all study groups.
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https://doi.org/10.1371/journal.ppat.1013803.9005

Valaciclovir inhibits lytic viral replication but does not impact directly on latent carriage, although this may become
suppressed over the longer term due to reduction of infectious virus required for reestablishment of latent load [38].
Valaciclovir has proven efficacy against CMV and EBYV lIytic replication and has been used widely for prevention of CMV
reactivation in immune suppressed patients. Given this background it is noteworthy to reflect on why no suppression of
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Fig 6. Valaciclovir therapy was not associated with any change in physical or mental score. Physical component score, mental component score,
and EQ-5D-5L index were measured at each timepoint. These values remained stable over time within the study groups.

https://doi.org/10.1371/journal.ppat.1013803.9006

viral load was apparent in this study. One factor here may have been that a dose of 8gm/day is recommended to prevent
CMV reactivation whilst a maximal daily dose of 4gm/day was used in the study to minimize potential toxicity in healthy
volunteers. However, a dose of 3gm/day has been shown to reduce CMV reactivation in immune suppressed patients and
should be highly effective in suppressing lytic replication of EBV [38]. The duration of therapy may be a key determinant
in subsequent suppression of latent load. Around 1/10,000—1/100,000 B cells are latently infected with EBV in healthy
donors and valaciclovir can reduce this burden, albeit with a t, , of 11 months. Indeed, it has been estimated that a 99%
reduction in viral load would potentially be achievable following 6 years of therapy [31]. It is possible that the 6-month
duration of therapy within our study may have been too short to have any impact on viral load dynamics. Nevertheless,
valaciclovir is extremely well tolerated and can be taken for many years and it may be important to assess the impact of

long-term therapy in future studies [39].

Treatment efficacy may also relate to the relative immune competence of the host. A 6-month course of valaciclovir
therapy has been shown to mediate a 28% reduction the proportion of CD4*CD28- T cells in patients undergoing immu-
nosuppressive therapy for vasculitis and was associated with enhanced immune response to pneumococcal vaccination
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[40]. Subclinical CMV reactivation is common in this patient group and associates with expansion of the CMV-specific T
cell pool. Anti-viral therapy may therefore have more notable impact in this setting.

Assessment of the magnitude of the virus-specific T cell response and antibody titre showed that these were not
impacted by anti-viral therapy. No alteration in the phenotype of virus-specific cells was observed although future studies
could extend this to include more detailed assessment of cytokine production beyond IFN-y. Herpes virus-specific T cell
responses are boosted strongly by episodes of viral replication [21] and removal of antigenic protein through use of antivi-
rals might have been anticipated to limit immune cell expansion. The dynamics of any potential effect are again of interest.
Murine CMV also drives an intense virus-specific T cell response [41] and here studies reveal that 12 months of valaciclo-
vir is required for significant suppression of virus-specific CD8 + T cell immunity [32] although MCMV-specific inflationary
T cells have a half-life of only 45—-60 days [42]. In contrast, the half-life of CMV and EBV-specific T cell populations within
humans is considerably longer [26,43]. As such, the 6-month treatment period used within our study may be insufficient
for substantial modulation of the virus-specific adaptive immune response. Although the magnitude of the virus-specific
immune response was not altered by valaciclovir we were interested to see if any variation was noted in the phenotype of
these cells, potentially reflecting loss of recent antigen stimulation as seen in HIV infection following anti-retroviral therapy
[23,44], but again no impact was seen.

The CMV replication cycle proceeds in three stages: the immediate-early, early and late stages, whilst valaciclovir
acts only at the late stage. As such, an important consideration for interpretation of our findings is that much of the
virus-specific T cell response could be directed against peptides derived from genes expressed only during the imme-
diate early or early phase of replication. Indeed, continuous surveillance by CD8 + T cells recognizing immediate-early
antigenic epitopes during latent murine CMV infection blocks the transcriptional activity of viral genes downstream of
that gene. Further, the ablation of a peptide from /E1 can increase transcription of genes that are normally silenced [45]
and was the basis for a model that unifies viral gene expression during latency with inflationary CD8 T cell responses
[46]. A further notable observation is that immunodominant peptides from immediate early proteins can repress CD8+T
cell responses to peptides from early viral genes that are expressed even within the same latently infected cell [47,48].
Although our study focussed largely on epitopes encoded by IE1 or UL83 (pp65), recent evidence shows that even
pp65 is expressed with immediate early kinetics [49] with immune recognition soon after infection [50]. Given these
observations an intervention strategy that targets an immediate early gene, potentially with an antisense oligonu-
cleotide against IE2 such as Fomivirsen, may have greater potential in suppressing the global CMV-specific T cell
repertoire.

Our observations may also provide insight into the mechanisms that underlie maintenance of the CMV viral genome.
The virus does not integrate into host DNA and, as no clear mechanism for tethering of episomal CMV DNA during latent
expression has been established, it remains somewhat unclear how the viral genome is maintained across the lifecourse
[51]. One suggestion is that intermittent episodes of productive viral replication are required to sustain lifetime persistence
but our observation that 6 months of blockade of viral replication late in the Iytic cycle has no discernible effects on virus
load argues somewhat against this mechanism.

