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Abstract

Background: Oncogenic y-herpesviruses establish life-long infections in their hosts and
control of these latent infections is dependent on continual immune surveillance. Immune
function declines with age, raising the possibility that immune control of y-herpesvirus
infection becomes compromised with increasing age, allowing viral reactivation and/or
increased latent load, both of which are associated with the development of malignancies.
Results: In this study, we use the experimental mouse y-herpesvirus model, YHV68, to
investigate viral immunity in aged mice. We found no evidence of viral recrudescence or
increased latent load in aged latently-infected mice, suggesting that effective immune
control of y-herpesvirus infection remains intact with ageing. As both cellular and
humoral immunity have been implicated in host control of YHV68 latency, we
independently examined the impact of ageing on YHV68-specific CD8 T cell function
and antibody responses. Virus-specific CD8 T cell numbers and cytolytic function were
not profoundly diminished with age. In contrast, whereas ELISA titers of virus-specific
IgG were maintained over time, there was a progressive decline in neutralizing activity.
In addition, although aged mice were able to control de novo acute infection with only
slightly delayed viral clearance, serum titers of neutralizing antibody were reduced in
aged mice as compared to young mice.

Conclusion: Although there is no obvious loss of immune control of latent virus, these
data indicate that ageing has differential impacts on anti-viral cellular and humoral
immune protection during persistent YHV68 infection. This observation has potential
relevance for understanding y-herpesvirus immune control during disease-associated or

therapeutic immunosuppression.



Background

Ageing impacts many aspects of mammalian biology, including immune function [1].
Immunological ageing is associated with a decline in the production of naive T and B
cells, defects in the production of high-affinity antibodies, and impaired CD4 T cell
function [2-5]. As a consequence, the elderly exhibit a reduced responsiveness to
vaccination and an increased susceptibility to newly encountered pathogens. Although
not thoroughly studied, there are also data to suggest that ageing may dampen immune
control over chronic viral infections. For example, the increased incidence of herpes
zoster disease in the elderly is believed to be due in part to the waning of cell-mediated

immune control over dormant varicella (chicken pox) virus reactivation [6].

The human y-herpesviruses, Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated
herpesvirus (KSHV), are important pathogens that establish life-long latency in infected
individuals and are associated with a wide variety of malignancies, including Burkitt’s
lymphoma, Hodgkin’s disease, nasopharyngeal carcinoma, Kaposi’s sarcoma, and B cell
lymphoproliferative syndromes [7]. Most of the malignancies develop after years of viral
dormancy, and are accompanied or triggered by viral reactivation [8]. An important role
for immune control in preventing the development of malignancies is illustrated by the
fact that immunosuppression, as a consequence of disease or suppressive immunotherapy,
leads to the development of EBV-associated lymphoproliferative syndromes and
lymphomas, and KSHV-associated Kaposi’s sarcoma [8, 9]. It is difficult to directly

assess the age-associated oncogenic consequences of diminished immune control of the



y-herpesviruses, as the development of malignancies associated with y-herpesvirus

infection is a multistep process.

In order to directly assess the impact of ageing on the ability to maintain control of the -
herpesviruses, we have employed the well-characterized, experimental murine Y-
herpesvirus infection model, in which we can kinetically monitor several aspects of
immune function. Murine y-herpesvirus YHV68 (MHV-68 or murid herpesvirus-4) has
significant structural and biological similarities to the two human herpesviruses, EBV and
KSHV, and is emerging as an important experimental model for studying basic
mechanisms of immune control of y-herpesviruses in an easily manipulated animal
system [10-14]. Intranasal administration of YHV68 to mice establishes an acute lytic
infection in lung epithelial cells, which is normally controlled by day 13 postinfection via
the anti-viral activities of CD4 and CDS8 T cells [11, 12]. Latency is established in the
lung, concurrent with the lytic infection [15], and is subsequently established in splenic B
cells, macrophages and dendritic cells [16-18]. Latent virus persists for the lifetime of the
host, and is kept from reactivating to produce detectable levels of lytic virus by both
cellular and humoral mechanisms of immune control [11, 12, 19]. Constant
immunosurveillance is critical, as immunosupression leads to recrudescence of lytic virus

in YHV68-infected mice.

In the current study we experimentally infected C57BL/6 mice intranasally with low
doses of YHV68 and monitored immune control of the virus over time. Specifically, we

assessed latent load, protection against re-infection, and virus-specific humoral and



cellular immunity with increasing time after infection to determine the impact of ageing
on immune control of a latent infection established during youth. We also examined the
ability of aged mice to control a de novo y-herpesvirus infection. The data reveal no
evidence of viral recrudescence, or increase in latent viral load, with ageing. In addition,
aged mice were capable of clearing lytic virus following de novo YHV68 infection with
only slightly delayed kinetics. However, ageing had a differential impact on the cellular
and humoral components of immune control. Whereas there was no overall reduction in
virus-specific T cell numbers or function with age, and virus-specific antibody titers were
found to remain stable, we observed a gradual decline in the neutralizing activity of
serum taken from aged latently-infected mice. In addition, antibodies generated in aged
mice following a de novo infection had impaired neutralizing activity as compared to
antibodies generated in younger mice. Thus, although cellular immunity appears to be
sufficient for the control of latent YHV68 infection throughout the life of the host,
impaired humoral immunity, as observed with ageing, may have significant implications
for maintaining immune control over y-herpesvirus infection following therapeutic or

infection-mediated immunosuppression.



Results

Viral latency is controlled in aged mice

As a first step in determining whether there is an age-associated decline in immune
control of the persistent y-herpesviruses, we monitored latent viral load in YHV68-
infected mice over time following infection. We used two independent assays- the
limiting dilution PCR assay (LDA/PCR) which allows determination of the frequency of
latently-infected cells [19, 20] and the quantitative PCR assay which allows
determination of genome copy number within a standard amount of genomic DNA [21].
Latency assessed by either method was shown to decline after the early peak of latency in
the spleen and then stabilize for more than a year after infection (Figure 1). Consistent
with the stable latent load in aged mice, we failed to detect recrudescent lytic virus in the
lung, spleen or a variety of other anatomical sites (data not shown). These data suggest

that immune control over YHV68 latency is maintained with age.

Protective immunity is maintained in aged mice

It has been shown that mice latently infected with YHV68 are protected from a second,
homologous viral challenge [22]. Therefore, as another way of assessing protective anti-
viral immunity in aged yHV68-infected mice, we tested whether these mice could
become re-infected with homologous virus. Young mice (3 months post infection) and
aged mice (19 months post infection) were intranasally challenged with 400 or 3000 PFU
YHV68, and lytic viral titers were monitored in the lung at 3 and 6 dpi (Figure 2). The
data show high viral titers in young naive mice at 3 and 6 dpi, as expected. However,

only a low level of viral replication was detected at 3 dpi in the lungs of both young and



aged latently infected mice and the level of viral replication did not vary with the dose of
the challenge inoculum. By 6 dpi, virus was mostly cleared from the lungs of mice in
both age groups. Similarly, there was no significant increase in viral titers in the spleens
of either young or aged latently-infected mice after re-infection (data not shown).
Together, the absence of viral recrudescence with increasing age and the comparable
resistance of young and aged mice to re-infection with homologous virus suggest that

there is no overall loss of immune control of YHV68 with age.

