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Antiviral Therapy Can Reverse the Development of Immune
Senescence in Elderly Mice with Latent Cytomegalovirus Infection
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Cytomegalovirus (CMV) infection leads to the development of adaptive and humoral immune responses that are among the
largest for any pathogen, and intriguingly, the magnitude of the immune response increases with age, a phenomenon termed
“memory inflation.” Elevated CMV-specific immunity has been correlated with an increased mortality rate in elderly individuals
and with impaired vaccination responses. The latent phase of CMV infection is characterized by intermittent episodes of sub-
clinical viral reactivation and the production of immunogenic transcripts that may maintain memory inflation of virus-specific
cytotoxic lymphocytes. However, the relative importance of CMV reactivation in the development of memory inflation is uncer-
tain, as is the potential for antiviral treatment to reverse this effect. Here, we administered valaciclovir for up to 12 months in
mice with established murine CMV (MCMYV) infection. Treatment reduced the magnitude of the MCMV-specific CD8* T-lym-
phocyte response by 80%, and the residual MCMYV tetramer-specific lymphocytes exhibited a less differentiated phenotype. In
addition, latent MCMYV infection suppressed the proportion of naive CD8* T cells by 60% compared to antiviral-treated mice or
MCMV-negative animals. Furthermore, treatment led to a reduction in influenza A viral loads following a challenge in elderly
MCMV-infected animals and also reduced the differentiation of influenza virus-specific cytotoxic lymphocytes. These observa-

tions demonstrate that MCMV-specific memory inflation is maintained by viral replication and that therapeutic intervention

could lead to improved immune function.

Cytomegalovirus (CMV) is a highly prevalent betaherpesvirus
that rarely elicits symptomatic infection in healthy individu-
als, but it is associated with a range of clinical complications in
immunocompromised individuals. CMV is never eradicated from
the host and is believed to undergo intermittent episodes of sub-
clinical reactivation that may be triggered by episodes of stress and
immune suppression.

CMV-infected humans develop large populations of CMV-
specific CD8 " and CD4 " T lymphocytes, which typically demon-
strate a late-differentiated phenotype that is believed to reflect a
strong replicative history. Interestingly, these virus-specific T-cell
populations increase with age and come to dominate the memory
compartments in elderly CMV-seropositive individuals (1, 2);
they also have the capacity to impair host immunity to other co-
resident infections (3). This “memory inflation” of CMV-specific
cytotoxic lymphocytes has been implicated as a contributory fac-
tor in the development of immune senescence (4). Epidemiolog-
ical studies have demonstrated that CMV-seropositive octogenar-
ians are at an elevated risk of mortality, and those individuals with
ahigher proportion of CD8 " CD28~ memory T cells and inverted
CD4/CD8 T-cell ratios are almost exclusively CMV seropositive in
a profile that has been termed the immune risk phenotype (5). In
addition, epidemiological studies have confirmed that elderly in-
dividuals with the highest quartile of anti-CMV-specific serum
immunoglobulin G (IgG) were at the highest risk of all-cause
mortality (6). The CMV-specific antibody titer is correlated with
the magnitude of cellular immunity; therefore, there are poten-
tially considerable benefits from treatments that can suppress the
CMV-specific adaptive immune response.

Murine CMV (MCMYV) infection also leads to the expansion of
virus-specific cytotoxic CD8" T lymphocytes that demonstrate
memory inflation. MCMYV can infect a variety of cell types (7);
however, the anatomical reservoirs of latent MCMV may be lim-
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ited to sites such as the salivary glands, liver sinusoidal endothe-
lium (8), and nonhematopoietic cells within the lymph nodes (9,
10). The degree of T-cell inflation against individual viral peptides
is governed by their patterns of expression and the nature of the
infection model (11-14). Inflation of the MCMV -specific CD8* T
cells is known to occur against a series of immunodominant T-cell
epitopes, such as M385,¢ 3,3, M139,,4 456, and IE3,,4 456, Within
chronically infected C57BL/6 mice (13). Indeed, the frequency of
cytotoxic lymphocytes that come against each antigen can exceed
10% of the CD8™ T-cell pool. These inflationary populations also
exhibit a highly differentiated membrane phenotype indicative of
repeated antigen exposures (14). The adoptive transfer of infla-
tionary MCMV-specific CD8™ T cells into MCMV-infected ani-
mals demonstrated these T cells to have a short half-life (45 to 60
days), with their frequency maintained at a high level through the
recruitment of naive and less differentiated T cells into memory
through intermittent antigen exposures (14, 15). However, the
importance of antigen persistence in the generation and mainte-
nance of CMV-specific immunity remains uncertain.

Recently, it was shown that prior/latent MCMYV infection can
result in significantly reduced CD8" T-cell responses to challeng-
ing infections (16) and elevated viral loads (17), thus suggesting
that the presence of reactivated MCMYV could impair immunity in
older animals. Therapeutic intervention using an antiviral drug
that has the capacity to suppress MCMYV reactivation has the po-
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tential to block the repopulation of MCMV-specific CD8™ T cells
from the naive pool while permitting the natural decay of the
preexisting immune response. Such a feature is seen in the decline
of the HIV-specific CD8" T-cell population following the intro-
duction of highly active antiretroviral therapy (HAART) (18). It
might be anticipated that any such reduction in the MCMV-spe-
cific immune response would enable regeneration of the periph-
eral naive T-cell compartment with subsequent improvement in
the immune responses to heterologous pathogens. Here, we show
that long-term administration of a drug that inhibits CMV repli-
cation, valaciclovir, leads to profound suppression of MCMV-
specific T-cell memory formation, regeneration of the naive
CD8™ T-cell compartment, and reduction of viral load following
an influenza virus challenge.