Two features of the CMV and EBV-specific cellular immune response were striking. Firstly, there was marked hetero-
geneity within individual donors and this variation in virus-host setpoint has been previously noted [6]. Whilst the genetic
and environmental determinants of this profile are unclear, factors such as the initial viral load at primary infection [52]
and host genetic polymorphism may be important [53]. The second feature was the profound stability of the virus-specific
immune response over the 12-month observation period. Indeed, this cohort represents one of the most intensively
studied prospective analyses of EBV or CMV-specific immune responses and shows that cross sectional assessment of
immune response is representative of long-term profile. Assessment of general physical and mental health was also not
impacted by therapy and may again reflect a minimal impact of herpesvirus infection on this measure within immunocom-
petent people.
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Measurement of haematological and biochemical values over the study period did not reveal unexpected features.

A notable finding was an increase in the mean cell volume of red cells during treatment, which correlated strongly with
valaciclovir dose. This association has been reported previously and resolves rapidly following drug withdrawal [36]. The
mechanism is unknown although it may potentially reflect a relative reduction in erythroblast proliferation rate, potentially
related to the purine nucleoside analogue activity of the drug.

An epidemiological association between an inflated herpesvirus-specific immune response and impaired health out-
come in older people has been seen in several studies [54,55]. Although this study failed so show any significant suppres-
sion of this immune response during medium-term valaciclovir therapy, a range of more potent anti-viral drugs have been
developed and could themselves be tested for their utility in this setting.

Materials and methods
Ethics statement

Ethical approval was given by the East Midlands-Leicester Central Research Ethics Committee, study number 11/
HO0406/10. Formal written consent was obtained from all subjects prior to study entry.

Study design

The study was single blind with subjects and clinicians aware of allocation but laboratory staff unaware of treatment
assignment. Potentially eligible participants were identified using patient searches of GP clinical systems prior to
postal invitation. Interested participants attended a baseline clinic where informed consent was taken prior to eligibility
ascertainment.

A blood sample was taken to assess CMV serostatus, HLA genotype and the CMV-specific T cell immune response
using intracellular cytokine (CD4*) and HLA-peptide tetramer (CD8*) analysis. Donors who were CMV seropositive with
HLA-A*01:01, A*02:01, B*07:02 or B*08:01 genotype, and in whom the CD4* and CD8* CMV-specific immune response
were both at least 0.2% of the total CD4* and CD8* T cell pools respectively, were eligible for enrolment and invited back
for recruitment. At that point they were re-consented for treatment and 12 months of follow up. An estimated glomerular
filtration rate (eGFR) >50ml/min was required for study entry.

Following recruitment, patients were randomised into four treatment groups with blood and urine samples taken prior to
treatment; at monthly intervals whilst on treatment; and at 3 and 6 months following cessation of treatment. Donors were
allocated randomly into four groups comprising either no treatment (n=10) or valaciclovir at a dose of 500mg twice daily
(n=7), 1gm twice daily (n=10) or 1gm four times daily (n=11) for 6 months.

Patients completed a clinical questionnaire at study entry and then at each time point of study. EQ-5D-5L scores were
determined at each timepoint (https://euroqol.org/information-and-support/euroqol-instruments/eq-5d-5I).

Antibody titre against CMV and EBV

Peripheral blood mononuclear cells (PBMCs) were isolated together with serum and plasma.CMV serostatus was deter-
mined using ELISA [56] and antibody responses against EBV EBNA-1 and VCA. Briefly, Maxisorp plates were coated
overnight with either recombinant EBNA-1, (1.0ug/ml, Abcam), or VCA-p18 (0.125ug/ml, RayBiotech), diluted in 0.1M, or
0.2M Carbonate Buffer (Sigma), respectively. Following washing (PBS +0.05% Tween-20) and blocking (2% BSA in wash
buffer), plasma diluted 1:5000 and 1:200 respectively, in blocking buffer, was added in duplicate. An 8-point standard
curve was produced by serial dilution of a characterised standard added in duplicate on each plate. Bound IgG antibody
was detected with anti-IgG-HRP and visualised with TMB. Plates were analysed at 450 and 660nm using a BioRad iMark
microplate reader. Assays were tested, and baseline established, in respect of two commercial assay kits (Epstein Barr
Virus EBNA-1 1gG ELISA kit, Abnova Corp and EB-VCA-IgG ELISA Kit, FineTest, Wuhan Fine Biotech co Ltd).
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T cell immune response against CMV and EBV

HLA genotype was defined by PCR and HLA-peptide tetramer staining and/or intracellular cytokine staining was utilized
to quantify the CD8* CMV-specific T cell response [57] (S2 Fig). CMV and EBV specific T cells were detected using HLA
class |-peptide tetramers restricted through HLA-A1, A2, B7 and B8 (Table 2). CMV-specific CD4 +T cells were detected
using HLA class ll-peptide tetramers utilizing DR7, DR52, DQ6 (from NIH tetramer core facility) and DR15 (from Prolm-
mune) and CMV immunodominant peptides [56] (Table 2).

HLA class I-restricted nonamer peptide tetramers for detection of CMV-specific CD8* T cells were YSE and VTE pre-
sented by HLA-A*01:01; NLV and VLE presented by HLA*02:01; RPH and TPR presented by HLA*07:02; and QIK, ELR
and ELK presented by HLA*08. Comparable reagents for detection of EBV-specific CD8* T cells were GLC, CLG and YVL
presented by HLA*A02:01; RPP and RPR presented by HLA*07:02; and RAK and FLR presented by HLA*08. HLA class
[I-restricted peptide tetramers for detection of CMV-specific CD4* T cells were DYS presented by HLA*DR07:02; MSI
presented by DR15; AGI presented by DR52b; and LLQ presented by DQ6 [57].