Virus-specific CD8 T cell numbers are maintained and can mediate cytotoxicity in aged
mice

As it has been shown that both cellular and humoral immunity contribute to immune
control of YHV68 [17, 19, 23-28], we sought to investigate the impacts of ageing on the
functionality of each arm of the immune system during viral latency. In order to assess
the impact of ageing on cellular immunity, we determined the numbers of YHV68-
specific CD8 T cells present in latently-infected mice at different timepoints after
infection using MHC class I tetramers specific for two well-characterized YHV68
epitopes pS6 (ORF6457.495) and p79 (ORF61s4.531)(Figure 3). The data show that p56-
and p79-specific CD8 T cells are maintained in latently-infected mice over time, up to 21
months post infection. Although occasional individual mice were found to express higher
than normal numbers of tetramer-positive cells as early as 6 months post infection, in
general we did not observe an age-associated development of virus-specific T cell
inflation as has been described for CMV infection [29-31], or virus-specific clonal

expansions as we had previously observed in Sendai virus-infected mice [32]. We also



assessed the cytolytic activity of the ORF61-specific CD8 T cells present in latently-
infected mice at various timepoints following infection using an in vivo CTL assay. As
shown in Figure 4, the cytolytic activity against ORF61-pulsed targets measured in
individual mice remained stable for up to two years after infection. In addition, in
agreement with a previous report [33], the numbers and CTL function of YHV68-specific
CD8 T cells specific for ORF-6-pulsed targets were also maintained with age (data not

shown).

Virus-specific antibody levels are maintained, but neutralizing activity declines

We next determined the impact of ageing on humoral immunity. It has previously been
shown that following intranasal infection with YHV68, virus-specific I[gM antibodies peak
on day 10 and subsequently subside, and class-switched antibody levels increase over the
first 3 weeks of infection and are then maintained at constant levels for at least 90 days
[34, 35]. As shown in Figure 5A, we found that the serum titers of virus-specific IgG
were similar between recent (1-3 months p.i.) and long-term (18-22 months p.1.) latently
infected mice. However, serum neutralization titers were found to be greatly reduced in
the majority of mice 18-22 months postinfection (Figure 5B). The reduction in
neutralizing activity was an unexpected result, as humoral immunity has been shown to
be remarkably long-lived for other viruses, including small pox and influenza virus [36-
38]. This loss of neutralizing activity with age was specific for YHV68 infection, as serum
antibody titers and neutralizing activity were maintained long-term in influenza virus-
infected mice (1-3 and 18-22 m.p.i; Figure 5C, D). Interestingly, the loss of neutralizing

activity was not restricted to aged mice, rather the decline was gradual over the course of



YHV68 infection (Figure 6). Importantly, the decline in neutralizing titer had functional
implications, as passively-transferred sera from aged yHV68-infected mice was less
efficient in protecting naive mice from de novo YHV68 challenge than sera transferred
from young YHV68-infected mice (Figure 7). Taken together, whereas we found no
defect in T cell immunity or loss of overall immune control of latency, there was a clear

age-associated change in humoral immunity over the course of latent YHV68 infection.

Aged mice can control de novo infection

Despite the decline in neutralizing antibody titers, our data indicate that T cell function is
intact and immune control over YHV68 latency is maintained with ageing. This
observation is consistent both with our previous finding that T cells can control
reactivation in the absence of neutralizing antibodies [19] and the notion that T cell
memory generated when young retains function into age [39, 40]). However, de novo
infection in the absence of CD4 help has been shown to generate defective CD8 T cell
memory [41-43], and the degree of CD4 dependence may vary with the pathogen.
Specifically for YHV68, it has been shown that CD4-deficient mice are able to clear lytic
virus and viral latency is established normally, however these mice progressively lose
immune control over viral latency resulting in recrudescence of lytic virus around 42 dpi
[17]. Because there is a well-established age-associated decline in CD4 T cell function
[44-49], we examined the ability of aged naive mice to control de novo infection as
another measure of the impact of ageing on functional YHV68-specific immunity. The
data show that clearance of lytic virus from the lungs was only slightly delayed (not

statistically significant) in aged mice compared to young mice following the initial



infection (Figure 8) and that comparable, stable levels of latent virus were detected in the
spleens of both groups of mice, as assessed by both infective center and genome copy
assays (Figure 9). However, analysis of YHV68-specific CD8 T cell responses elicited in
infected mice using MHC class I tetramers revealed generally reduced numbers of virus-
specific p56 and p79 CD8 T cells in aged compared with young mice after de novo
infection (Figure 10).

Analysis of virus-specific serum antibody titers at 15, 30 and 60 dpi showed that
although titers of virus-specific IgM were comparable in young and aged mice early after
infection (days 15 and 30), virus-specific IgM titers were increased in aged mice at 60 dpi
(Figure 11A), consistent with an age-associated deficiency in the generation of class-
switched antibodies at all timepoints examined (Figure 11B). In addition, serum
neutralization titers were significantly compromised in aged mice at all timepoints
examined (Figure 11C). Taken together, despite statistical differences in cellular and
humoral immunity after infection of aged compared with young mice, the aged mice were

able to control infection comparably to young mice (Figures 8 and 9).
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Discussion

The impaired ability of the elderly to control acute primary virus infections is well-
characterized, whereas less is known about the impact of age-associated decline in
immunity in control of latent, persistent and/or chronic viruses. Here we have exploited a
robust and well-characterized mouse y-herpesvirus model to show that there is no overt
loss of immune control of latent virus with ageing. The experimental mouse model has
allowed us to separately dissect the impact of ageing on cellular and humoral
mechanisms of immune control. Interestingly, the data show differential impacts of
ageing on cellular and humoral immunity- numbers and function of virus-specific CD8 T
cells were maintained, whereas there was a progressive decline in viral neutralizing

activity, despite maintenance of virus-specific antibody titers.

The impact of ageing on the immune control of the human y-herpesviruses has not been
well-studied. One report showed increased numbers, but decreased function, of CD8 T
cells specific for an immunodominant EBV epitope [50], and another report showed
higher levels of reactivation with ageing [51]. A third report showed increased anti-viral
antibodies in the elderly, consistent with enhanced reactivation [52]. Initially, these data
appear to be in contrast to our results using the YHV68 mouse model, in which we
showed no decline in cellular immune control of YHV68 and no reactivation or increased
latent load with ageing. However, despite anecdotal reports of declining immune control
of EBV with ageing cited above, a strong correlation between ageing and human y-
herpesvirus-associated malignancies has not been demonstrated. There are a few notable

exceptions- the age-associated development of non-HIV-associated Kaposi’s sarcoma [9],
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the bimodal age distribution of EBV-associated Hodgkin’s Disease with an increased
frequency among the elderly [53], and a recently-identified, age-related EBV-associated
B cell lymphoproliferative disorder [54-57]. However, as EBV infects > 90% of the
human population, one would expect a more dramatic increase in the incidence of -
herpesvirus-associated malignancies in the elderly if ageing resulted in failure to control
viral latency. Thus, our data in the mouse model showing no striking loss of immune
control of YHV68 with ageing are consistent with the absence of a strong increase in Y-

herpesvirus associated malignancies in man.