MATERIALS AND METHODS

Ethics statement. This study was carried out in strict accordance with the
Animals (Scientific Procedures) Act 1986. The protocol was approved
(project license 40/2998) by the Home Office, and the experiments were
performed at the Biomedical Services Unit at the University of Birming-
ham. All efforts were made to minimize suffering, and where appropriate,
procedures were performed under anesthesia.

Microplaque reduction assay. Mouse embryo fibroblasts were incu-
bated (37°C at 5% CO,) with MCMV strain Smith at a multiplicity of
infection (MOI) of ~0.01 for 4 days in increasing concentrations of aci-
clovir (Sigma) or valaciclovir hydrochloride (GlaxoSmithKline). The cells
were fixed with 10% formaldehyde and stained with 0.5% crystal violet,
and the plaques were counted at X 10 magnification.

Mice and antiviral treatment. Female C57BL/6 mice were obtained
from Harlan UK Ltd. and kept at the Biomedical Service Unit at the Uni-
versity of Birmingham. The animals were housed within a negative-pres-
sure incubator to prevent the possible spread of infection to other mouse
colonies.

The animals received the antiviral valaciclovir hydrochloride orally at
a concentration of 1 mg/mlin their drinking water. This was replaced with
a fresh solution once a week during the course of the experiment. The
dosages were calculated based on the average consumption of drinking
water.

Virus strains and infections. MCMYV strain Smith (ATCC) was cul-
tured, and the titer was calculated by a limited dilution of viral stock onto
mouse embryo fibroblasts. The mice were inoculated by intraperitoneal
injection (i.p.) with 1 X 10° PFU of MCMYV strain Smith (19).

The influenza A virus (IAV) A/Puerto Rico/8/34/England/939/69
clone 7a (H3N2) was cultured and titrated in fertilized hen’s eggs (20).
The mice were inoculated by intranasal injection (i.n.) witha 1 X 10°50%
egg infective dose (EIDs,) of IAV.

Tetramer staining, antibodies, and intracellular cytokine stimula-
tion assay. The MCMV tetramer (IE3) and IAV tetramers (nucleopro-
teins NP to NP5, ) were synthesized by the NIH Tetramer Core Facility
at Emory University. Where possible, the tetramer staining and peptide
stimulations were performed on 1 X 10° lymphocytes. The following
fluorescently conjugated antibodies were used to label the cells for flow
cytometry: CD8« (Ly-2), CD27 (LG.3A10), CD44 (IM7), CD62L (Ly-22),
CD122 (TM-bl), and CD127 (A7R34). For intracellular cytokine stain-
ing, splenocytes were stimulated for 6 h with 5 pug/ml of peptide in the
presence of brefeldin A. The cells were then washed and surface stained for
CD8a and CD4 before fixation, permeabilization, and staining for
gamma interferon (IFN-y) (clone XMG1.2) and tumor necrosis factor
alpha (TNF-a) (clone MP6-XT22). The samples were acquired on an LSR
II flow cytometer and analyzed using FACSDiva software. Multivariant
statistical analyses were performed using GraphPad Prism5.

In vitro influenza A virus quantitation assay. Following perfusion,
right-hand lung lobes were extracted from mice and placed immediately
into 1 ml of serum-free RPMI medium on ice. The lung samples were
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homogenized and stored at —80°C. The lung viral load was determined
using the previously described virus titration assay (21). Briefly, serial
2-fold dilutions of lung homogenates were incubated with MDCK cells
with a methylcellulose overlay in a 24-well plate for 48 h. The cells were
fixed, permeabilized, and stained with a monoclonal antibody specific for
the PR8 hemagglutinin. The cells were incubated with a peroxidase-la-
beled secondary antibody, and the plate was developed using aminoeth-
ylcarbazole (AEC) reagents. Each stained cell was counted, and the total
number of PFU per lung sample was calculated.