Intracellular cytokine staining was used to quantify the CD4* CMV-specific T cell response following stimulation with
viral lysate ([57]; S3 Fig). Antibody reagents used anti-Human CD4-PerCP-Cy5.5 (eBioScience 45-0049); anti-Human
CD3-Amcyan (BD Biosciences 339186); anti-Human IFNy-FITC (BD Biosciences 340449); anti-Human CD28-ECD
(Beckman Coulter 6607111); anti-Human CD27-APCeFluor780 (eBioscience 47—-0279) and Live/Dead Fixable Violet Stain
(Invitrogen L34955).

Flow cytometry on whole blood samples was used to detect CD4*CD28- and CD8*CD28- T cells using anti-
Human CD4-PercP-Cy5.5 (eBioscience 45-0049); Anti-Human CD3-AmCyan (BD Biosciences 339186); Anti-
Human CD28-ECD (Beckman Coulter 6607111); Anti-Human CD45-FITC (eBioscience 11-9459); Anti-Human
CD8-APC (eBioscience 17-0086); CytoCount Control Beads (Alere S236630) and FACS Lysing Solution (BD
Biosciences 349202).

For determination of the number of total memory T cells, absolute counts of CD4+ and CD8+T cells were established
from whole blood samples (S2 Fig). The proportion of memory T cells was subsequently determined from phenotypic
characterisation and applied to the absolute cell counts to determine the absolute count of memory T cells.

Table 2. Peptides from CMV and EBV used in construction of HLA-peptide tetramers.

cMv EBV

HLA-restriction Peptide epitope Antigen Label Peptide epitope Label

HLA-A*01:01 YSEHPTFTSQY pp65 YSE
VTEHDTLLY pp50 (UL44) VTE

HLA-A*02:01 NLVPMVATV pp65 NLV GLCTLVAML BMLF1 GLC
VLEETSVML IE-1 VLE CLGGLLTMV LMP-2A CLG

YVLDHLIVV BRLF1 YVL

HLA-B*07:02 RPHERNGFTVL pp65 RPH RPPIFIRRL EBNA3A RPP
TPRVTGGGAM pp65 TPR RPRATWIQEL BaRF1 RPR

HLA-B*08:01 QIKVRVDMV IE-1 QIK RAKFKQLL BZLF1 RAK
ELRRKMMYM IE-1 ELR FLRGRAYGL EBNA3A FLR
ELKRKMIYM IE-1 ELK

HLA-DRB1-*07:01 (DR7) DYSNTHSTRYV gB DYS

HLA-DRB1*15:01 (DR15) MSIYVYALPLKMLNI pp65 MSI

HLA-DRB3*02:02 (DR52b) AGILARNLVPMVATV pp65 AGI

HLA-DQB1*06:02 (DQ6) LLQTGIHVRVSQPSL pp65 LLQ

https://doi.org/10.1371/journal.ppat.1013803.t002
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Determining CMV/EBV genome load in PBMCs

Genomic DNA was isolated from 1x10® PBMC pellets using a DNeasy Blood and Tissue Kits (Qiagen) according to the
manufacturer’s manual book. Quantitative PCR assays were carried out to amplify EBV BALF5, HCMV-UL54 and cellu-
lar beta-2-microglobulin sequences to determine the EBV/HCMV genome load [58,59]. All standards and samples were
tested in triplicate, and the data were analyzed using ABI Prism 7700 Sequence Detection System (PE Biosystems).

One reference plasmid containing the sequence that primers bind was used to generate standard curve for the Q-PCR.
Standard curves were used to determine the copy numbers of EBV and CMV. The copy number of 2m was used to
determine the cell input in each sample (assuming two copies per cell). Finally the viral load was calculated and shown as
copy number per thousands PBMCs (CMV) and per million PBMCs (EBV).

Primer and probe sequences

EBV BALF5 gene Forward primer: 5 AGTCCTTCTTGGCTAGTCTGTTGAC 3'; Reverse primer: 5 CTTTGGCGCG-
GATCCTC 3'; Probe: 5' (FAM) CATCAAGAAGCTGCTGGCGGCCT 3.

Beta-2 microglobulin gene Forward Primer: 5 GGAATTGATTTGGGAGAGCATC 3'; Reverse Primer: 5 CAGGTCCTG-
GCTCTACAATTTACTAA 3'; Probe: 5' (VIC) AGTGTGACTGGGCAGATCATCCAGCTTC 3.

HCMYV DNA polymerase Forward primer: 5-GCCGATCGTAAAGAGATGAAGAC 3’; reverse primer: 5 CTCGTGCGTGT-
GCTACGAGA 3’; Probe: 5 (FAM)-AGTGCAGCCCCGACCATCGTTC

Supporting information
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(DOCX)

S2 Table. Primary and secondary outcome results for the on-treatment period.
(DOCX)

S3 Table. Primary and secondary outcome results for the whole study period.
(DOCX)

S$1 Fig. Enumeration of global CD4+ and CD8+memory T cells during therapy.
(DOCX)

S2 Fig. Flow cytometry gating strategy to identify T cells subsets.
(DOCX)

S3 Fig. Flow cytometry gating strategy to identify CD4+T cells responding to CMV lysate stimulation.
(DOCX)

Acknowledgments

We are grateful to all the donors for their involvement in the study. The research was carried out at the National Institute
for Health and Care Research (NIHR) Birmingham Biomedical Research Centre (BRC). We thank the NIH Tetramer Core
Facility for providing class Il monomers for this study.

Author contributions
Conceptualization: Richard McManus, Paul Moss.

