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Abstract

The incidence and severity of herpes zoster (HZ) increases with age. The live attenuated zoster 

vaccine (ZV) generates immune responses similar to HZ. We compared the immune responses to 

ZV in young and older to adults to increase our understanding of the immune characteristics that 

may contribute to the increased susceptibility to HZ in older adults. Young (25–40 years; N=25) 

and older (60–80 years; N=33) adults had similar magnitude memory responses to varicella-zoster 

virus (VZV) ex-vivo restimulation measured by responder cell-frequency (RCF) and flow 

cytometry, but the responses were delayed in older compared with young adults. Only young 

adults had an increase in dual-function VZV-specific CD4+ and CD8+ T cell effectors defined by 

co-expression of IFNγ, IL2 and CD107a after vaccination. In contrast, older adults showed 

marginal increases in VZV-specific CD8+CD57+ senescent T cells after vaccination, which were 

already higher than those of young adults before vaccination. An increase in VZV-stimulated 

CD4+CD69+CD57+PD1+ and CD8+CD69+CD57+PD1+ T cells from baseline to post-

vaccination was associated with concurrent decreased VZV-memory and CD8+ effector responses, 
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respectively, in older adults. Blocking the PD1 pathway during ex-vivo VZV restimulation 

increased the CD4+ and CD8+ proliferation, but not the effector cytokine production, which 

modestly increased with TIM-3 blockade. We conclude that high proportions of senescent and 

exhausted VZV-specific T cells in the older adults contribute to their poor effector responses to a 

VZV challenge. This may underlie their inability to contain VZV reactivation and prevent the 

development of HZ.
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Introduction

Herpes zoster (HZ) affects more than 1 million Americans each year (1). This occurs 

disproportionately in older individuals; more than 60% of cases occur in people at least 50 

years old, and more than 50% occur in people at least 60 years old (2). Moreover, older 

adults experience more morbidity from HZ, especially because of the occurrence, duration, 

and severity of HZ-related pain, which is the most significant complication of HZ (2–4).

HZ is the clinical manifestation of varicella-zoster virus (VZV) reactivation from latently 

infected dorsal root ganglia. The molecular biology and physiology of VZV latency and 

reactivation are not well understood (5). However, VZV cell-mediated immunity (CMI) is 

necessary and sufficient to prevent VZV symptomatic reactivation and the development of 

HZ (6, 7). VZV CMI typically decreases with age (8, 9), allowing the virus to reactivate/

replicate unchecked. In immunologically intact older adults and in individuals with a 

relatively preserved or reconstituted immune system, the occurrence of HZ typically boosts 

VZV-specific CMI to levels sufficient to prevent subsequent episodes of HZ. We previously 

showed that VZV-specific interferon (IFN)γ-secreting effectors increase in number rapidly 

after HZ to reach a peak at 1 to 2 weeks after onset of symptoms, while memory CD4+ 

responses peak at 4 to 6 weeks (10). Higher levels of VZV-specific CMI compared with age-

matched non-HZ controls are maintained for ≥3 years after HZ develops (11).

The burden of HZ in older people has been mitigated by the licensure of a live, attenuated 

zoster vaccine (ZV). The pivotal placebo-controlled trial of ZV demonstrated an efficacy of 

51% for preventing HZ in participants ≥60 years of age (8). This was associated with a 

significant immunologic boost in VZV-specific effector and memory T cells (11) with 

kinetics similar to the immune response to HZ (10). The immune response to ZV measured 

by responder cell frequency (RCF) and IFNγ-ELISPOT was significantly lower in an older 

cohort of vaccinees (age ≥70 years), and decreased progressively with advancing age and 

with the interval after vaccination. However, a CMI surrogate of vaccine-conferred 

protection against HZ was not found in the pivotal study.