However, an important caveat to our studies is that the experimental mice were
maintained under specific pathogen free conditions during aging. This, of course, does
not reflect the human situation, as humans are exposed to multiple acute and chronic
infections as they age. It is possible that intermittent stimulation elicited by heterologous
infections would disrupt quiescent latency and reveal differences in the ability of tyoung
and aged individuals to control the latent infection. Despite this experimental caveat, our
studies in mice taken together with the observations in humans suggest that ageing has
little effect on the immune control of y-herpesvirus latency. These data are also consistent
with the idea that T cell memory generated when young is well maintained [39, 40], and
with the data reported here and elsewhere [33] showing that there is no decline in

function of YHV68 CD8 T cells with ageing.

Our conclusion is further supported by the findings that y-herpesvirus-associated

malignancies increase dramatically in instances where immune function is severely
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compromised. Cellular immunosuppression 1is a frequent therapy following
transplantation or for autoimmune disease. It is also the consequence of some secondary
viral infections including HIV. Importantly, during cellular immunosuppression, antibody
titers are not immediately affected and humoral immunity serves as an essential back-up
mechanism. There are several examples of y-herpesvirus-associated pathology during
immunosuppression. First, decline in T cell function as a consequence of HIV infection is
attributed to the development of Kaposi’s sarcoma in KSHV-infected individuals [9].
Second, EBV-associated lymphoproliferative disease is a well-known complication of
immunosuppressive therapy after stem cell or solid organ transplantation [58], which is
becoming increasingly frequent in elderly populations. Susceptibility to develop
lymphoproliferative disease following transplant immunosuppression has been correlated
with EBV latent load or EBV copy number in the latently-infected cell [59-61]. A
specific link between defects in humoral immunity under conditions of impaired cellular
immunity is suggested by the correlation between the development of Kaposi’s sarcoma
in KSHV-infected individuals and reduced levels of neutralizing antibody [62]. Third,
immunosuppressive therapy for autoimmune diseases such as rheumatoid arthritis and
psoriasis, which are prevalent in the elderly, is frequently complicated by EBV-
associated lymphoproliferative disease and lymphoid neoplasms [63-65]. Thus, with loss
of T cell immunity due to disease or therapeutic intervention, an impact of ageing on

humoral immunity may have consequences for control of y-herpesvirus latency.

Evidence for an age-associated decline in one arm of immunity is difficult to detect in the

intact host. For example, in the face of functional cellular immunity, consequences of a
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decline in humoral immunity would not be readily observed. The experimental mouse
model has made it possible to assess the function of the two arms of adaptive immunity
separately. Although CD8 T cells play a central role in maintaining control of latency,
CD4 T cells and antibody also make important contributions [11, 12]. It is clear that y-
herpesvirus latency is controlled at multiple levels and that the availability of a mouse
model for analysis of viral control and anti-viral immunity in ageing mice provides a

powerful experimental approach.

The declining neutralizing activity of YHV68-specific antibodies with time after infection
was an unexpected result. Despite the short half life (< 3 weeks) of antibodies [66-68],
humoral immunity to viruses is usually long-lived [69, 70]. For example, vaccinia-
specific antibody responses can be identified as long as 75 years after a single vaccination
[71]. The longevity of the antibody response is due to the development of long-lived
antibody secreting plasma cells that reside in the bone marrow [72, 73]. These cells have
a half-life of ~140 days, and are replenished at a low rate by differentiation of memory B
cells [72]. Recently, it was determined that survivors of the 1918 influenza virus
pandemic had circulating B cells that secreted neutralizing antibodies to the virus [38].
Our data show a striking decline in the neutralization activity of yYHV68-specific
antibodies with time after infection, despite sustained titers. This is a novel and
unexpected observation, which has significant implications for ageing immunology
research and vaccination strategies, and merits further study. Changes in EBV-specific
antibodies throughout latency have been previously reported. Specifically, there are age-

associated changes in patterns of specificity of anti-EBV antibodies [74], that have been
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shown to correlate with changes in the latent state of the virus [75]. Titers of EBV
antibodies to some epitopes are maintained or increase with age, but the antibodies are of
low avidity and function poorly [52]. It is possible that changes in the expression of y-
herpesvirus epitopes over time, perhaps due to changes in immune control of latency,
would be manifest in changes in antibody specificities. Concerning YHV6S, we
hypothesize that the gradual decline in neutralizing activity is either a consequence of
changes in viral gene expression during long-term latency or reflective of an increased
propensity toward viral reactivation over time, both of which would result in the
presentation of new epitopes to drive de novo antibody responses. Also, because the
progressive decline in neutralizing activity was observed in YHV68-infected mice and not
influenza-infected mice, this phenomenon is likely associated with the nature of the

infection rather than the biology of ageing.

A defect in the ability of aged individuals to mount an effective de novo antibody
response is well-described [76-80]. Underlying B cell defects associated with ageing
include decreased germinal center formation, decreased levels of somatic mutation and
the production of poorly protective antibodies [81-85]. The age-related defects are
dependent largely on defective CD4 T cells rather than inherent age-associated defects in
B cells. For example, the generation of germinal centers is dependent on CD4 T cell
cognate helper function, which is reduced with age [86]. Our data describing the
development of sub-optimal humoral immunity following de novo YHV68 infection of
aged mice is consistent with an age-associated CD4 T cell defect. Interestingly, however,

the CDS8 T cell effectors appeared to be fully functional and did not permit recrudescence
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of lytic virus as long as 60 days after infection, in contrast to the results previously shown
for CD4-deficient mice, which cannot maintain control of the virus and undergo viral

recrudescence as early as 42 days post infection.
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Conclusion

We have found that immune control of a latent mouse y-herpesvirus is not severely
impaired with age. In addition, aged mice can control a de novo YHV68 infection with
only slightly delayed viral clearance, and maintain control of latency. These data are
consistent with the lack of an increased incidence of y-herpesvirus-associated
malignancies in the elderly. However, immunosuppression of the elderly is clearly
correlated with increased onset of malignancies and may reflect consequences associated

with age-related changes in humoral immunity.
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Methods

Mice

Young (6-8 weeks) and aged (=18 months) C57BL/6 mice and B6.SJL—PtprcaPepcb/B0yJ
(B6.SJL,CD45.1) congenic mice were obtained from the Trudeau Institute animal
breeding facility. All mice were housed under specific pathogen free conditions before
and after infection. All animal procedures were approved by the Institutional Animal

Care and Use Committee at the Trudeau Institute.

Virus Stocks, Infections and Vaccination

Clone WUMS of YHV68 [14] was propagated in NIH-3T3 cells. Virus titers were
determined by plaque assay on NIH-3T3 cells. Influenza virus A/HK-x31 (x31, H3N2)
was grown, stored, and titrated as described previously [87]. Female mice were
anesthetized with 2,2,2-tribromoethanol (200mg/kg) prior to intranasal (i.n.) infection

with 400 PFU yYHV68 or 300 EIDs, of A/HK-x31 influenza virus.