RESULTS

Replication of MCMV was inhibited by valaciclovir in vitro. The
acycloguanosine class of antivirals has a broad spectrum of activity
against herpesviruses. To generate a guanine nucleotide analogue
capable of inhibiting the viral DNA polymerase, these drugs un-
dergo three phosphorylation reactions, the first of which is medi-
ated by viral thymidine kinase (TK). Although CMVs do not en-
code typical TKs, they are able to phosphorylate acycloguanosines
through the phosphotransferase enzyme M97 (22, 23). Here, the
MCMV strain Smith was tested for its sensitivity to aciclovir or
valaciclovir in a microplaque reduction assay (Fig. 1A and B).
Plaque formation was completely inhibited with both antiviral
drugs at concentrations exceeding 1.25 wM. The 50% effective
concentrations (ECs,) of aciclovir and valaciclovir toward MCMV
were calculated to be 0.5 WM, demonstrating that MCMV has a
level of sensitivity to acycloguanosines equivalent to that of herpes
simplex virus type 1 (HSV-1) and herpes simplex virus type 2
(HSV-2) (24). Due to this similarity in antiviral efficacy and im-
proved bioavailability over aciclovir, valaciclovir was selected as
the optimal candidate for suppressing MCMYV replication in vivo
(25). A 1-mg/ml valaciclovir hydrochloride suspension was added
to drinking water and made available ad libitum to the mice. On
average, the animals consumed 3.7 mg of antiviral medication per
day (Fig. 1C). The dosage achieved was equivalent to approxi-
mately 10 g/day for a 75-kg adult and is comparable to the doses
used to suppress CMV following solid organ transplantations
(26).

Prolonged antiviral treatment led to profound suppression
of the MCMV-specific CD8* T-cell response in aged mice.
C57BL/6 mice were inoculated with MCMYV at 6 to 8 weeks of age
and kept for 12 months to facilitate the development of memory
inflation in an aged population. At this time, antiviral treatment
was administered to the animals for either 3 or 6 months in order
to determine the potential impact on T-cell immunity (Fig. 2A).
Splenocytes were isolated from groups of mice immediately before
antiviral treatment and then at 3 and 6 months after treatment had
started. The magnitudes of the individual MCMV-specific CD8™"
T-cell responses prior to treatment ranged from 4 to 10% of the
total CD8" T-cell pool against the epitopes M38, M45, M57,
m139, and IE3 (Fig. 2B to F). Mice that had received antiviral
treatment for 3 months showed no significant reductions in the
frequency of MCMV-specific T cells in comparison to the
MCMV-untreated animals. This finding is comparable to that of
Snyder et al., who studied the effects of 3 months of antiviral
treatment in younger mice exposed to a mutant famciclovir-sen-
sitive MCMV viral strain (27). However, analyses of individual
peptide responses after 6 months of antiviral treatment revealed
nonsignificant reductions of between 30 and 40% for all epitopes
except IE3 (Fig. 2B to F).

These observations were then extended to assess the influence
of alonger period of antiviral treatment in a new group of animals.
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FIG 1 Replication of MCMYV strain Smith is inhibited by valaciclovir in vitro.
(A) Images of primary mouse embryo fibroblasts cocultured with MCMV
strain Smith (MOI, ~0.01) in media containing aciclovir or valaciclovir (0 to
125 uM). (B) Mean numbers of PFU were determined at each antiviral con-
centration following 4-day incubation at 37°C, 5% CO,. The graph shows
antiviral concentration (M) versus the normalized number of PFU/well (%
maximum PFU). (C) The average daily fluid intake of valaciclovir suspension
(1 mg/ml) was recorded per mouse each day (ml/day), and the approximate
equivalent dose was calculated for a 75-kg individual (equivalent dose [g/d] =
daily intake [ml/day] X antiviral [mg/ml] X [1,000/mass of the mouse] X 75).

In order to allow for a comparable assessment in mice at the age of
18 months, antiviral treatment was started in the animals at 6
months of age and valaciclovir was continued for 12 months (Fig.
3A). Mice in this group were also infected with MCMV at 6 to 8
weeks of age.

Following 12 months of antiviral treatment, the animals that
received the valaciclovir (MCMV+AV) had profound suppres-
sion in the magnitude of splenic MCMV-specific T cells in com-
parison to mice in the infected control group (MCMV —AV). This
pattern was seen against every MCMYV peptide, with the degree of
suppression ranging from 70 to 85% of that seen in the untreated
MCMYV —AV group (Fig. 3B; Table 1). The most profound effect
was seen in relation to immunity to the IE3 epitope, where IE3-
specific CD8" T cells accumulated to 10% of the entire CD8™"
T-cell pool in the MCMV —AV group, compared to 1.2% follow-
ing antiviral treatment; this represents a relative reduction of 84%

January 2013 Volume 87 Number 2

Antiviral Modulation of CMV-Induced Immune Senescence

(P < 0.001) (Fig. 3B; Table 1). The M38 and M45 T-cell frequen-
cies were also significantly reduced following the longer period of
treatment. The global MCMV-specific IFN-y™ lymphocyte re-
sponse from these mice averaged 24% of the CD8™" T-cell pool in
the untreated group compared to 5% in those treated with the
antiviral for 12 months (Fig. 3C); this indicates that valaciclovir
can suppress the overall MCMV-specific CD8 " T-cell response by
almost 80%.

We then went on to examine the declines in the frequency of
the individual MCMV peptide-specific T-cell responses, relative
to those in the untreated control groups, over time in order to
estimate the half-life of decay following the introduction of anti-
viral treatment. The individual peptide-specific responses showed
a broadly similar percentage reduction over 12 months, and the
average half-life of decay (t,,,) over this period ranged from 200 to
250 days (Fig. 3D). However, differences were observed in the
kinetics of the declines of CD8" T-cell immunity against individ-
ual peptides. In particular, the immune responses to IE3 did not
start to decline until after 6 months of treatment but then fell
rapidly, with an estimated ¢,,, of approximately 45 days, which
was the same rate seen by Snyder et al. (2008) following adoptive
transfer (14). This could suggest that the antiviral treatment re-
duced MCMYV loads to an absent level.