The similarities between the wild type and attenuated vaccine VZV, which differ by 15 non-

synonymous mutations out of a genome of 125,000 base-pairs (12), and of the immune 

responses to HZ and ZV (10) suggest that vaccination with ZV may induce on a smaller 

scale immune responses that are similar to VZV reactivation in vivo. Thus, ZV might be 
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valuable as a surrogate of VZV reactivation to determine the differences in CMI responses 

between older and young adults. This may provide important information about the nature of 

immune protection against HZ and why older adults are more likely to develop HZ, 

including more severe HZ, after VZV reactivation than young adults (13, 14).

We compared VZV-specific memory and effector responses to ZV in young and older adults 

with the following objectives: 1) to extend our understanding of the age-related differences 

in VZV-specific CMI memory responses that may correlate with protection conferred by the 

vaccine; 2) to determine age-related differences in effector responses that might prevent 

clinical disease after VZV reactivation; 3) to identify the role of immune senescence and 

exhaustion as potential contributors to these differences between young and older adults. In 

addition, we studied the modulatory effect of several pathways, including PD-1, TIM-3 and 

LAG-3, previously associated with downregulation of effector T cell responses in older 

adults and immune compromised hosts (15–20).

Methods

Study Design

The study was approved by the Institutional Review Boards of the University of Colorado 

School of Medicine and Emory University to include 33 young adults (25 to 40 years of age) 

and 44 older adults (60 to 80 years of age) with previous VZV infection documented by 

VZV-specific serology, in good health and with no underlying immune suppressive 

conditions (NCT01331161). After signing informed consent subjects received live, 

attenuated ZV (Zostavax™; Merck & Co., Inc., Whitehouse Station, NJ). Peripheral blood 

mononuclear cells (PBMC) were obtained before vaccination [Day 0 (D0)] and on D7, D14, 

D30, D90 and D180 and cryopreserved for adaptive immunity studies using a validated 

protocol (21). Cells were stored and/or shipped in liquid nitrogen tanks. All assays were 

performed at the University of Colorado Denver Anschutz Medical Center.

VZV-specific responder cell frequency (RCF)

VZV-specific CD4 memory T cells were enumerated by adding a limiting dilution step to a 

conventional lymphocyte proliferation assay as previously described (8, 22). The RCF assay 

utilized 24 replicate cultures of 6 serial dilutions of PBMC ranging from 100,000 to 3,125 

cells per well. PBMC were thawed as previously described (21). Cells with viability ≥70% 

were stimulated with VZV or mock-infected control antigen for 8 days after which they 

were pulsed with 3H-thymidine for 6 hours. Incorporated radioactivity was measured with a 

beta counter, and the RCF calculated as described by Henry et al (23). Responder wells were 

defined as those in which counts per minute exceeded the mean+ 3 SD counts per minute of 

the control cultures at the same cell concentration. The percentage of non-responder wells 

was plotted on a log scale against the number of cells per well plotted on a linear scale, and 

the RCF was interpolated at the 37% non-responder well frequency. Results were expressed 

as number of responder cells/105 PBMC. The analytical sensitivity of this assay is limited by 

the total number of cells used at the highest concentration of cells/well. For this analysis, the 

lower limit of quantitation of the assay was 0.04 responders/105 PBMC. Values <0.04 

responders/105 PBMC were assigned an arbitrary value of 0.02 responders/105 PBMC. All 
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samples from each subject were tested in the same run to avoid potential inter-run 

variability.

Flow cytometric enumeration of VZV-specific T cell subsets

Thawed PBMC were cultured at 37°C in 5% CO2 at 106 cells/ml in RPMI 1640 (Mediatech; 

Manassas, VA) with L-glutamine (Gemini Bio-Products; West Sacramento, CA), 10% 

human AB serum (Gemini Bio-Products;), 2% HEPES (Mediatech) and 1% penicillin-

streptomycin (Gemini Bio-Products) in the presence of infectious VZV (60,000 plaque 

forming units/ml) or medium control for 2 days. Brefeldin A (Sigma) and anti-CD107a (BD 