Data curation: Alex Dowell.

PLOS Pathogens | https://doi.org/10.137 1/journal.ppat.1013803 December 29, 2025 13/16



http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013803.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013803.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013803.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013803.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013803.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013803.s006

PLO%- Pathogens

Formal analysis: Jusnara Begum, Wayne Croft, Lee Middleton, Yongzhong Sun, Jianmin Zuo.
Funding acquisition: Richard McManus, Paul Moss.

Investigation: Kirsty McGee, Sarah Lauder, Jusnara Begum, Jianmin Zuo, Richard McManus.
Methodology: Kirsty McGee, Sarah Lauder, Odette Chagoury, Jianmin Zuo.

Project administration: Kirsty McGee, Sarah Lauder, Odette Chagoury.

Resources: Odette Chagoury.

Supervision: Jianmin Zuo, Paul Moss.

Writing — original draft: Paul Moss.

Writing — review & editing: Kirsty McGee, Alex Dowell, Sarah Lauder, Jusnara Begum, Odette Chagoury, Wayne Croft,
Lee Middleton, Yongzhong Sun, Jianmin Zuo, Richard McManus.

References

1. Gillespie GM, Wills MR, Appay V, O’Callaghan C, Murphy M, Smith N, et al. Functional heterogeneity and high frequencies of cytomegalovirus-
specific CD8(+) T lymphocytes in healthy seropositive donors. J Virol. 2000;74(17):8140-50. https://doi.org/10.1128/jvi.74.17.8140-8150.2000
PMID: 10933725

2. Klenerman P, Oxenius A. T cell responses to cytomegalovirus. Nat Rev Immunol. 2016;16(6):367—77. https://doi.org/10.1038/nri.2016.38 PMID:
27108521

3. HaqK, Fulop T, Tedder G, Gentleman B, Garneau H, Meneilly GS, et al. Cytomegalovirus seropositivity predicts a decline in the T cell but
not the antibody response to influenza in vaccinated older adults independent of type 2 diabetes status. J Gerontol A Biol Sci Med Sci.
2017;72(9):1163-70.

4. Wertheimer AM, Bennett MS, Park B, Uhrlaub JL, Martinez C, Pulko V, et al. Aging and cytomegalovirus infection differentially and jointly affect
distinct circulating T cell subsets in humans. J Immunol. 2014;192(5):2143-55. https://doi.org/10.4049/jimmunol.1301721 PMID: 24501199

5. Weinberger B, Lazuardi L, Weiskirchner I, Keller M, Neuner C, Fischer K-H, et al. Healthy aging and latent infection with CMV lead to distinct
changes in CD8+ and CD4+ T-cell subsets in the elderly. Hum Immunol. 2007;68(2):86—90. https://doi.org/10.1016/j.humimm.2006.10.019 PMID:
17321897

6. Vescovini R, Biasini C, Fagnoni FF, Telera AR, Zanlari L, Pedrazzoni M, et al. Massive load of functional effector CD4+ and CD8+ T cells against
cytomegalovirus in very old subjects. J Immunol. 2007;179(6):4283-91. https://doi.org/10.4049/jimmunol.179.6.4283 PMID: 17785869

7. Olsson J, Wikby A, Johansson B, Léfgren S, Nilsson BO, Ferguson FG. Age-related change in peripheral blood T-lymphocyte subpopulations and
cytomegalovirus infection in the very old: the Swedish longitudinal OCTO immune study. Mech Ageing Dev. 2000;121(1-3):187—-201. https://doi.
org/10.1016/s0047-6374(00)00210-4 PMID: 11164473

8. Trzonkowski P, Mysliwska J, Szmit E, Wieckiewicz J, Lukaszuk K, Brydak LB, et al. Association between cytomegalovirus infection, enhanced
proinflammatory response and low level of anti-hemagglutinins during the anti-influenza vaccination--an impact of immunosenescence. Vaccine.
2003;21(25-26):3826-36.

9. Strandberg TE, Pitkala KH, Tilvis RS. Cytomegalovirus antibody level and mortality among community-dwelling older adults with stable cardiovas-
cular disease. JAMA. 2009;301(4):380-2.

10. Gonzélez-Quijada S, Del Alamo-Martinez de Lagos M, Alvarez-Llabrés M, Pérez-Gonzalez L. Cytomegalovirus antibody levels and mortality
among hospitalised elderly patients. Ann Med. 2020;52(8):497-505. https://doi.org/10.1080/07853890.2020.1811888 PMID: 32803995

11.  Vescovini R, Biasini C, Telera AR, Basaglia M, Stella A, Magalini F, et al. Intense antiextracellular adaptive immune response to human cytomega-
lovirus in very old subjects with impaired health and cognitive and functional status. J Immunol. 2010;184(6):3242-9. https://doi.org/10.4049/jimmu-
nol.0902890 PMID: 20173031

12. Lee S, Brook E, Affandi J, Howson P, Tanudjaja SA, Dhaliwal S, et al. A high burden of cytomegalovirus marks poor vascular health in transplant
recipients more clearly than in the general population. Clin Transl Immunology. 2019;8(2):e1043. https://doi.org/10.1002/cti2.1043 PMID: 30788107

13. Wang GC, Kao WHL, Murakami P, Xue Q-L, Chiou RB, Detrick B, et al. Cytomegalovirus infection and the risk of mortality and frailty in older
women: a prospective observational cohort study. Am J Epidemiol. 2010;171(10):1144-52. https://doi.org/10.1093/aje/kwgq062 PMID: 20400465