In order to determine if reductions in the frequency of cyto-
kine-responsive MCMV-specific cells in the MCMV+AV group
were simply due to the loss of functional response, we then went
on to examine the numbers of tetramer-binding cells. Splenocytes
were stained with a major histocompatibility complex class I
(MHC-I)-peptide tetramer containing immunodominant IE3
(Fig. 4A and B). In keeping with the results obtained by cytokine
secretion analysis, the proportion of IE3 tetramer-binding cells
was profoundly reduced from 15% in the MCMV —AV group to
approximately 1% of CD8 " T cells in the MCMV + AV group (Fig.
4B). Yet, the frequency of m139 tetramer-binding cells was not
reduced by the treatment (data not shown).

Antiviral treatment reduced the degree of differentiation of
MCMV IE3-specific T cells. The phenotype of inflationary
MCMV-specific CD8" T cells has been characterized as a late-
differentiated profile (CD44* CD62L'° CD27'° CD122"° CD127",
where lo indicates low expression) (14). In order to investigate if
antiviral treatment had any influence on T-cell differentiation, we
then studied the membrane phenotype of MCMV-specific cells
following antiviral treatment. Here, the IE3-specific responses ap-
peared to be most affected by the antiviral treatment. Expression
of the lymph node homing molecule CD62L is downregulated to
enable the lymphocyte to exit the lymph node; therefore, it can be
used as an indirect measure of activation. CD62L expression
was retained on 20.2% of the IE3 tetramer-binding cells in the
MCMV +AV-—treated group compared to only 1.6% in the un-
treated MCMV —AV group (P < 0.05), showing that treatment
reduces the levels of persistent activation. Likewise, the expression
of CD122 (the high-affinity interleukin-2 beta receptor [IL-BR]),
usually absent in MCMV-specific T cells (28), was significantly
higher in the antiviral-treated (4.8%) group than in the untreated
mice (0.2%) (P < 0.05). The expressions of CD27 and CD127 (the
interleukin-7 receptor alpha [IL-7Ra]) were also increased on IE3
tetramer-positive cells following the antiviral treatment (Fig. 4C).
However, these patterns were much less pronounced on the m139
tetramer-binding CD8™" T cells (Fig. 4D). These data indicate that
antiviral treatment is able to limit the degrees of differentiation of
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FIG 2 Six months of antiviral treatment leads to partial suppression of the MCMV-specific CD8 " T-cell response. (A) Mice were infected with MCMV strain
Smith (1 X 10° PFU) at 6 to 8 weeks of age. Twelve months after MCMYV infection, groups remained untreated or were treated with valaciclovir for 3 months or
6 months. The frequencies of MCMV-specific IFN-y" CD8" T cells from the spleen samples analyzed by ex vivo stimulation with immunodominant peptides
from M45 (B), M57 (C), M38 (D), m139 (E), or IE3 (F) were then determined. The results are shown as percentages of the total CD8™" T-cell pool. The number
of mice was 3 or 4 at each time point (mean * standard error of the mean [SEM]).

the MCMV-specific immune response in specific populations that
are more sensitive to the exposure of valaciclovir.

Antiviral therapy reduced the accumulation of effector
memory T cells during MCMYV infection and restored the pro-
portion of naive T cells. CMV infection leads to both a substantial
increase in the memory T-lymphocyte pool and an associated re-
duction in the proportion of naive T cells (29, 30); similarly, mu-
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rine T cells can be categorized into memory subsets based on
CD44 and CD62L coexpression (Fig. 5A). There is concern that a
decline in naive T-cell frequencies may influence immune com-
petence in CMV-seropositive individuals. After the resolution of
primary MCMYV infection, there is also a reduction in the propor-
tion of naive T cells (Ty) (CD8* CD44~ CD62L") and an accu-
mulation of cytotoxic effector memory cells (Tgy,) (CD8* CD44™
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FIG 3 Twelve months of antiviral treatment leads to profound suppression of the MCMV-specific CD8" T-cell response in aged mice. (A) Mice were infected
with MCMV strain Smith (1 X 10° PFU) at 6 to 8 weeks of age. Six months after MCMYV infection, the groups remained untreated (MCMV—AV) (n = 9) or
treated with valaciclovir (MCMV+AV) (n = 11) for 12 months. In addition, an uninfected age-matched control group was included (MCMV-neg) (n = 5). (B)
Frequencies of IFN-y-positive MCMV-specific CD8 " T cells against individual MCMYV peptides at 18 months of age from the spleen samples of MCMV —AV
(n=19)and MCMV+AV (n = 11) mice. (C) The magnitude of the total MCMV-specific T-cell immune response is shown as the sum of the five immunodom-
inant IFN-y-specific CD8 * T-cell responses (data in panels A and B were combined from two independent experiments) (mean = SEM). The data were analyzed
by the two-way Mann-Whitney U test (not significant [ns], P > 0.05; *, P < 0.05; **, P < 0.01; and ***, P < 0.001). (D) The rate of decline in the CD8* T-cell
immune response against each MCMYV peptide following 3, 6, and 12 months of antiviral treatment. The relative changes to the MCMV immune response
between untreated and treated MCMYV infection are shown; the data from a single experiment are shown; the numbers of mice range from 3 to 4 per time point.