Biosciences; San Jose, CA, clone H4A3) were added for the last 16 h (24). At the end of the 

incubation, PBMC were washed with 2% FBS in PBS and incubated with antibody against 

surface markers CD3 (BD, clone UCHT1), CD8 (BD, clone SK1), CD57 (BD, clone NK-1), 

CD69 (BD, clone FN50) and PD1 (BD, clone EH12.1) for 30 min at 4°C. For intracellular 

staining, PBMC were permeabilized and fixed for 20 min at 4°C, washed and resuspended 

with permeabilization buffer and stained with antibodies against internal markers: IL2 (BD, 

clone MQ1-17H12), BCL-2 (BD, clone BCL-2/100) and IFNγ (BD, clone B27) for 30 min 

at 4°C. Unbound antibodies were removed by washing with buffer, and 150,000–200,000 

events were acquired with a Guava EasyCyte Plus (Millipore) or Gallios (Beckman Coulter) 

instruments and FlowJo (Tristar) or Kaluza (Beckman Coulter) Analysis software. VZV-

specific T-cell subsets were expressed as percentages of the parent CD4+ or CD8+ 

lymphocyte populations. All samples from each subject were tested in the same run to avoid 

potential inter-run variability.

T-cell proliferation and cytokine production measured by flow cytometry after blocking 
receptors associated with exhaustion

Thawed PBMC were cultured in the presence of infectious VZV (120,000 pfu/ml) or 

medium control for 2 days, or stained with Cell Trace Violet (Biolegend) and cultured in the 

presence of VZV cell lysate or control for 6 days. Blocking experiments were set up with 

10ug/ml anti-PDL1 (Biolegend, clone 29E.2A3), 10 µg/ml anti-PD1 (Biolegend clone 

EH12.2H7), 10 µg/ml anti-TIM-3 (Biolegend clone F38-2E2) and/or LAG-3 Fc chimera 

(R&D Systems), 2µg/ml. Brefeldin A was added for the last 16 h of virus stimulation. 

PBMC were washed with PBS and incubated with Zombie Yellow viability stain 

(Biolegend). Cells were washed, stained and analyzed as above.

Statistical analysis

The sample size was selected to reject the null hypothesis of equal RCF means in older 

adults and young adults with 80% power at the alpha level of 0.01. The adaptive immunity 

data were analyzed with Prism 6 (GraphPad) and Spice v5.3 software (NIAID) software. 

Parametric or nonparametric tests were used as appropriate based on the distribution of the 

data. Significance was defined by p<0.05.
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Results

Demographic characteristics of the study population

This study used PBMC from 25 young and 33 older adults. Table I shows that young (age 

mean ± S.D.= 32 ± 4 years) and older adults (age = 65 ± 4 years) were similar in gender, 

race and ethnicity.

VZV-specific T-cell memory responses to ZV

Memory responses to ZV were measured by the VZV-RCF assay that assesses the frequency 

of VZV-specific CD4+ memory T cells. Before vaccination, the VZV-specific RCF was 

significantly higher in young compared with older adults (medians of 2.9 and 1.7 

responders/105 PBMC, respectively; p=0.01; Fig 1A). After ZV administration both groups 

had significant RCF increases that did not differ at D30 and D90 between them. However, 

the kinetics of the RCF response to ZV differed between groups. In young adults the RCF 

increased up to D90 and was lower at D180 with a negative trend compared to D90 

(p=0.08), whereas in the older adults the RCF continued to increase after D90. The flow 

cytometric analysis of CD4+IL2+Bcl2+ memory T cells measured through ex vivo live virus 

stimulation of PBMC showed similar kinetics (Fig 1B).