MHC Class I Tetramer Staining

Peripheral blood (100-200 pl), obtained by nicking the tail, was collected in PBS
containing 10U/ml heparin (Sigma-Aldrich, St. Louis, MO). Single cell suspensions from
the spleens of individual mice were prepared by mechanical disruption and straining
through nylon mesh, and lung cells from individual mice were processed with
collagenase D. Samples were depleted of erythrocytes by treatment with buffered

ammonium chloride solution. Lymphocytes were enriched from lung cell suspensions by
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Percoll gradient centrifugation (Hogan, 2002) and from spleen cell suspensions by
panning against goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA). Isolated cells were incubated with Fc block (BD Biosciences, San Jose, CA)
for 15 minutes on ice, and then stained with PE- or APC-labeled MHC class I tetramers
specific for YHV68 ORF6487_495/Db or ORF61524_531/Kb for one hour at room temperature.
All tetramers were generated by the Molecular Biology Core Facility at the Trudeau
Institute, as previously described (Altman, 1996). Tetramer-labeled cells were then
stained with fluorescently-conjugated antibodies specific for mouse CD8a and mouse
CD44 (BD Biosciences) for 30 minutes on ice, washed, and then fixed in 1%
paraformaldehyde. Data were collected on a Becton Dickinson FACSCalibur flow
cytometer (BD Biosciences) and then analyzed using FlowJo software (Tree Star, Inc.,

Ashland, OR).

Plaque Assay

The concentration of lytic virus in lung tissue was determined using a standard plaque
assay on NIH-3T3 mouse fibroblasts [17]. Lung tissue obtained at various times post
infection was mechanically homogenized and serial-dilutions of the homogenates were
prepared. Diluted homogenates were incubated on monolayers of 3T3 cells for one hour
at 37°C/10% CO,, after which the monolayers were overlaid with carboxymethyl
cellulose (Sigma-Aldrich) and incubated again at 37°C/10% CO,. Six days later,
monolayers were fixed with methanol, stained with 8% Giemsa stain, and plaques

counted.
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Infective Center Assay

The frequency of latently infected cells capable of spontaneous in vitro reactivation was
assessed using an infective center assay, as previously described [88]. 10-fold serial
dilutions (in triplicate) of splenocytes starting at 10° cells/well were plated onto
monolayers of NIH-3T3 mouse fibroblast cells. Monolayers were incubated overnight at
37°C and then overlaid with carboxymethyl cellulose. Plaques were quantitated 6 days
later after methanol fixation and Giemsa staining. Samples were also assayed following
one cycle of freeze/thaw to determine the contribution of lytic virus to the overall viral
titers. The number of latently infected cells was then calculated as the difference between

the total number of infected cells and the number of lytically infected cells.

Limiting-dilution PCR Analysis

The frequency of cells carrying viral genome was determined using a limiting dilution
nested PCR assay (LDA/PCR) for the YHV68 open reading frame 50 (ORF50) gene as
described [19, 89]. Briefly, CD19" B cells were purified from the spleens of infected
mice as previously described [90]. B cells were resuspended in isotonic buffer and
starting at 10* or 10° cells/well, were diluted with uninfected NIH-3T3 cells, and then
transferred into 96 well plates. Twelve replicate reactions were performed for each cell
dilution per experiment. Subsequently, the ORF50 gene was amplified from cell lysates
with two rounds of nested PCR. The final PCR product was electrophoresed on a 3%
agarose gel and stained with ethidium bromide. The reciprocal frequency of cells
carrying viral genome was determined using linear regression with a 95% degree of

confidence.
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Determination of genome copy

Genome copy was estimated as previously described [21], with the following changes.
DNA was extracted from 5 x 10° B cells using a DNeasy kit (Qiagen), according to
manufacturer’s protocol. ORF50 gene copy number was determined for 200 ng of DNA
per sample, using a standard curve quantitation method on an Applied Biosystems 7500
Real-Time PCR System (Applied Biosystems, Foster City, CA). Reactions were run in
duplicate, and naive C57BL/6 splenocyte DNA was used as a negative control. A low
ROX AB Tagman Gene Expression master mix (Applied Biosystems, Foster City, CA)
was used, providing repeatable detection of copy numbers as low as 3 per 200 ng of DNA.

Primers, probes, and reaction cycles used are described [21].

Enzyme-Linked Immunosorbent Assay (ELISA)

Virus specific IgG titers in sera were determined by ELISA [19]. Nunc ImmunoMaxisorp
plates were coated with purified virions at a concentration of 0.5pg/well. Following an
overnight incubation at 4°C, plates were washed with PBS-Tween (0.05%), and
subsequently blocked with PBS/BSA (3%) overnight at 4°C. Dilutions of sera, starting at
1720, were prepared in PBS/0.05%Tween/0.5%BSA and added to the antigen coated
plates. After an overnight incubation at 4°C, virus-specific IgG was detected using
alkaline phosphatase-conjugated goat anti-mouse IgG antibody (Sigma-Aldrich) and p-
nitrophenyl phosphate (Sigma-Aldrich). Optical densities were read at 405nm using a

VMax® microplate reader (Molecular Devices, Sunnyvale, CA). Serum antibody titers
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are expressed as the highest reciprocal dilution of serum giving an OD4s reading at least

two times greater than the normal mouse serum control.

Virus Neutralization Assays

For the YHV68 neutralization assay, virus ( 10 PFU) was incubated with serial dilutions
of heat-inactivated serum samples in 96-well plates for 1 h at 37°C. Following the
incubation, virus/sera mixtures were transferred to 96 well flat-bottom plates containing
monolayers of 3T3 cells. After 7 days of incubation at 37°C, 10% CO,, the monolayers
were fixed and plaque formation revealed by staining with 5% Giemsa stain.
Neutralization titers are expressed as the highest reciprocal dilution of sera required to
cause a 50% reduction in CPE (cytopathic effect).

For the influenza virus neutralization assay, x31 virus (100 EIDsy/well) was
incubated with serial dilutions of heat-inactivated sera, prepared in Zero-Serum media
(Diagnostic Hybrids, Athens, OH) containing 4 pg/ml trypsin, in 96-well round-bottom
plates for 1 h at 37°C. Following the incubation, virus/sera mixtures were transferred to
96 well flat-bottom plates containing monolayers of MDCK cells. Plates were then
centrifuged at 800 x g for 1.5 hrs. Following centrifugation, the virus/sera mixtures were
removed, fresh media added to each well, and the plates incubated at 33°C, 10% CO, for
14-16 hours. Monolayers were fixed in 80% acetone and infected cell foci were revealed
by incubating with a combination of biotinylated mouse anti-influenza A monoclonal
antibodies (Millipore, Billerica, MA), alkaline-phosphatase conjugated goat anti-mouse
IgG (Sigma-Aldrich), and Sigma-Fast BCIP/NBT substrate (Sigma-Aldrich).

Neutralization titers are expressed as the highest dilution of sera prior to which the
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number of foci observed is equivalent to the number of foci counted in normal mouse

sera/virus-only control wells.

Serum transfer

Serum obtained from latent YHV68-infected young (2-4 months post infection) and aged
(18-24 months post infection) C57BL/6 mice was administered intravenously to young,
naive C57BL/6 mice one day prior to intranasal YHV68 infection (400 PFU). As a control,
mice were given normal mouse serum or convalescent serum obtained from C57BL/6
mice previously infected with influenza A/PR8/34 virus (300 EIDsp). Lungs were
harvested from recipient mice on day 5 post infection and viral loads were measured

using the standard YHV68 plaque assay.