CD62L 7). Indeed, in our studies, we observed gradual accumula-
tions of Ty cells over time, and these became the most prominent
of the CD8™ T-cell subsets 40 weeks post-MCMYV infection (Fig. 5B).

In order to investigate if the antiviral treatment was able to
modulate the accumulation of memory T cells during MCMV
infection, we then tried to determine the T-cell memory subsets in
mice aged 18 months of age depending on whether they had re-
ceived 12 months of antiviral therapy. The MCMV + AV mice had
numbers of T cells in the spleen equivalent to those in the control
MCMV —AV mice (Fig. 5C), yet clear differences were observed in
the memory phenotype of the CD8" T-cell pool. The Ty, popu-
lation was the most dominant CD8" T-cell subset detected in the
untreated MCMV —AV mice and comprised 68% of the entire
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splenic CD8™ T-cell pool. However, the Ty, population was only
40% in the antiviral-treated group (P < 0.001) (Fig. 5D).

The Ty, CD8™ T-cell subset remained the most abundant T-cell
population in the spleens of MCMV-uninfected mice (MCMV-
neg) at 18 months of age and comprised 37% of the CD8™" T-cell
pool. In comparison, the Ty, CD8" T-cell pool was depleted by
60% in the MCMV —AV group, such that it represented only 15%
of CD8™ T cells in this group. Importantly, valaciclovir therapy
completely restored the proportion of Ty CD8™ T cells to a value
0f45% of the CD8* T-cell pool (P < 0.05) (Fig. 5D). The frequen-
cies of central memory T cells (Tcy,) (CD8" CD44" CD62L")
were also comparable between the MCMV-negative (MCMV-
neg) and the MCMV +AV groups, but they were reduced in the

jviasm.org 783


http://jvi.asm.org

Beswick et al.

TABLE 1 Magnitude of the MCMV-specific CD8" T-cell response in
mice aged 18 months with or without 12 months of valaciclovir
treatment

IFN-y (% CD8)"

Epitope MCMV—AV MCMV+AV % reduction”
M38 4.87 (*1.45) 1.21 (+0.39) 75.15
M45 4.88 (+1.46) 1.35 (+0.41) 72.40
M57 1.59 (£1.15) 0.32 (*£0.13) 80.03
m139 2.84 (+1.24) 0.74 (+0.37) 73.05
IE3 9.87 (+1.88) 1.62 (+0.43) 83.61
Total 23.95 (*£4.48) 5.23 (£1.11) 78.16

“ Results are shown as the mean of the percentage of IFN-y-secreting CD8* T cells
against MCMV-immunodominant peptides (=SEM).

b Percent reduction observed between MCMV — AV—treated (n = 9) and MCMV +AV—
treated (n = 11) mice. Data are combined from two independent experiments.

MCMYV —AV group. This likely reflects sporadic MCMYV reactiva-
tion in the untreated animals, which drives the differentiation of
central memory cells into Ty, CD8™ T cells. These data demon-
strate that the typical “senescent” profile of CD8 " memory T-cell
accumulation associated with CMV infection can be reversed with
the use of antiviral therapy.

Prolonged antiviral treatment reversed the elevated influ-
enza viral load associated with viral challenge of MCMV-in-
fected mice. CMV infection has emerged as an important deter-
minant of the efficacy of influenza vaccination in clinical studies
(31). Influenza A virus is a good model for testing MCMV-in-
duced immune senescence, as infection with this virus is generally
nonlethal in younger adult mice, whereas elderly mice suffer from
increased complications associated with impaired IAV-specific
adaptive immunity (32, 33). Because we had observed that antivi-
ral therapy was able to restore the size of the naive lymphocyte
pool in elderly MCMV-infected mice (Fig. 5D), we then investi-
gated if such treatment was able to improve the immunological
and clinical responses to IAV infection. All three groups of 18-
month-old mice were challenged with A/Puerto Rico/8/34/Eng-
land/939/69 (H3N2) IAV, and the subsequent immune responses
were determined 10 days postinfection (Fig. 3A).

No acute deaths were seen in the MCMV-neg or MCMV +AV
groups, whereas 25% of the control MCMV —AV animals suc-
cumbed to the IAV challenge within the first 5 days (Fig. 6A);
however, this finding was not statistically significant. Further-
more, the MCMV —AV animals displayed the most severe signs of
illness following the IAV challenge, as demonstrated by decreased
activity, hunched posture, and weight loss, most likely due to the
highest viral burden measured at approximately 5,500 PFU/lung
sample. In comparison, the viral burden was 1,200 PFU/lung sam-
ple in the MCMV-neg mice (P < 0.05) and 1,900 PFU/lung sam-
ple in the MCMV+AV group, demonstrating that valaciclovir
therapy indirectly helped to prevent the development of elevated
influenza viral loads (Fig. 6B).