VZV-specific CD4+ and CD8+ effector function before and after ZV

One potential explanation for the lower incidence of HZ in young adults is that they mount 

faster and/or more robust responses to VZV reactivation compared with older adults, thereby 

controlling the viral replication before it becomes clinically apparent. To address this 

hypothesis, we examined VZV-specific CD4+ and CD8+ functionality before and in the first 

month after vaccination by measuring expression of IL2, IFNγ and CD107a on CD4+ and 

CD8+ T cells re-stimulated ex vivo with live VZV, which, by virtue of being presented in the 

context of MHC class I and II, can stimulate both CD8+ and CD4+ effectors. There were no 

significant differences in the distribution of VZV-specific functional CD4+ T cells at 

baseline between young and older adults (p=0.12, Fig 2A). At D7, young adults had a 

marginal increase in dual-function VZV-specific CD4+ T cells compared to baseline 

(p=0.08; Fig 2A), while older adults had no significant changes over time (Fig 2A). The 

response of CD8+ T cells differed in young and older adults. At D7 dual function VZV-

specific CD8+ T cells significantly increased in young participants (p=0.008; Fig 2B), but 

not in the older adults (Fig 2B). The older adults had a decrease in single-function VZV-

specific CD8+ T cells at D30 post-vaccination (p=0.05, Fig 2B) with an apparent increase in 

no-function CD8+ T cells, which did not reach statistical significance.

VZV-specific exhausted and senescent T cells

Older individuals have increased proportions of dysfunctional T cells that may contribute to 

their susceptibility to HZ (19, 25). To determine the contribution of dysfunctional T cells to 

VZV-specific responses, we identified VZV-specific CD4+ and CD8+ T cells in ex vivo live 

VZV-restimulated PBMC by the expression of the CD69 activation marker. Among the 

CD69+ T cells, VZV-specific dysfunctional senescent and exhausted T cells expressing 

CD57 and PD1, respectively, were further enumerated. There were no differences in VZV-
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specific dysfunctional CD4+ T cells between young and older adults before or after 

vaccination (Supplemental Figure 1). However, the distribution of dysfunctional VZV-

specific CD8+ T cells significantly differed between groups at D0 (p=0.03, Fig 3A). The 

VZV-specific CD8+ T cells of the older adults were almost exclusively comprised of 

exhausted and senescent cells with an average of 99% of the VZV-specific CD8+CD69+ 

cells expressing CD57 and/or PD1, whereas in young adults, 80% of the VZV-specific 

CD8+CD69+ cells expressed CD57 and/or PD1 (p=0.03, Fig 3A). Differences in VZV-

specific exhausted and senescent CD8+ cells between young and older adults persisted up to 

D30 after vaccination (Fig 3B). Furthermore, older adults had a marginal increase in VZV-

specific senescent CD8+ T cells at D7 from mean ± SEM of 4.2 ± 0.8% to 5.4 ± 1% 

(p=0.06; Fig 3B), but young adults had no significant changes in either senescent or 

exhausted VZV-specific CD8+ T cells over time.

Association of VZV-specific exhausted and senescent T cells with memory and effector 
responses to ZV

To determine the potential interaction of exhausted and senescent CD4+ and CD8+ T cells 

with memory and effector responses to ZV in older adults, we performed correlation 

analyses of the change in VZV RCF between baseline and Day 30 with the concomitant 

change in VZV-specific CD4+ T cells expressing exhaustion and/or senescence markers. Of 

note, VZV-specific effectors and senescent/exhausted T cells were measured in different cell 

preparations from the same donor at the same time point, which rules out the possibility of 

an assay-imposed bias (an assay-imposed bias has to be considered when all the T cell 

subsets add up to 100%, because there is a chance that when a single subset has an absolute 

and real increase, the percentages of the other subsets will show a relative decrease, which 

may not reflect any absolute changes in these other subsets). Young adults did not show 

significant associations between changes in exhausted/senescent T cells and VZV-specific 

responses, but in older adults the gain in VZV-specific RCF after vaccination was 

significantly negatively correlated with the gain in VZV CD4+CD69+CD57+PD1+% (r = 

−0.45, p=0.01; Fig 4). Similar correlation analyses of the VZV-specific CD8+CD107a

+IFNγ+ cytotoxic T lymphocytes (CTL) showed that the CTL increase from D0 to D7 was 

higher in older participants who had a decrease in VZV-specific CD8+CD69+CD57+PD1+

% from D0 to D7 (r=−0.51, p=0.005; Fig 4). No associations were observed in young adults.

