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Summary
Background Advanced age is accompanied by a decline of immune functions, which may play a role in increased
vulnerability to emerging pathogens and low efficacy of primary vaccinations in elderly people. The capacity to
mount immune responses against new antigens is particularly affected in this population. However, its precise 4 )

. . J1. . . < 1 . Published online xxx
determinants are not fully understood. We aimed here at establishing the influence of persistent viral infections on https/doi.org/10.1016/}
the naive T-cell compartment and primary immune responsiveness in older adults. ebiom.2022.103852

eBioMedicine 2022;76:
103852

Methods We assessed immunological parameters, related to CD8* and CD4" T-cell responsiveness, according to the
serological status for common latent herpesviruses in two independent cohorts: 1) healthy individuals aged 19y to
95y (n =150) and 2) individuals above 70y old enrolled in a primo-vaccination clinical trial (n = 13y).

Findings We demonstrate a prevalent effect of age and CMV infection on CD8" and CD4" naive T cells, respectively.
CMV seropositivity was associated with blunted CD4* T-cell and antibody responses to primary vaccination.

Interpretation These data provide insights on the changes in adaptive immunity over time and the associated
decline in vaccine efficacy with ageing. This knowledge is important for the management of emerging infectious dis-
eases in elderly populations.

Copyright © 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in context

Evidence before this study

Age-related decline of the immune system, or immuno-
senescence, is thought to play an important role in the
increased rate of severe infections or cancer, and
reduced responsiveness to vaccination observed in the
elderly. Improving our understanding of immune aging
has broad implications in disease prevention and opti-
mization of vaccine immunogenicity with advanced
age. While recall responses to pathogens encountered
earlier in life are usually uncompromised, there is an
established paradigm that the ability to mount primary
cellular immune responses from naive T cells is waning
in older people. For instance, reduced immunogenicity
to SARS-CoV-2 vaccination has recently been demon-
strated in elderly people. However, the factors that can
impact the naive T-cell compartment and primary
immune responsiveness in older adults are not fully
understood. The potential influence of persistent viral
infections, known to continuously stimulate and con-
sume immune resources, remains controversial due to
conflicting evidence.

Added value of this study

In the present study, we address the question of the
cumulative and differential impact of infections with
common persistent herpesviruses (i.e. CMV, EBV, HSV-1
and HSV-2) on the naive T-cell compartment and de
novo T-cell responsiveness. We studied immune param-
eters in two cohorts of healthy adults: a cohort of
healthy individuals aged 19y to 95y (n = 150) and a
cohort of old people (n = 137) who received a primary
vaccination in the context of a clinical trial designed to
address the question of the influence of CMV infection
on vaccine responsiveness. We show that infection with
these viruses, in particular CMV, results in a reduction of
the naive CD4" T-cell compartment with advanced age.
Consistently, CMV infection is associated with reduced
cellular as well as humoral responsiveness to a primary
vaccination in old people.

Implications of all the available evidence

Collectively, these findings provide clear insights into
the alterations of adaptive immunity over time and the
decline in vaccine efficacy with ageing. In particular, we
show that infections with persistent viruses, like CMV,
which is common in the general population, can affect
primary immune responsiveness with old age. This
knowledge is important for the follow up of elderly pop-
ulations in settings of infectious disease outbreaks and
vaccine campaigns.

Introduction

It is common nowadays to live beyond 8o years old,
which has an important impact on human demo-
graphics and represents a growing challenge in terms
of health care. Advanced age is accompanied by the

increase in acute and chronic diseases, resulting in an
important decline in quality of life. In turn, this is asso-
ciated with the need to care for elderly individuals with
poor health. In particular, elderly people suffer more
often and more severely from infections than young
individuals."® The current SARS-CoV-2 pandemic rep-
resents a particularly relevant example of the issues that
can be encountered in this context.* It highlights the
importance of understanding better the evolution of the
immune system with ageing, which is key in the vulner-
ability of old people to many diseases including COVID-
19. Moreover the response of older people to vaccination
is considered generally suboptimal.® A recent study
shows that the immunogenicity to the SARS-CoV-2 vac-
cine BNT162b2 is indeed reduced in the elderly.” The
need for in-depth knowledge on immune responsive-
ness to emerging infections and primary vaccinations
in the elderly has never been greater.

Studying primary immune responses, in particular
to vaccination, in older humans poses several chal-
lenges. Most vaccinations are given to boost preexisting
immunity in this population. The responses to several
recall vaccines, such as those against influenza virus,
varicella zoster virus,* Streptococcus pneumoniae'"" or
diphtheria and tetanus antigens,'” have been studied in
older individuals. These studies have revealed differen-
tial responses upon vaccination in elderly populations.
Some vaccines provided an adequate boosting of immu-
nological memory while others presented a waning
capacity to maintain strong and protective responses.”
In contrast, available data sets from studies on yellow
fever,"*'> hepatitis B,'® or Japanese encephalitis virus'/
vaccines, indicate that primary responses in older indi-
viduals are mostly compromised. Vaccinated older peo-
ple presented delayed and reduced primary antibody
responses compared with young adults, and both their
CD8" and CD4" T-cell responses were impaired. Over-
all, these data support a general impairment of de novo
immune responses, while recall immunity seems more
preserved in some cases.