14. Thomasini RL, Pereira DS, Pereira FSM, Mateo EC, Mota TN, Guimaraes GG, et al. Aged-associated cytomegalovirus and Epstein-Barr virus
reactivation and cytomegalovirus relationship with the frailty syndrome in older women. PLoS One. 2017;12(7):e0180841. https://doi.org/10.1371/
journal.pone.0180841 PMID: 28700679

15. Snyder CM, Cho KS, Bonnett EL, Allan JE, Hill AB. Sustained CD8+ T cell memory inflation after infection with a single-cycle cytomegalovirus.
PLoS Pathog. 2011;7(10):e1002295. https://doi.org/10.1371/journal.ppat.1002295 PMID: 21998590

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1013803 December 29, 2025 14/16



https://doi.org/10.1128/jvi.74.17.8140-8150.2000
http://www.ncbi.nlm.nih.gov/pubmed/10933725
https://doi.org/10.1038/nri.2016.38
http://www.ncbi.nlm.nih.gov/pubmed/27108521
https://doi.org/10.4049/jimmunol.1301721
http://www.ncbi.nlm.nih.gov/pubmed/24501199
https://doi.org/10.1016/j.humimm.2006.10.019
http://www.ncbi.nlm.nih.gov/pubmed/17321897
https://doi.org/10.4049/jimmunol.179.6.4283
http://www.ncbi.nlm.nih.gov/pubmed/17785869
https://doi.org/10.1016/s0047-6374(00)00210-4
https://doi.org/10.1016/s0047-6374(00)00210-4
http://www.ncbi.nlm.nih.gov/pubmed/11164473
https://doi.org/10.1080/07853890.2020.1811888
http://www.ncbi.nlm.nih.gov/pubmed/32803995
https://doi.org/10.4049/jimmunol.0902890
https://doi.org/10.4049/jimmunol.0902890
http://www.ncbi.nlm.nih.gov/pubmed/20173031
https://doi.org/10.1002/cti2.1043
http://www.ncbi.nlm.nih.gov/pubmed/30788107
https://doi.org/10.1093/aje/kwq062
http://www.ncbi.nlm.nih.gov/pubmed/20400465
https://doi.org/10.1371/journal.pone.0180841
https://doi.org/10.1371/journal.pone.0180841
http://www.ncbi.nlm.nih.gov/pubmed/28700679
https://doi.org/10.1371/journal.ppat.1002295
http://www.ncbi.nlm.nih.gov/pubmed/21998590

PLO%- Pathogens

16.
17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Robinson WH, Steinman L. Epstein-Barr virus and multiple sclerosis. Science. 2022;375(6578):264-5.

Forrest C, Hislop AD, Rickinson AB, Zuo J. Proteome-wide analysis of CD8+ T cell responses to EBV reveals differences between primary and
persistent infection. PLoS Pathog. 2018;14(9):e1007110. https://doi.org/10.1371/journal.ppat.1007110 PMID: 30248160

Holder B, Miles DJC, Kaye S, Crozier S, Mohammed NI, Duah NO, et al. Epstein-Barr virus but not cytomegalovirus is associated with reduced
vaccine antibody responses in Gambian infants. PLoS One. 2010;5(11):e14013. https://doi.org/10.1371/journal.pone.0014013 PMID: 21103338

Redhead K, Seagroatt V. The effects of purified components of Bordetella pertussis in the weight gain test for the toxicity testing of pertussis vac-
cines. J Biol Stand. 1986;14(1):57—65. https://doi.org/10.1016/s0092-1157(86)80009-9 PMID: 2870067

Sansoni P, Vescovini R, Fagnoni F, Biasini C, Zanni F, Zanlari L, et al. The immune system in extreme longevity. Exp Gerontol. 2008;43(2):61-5.
https://doi.org/10.1016/j.exger.2007.06.008 PMID: 17870272

Cwynarski K, Ainsworth J, Cobbold M, Wagner S, Mahendra P, Apperley J. Direct visualization of cytomegalovirus-specific T-cell reconstitution after
allogeneic stem cell transplantation. Blood. 2001;97(5):1232—40.

Jackson SE, Sedikides GX, Okecha G, Poole EL, Sinclair JH, Wills MR. Latent Cytomegalovirus (CMV) Infection Does Not Detrimentally Alter T
Cell Responses in the Healthy Old, But Increased Latent CMV Carriage Is Related to Expanded CMV-Specific T Cells. Front Immunol. 2017;8:733.
https://doi.org/10.3389/fimmu.2017.00733 PMID: 28694811

Kalams SA, Goulder PJ, Shea AK, Jones NG, Trocha AK, Ogg GS, et al. Levels of human immunodeficiency virus type 1-specific cyto-
toxic T-lymphocyte effector and memory responses decline after suppression of viremia with highly active antiretroviral therapy. J Virol.
1999;73(8):6721-8. https://doi.org/10.1128/JV1.73.8.6721-6728.1999 PMID: 10400770

Casazza JP, Betts MR, Picker LJ, Koup RA. Decay kinetics of human immunodeficiency virus-specific CD8+ T cells in peripheral blood after initia-
tion of highly active antiretroviral therapy. J Virol. 2001;75(14):6508-16. https://doi.org/10.1128/JV1.75.14.6508-6516.2001 PMID: 11413318

Macallan DC, Busch R, Asquith B. Current estimates of T cell kinetics in humans. Curr Opin Syst Biol. 2019;18:77-86. https://doi.org/10.1016/j.
coisb.2019.10.002 PMID: 31922055