The role of exhausted and senescent T cells in the attenuation of VZV-specific immune 
responses

To gain additional insight into the role of PD1 and other markers of immune senescence, 

including TIM-3 and LAG-3, in the attenuation of VZV-specific immune responses in the 

older adults, we blocked the interaction of these molecules with their ligands during ex vivo 

VZV restimulation. PBMC from 16 older adults were treated ex vivo with a neutralizing 

anti-PDL1 mAb and/or anti-TIM-3 mAb and/or human LAG-3 Fc chimera blocking agents. 

The addition of anti-PDL1 increased CD4+% and CD8+% proliferating T cells measured by 

dye dilution after VZV ex vivo restimulation [median (IQR) for CD4+: 15%(4;34) vs. 

27%(3;48), p=0.005; and for CD8+: 3%(1;6) vs. 9%(2;14), p=0.01; Fig 5]. There was no 

additional benefit from adding to the anti-PDL1 neutralizing mAb either TIM-3 or LAG-3 

blocking agents (data not shown). Blocking TIM-3 or LAG-3 alone or in combination did 
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not increase proliferation. It is important to note in Fig. 5B that the proliferative response to 

ex vivo PD1 pathway blockade varied in magnitude across participants with 6 of 11 showing 

increases of 1.2- to 3-fold and the remaining 5 participants showing differences within the 

error of the test.

The blockade of the TIM-3 pathway ex vivo resulted in small increases of CD8+IFNγ+% 

after ex vivo restimulation with VZV live virus (mean ± SEM of 1.2±0.3% vs. 1.4±0.4%; 

p=0.02; Fig 6B). Blocking PD-1 or LAG-3 pathways in addition to TIM-3 did not have an 

additive or synergistic effect.

Discussion

We focused this study on effector responses to ZV because the administration of this high 

titer live attenuated VZV vaccine may be a model that recapitulates the immune responses to 

wild type VZV reactivation from latency (8). Among the effector responses to ZV, dual 

function VZV-specific CD8+ T cells significantly increased and VZV-specific effector 

CD4+ T cells moderately increased in young adults at 1 week after vaccination, suggesting 

that brisk CD8+ and CD4+ responses to VZV replication are available to young adults when 

exposed to VZV (26). In contrast, dual function effector responses in older adults did not 

significantly rise above baseline in the first 30 days after vaccination. Rapid and/or 

polyfunctional effector responses may contribute to control of viral replication and prevent 

HZ. This is in agreement with the immune mechanism that controls other herpesviral 

infections (27, 28) and with previous reports showing that adults with recent and/or frequent 

exposures to VZV, who did not develop symptomatic VZV infection, had robust VZV-

specific CD8+ and CD4+ T cell responses detected by ex vivo restimulation (29–31). The 

important role of CD8+ T cells in the control of VZV replication could also be inferred from 

the accumulation of this T cell subset in the ganglia of individuals with HZ, where VZV is 

actively replicating (32). Furthermore, we showed that high frequencies of VZV-specific 

CD8+ CTL detected by ex vivo restimulation in HIV-infected children correlated with 

protection against HZ (33). Our current report complements the previously published data 

and indicates that the magnitude and the speed with which VZV-specific CTL are generated 

decreases with age. Our data suggest that the lower and slower VZV-specific CD4+ and 

CD8+ effector T cell responses to a VZV challenge in older compared with young adults 

may partially account for the increased risk and morbidity of HZ in the older adults.