In vivo CTL assay

Target splenocytes harvested from B6.SJL (CD45.17) congenic donor mice were
incubated with peptides (10 pg/ml) at 37°C in 10% CO, for 5Sh with occasional mixing.
The peptides included YHV68 ORF61s5,4.53; and an irrelevant peptide (either influenza
NP366-374 or Sendai NP3p4.33,). Cells were washed and labeled with 2.5 uM or < 0.5 uM of
5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes, Eugene,
OR) to obtain CFSE"™ (ORF61s54.553) and CFSE"" (negative control peptide) groups.
Following CFSE labeling, cells were combined at equal ratios, washed three times in
PBS, and resuspended at a final concentration of 2 x 10° cells/ml. Twenty million cells
(100 pl) were injected intravenously into C57BL/6 mice (CD45.2") previously infected

with YHV68, or naive mice as a negative control. At 4h or 16-17h post transfer, spleens
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were harvested from recipient mice and single cell suspensions were prepared for flow
cytometric analyses as described above. The individual populations of peptide-pulsed
donor CD45.1" cells present in the spleens of recipient mice were identified and
enumerated using a combination of APC-conjugated antibodies specific for mouse
CD45.1 (eBioscience, San Diego, CA) and CFSE staining intensity. Percent specific lysis
was calculated using the following formula: [1-(ratio uninfected/ratio infected)] x 100,
where “ratio” refers to the percentage of irrelevant peptide-pulsed cells divided by the

percentage of relevant peptide-pulsed cells.

Statistical Analyses

Where indicated, groups were compared statistically using the Student's t-test, the
nonparametric Mann-Whitney rank test, or linear regression, or the Chi-square test. P
values <0.05 were considered significant. All statistical analyses were performed using

Prism software (GraphPad, La Jolla, CA).

24



Competing interests

The authors declare that they have no competing interests.

Author’s contributions

EJY, I.JK, MLF, KGL and CEB participated in the design of the study and in performing
the experiments. TC contributed to the in vivo CTL analysis. DLW contributed to the
discussion of the results and the writing of the manuscript. MAB conceived the study,
directed the experimentation and drafted the manuscript. All authors read and approved

the final manuscript.

Acknowledgements

This work was supported by NIH grants (AG 021600 to M.A.B. and D.L.W., and Al
042927 to M.A.B.), and the Trudeau Institute. The authors would like to thank Drs. Laura
Haynes and Larry Johnson for critical evaluation of the manuscript, and Dr. Larry
Johnson for help with the statistical analysis. We acknowledge the assistance of Simon
Monard and Brandon Sells from the Trudeau Institute Flow Cytometry Core for FACS
sorting and Scottie Adams and Mark Lamere from the Trudeau Institute Molecular

Biology Core for generation of tetramers.

25



References

1.

Pawelec G, Larbi A: Immunity and ageing in man: Annual Review 2006/2007.
Exp Gerontol 2008, 43(1):34-38.

Cambier J: Immunosenescence: a problem of lymphopoiesis, homeostasis,
microenvironment, and signaling. Immunol Rev 2005, 205:5-6.

Murasko DM, Jiang J: Response of aged mice to primary virus infections.
Immunol Rev 2005, 205:285-296.

Haynes L, Eaton SM: The effect of age on the cognate function of CD4+ T
cells. Immunol Rev 2005, 205:220-228.

Haynes L, Cambier J, Fulder R: Aging and immune function. Summary of a
workshop held at Trudeau Institute, Saranac Lake, NY. Mech Ageing Dev
2005, 126(6-7):822-825.

Weller TH: Varicella: historical perspective and clinical overview. J Infect Dis
1996, 174 Suppl 3:S306-309.
Rickinson AB, Kieff E: Epstein-Barr Virus. In: Fields Virology. Edited by D. M.
Knipe PMH. Philadelphia: Lippincott Williams and Wilkins; 2001: 2575-2627.
Pagano JS: Epstein-Barr virus: the first human tumor virus and its role in
cancer. Proc Assoc Am Physicians 1999, 111(6):573-580.

Sarid R, Olsen SJ, Moore PS: Kaposi's sarcoma-associated herpesvirus:
epidemiology, virology, and molecular biology. Adv Virus Res 1999, 52:139-

232.

26



10.

11.

12.

13.

14.

15.

16.

17.

Blackman MA, Flano E, Usherwood E, Woodland DL: Murine y-herpesvirus-
68: a mouse model for infectious mononucleosis? Mol Med Today 2000, 6:488-
490.

Doherty PC, Christensen JP, Belz GT, Stevenson PG, Sangster MY: Dissecting
the host response to a gamma-herpesvirus. Philos Trans R Soc Lond B Biol Sci
2001, 356(1408):581-593.

Nash AA, Dutia BM, Stewart JP, Davison AJ: Natural history of murine
gammabherpesvirus infection. Philos Trans R Soc Lond B Biol Sci 2001,
356:569-579.

Blackman MA, Flano E: Persistent gamma-herpesvirus infections: what can
we learn from an experimental mouse model? J Exp Med 2002, 195(7):F29-32.
Virgin HW, Latreille P, Wamsley P, Hallsworth K, Weck KE, Dal Canto AJ,
Speck SH: Complete sequence and genomic analysis of murine
gammaherpesvirus 68. J Virol 1997, 71(8):5894-5904.

Flano E, Jia Q, Moore J, Woodland DL, Sun R, Blackman MA: Early
Establishment of {gamma}-Herpesvirus Latency: Implications for Immune
Control. J Immunol 2005, 174(8):4972-4978.

Sunil-Chandra NP, Efstathiou S, Nash AA: Murine gammaherpesvirus 68
establishes a latent infection in mouse B lymphocytes in vivo. J Gen Virol
1992, 73(Pt 12):3275-3279.

Cardin RD, Brooks JW, Sarawar SR, Doherty PC: Progressive loss of CD8+ T
cell-mediated control of a gamma-herpesvirus in the absence of CD4+ T cells.

J Exp Med 1996, 184(3):863-871.

27



18.

19.

20.

21.

22.

23.

24.

25.

Flano E, Husain SM, Sample JT, Woodland DL, Blackman MA: Latent murine
gamma-herpesvirus infection is established in activated B cells, dendritic
cells, and macrophages. J Immunol 2000, 165(2):1074-1081.

Kim 1J, Flano E, Woodland DL, Blackman MA: Antibody-mediated control of
persistent gamma-herpesvirus infection. J Immunol 2002, 168(8):3958-3964.
Weck KE, Kim SS, Virgin HW, Speck SH: B cells regulate murine
gammaherpesvirus 68 latency. J Virol 1999, 73(6):4651-4661.

Usherwood EJ, Ward KA, Blackman MA, Stewart JP, Woodland DL: Latent
antigen vaccination in a model gammaherpesvirus infection. J Virol 2001,
75(17):8283-8288.

Tibbetts SA, Suarez F, Steed AL, Simmons JA, Virgin HW: A gamma-
herpesvirus deficient in replication establishes chronic infection in vivo and
is impervious to restriction by adaptive immune cells. Virology 2006,
353(1):210-219.

Ehtisham S, Sunil-Chandra NP, Nash AA: Pathogenesis of murine
gammaherpesvirus infection in mice deficient in CD4 and CD8 T cells. J Virol
1993, 67(9):5247-5252.

Gangappa S, Kapadia SB, Speck SH, Virgin HW: Antibody to a lytic cycle viral
protein decreases gammaherpesvirus latency in B-cell-deficient mice. J Virol

2002, 76(22):11460-11468.