Valaciclovir treatment reduced the degree of differentiation
of the IAV-specific immune response in MCMV-infected mice
following influenza virus infection. The magnitude and pheno-
type of the NP-specific immune response were then measured
using an MHC-peptide tetramer specific for an immunodomi-
nant epitope from the influenza virus nucleoprotein NPsqq 57,
Frequencies of tetramer-binding cells were measured in bron-
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choalveolar lavage fluid (BAL), caudal mediastinal lymph nodes
(CMLN), and the spleen in order to study adaptive immunity in
local tissues, the draining lymph node, and a systemic organ, re-
spectively.

Very recently (in 2012), Cicin-Sain et al. showed that the mag-
nitude of the TAV-specific CD8 " T-cell response was reduced in
latently MCMV-infected mice (16); however, we did not observe
significant alterations to the frequency of NP-specific CD8* T
cells. The magnitude of the NP-specific immune response was
greatest in BAL fluid, where it represented 6% of the CD8™ T-cell
pool and was comparable between all groups. NP-specific te-
tramer staining was seen on 1 to 2% of CD8™ T cells in both the
CMLN and spleen samples, and this value again was similar in all
groups (Fig. 7B). Consequently, the elevated IAV titers in the
MCMYV —AV group were unlikely to be direct results of the mag-
nitude of the NP-specific immune response and could relate to
either an impaired function of the cytotoxic lymphocytes (34) or
failings in other immune cells, such as CD4™ T cells (35).

The most significant observations were related to the degrees of
differentiation of the IAV-specific T cells in the different groups.
Twice as many NP-specific cells from the CMLN of MCMV +AV
mice than from the other two groups displayed a T, phenotype
with a corresponding 40% reduction in the proportion of the Ty
subset (Fig. 7C). The reduced degree of differentiation of the NP-
specific pool was also apparent, as there were elevated frequencies
of cells that retained the expression of CD62L and CD127 in the
MCMV+AV group (Fig. 7D). The absolute numbers of cells
within the CMLN were not affected by treatment (data not
shown).

DISCUSSION

Several epidemiological studies of older individuals have demon-
strated an association between an elevated CMV-specific immune
response and a relative reduction in overall survival. As such, an
understanding of the immunological mechanisms that drive
memory inflation is important for the development of potential
therapeutic interventions that may enhance healthy aging.
CMV-specific memory inflation is seen in both the cellular and
humoral arms of the immune response, but there is debate as to
the importance of viral antigen in driving this process. The M38,
m139, and IE3 epitopes that undergo the most profound inflation
exhibit a differentiated effector phenotype and show impaired
production of interleukin-2 (IL-2), both of which reflect a history
of repeated antigen stimulations (13, 14). As such, the presence of
a peptide antigen might be expected to play an important role.
Previous attempts to suppress herpesvirus-specific T-cell immu-
nity using antiviral drugs have shown limited success. A model of
systemic murine HSV infection has been used to generate an im-
mune profile that resembles memory inflation, and antiviral ther-
apy suppressed immunity by approximately 30% following 7
months of therapy when it was started soon after infection (36).
The role of antigen dependence has also been tested in MCMV
models in which antivirals were administered to animals infected
with a famciclovir-sensitive MCMV mutant strain, and suppres-
sion of cellular immunity was not evident after 12 weeks of treat-
ment (27). We chose to use valaciclovir in our studies, as it has
demonstrated excellent efficacy against MCMYV in vitro and is also
well tolerated in human subjects for periods of prolonged treat-
ment. We did not select a more potent inhibitor, such as ganciclo-
vir, as valaciclovir has markedly fewer side effects and does not
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FIG 4 Valaciclovir reduces the degree of differentiation of IE3- but not m139-specific CD8™" T cells. (A) Representative fluorescence-activated cell sorter (FACS)
plots of TE3 tetramer-specific CD8™ T cells from spleen samples 18 months post-MCMYV infection plus or minus 12 months of antiviral treatment. (B) Mean
frequency of IE3 tetramer-specific CD8 " T cells measured by tetramer staining in MCMV—AV (n = 3) and MCMV+AV (n = 3) mice. The graphs show the
phenotype of IE3- (C) and m139- (D) specific CD8* T cellsin MCMV — AV mice (n = 3) in relation to MCMV +AV-treated (n = 3) mice. The results are shown
as the percentages of CD27*, CD44 ", CD62L", CD122", and CD127" expression on tetramer-positive cells (% Tet) (mean + SEM). The data were analyzed by
2-way analysis of variance (ANOVA) plus Bonferroni’s posttest correction (¥, P < 0.05).
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FIG 5 Antiviral treatment restores the naive and memory CD8™" T-cell pools to those seen in MCMV-neg mice. (A) Representative FACS plots of CD8" T-cell
memory subsets: naive (Ty) (CD44~ CD62L"), central memory (T¢,,) (CD44" CD62L"), effector memory (Ty,,) (CD44" CD62L"), and double negative
(Tpy) (CD44™ CD62L ™) phenotypes. (B) Frequencies of naive, central memory, effector memory, and intermediate CD8* T cells following MCMYV infection,
where the numbers of mice range from 3 to 4 per time point (mean * SEM). (C) The numbers of live splenocytes isolated from MCMV —AV (n = 6) mice 18
months postinfection and following 12 months of antiviral treatment (MCMV +AV) (n = 8). The data were analyzed by the two-way Mann-Whitney U test (ns,
P > 0.05). (D) Frequencies of Ty, Ty Tiap and Ty CD8F T cells are shown from spleen samples of MCMV-neg (n = 3), MCMV—AV (n = 3), and
MCMV+AV (n = 4) groups of mice (mean * SEM). The data were analyzed by 2-way ANOVA plus Bonferroni’s posttest correction (*, P < 0.05; **, P < 0.01).

have further toxic bystander effects on hematopoietic progenitor
cells (37-39).