We also found a difference between the kinetics of memory T cell responses of young and 

older adults after ZV. Although both groups had significant increases of their VZV-specific 

memory T cells after vaccination young adults reached peak response faster than older 

adults and quenched the expansion of memory cells before 180 days post-immunization. In 

contrast, VZV-specific memory CD4+ T cells continued to increase beyond 90 days after 

immunization in the older adults. This delayed and prolonged expansion of VZV-specific 

memory T cells was demonstrated in the RCF assay and confirmed by flow cytometric 

enumeration of the proportions of CD4+IL2+Bcl2+ T cells. In our previous studies the 

VZV-specific memory responses to ZV were assessed at 6 weeks post-immunization, when 

memory responses were high, and subsequently only at 1 year post-immunization, when the 

memory responses had already decreased. The increase in memory cells over a prolonged 
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period of time in older adults may reflect prolonged vaccine viral replication after 

immunization, likely due to inefficient CD8+ effectors, and persistent stimulation of the T 

cell memory responses. Alternatively, the continuous increase of VZV-specific memory 

CD4+ T cells beyond 90 days after immunization may reflect memory inflation, which has 

been previously demonstrated for CMV-specific T cells in older adults (34). It is probable 

that VZV and CMV memory inflations occur through similar mechanisms of prolonged 

homeostatic proliferation made possible by the decrease of the naïve T-cell compartment in 

older adults (34). An alternative explanation, is that regulatory responses are less efficient in 

older adults compared with young adults allowing T cells to continue to proliferate and 

acquire memory features. Regardless of the mechanism, it seems that peak memory response 

in older adults occurs between 3 and 6 months after ZV administration or even later.

The kinetics of the memory responses to ZV in older adults has important clinical 

implications in addition to the pathogenesis of HZ. The protective efficacy of ZV against HZ 

decreases over time (35, 36) and there is interest in designing booster regimens to maintain 

its efficacy (37). Since peak vaccine-induced memory responses in older adults occur 3 to 6 

months or later after ZV administration, any strategy using a second dose of ZV to boost 

immune protection against HZ should be attempted ≥ 12 months after primary 

immunization, when there is good evidence that the immune response to the first dose of 

vaccine has quenched. This observation is supported by the results of a previous study in 

which the administration of a booster dose of ZV 6 weeks after the initial dose did not 

appreciably affect VZV-specific effector T cells (38). At the other extreme, we recently 

showed that VZV-specific effector and memory CD4+ T cells significantly increased after 

administration of a booster dose of ZV ≥10 years after the initial dose (37). It remains to be 

determined if there is an optimal interval between 12 months and 10 years that may elicit a 

maximum boost of the VZV-specific T cell responses.

Dysfunctional CD8+ T cells expressing markers of exhaustion, such as PD1, or senescence, 

such as CD57, increase host susceptibility to infections and tumors (39, 40). We found that 

in older adults virtually all VZV-specific CD8+ T cells expressed PD1 and/or CD57 before 

vaccination, which differed significantly from young adults. After vaccination, older adults 

continued to exhibit a higher proportion of VZV-specific dysfunctional CD8+ T cells 

compared with young adults. In fact, in older adults there was an increase in senescent 

CD8+CD69+CD57+% T cells at D7 after vaccination. At D7 after vaccination young adults 

had a significant increase in VZV-specific CD8+ dual-function effectors, but older adults 

failed to exhibit a significant increase in VZV effectors. Taken together, these data suggest 

that older adults would be less able to mount a rapid effector response to VZV reactivation. 

The model that emerges is that older adults respond to a VZV challenge predominately with 

senescent and exhausted cells and/or their VZV CD8+ T cell responders rapidly acquire 

markers of senescence and exhaustion, thereby limiting the potential of the VZV-specific T 

cells to effectively clear the viral infection.