Husain SM, Usherwood EJ, Dyson H, Coleclough C, Coppola MA, Woodland DL,

Blackman MA, Stewart JP, Sample JT: Murine gammaherpesvirus M2 gene is

28



26.

27.

28.

29.

30.

31.

32.

latency-associated and its protein a target for CD8(+) T lymphocytes. Proc
Nat Acad Sci USA 1999, 96(13):7508-7513.

Tibbetts S, van Dyk L, Speck S, Virgin HW: Immune control of the number
and reactivation phenotype of cells latently infected with gammaherpesvirus.
J Virol 2002, 76(14):125-132.

Usherwood EJ, Roy DJ, Ward K, Surman SL, Dutia BM, Blackman MA, Stewart
JP, Woodland DL: Control of Gammaherpesvirus Latency by Latent Antigen-
specific CD8(+) T Cells. J Exp Med 2000, 192(7):943-952.

Virgin HW: Immune regulation of viral infection and vice versa. Immunol Res
2005, 32(1-3):293-315.

Holtappels R, Pahl-Seibert MF, Thomas D, Reddehase MJ: Enrichment of
immediate-early 1 (m123/pp89) peptide-specific CD8 T cells in a pulmonary
CD62L.(lo) memory-effector cell pool during latent murine cytomegalovirus
infection of the lungs. J Virol 2000, 74(24):11495-11503.

Karrer U, Wagner M, Sierro S, Oxenius A, Hengel H, Dumrese T, Freigang S,
Koszinowski UH, Phillips RE, Klenerman P: Expansion of protective CD8+ T-
cell responses driven by recombinant cytomegaloviruses. J Virol 2004,
78(5):2255-2264.

Munks MW, Cho KS, Pinto AK, Sierro S, Klenerman P, Hill AB: Four distinct
patterns of memory CD8 T cell responses to chronic murine cytomegalovirus
infection. J Immunol 2006, 177(1):450-458.

Ely KH, Ahmed M, Kohlmeier JE, Roberts AD, Wittmer ST, Blackman MA,

Woodland DL: Antigen-specific CD8+ T cell clonal expansions develop from

29



33.

34.

35.

36.

37.

38.

39.

memory T cell pools established by acute respiratory virus infections. ./
Immunol 2007, 179(6):3535-3542.

Cush SS, Anderson KM, Ravneberg DH, Weslow-Schmidt JL, Flano E: Memory
generation and maintenance of CD8+ T cell function during viral persistence.
J Immunol 2007, 179(1):141-153.

Sangster MY, Topham DJ, D'Costa S, Cardin RD, Marion TN, Myers LK,
Doherty PC: Analysis of the virus-specific and nonspecific B cell response to a
persistent B-lymphotropic gammaherpesvirus. J Immunol 2000, 164(4):1820-
1828.

Stevenson PG, Doherty PC: Kinetic analysis of the specific host response to a
murine gammaherpesvirus. J Virol 1998, 72(2):943-949.

Hammarlund E, Lewis MW, Hansen SG, Strelow LI, Nelson JA, Sexton GJ,
Hanifin JM, Slifka MK: Duration of antiviral immunity after smallpox
vaccination. Nar Med 2003, 9(9):1131-1137.

Crotty S, Felgner P, Davies H, Glidewell J, Villarreal L, Ahmed R: Cutting edge:
long-term B cell memory in humans after smallpox vaccination. J Immunol
2003, 171(10):4969-4973.

Yu X, Tsibane T, McGraw PA, House FS, Keefer CJ, Hicar MD, Tumpey TM,
Pappas C, Perrone LA, Martinez O et al: Neutralizing antibodies derived from
the B cells of 1918 influenza pandemic survivors. Nature 2008, 455(7212):532-
536.

Roberts AD, Ely KH, Woodland DL: Differential contributions of central and

effector memory T cells to recall responses. J Exp Med 2005, 202(1):123-133.

30



40.

41.

42.

43.

44.

45.

46.

47.

48.

Kapasi ZF, Murali-Krishna K, McRae ML, Ahmed R: Defective generation but
normal maintenance of memory T cells in old mice. Eur J Immunol 2002,
32:1567-1573.

Prlic M, Williams MA, Bevan MJ: Requirements for CD8 T-cell priming,
memory generation and maintenance. Curr Opin Immunol 2007, 19(3):315-319.
Williams MA, Holmes BJ, Sun JC, Bevan MJ: Developing and maintaining
protective CD8+ memory T cells. Immunol Rev 2006, 211:146-153.

Shedlock DJ, Shen H: Requirement for CD4 T cell help in generating
functional CD8 T cell memory. Science 2003, 300(5617):337-339.

Miller RA: The aging immune system: primer and prospectus. Science 1996,
273(5271):70-74.

Haynes L, Swain SL: Why aging T cells fail: implications for vaccination.
Immunity 2006, 24(6):663-666.

Haynes L, Linton PJ, Eaton SM, Tonkonogy SL, Swain SL: Interleukin 2, but
not other common gamma chain-binding cytokines, can reverse the defect in
generation of CD4 effector T cells from naive T cells of aged mice. J Exp Med
1999, 190(7):1013-1024.

Haynes L, Eaton SM, Swain SL: The defects in effector generation associated
with aging can be reversed by addition of IL-2 but not other related
gamma(c)-receptor binding cytokines. Vaccine 2000, 18(16):1649-1653.
Linton PJ, Haynes L, Klinman NR, Swain SL: Antigen-independent changes in

naive CD4 T cells with aging. J Exp Med 1996, 184(5):1891-1900.

31



49.

50.

51.

52.

53.

54.

55.

Linton PJ, Haynes L, Tsui L, Zhang X, Swain S: From naive to effector--
alterations with aging. Immunol Rev 1997, 160:9-18.

Ouyang Q, Wagner WM, Walter S, Muller CA, Wikby A, Aubert G, Klatt T,
Stevanovic S, Dodi T, Pawelec G: An age-related increase in the number of
CD8+ T cells carrying receptors for an immunodominant Epstein-Barr virus
(EBYV) epitope is counteracted by a decreased frequency of their antigen-
specific responsiveness. Mech Ageing Dev 2003, 124(4):477-485.

Stowe RP, Kozlova EV, Yetman DL, Walling DM, Goodwin JS, Glaser R:
Chronic herpesvirus reactivation occurs in aging. Exp Gerontol 2007,
42(6):563-570.

Glaser R, Strain EC, Tarr KL, Holliday JE, Donnerberg RL, Kiecolt-Glaser JK:
Changes in Epstein-Barr virus antibody titers associated with aging. Proc Soc
Exp Biol Med 1985, 179(3):352-355.

Mueller N: Epidemiologic studies assessing the role of the Epstein-Barr virus
in Hodgkin's disease. Yale J Biol Med 1987, 60(4):321-332.

Kojima M, Morita Y, Nakamura N, Shimizu K, Murayama K, Nakamura S:
Plasmacytic hyperplasia in age-related Epstein-Barr virus-associated
lymphoproliferative disorders: a report of two cases. Pathol Res Pract 2008,
204(4):267-272.

Oyama T, Ichimura K, Suzuki R, Suzumiya J, Ohshima K, Yatabe Y, Yokoi T,
Kojima M, Kamiya Y, Taji H et al: Senile EBV+ B-cell lymphoproliferative
disorders: a clinicopathologic study of 22 patients. Am J Surg Pathol 2003,

27(1):16-26.