Wallace DL, Masters JE, De Lara CM, Henson SM, Worth A, Zhang Y, et al. Human cytomegalovirus-specific CD8(+) T-cell expansions contain
long-lived cells that retain functional capacity in both young and elderly subjects. Immunology. 2011;132(1):27-38. https://doi.org/10.1111/j.1365-
2567.2010.03334.x PMID: 20738423

Baliu-Piqué M, Drylewicz J, Zheng X, Borkner L, Swain AC, Otto SA. Turnover of murine cytomegalovirus-expanded CD8 T cells is similar to that of
memory phenotype T cells and independent of the magnitude of the response. J Immunol. 2022;208(4):799-806.

van den Berg SPH, Derksen LY, Drylewicz J, Nanlohy NM, Beckers L, Lanfermeijer J, et al. Quantification of T-cell dynamics during latent cytomeg-
alovirus infection in humans. PLoS Pathog. 2021;17(12):e1010152. https://doi.org/10.1371/journal.ppat.1010152 PMID: 34914799

Marty FM, Ljungman P, Chemaly RF, Maertens J, Dadwal SS, Duarte RF, et al. Letermovir Prophylaxis for Cytomegalovirus in Hematopoietic-Cell
Transplantation. N Engl J Med. 2017;377(25):2433-44.

Hawks KG, Fegley A, Sabo RT, Roberts CH, Toor AA. High dose valacyclovir for cytomegalovirus prophylaxis following allogeneic hematopoietic
cell transplantation. J Oncol Pharm Pract. 2023;29(1):130-7. https://doi.org/10.1177/10781552211060479 PMID: 34854771

Hoshino Y, Katano H, Zou P, Hohman P, Marques A, Tyring SK, et al. Long-term administration of valacyclovir reduces the number of Epstein-Barr
virus (EBV)-infected B cells but not the number of EBV DNA copies per B cell in healthy volunteers. J Virol. 2009;83(22):11857—-61. https://doi.
org/10.1128/JVI1.01005-09 PMID: 19740997

Beswick M, Pachnio A, Lauder SN, Sweet C, Moss PA. Antiviral therapy can reverse the development of immune senescence in elderly mice with
latent cytomegalovirus infection. J Virol. 2013;87(2):779-89. https://doi.org/10.1128/JV1.02427-12 PMID: 23115277

Sester M, Sester U, Gartner B, Heine G, Girndt M, Mueller-Lantzsch N, et al. Levels of virus-specific CD4 T cells correlate with cytomegalovirus
control and predict virus-induced disease after renal transplantation. Transplantation. 2001;71(9):1287-94. https://doi.org/10.1097/00007890-
200105150-00018 PMID: 11397964

van Leeuwen EMM, Remmerswaal EBM, Vossen MTM, Rowshani AT, Wertheim-van Dillen PME, van Lier RAW, et al. Emergence of a CD4+CD28-
granzyme B+, cytomegalovirus-specific T cell subset after recovery of primary cytomegalovirus infection. J Immunol. 2004;173(3):1834—41. https://
doi.org/10.4049/jimmunol.173.3.1834 PMID: 15265915

van Leeuwen EMM, Remmerswaal EBM, Heemskerk MHM, ten Berge IJM, van Lier RAW. Strong selection of virus-specific cytotoxic CD4+

T-cell clones during primary human cytomegalovirus infection. Blood. 2006;108(9):3121-7. https://doi.org/10.1182/blood-2006-03-006809 PMID:
16840731

Baud J, El Haggan W, Naguib D, Troussard X, Hurault de Ligny B. Valacyclovir for the prevention of cytomegalovirus infection after kidney trans-
plantation is associated with macrocytosis. Am J Transplant. 2003;3(1):94-5. https://doi.org/10.1034/j.1600-6143.2003.30118.x PMID: 12492719
Khan G, Miyashita EM, Yang B, Babcock GJ, Thorley-Lawson DA. Is EBV persistence in vivo a model for B cell homeostasis?. Immunity.
1996;5(2):173-9. https://doi.org/10.1016/s1074-7613(00)80493-8 PMID: 8769480

Yao QY, Ogan P, Rowe M, Wood M, Rickinson AB. Epstein-Barr virus-infected B cells persist in the circulation of acyclovir-treated virus carriers. Int
J Cancer. 1989;43(1):67-71.

Tyring SK, Baker D, Snowden W. Valacyclovir for herpes simplex virus infection: long-term safety and sustained efficacy after 20 years’ experience
with acyclovir. J Infect Dis. 2002;186(Suppl 1):S40-6.

PLOS Pathogens | https://doi.org/10.137 1/journal.ppat.1013803 December 29, 2025 15/16