This model is further supported by the observations that in older adults the frequency of 

dysfunctional VZV-specific CD8+ T cells is negatively correlated with the increase in VZV-

specific CD8+CD107a+ CTL at D7 after ZV, and that the proportions of dysfunctional VZV-

specific CD4+ T cells is negatively correlated with the VZV-specific CD4+ memory 
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responses to ZV. This is in accordance with observations in humans and in mice 

demonstrating that exhausted and senescent cells have limited replicative capacity and 

limited ability to upregulate effector mechanisms (41, 42). Similar correlations, however, 

were absent in young adults. Potential explanations for the absence of an inverse relationship 

between dysfunctional T cells and effector or memory responses in young adults include the 

following: 1) PD1 expression on CD8+ T cells of young adults is a marker of activation, as 

previously described in the context of acute infections (43), and, therefore, has different 

functional implications for young compared with older adults; 2) young adults have a low 

number of dysfunctional T cells and a larger number of functional memory T cells that can 

contribute to the response; 3) young adults have a higher number of naïve T cells than older 

adults that can serve as a reservoir for de novo CTL.

One of the markers of T cell dysfunction in this study, PD1, has been extensively studied in 

tumor and viral infections, including HZ, both in humans and in animal models (18, 19, 39, 

40). Blocking the PD1 pathway in vivo significantly improves the cure rates in individuals 

with PDL1+ tumors. Furthermore, PDL1 expression on antigen presenting cells can induce 

regulatory T cells that block effector T cell function. The expression of PDL1 on endothelial 

cells seems to inhibit T cell motility, which is necessary for T cell migration to the site of 

viral replication (39). We showed that blocking the PD1 pathway during VZV ex vivo 

restimulation of PBMC from older adults increased VZV-specific proliferative responses, 

but gain of function was relatively modest and varied among participants. TIM3 and LAG3 

pathways blockade increased IFNγ production by CD8+ T cells. However, the gain in IFNγ 
production by CD8+ T cells was counterbalanced by a loss of IFNγ production by CD4+ T 

cells such that the analysis of total CD3+ T cells did not show any changes. Although 

previous studies showed that T cells generally express multiple inhibitory receptors that may 

synergize to decrease their proliferative and functional capacity (16), we could not elicit 

additive or synergistic activity by combined blockade of TIM3, LAG3 and PD1 in all 

possible combinations. An alternative explanation for the decreased VZV-specific immune 

responses of older adults consists of exacerbated regulatory T cell responses as suggested by 

previous studies (20, 44).

This study had several limitations. It had a relatively small number of participants and our 

evaluation was limited to effector, senescence and exhaustion markers and did not include 

regulatory T cell responses. We also did not quantitate the number of VZV-specific effector 

T cells due to a paucity of known epitopes needed for the manufacture of tetramers or other 

multimers. Although several VZV epitopes recognized in the context of MHC class I and 

class II have been described (17, 45–54), they are still limited to a few HLA types and more 

developmental work needs to be done in this area.

An important outcome of this study was to identify characteristics of the VZV-specific CMI 

responses in older adults that may contribute to their increased susceptibility to HZ. This 

included finding that senescent and exhausted T cells made up a significant proportion of the 

CMI responses of older adults, and that in older adults CTL responses predominately 

included dysfunctional CD8+ T cells. These observations, as well as the demonstration of 

the lack of early effector responses to the viral challenge in older adults, identify new targets 

for development of new vaccines and prevention strategies against HZ.
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Figure 1. VZV-specific memory responses after ZV administration to young and older adults
The bars represent medians and upper quartiles of measurements from 25 young and 33 

older recipients of ZV. Memory responses were measured by RCF (panel A) and flow 

cytometry (panel B) at the indicated time points. Asterisks indicate significant and changes 

from baseline (p < 0.05) within each age group. Hash tags indicate significant differences 

between groups. The gating strategy used for panel 1B is shown in Supplemental Figure 2A.
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Figure 2. VZV-specific Effector CD4 (A) and CD8 (B) Responses to ZV in Young (Left) and 
Older Adults (Right)
The data were derived from 25 young and 33 older adults whose PBMC were ex vivo 

restimulated with live VZV and mock-infected control. The data show expression of IFNγ, 