32



56.

57.

38.

59.

60.

61.

Oyama T, Yamamoto K, Asano N, Oshiro A, Suzuki R, Kagami Y, Morishima Y,
Takeuchi K, Izumo T, Mori S ef al: Age-related EBV-associated B-cell
lymphoproliferative disorders constitute a distinct clinicopathologic group: a
study of 96 patients. Clin Cancer Res 2007, 13(17):5124-5132.

Shimoyama Y, Yamamoto K, Asano N, Oyama T, Kinoshita T, Nakamura S:
Age-related Epstein-Barr virus-associated B-cell lymphoproliferative
disorders: special references to lymphomas surrounding this newly
recognized clinicopathologic disease. Cancer Sci 2008, 99(6):1085-1091.
Shroff R, Rees L: The post-transplant lymphoproliferative disorder-a
literature review. Pediatr Nephrol 2004, 19(4):369-377.

Savoie A, Perpete C, Carpentier L, Joncas J, Alfieri C: Direct correlation
between the load of Epstein-Barr virus-infected lymphocytes in the
peripheral blood of pediatric transplant patients and risk of
lymphoproliferative disease. Blood 1994, 83(9):2715-2722.

Riddler SA, Breinig MC, McKnight JL: Increased levels of circulating Epstein-
Barr virus (EBV)-infected lymphocytes and decreased EBV nuclear antigen
antibody responses are associated with the development of posttransplant
lymphoproliferative disease in solid-organ transplant recipients. Blood 1994,
84(3):972-984.

Kirshner JR, Staskus K, Haase A, Lagunoff M, Ganem D: Expression of the
open reading frame 74 (G-protein-coupled receptor) gene of Kaposi's
sarcoma (KS)-associated herpesvirus: implications for KS pathogenesis. J

Virol 1999, 73(7):6006-6014.

33



62.

63.

64.

65.

66.

67.

68.

Kimball LE, Casper C, Koelle DM, Morrow R, Corey L, Vieira J: Reduced levels
of neutralizing antibodies to Kaposi sarcoma-associated herpesvirus in
persons with a history of Kaposi sarcoma. J Infect Dis 2004, 189(11):2016-
2022.

Kamel OW, van de Rijn M, LeBrun DP, Weiss LM, Warnke RA, Dorfman RF:
Lymphoid neoplasms in patients with rheumatoid arthritis and
dermatomyositis: frequency of Epstein-Barr virus and other features
associated with immunosuppression. Hum Pathol 1994, 25(7):638-643.

Paul C, Le Tourneau A, Cayuela JM, Devidas A, Robert C, Molinie V, Dubertret
L: Epstein-Barr virus-associated lymphoproliferative disease during
methotrexate therapy for psoriasis. Arch Dermatol 1997, 133(7):867-871.
Kamel OW, van de Rijn M, Weiss LM, Del Zoppo GJ, Hench PK, Robbins BA,
Montgomery PG, Warnke RA, Dorfman RF: Brief report: reversible
lymphomas associated with Epstein-Barr virus occurring during
methotrexate therapy for rheumatoid arthritis and dermatomyositis. N Engl
J Med 1993, 328(18):1317-1321.

Fahey JL, Sell S: The Immunoglobulins of Mice. V. The Metabolic (Catabolic)
Properties of Five Immunoglobulin Classes. J Exp Med 1965, 122:41-58.
Talbot PJ, Buchmeier MJ: Catabolism of homologous murine monoclonal
hybridoma IgG antibodies in mice. Immunology 1987, 60(4):485-489.

Vieira P, Rajewsky K: The half-lives of serum immunoglobulins in adult mice.

Eur J Immunol 1988, 18(2):313-316.

34



69.

70.

71.

72.

73.

74.

75.

76.

77.

Ahmed R, Gray D: Immunological memory and protective immunity:
understanding their relation. Science 1996, 272(5258):54-60.

Slifka MK, Ahmed R: Long-term humoral immunity against viruses:
revisiting the issue of plasma cell longevity. Trends Microbiol 1996, 4(10):394-
400.

Slifka MK: Immunological memory to viral infection. Curr Opin Immunol
2004, 16(4):443-450.

Slifka MK, Antia R, Whitmire JK, Ahmed R: Humoral immunity due to long-
lived plasma cells. Immunity 1998, 8(3):363-372.

Hyland L, Sangster M, Sealy R, Coleclough C: Respiratory virus infection of
mice provokes a permanent humoral immune response. J Virol 1994,
68(9):6083-6086.

Ternak G, Szucs G, Uj M: The serological signs of the Epstein-Barr virus
(EBYV) activity in the elderly. Acta Microbiol Immunol Hung 1997, 44(2):133-
140.

Sumaya CV: Endogenous reactivation of Epstein-Barr virus infections. J
Infect Dis 1977, 135(3):374-379.

Kosco MH, Burton GF, Kapasi ZF, Szakal AK, Tew JG: Antibody-forming cell
induction during an early phase of germinal centre development and its
delay with ageing. Immunology 1989, 68(3):312-318.

Goidl EA, Innes JB, Weksler ME: Immunological studies of aging. I1. Loss of
IgG and high avidity plaque- forming cells and increased suppressor cell

activity in aging mice. J Exp Med 1976, 144(4):1037-1048.

35



78.

79.

80.

81.

82.

83.

84.

Cook JM, Gualde N, Hessel L, Mounier M, Michel JP, Denis F, Ratinaud MH:
Alterations in the human immune response to the hepatitis B vaccine among
the elderly. Cell Immunol 1987, 109(1):89-96.

Musher DM, Chapman AJ, Goree A, Jonsson S, Briles D, Baughn RE: Natural
and vaccine-related immunity to Streptococcus pneumoniae. J Infect Dis 1986,
154(2):245-256.

Phair J, Kauffman CA, Bjornson A, Adams L, Linnemann C, Jr.: Failure to
respond to influenza vaccine in the aged: correlation with B- cell number and
function. J Lab Clin Med 1978, 92(5):822-828.

Nicoletti C, Cerny J: The repertoire diversity and magnitude of antibody
responses to bacterial antigens in aged mice: I. Age-associated changes in
antibody responses differ according to the mouse strain. Cell Immunol 1991,
133(1):72-83.

Nicoletti C, Cerny J: A study of autologous anti-idiotypic antibody-forming
cells in mice of different ages and genetic backgrounds. Cell Immunol 1992,
144(2):332-346.

Nicoletti C, Yang X, Cerny J: Repertoire diversity of antibody response to
bacterial antigens in aged mice. III. Phosphorylcholine antibody from young
and aged mice differ in structure and protective activity against infection
with Streptococcus pneumoniae. J Immunol 1993, 150(2):543-549.

Miller C, Kelsoe G: Ig VH hypermutation is absent in the germinal centers of

aged mice. J Immunol 1995, 155(7):3377-3384.

36



85.

86.

87.

88.

89.

90.

Zheng B, Han S, Takahashi Y, Kelsoe G: Immunosenescence and germinal
center reaction. /mmunol Rev 1997, 160:63-77.

Tsiagbe VK, Inghirami G, Thorbecke GJ: The physiology of germinal centers.
Crit Rev Immunol 1996, 16(4):381-421.