https://doi.org/10.1371/journal.ppat.1007110
http://www.ncbi.nlm.nih.gov/pubmed/30248160
https://doi.org/10.1371/journal.pone.0014013
http://www.ncbi.nlm.nih.gov/pubmed/21103338
https://doi.org/10.1016/s0092-1157(86)80009-9
http://www.ncbi.nlm.nih.gov/pubmed/2870067
https://doi.org/10.1016/j.exger.2007.06.008
http://www.ncbi.nlm.nih.gov/pubmed/17870272
https://doi.org/10.3389/fimmu.2017.00733
http://www.ncbi.nlm.nih.gov/pubmed/28694811
https://doi.org/10.1128/JVI.73.8.6721-6728.1999
http://www.ncbi.nlm.nih.gov/pubmed/10400770
https://doi.org/10.1128/JVI.75.14.6508-6516.2001
http://www.ncbi.nlm.nih.gov/pubmed/11413318
https://doi.org/10.1016/j.coisb.2019.10.002
https://doi.org/10.1016/j.coisb.2019.10.002
http://www.ncbi.nlm.nih.gov/pubmed/31922055
https://doi.org/10.1111/j.1365-2567.2010.03334.x
https://doi.org/10.1111/j.1365-2567.2010.03334.x
http://www.ncbi.nlm.nih.gov/pubmed/20738423
https://doi.org/10.1371/journal.ppat.1010152
http://www.ncbi.nlm.nih.gov/pubmed/34914799
https://doi.org/10.1177/10781552211060479
http://www.ncbi.nlm.nih.gov/pubmed/34854771
https://doi.org/10.1128/JVI.01005-09
https://doi.org/10.1128/JVI.01005-09
http://www.ncbi.nlm.nih.gov/pubmed/19740997
https://doi.org/10.1128/JVI.02427-12
http://www.ncbi.nlm.nih.gov/pubmed/23115277
https://doi.org/10.1097/00007890-200105150-00018
https://doi.org/10.1097/00007890-200105150-00018
http://www.ncbi.nlm.nih.gov/pubmed/11397964
https://doi.org/10.4049/jimmunol.173.3.1834
https://doi.org/10.4049/jimmunol.173.3.1834
http://www.ncbi.nlm.nih.gov/pubmed/15265915
https://doi.org/10.1182/blood-2006-03-006809
http://www.ncbi.nlm.nih.gov/pubmed/16840731
https://doi.org/10.1034/j.1600-6143.2003.30118.x
http://www.ncbi.nlm.nih.gov/pubmed/12492719
https://doi.org/10.1016/s1074-7613(00)80493-8
http://www.ncbi.nlm.nih.gov/pubmed/8769480

PLO%- Pathogens

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Chanouzas D, Sagmeister M, Faustini S, Nightingale P, Richter A, Ferro CJ. Subclinical reactivation of cytomegalovirus drives CD4 CD28null T-cell
expansion and impaired immune response to pneumococcal vaccination in antineutrophil cytoplasmic antibody-associated vasculitis. J Infect Dis.
2019;219(2):234—44.

Cicin-Sain L, Brien JD, Uhrlaub JL, Drabig A, Marandu TF, Nikolich-Zugich J. Cytomegalovirus infection impairs immune responses and accen-
tuates T-cell pool changes observed in mice with aging. PLoS Pathog. 2012;8(8):e1002849. https://doi.org/10.1371/journal.ppat.1002849 PMID:
22916012

Snyder CM, Cho KS, Bonnett EL, van Dommelen S, Shellam GR, Hill AB. Memory inflation during chronic viral infection is maintained by continu-
ous production of short-lived, functional T cells. Immunity. 2008;29(4):650-9.

Wallace DL, Zhang Y, Ghattas H, Worth A, Irvine A, Bennett AR, et al. Direct measurement of T cell subset kinetics in vivo in elderly men and
women. J Immunol. 2004;173(3):1787-94. https://doi.org/10.4049/jimmunol.173.3.1787 PMID: 15265909

Weekes MP, Wills MR, Sissons JGP, Carmichael AJ. Large HIV-specific CD8 cytotoxic T-lymphocyte (CTL) clones reduce their overall size but
maintain high frequencies of memory CTL following highly active antiretroviral therapy. Immunology. 2006;118(1):25-38. https://doi.org/10.1111/
j:1365-2567.2006.02334.x PMID: 16630020

Simon CO, Holtappels R, Tervo H-M, Béhm V, Daubner T, Oehrlein-Karpi SA, et al. CD8 T cells control cytomegalovirus latency by epitope-specific
sensing of transcriptional reactivation. J Virol. 2006;80(21):10436-56. https://doi.org/10.1128/JVI1.01248-06 PMID: 16928768

Seckert CK, Griessl M, Biittner JK, Scheller S, Simon CO, Kropp KA, et al. Viral latency drives “memory inflation”: a unifying hypothesis linking two
hallmarks of cytomegalovirus infection. Med Microbiol Immunol. 2012;201(4):551-66. https://doi.org/10.1007/s00430-012-0273-y PMID: 22991040

Farrington LA, Smith TA, Grey F, Hill AB, Snyder CM. Competition for antigen at the level of the APC is a major determinant of immunodominance
during memory inflation in murine cytomegalovirus infection. J Immunol. 2013;190(7):3410-6. https://doi.org/10.4049/jimmunol.1203151 PMID:
23455500

Borkner L, Sitnik KM, Dekhtiarenko |, Pulm A-K, Tao R, Drexler |, et al. Immune Protection by a Cytomegalovirus Vaccine Vector Expressing a
Single Low-Avidity Epitope. J Immunol. 2017;199(5):1737—-47. https://doi.org/10.4049/jimmunol. 1602115 PMID: 28768725

Rozman B, Nachshon A, Levi Samia R, Lavi M, Schwartz M, Stern-Ginossar N. Temporal dynamics of HCMV gene expression in lytic and latent
infections. Cell Rep. 2022;39(2):110653. https://doi.org/10.1016/j.celrep.2022.110653 PMID: 35417700

Khan F, Miller TR, Kasmapour B, Ynga-Durand MA, Eiz-Vesper B, von Einem J, et al. Dynamic monitoring of viral gene expression reveals rapid
antiviral effects of CD8 T cells recognizing the HCMV-pp65 antigen. Front Immunol. 2024;15:1439184. https://doi.org/10.3389/fimmu.2024.1439184
PMID: 39104541