Memory inflation in humans is seen most markedly in elderly
individuals, and we therefore chose to study mice aged 18 months
in our studies. There has been very little previous analysis of this
group, possibly due to the technical and financial requirements of
maintaining virally infected animals for prolonged periods of
time. Recently, den Braber et al. (2012) showed that naive T-cell
frequencies in elderly mice are almost exclusively sustained by
thymic output, whereas the naive T-cell pool of humans in this age
group relies largely on homeostatic proliferation (40). Therefore,
it might be anticipated that the effect of antiviral treatment is less
pronounced in CMV-infected humans than in mice, although in
this regard, it is of interest that MCMV-specific memory inflation
does still occur in thymectomized mice (41). It has been suggested
that both the Ty and T, pools proliferate in response to antigen
stimulation to maintain CD8" T-cell memory inflation (42);
therefore, future studies should consider how age and the extent of
thymic output may contribute to inflationary processes.

Sophisticated adoptive transfer studies of MCMV-specific T
cells into naive and infected mice have estimated that the half-life
of inflationary MCMV-specific T cells is around 45 to 60 days (14).
However, we found that 3 months of antiviral treatment was in-
sufficient for reducing T-cell inflation, with reductions in peptide-
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specific immunity starting to become evident after 6 months and
profound suppression of the MCMV CD8* T-cell response after
12 months across a range of both the inflationary and noninfla-
tionary MCMYV peptides. Furthermore, treatment led to an almost
80% reduction in the combined CD8" T-cell response to five
MCMV-immunodominant CD8 " T-cell epitopes in elderly mice.
It should be noted that the mice had been infected for at least 6
months prior to starting antiviral therapy, so the model therefore
begins to resemble the situation in the human population, where
individuals will have been infected for many years prior to poten-
tial consideration of antiviral therapy. In addition, the MCMV-
specific CD8" T-cell responses were not completely abrogated,
certain responses (e.g., m139) were not affected by antiviral treat-
ment, and factors such as homeostatic proliferation are likely to
retain a residual role. An interesting feature that we observed was
that the degree of differentiation of the remaining population of
the IE3-specific lymphocytes was markedly reduced (Fig. 4C), in-
dicating that reactivation is required to both promote the differ-
entiation and maintain the majority of the MCMV-specific CD8 ™
T-cell pool.

It was of interest to measure the rate of decay of the MCMV-
specific immune response following the introduction of antiviral
therapy. The half-lives for the five immunodominant MCMV-
specific CD8™" T-cell populations were between 200 and 250 days
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FIG 6 Chronic antiviral treatment modulates the clinical outcome of
MCMV-infected elderly mice following influenza virus infection. (A) Ka-
plan-Meier survival curve of MCMV-neg (n = 5), MCMV—AV (n = 8),
and MCMV+AV (n = 4) mice following IAV infection. (B) Viral titers in
lung samples from MCMV-neg (n = 5), MCMV—AV (n = 6), and
MCMV+AV (n = 4) mice were determined 10 days post-IAV infection.
The bars represent the plaque assay (mean = SEM). The data were analyzed
by the Mann-Whitney U test (ns, P > 0.05; *, P < 0.05).

when taken over the 12-month period (Fig. 3D). This is consider-
ably longer than has previously been estimated for MCMV-spe-
cific responses (14), although it was of interest to note that the
kinetics of T-cell decline were not linear. There was a tendency for
the t;,, of decay to shorten with time; the IE3-specific response was
the most marked in this regard, with cells declining to a ¢,,, of 45
days in the last 6 months of treatment, which we hypothesize was
due to a more complete suppression of the IE3 antigen.

Factors that may influence the degree of memory inflation are
the nature and origin of the target antigen. The levels of suppres-
sion of CD8 " T-cell immunity against individual peptide epitopes
were comparable in our study. However, the most profound re-
duction was seen in the response to IE3, which is a highly infla-
tionary epitope and has demonstrated some unique biological fea-
tures in the C57BL/6 model. In particular, the response develops
late after infection and is highly dependent on the presence of a
CD4™" T-cell response (43). It has been suggested that priming of
the IE3-specific immune response may require CD4-mediated li-
censing of dendritic cells (43). As such, it is possible that the up-
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FIG 7 Valaciclovir treatment leads to a less differentiated IAV-specific CD8"
T-cell phenotype following influenza challenge. (A) The percentage of NP
tetramer-specific CD8™" T cells within the BAL (n = 3 to 6), CMLN (n = 4 to
5), and spleen (n = 3 to 6). Shown also are results of analyses of memory
subsets (B) and surface phenotypes (C) of NP tetramer-specific CD8™" T cells
in CMLN (mean * SEM). The data were analyzed by 2-way ANOVA plus
Bonferroni’s posttest correction (¥, P < 0.05; **, P < 0.01).