IL2 and CD107a measured by flow cytometry after subtraction of background. The bars 

show the mean% of the T cell subsets expressing the number of markers (variables) 

indicated on the x axis at the time points indicated in the legend. Marginal and significant 

differences are highlighted by crosses above the bars. The tables show p values for changes 

at the times indicated in the column headings compared with D0 in each T cell subsets 
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grouped by the number of expressed markers (category). Young adults showed increases of 

dual function VZV-effectors at D7, which were marginal for CD4 (p=0.08) and significant 

for CD8 effectors (p=0.008), whereas older adults showed a marginal decrease in single 

function CD8 effectors at D30 (p=0.05).
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Figure 3. VZV-specific Exhausted and Senescent CD8 T cells in Young and Older Adults
The data were derived from 25 young and 33 older adults whose PBMC were ex vivo 

restimulated with live VZV and mock-infected control. The data show expression of PD1 

and CD57 on CD69+ T cells measured by flow cytometry in VZV-restimulated PBMC after 

subtraction of background control. Panel A: Pies show the distribution of CD8+ T cells 

expressing both PD1 and CD57 (red slices), only CD57 (teal slices), only PD1 (green 

slices), neither PD1 nor CD57 (blue slices) at D0 in young (left) and older adults (right). The 

light green arc indicates total CD57 and the red arc total PD1. The table shows that the 

distributions were significantly different (p=0.03) between young and older adults. Panel B: 
Bars show mean and SEM of the VZV-specific CD8+CD69+PD1+% (left graph) and 

CD8+CD69+CD57+% (right graph) at each visit in young and older adults. The horizontal 

continuous lines indicate significant differences between young and older adults; dotted lines 

indicate marginal differences. Asterisk indicates a marginal increase compared to D0 in 

senescent VZV-specific CD8+ T cells in older adults (p=0.06).
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Figure 4. Increases of VZV-Specific CD4+ or CD8+ T Cells Expressing both CD57 and PD1 
Correlate with Decreases in RCF (Left) and CD8+ CTL (Right), Respectively, in Older Adults
Data were derived from 33 older adults. Peak response for RCF memory was D30 and for 

CD8+IFNγ+CD107a effector was D7. P values and coefficients of correlation calculated by 

Pearson correlation analyses are shown on each graph. The gating strategy used for the flow 

cytometry data is shown in Supplemental Figure 2B.
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Figure 5. Increased ex-vivo VZV-specific proliferation of PBMC from older adults by blockade 
of the PD1 pathway
Panel A shows the gating strategy in a sample with a response to anti-PDL1. Data in panel 
B used PBMC collected from 11 older adults at 7 to 14 days after vaccination. Dots 

represent results of each participant. Bars and whiskers indicate medians and lower and 

upper quartiles of the composite results, which did not have a normal distribution. 

Stimulation conditions are listed under each bar: mock=mock-stimulated background 

control; aPDL1= anti-PDL1; VZV= VZV-stimulated. P values calculated by Wilcoxon 
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matched-pairs signed rank test showed significant increases both in CD4+ and CD8+ VZV-

specific T cell proliferation after addition of anti-PDL1.
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Figure 6. Effect of Inhibitory Pathway Blockades on VZV-Specific Effector T-Cell Responses in 
Older Adults
Data were derived from PBMC collected from 11 older adults at 14 days after ZV 

administration. Panel A shows the gating strategy for CD8+IFNγ+ T cells. In Panel B the 

dots indicate the values of each of the 11 participants and the bars indicate means and SEM 

of the composite results, which had a normal distribution. P values were calculated by paired 

Student’s T-test
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Table I

Demographic Characteristics

Category Young Older

Number 25 33

Mean years of age (S.D.) 32 (4) 65 (4)

Number of Females (%) 16 (64) 17 (51)

Number (%)

  White 19 (76) 30 (91)

  Black 2 (8) 2 (6)

  American Indian 0 1 (3)

  Asian 2 (8)

  Mixed 2 (8)

Number of Hispanics (%) 3 (12) 2 (6)

Abbreviations: S.D.= standard deviation
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