Daly K, Nguyen P, Woodland DL, Blackman MA: Immunodominance of major
histocompatibility complex class I-restricted influenza virus epitopes can be
influenced by the T-cell receptor repertoire. J Virol 1995, 69(12):7416-7422.
Flano E, Kayhan B, Woodland DL, Blackman MA: Infection of dendritic cells
by a gammaz2-herpesvirus induces functional modulation. J Immunol 2005,
175(5):3225-3234.

Weck KE, Barkon ML, Yoo LI, Speck SH, Virgin HW: Mature B cells are
required for acute splenic infection, but not for establishment of latency, by
murine gammaherpesvirus 68. J Virol 1996, 70(10):6775-6780.

Kim 1J, Burkum CE, Cookenham T, Schwartzberg PL, Woodland DL, Blackman
MA: Perturbation of B cell activation in SLAM-associated protein-deficient
mice is associated with changes in gammaherpesvirus latency reservoirs. J

Immunol 2007, 178(3):1692-1701.

37



Figures

Figure 1. YHV68 latency in the spleen remains stable with age. The reciprocal
frequency of latently-infected cells as determined by LDA/PCR is plotted on the left axis
(open circles) and the genome copy number per 200 ng DNA is plotted on the right axis
(closed circles) over time after intranasal infection with 400 PFU yHV68. The lines join

the means of three individual mice at each timepoint.

Figure 2. Latently-infected aged mice are protected against re-infection by yYHV68.
Young mice (3 months pi; circles) and aged mice (19 months pi; squares) were
intranasally challenged with YHV68 (400 PFU, closed symbols or 3000 PFU, open
symbols). Naive mice were challenged as a control (triangles). Symbols indicate the
titers of lytic YHV68 virus detected in the lungs of individual mice at 3 and 6 dpi. The
dotted line represents the limit of detection for the plaque assay used to measure viral
titers. Chi-square analysis comparing numbers of mice with or without plaques detectable
in lungs revealed significant differences (P<0.05) only between the naive mice

challenged as a control and the other four groups.

Figure 3. Virus-specific CD8 T cell numbers are maintained with age. Mice were
bled at various times following YHV68 infection and virus specific CD8 T cells were
detected using MHC class I tetramer staining and flow cytometry. Symbols represent the
frequency of ORF64g7.495 (p56, upper panel) and ORF6154.531 (p79, lower panel) specific
cells among CD44" CD8* T cells found in the peripheral blood of individual mice at

the indicated times post infection.
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Figure 4. Virus-specific CD8 T cells present in latently-infected mice retain CTL
function with age. Cytolytic activity of ORF61-specific CD8 T cells was measured at the
indicated times post infection using a 16-17h (Panel A) or a 4h (Panel B) in vivo CTL
assay as described in the Materials and Methods. Symbols represent specific killing
calculated for individual mice. Bars indicate the medians calculated from data compiled
from three independent experiments. Significance was assessed using the Mann-Whitney

rank test (two-tailed, 95% confidence).

Figure 5. Serum titers of yHV68-specific antibody are maintained in latently
infected mice with age, but serum neutralization activity wanes. The titers of virus-
specific IgG were measured in the serum of latently-infected young (1-3 months p.i.) and
aged (18-22 months p.i.) by ELISA (Panel A). Neutralization activity (measured in the
same sera samples as A) were determined using an in vitro neutralization assay (Panel B).
As a control, antibody titers (C) and neutralization activity (D) were measured in serum
taken from mice (young and aged, as above) previously infected with influenza virus x31.
Symbols represent serum antibody titers and neutralization activities measured for
individual mice. Bars indicate the medians calculated from the data shown. Significance
was assessed using the Mann-Whitney rank test (two-tailed, 95% confidence). Ns; not

significant

Figure 6. Neutralizing titers of YHV68 decline progressively with time after infection.

Serum titers of YHV68-specific IgG (closed triangles) and neutralizing antibody (open
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circles) were measured in individual mice at the indicated months post infection.
Symbols represent the mean reciprocal titers (logjo), + standard deviation, calculated at
each timepoint (=8 mice analyzed per timepoint). A linear regression was performed
analyzing time versus reciprocal titer for virus-specific IgG or neutralizing antibody. The
slope for virus specific IgG did not differ significantly from zero (p=0.6780), however

the slope for virus neutralizing antibody did (p=0.0085).

Figure 7. Sera from aged mice is less protective in vivo against acute yHV68
infection. One hundred microliters of sera from young (3 months p. i.) or aged (22
months p. i.) YHV68-infected animals was injected intravenously into naive C57BL/6
mice one day prior to intranasal YHV68 infection (400 PFU). Control mice received
convalescent sera from influenza virus-infected mice. Symbols represent lung viral titers
measured in individual mice at 5 days post infection using a standard plaque assay. Bars
indicate the medians calculated from the data shown. Significance was assessed using the

Mann-Whitney rank test (two-tailed, 95% confidence). Ns; not significant

Figure 8. Aged mice clear lytic virus from their lungs following de novo YHV68
infection with only slightly delayed kinetics. The titers of lytic virus in the lungs of
individual young (3 months old, closed symbols) and aged (19-24 months old, open
symbols) C57BL/6 mice at the indicated days following de novo intranasal YHV68
infection (400 PFU) were measured using a standard plaque assay. The dotted line

indicates the plaque assay’s limit of detection.
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Figure 9. Aged mice are capable of maintaining control over latent virus following
de novo YHV68 infection. The levels of latent virus present in the spleens of YHV68-
infected young (3 months old, closed symbols) and aged (19-24 months old, open
symbols) mice at the indicated days post infection were measured using an infective
center assay (Panel A) and a genome copy assay (Panel B), as described in the Material
and Methods. The dotted line indicates the limit of detection of the infective center assay.
Each symbol represents data obtained from an individual mouse and bars indicate the
means calculated from the data shown.*; P <0.05 as determined using the Student’s t-test.

n.s.; not statistically significant.

Figure 10. Virus-specific CD8 T cells are generated in aged mice following de novo
YHV68 infection. MHC class I tetramer staining and flow cytometric analyses were
performed to determine the absolute numbers of ORF6/p56- and ORF61/p79-specific
CDS8 T cells present in the lungs (A, B) and spleens (C, D) of C57BL/6 mice infected
when young (3 months old, closed symbols) or aged (20 months old, open symbols) at
the indicated days following de novo YHV68 infection. Symbols represent data obtained
from individual mice and bars indicate the medians. Significance was assessed using the
Mann-Whitney (two-tailed, 95% confidence). Ns = not significant, * = P <0.05, ** =P <

0.01, *** =P <0.001.

Figure 11. Aged mice produce reduced serum titers of class switched antibody and

reduced neutralization titers following de novo YHV68 infection. Serum titers of
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YHV68-specific IgM (A) and IgG (B) were measured by ELISA in young (3 months old,
closed symbols) and aged (19-24 months old, open symbols) C57BL/6 mice at 15, 30,
and 60 days post infection. (C) The virus neutralization activity of sera at 34, 45, and 60
days post infection was determined as described in the Materials and Methods. Each
symbol represents data obtained from an individual mouse and bars indicate the medians

calculated from the data shown. Statistical significance was determined using the Mann-

Whitney test.**; P<0.01. *; P<0.05.
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