take of viral protein by dendritic cells is suppressed during valaci-
clovir treatment and leads to the dramatic suppression of this
response. Snyder et al. (2011) have also shown that IE3-specific
CD8" T cells do not accumulate if famciclovir is administered
both prior to and immediately following MCMYV infection (27).
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We also observed partial decreases in the frequency of M45- and
M57-specific lymphocytes during the most prolonged course of
treatment. These reductions were statistically significant for only
M45; as such, we believe that the classification of M45 and M57 as
noninflationary populations of MCMV -specific T cells may not be
definitive, as these cells were also lost following adoptive transfer
(14), indicating some requirement for antigen stimulation.

Our study has shown that valaciclovir needs to be taken for
prolonged periods in order to suppress the accumulation of
CMV-specific T cells, and this raises the question of the potential
toxicity of long-term administration of the drug. Indeed, it has
been reported that aciclovir can cause apoptosis of murine CD8*
T lymphocytes at high doses in vitro and in vivo (37-39). Here, we
used the antiviral drug at half the dose others have used and did
not observe any reductions in the actual numbers of viable cells
from the spleen (Fig. 5C). In addition, if valaciclovir was lympho-
toxic specifically toward CD8™ T cells, one would expect an in-
crease in the CD4/CD8 T-cell ratio; however, this was not the case,
and MCMV +AV-treated mice had CD4/CD8 T-cell ratios that
were equivalent to those of MCMV-neg mice (data not shown). It
is notable that the drug has been in clinical use for over 20 years
with no reports of aciclovir-induced lymphopenia. The loss of
MCMV-specific cells is therefore unlikely to be a result of direct
CD8™ T-cell lymphotoxicity, and this is reinforced by the obser-
vation that the magnitude of NP-specific CD8™ lymphocytes was
not affected by antiviral treatment.

Two features of CMV infection in humans are that it markedly
increases the number of memory cells in the peripheral blood and
reduces the naive T pool. These factors could impair immune
function in CMV-seropositive donors, and it is important to ob-
serve that antiviral treatment is able to correct this effect in the
murine model. Naive T cells comprised 37% of CD8 " T cells in the
18-month-old MCMV-neg mice, but this was reduced to only
15% in the MCMV-infected group. Remarkably, valaciclovir
treatment was able to completely reverse this to a value of 42%.
The effector memory CD8" T-cell pool was almost doubled in
frequency in the virally infected group, and this increase was com-
pletely suppressed with antiviral treatment. These observations
seem particularly auspicious for a potential therapeutic role of
valaciclovir in reversing the expansion of clonal CMV-specific
CD8™" T cells within the peripheral blood of CMV-infected adult
humans.

The use of an antiviral agent to suppress the CMV-specific
immune response will only be of value if it improves the func-
tional immune capacity of the host. In order to assess this, we used
influenza as a pathogen challenge in our study groups. This is a
relevant model, as influenza infection remains a major cause of
death in elderly humans, and CMV-specific immunity has been
shown to have been an important determinant of vaccine-depen-
dent immunity in some studies (31, 44). It was of interest that the
most severe clinical features following IAV infection were seen in
the MCMV — AV group, and antiviral therapy was able to prevent
these. The magnitude of the IAV-specific CD8 " immune response
was comparable in all the study groups, but the degree of T-cell
differentiation was suppressed in the antiviral group, suggesting a
potential role of chronic MCMYV infection in driving T-cell differ-
entiation against heterologous pathogens. Indeed, this has been
observed in relation to the CD4 ™" T-cell response in CMV-positive
human subjects (45). One additional and intriguing observation
was that some clinical and immunological differences following
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the IAV challenge were seen between valaciclovir-treated animals
and MCMV-neg mice. MCMYV infection has been shown to have
beneficial effects against an unrelated pathogen challenge in
young mice (46), and it is possible that antiviral treatment may
unmask a potential benefit of an underlying MCMYV infection that
is otherwise lost in elderly animals due to uncontrolled memory
inflation.

The data presented in this article have important implications
for the potential treatment of patients with high levels of CMV-
specific immunity that have been associated with immune senes-
cence (47). Using the MCMV model, we have shown that memory
inflation is reversible and is dependent on viral replication. Un-
fortunately, we were unable to show that antiviral treatment re-
duces the viral load, as MCMYV titers were undetectable in latently
infected mice. Valaciclovir is often given for periods of many years
in order to suppress the reactivation of genital herpesvirus infec-
tion, and it is well tolerated. Viral resistance to valaciclovir is rare
and is most commonly seen in the setting of immune suppression.
The amount of valaciclovir used in our study was equivalent to the
dose administered for the treatment of acute varicella zoster in-
fection or control of CMV replication in patients undergoing im-
mune suppression. However, the dose of valaciclovir that would
be required to suppress CMV replication in immunocompetent
subjects may be much less than this and is currently the subject of
investigation. It may now be appropriate to consider the use of
valaciclovir in CMV-seropositive people to determine if this can
offer novel clinical opportunities to improve the health of the
elderly population.
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