Schwartz M, Stern-Ginossar N. Rethinking human cytomegalovirus latency reservoir. Ann N Y Acad Sci. 2023;1524(1):30-6. https://doi.
org/10.1111/nyas.14994 PMID: 37026581

Redeker A, Remmerswaal EBM, van der Gracht ETI, Welten SPM, Hdllt T, Koning F, et al. The Contribution of Cytomegalovirus Infection to
Immune Senescence Is Set by the Infectious Dose. Front Immunol. 2018;8:1953. https://doi.org/10.3389/fimmu.2017.01953 PMID: 29367854

Scepanovic P, Alanio C, Hammer C, Hodel F, Bergstedt J, Patin E, et al. Human genetic variants and age are the strongest predictors of humoral
immune responses to common pathogens and vaccines. Genome Med. 2018;10(1):59. https://doi.org/10.1186/s13073-018-0568-8 PMID:
30053915

Simanek AM, Dowd JB, Pawelec G, Melzer D, Dutta A, Aiello AE. Seropositivity to cytomegalovirus, inflammation, all-cause and cardiovascular
disease-related mortality in the United States. PLoS One. 2011;6(2):e16103. https://doi.org/10.1371/journal.pone.0016103 PMID: 21379581

Savva GM, Pachnio A, Kaul B, Morgan K, Huppert FA, Brayne C, et al. Cytomegalovirus infection is associated with increased mortality in the older
population. Aging Cell. 2013;12(3):381-7. https://doi.org/10.1111/acel.12059 PMID: 23442093

Pachnio A, Zuo J, Ryan GB, Begum J, Moss PAH. The Cellular Localization of Human Cytomegalovirus Glycoprotein Expression Greatly Influ-
ences the Frequency and Functional Phenotype of Specific CD4+ T Cell Responses. J Immunol. 2015;195(8):3803-15. https://doi.org/10.4049/
jimmunol.1500696 PMID: 26363059

Pachnio A, Ciaurriz M, Begum J, Lal N, Zuo J, Beggs A, et al. Cytomegalovirus Infection Leads to Development of High Frequencies of Cytotoxic
Virus-Specific CD4+ T Cells Targeted to Vascular Endothelium. PLoS Pathog. 2016;12(9):e1005832. https://doi.org/10.1371/journal.ppat. 1005832
PMID: 27606804

Junying J, Herrmann K, Davies G, Lissauer D, Bell A, Timms J. Absence of Epstein-Barr virus DNA in the tumor cells of European hepatocellular
carcinoma. Virology. 2003;306(2):236—43.

van Doornum GJJ, Guldemeester J, Osterhaus ADME, Niesters HGM. Diagnosing herpesvirus infections by real-time amplification and rapid cul-
ture. J Clin Microbiol. 2003;41(2):576-80. https://doi.org/10.1128/JCM.41.2.576-580.2003 PMID: 12574249

PLOS Pathogens | https:/doi.org/10.1371/journal.ppat. 1013803 December 29, 2025 16/16



https://doi.org/10.1371/journal.ppat.1002849
http://www.ncbi.nlm.nih.gov/pubmed/22916012
https://doi.org/10.4049/jimmunol.173.3.1787
http://www.ncbi.nlm.nih.gov/pubmed/15265909
https://doi.org/10.1111/j.1365-2567.2006.02334.x
https://doi.org/10.1111/j.1365-2567.2006.02334.x
http://www.ncbi.nlm.nih.gov/pubmed/16630020
https://doi.org/10.1128/JVI.01248-06
http://www.ncbi.nlm.nih.gov/pubmed/16928768
https://doi.org/10.1007/s00430-012-0273-y
http://www.ncbi.nlm.nih.gov/pubmed/22991040
https://doi.org/10.4049/jimmunol.1203151
http://www.ncbi.nlm.nih.gov/pubmed/23455500
https://doi.org/10.4049/jimmunol.1602115
http://www.ncbi.nlm.nih.gov/pubmed/28768725
https://doi.org/10.1016/j.celrep.2022.110653
http://www.ncbi.nlm.nih.gov/pubmed/35417700
https://doi.org/10.3389/fimmu.2024.1439184
http://www.ncbi.nlm.nih.gov/pubmed/39104541
https://doi.org/10.1111/nyas.14994
https://doi.org/10.1111/nyas.14994
http://www.ncbi.nlm.nih.gov/pubmed/37026581
https://doi.org/10.3389/fimmu.2017.01953
http://www.ncbi.nlm.nih.gov/pubmed/29367854
https://doi.org/10.1186/s13073-018-0568-8
http://www.ncbi.nlm.nih.gov/pubmed/30053915
https://doi.org/10.1371/journal.pone.0016103
http://www.ncbi.nlm.nih.gov/pubmed/21379581
https://doi.org/10.1111/acel.12059
http://www.ncbi.nlm.nih.gov/pubmed/23442093
https://doi.org/10.4049/jimmunol.1500696
https://doi.org/10.4049/jimmunol.1500696
http://www.ncbi.nlm.nih.gov/pubmed/26363059
https://doi.org/10.1371/journal.ppat.1005832
http://www.ncbi.nlm.nih.gov/pubmed/27606804
https://doi.org/10.1128/JCM.41.2.576-580.2003
http://www.ncbi.nlm.nih.gov/pubmed/12574249