Immunosurveillance against emerging viruses and
de novo vaccine responsiveness are crucially dependent
on the efficacy to mount primary responses,”® and thus
the activation of naive T cells.” Several independent
studies have confirmed that ageing results in general
defects of the quality (e.g. activation, proliferation, telo-
mere length, and differentiation) and the quantity of
naive CD8" and CD4" T cells, reducing their ability to
respond to previously unencountered antigens.*° >*
The quantitative loss of naive T cells is a key feature of
immune ageing and can by itself be a cause of impaired
vaccine-specific immune response. Several factors play
a role in the age-related contraction of the naive T-cell
compartment: (i) the naive T-cell pool is used and con-
sumed throughout life to generate effector and memory
T cells; (ii) old age-associated impaired lymphopoiesis
and thymic involution result in diminished naive T-cell
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production and replenishment; (iii) naive T-cell mainte-
nance is affected by an altered homeostasis due to an
unbalanced naive vs memory cell ratio.

Whether common chronic and latent viral infections
impact immune responsiveness, e.g against emerging
viruses or vaccines, is an important issue in this context.
Persistent viruses, such as those of the herpesvirus fam-
ily, are highly prevalent in the human population and,
although classically benign in immunocompetent indi-
viduals, exert a long-term stress on host’s immune cells.
From a biological point of view, the herpesvirus family
represents the most classic model of viruses that estab-
lish a latent infection, a strategy that allows them to
remain in the host for the duration of its life. After pri-
mary acute infection, herpesviruses induce a persistent
infection characterized by successive cycles of reactiva-
tion and authentic virological latency, established only
in particular cell types and anatomical sites, different
for each herpesvirus. Latent infection constitutes a
reduced immunogenic stimulus for the infected host,
while the reactivation phase is characterized by the initi-
ation of the lytic viral cycle, the rapid destruction of tar-
get cells and the induction of inflammatory and virus-
specific immune responses. The prevalence of these
infections increases proportionally with age, and their
role in age-related immune decline remains a matter of
debate. One persistent virus has been mainly studied in
this context: cytomegalovirus (CMV). CMV is a p-her-
pesvirus, whose prevalence is high in the human popu-
lation and increases with age. Despite a strong immune
response, CMV is not eliminated and remains as a latent
infection. This virus is known to leave a major imprint
on our immune system, in particular reflected by the
accumulation of CD2y~ CD28~ CCRy CD45RACDsy* T
cells, identified as late differentiated effector memory
(EM) T cells which produce pro-inflammatory cytokines.*
CMYV infection has also been associated with changes of
naive T-cell frequencies, though not in all studies,** and
with consistently increased levels of systemic inflamma-
tory cytokines.* Its impact on vaccine responsiveness has
been controversial. It has been mostly studied in the con-
text of vaccination against influenza,> ** with some stud-
ies reporting suboptimal influenza vaccine responses in
CMV-infected patients, and other studies showing no
effect or even an enhancement of vaccine humoral and
cellular immune responses or heterologous immunity by
CMV.*? 3" Lack of consensus may be related to the vari-
ability of the parameters investigated in different studies,
including: CD8" versus CD4" T cells, T-cell frequencies
versus absolute counts, young versus old subjects, primary
versus recall vaccine responses. Therefore the influence on
adaptive immunity by latent infection with CMV and
other persistent viruses remains an open question with
several unresolved issues.

In the present work, we aimed to identify cumulative
and differential effects on the CD8" and CD4"* T-cell
compartments by persistent long-term viral infections
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in an elderly population. We focused on the influence of
herpesvirus infections including CMV, EBV, HSV-1 and
HSV-2 on the counts, maintenance and responsiveness
of naive T cells. To this end, two cohorts were studied: a
cohort of 150 healthy adults aged between 19 and
95 years old, and a cohort of 137 older healthy adults
(aged more than 7o years old) who received a primary
vaccination against tick-borne encephalitis (TBE). We
found that long-term infections with herpesviruses, in
particular CMV, impacted the naive CD4", but not
CD8, T-cell compartment, and yielded reduced adap-
tive and humoral responses to a primary vaccination in
the elderly.

Methods

Study design, setting and participants

Two cohorts of healthy volunteers were enrolled in this
study. The first cohort (observational study - cohort 1)
consisted of 150 healthy adults (aged between 19 and
95 years old) with serology data for four common her-
pesviruses. Individuals <G5y were recruited among
blood donors (Etablissement francais du sang) in Paris
(France) while those aged >-5y were recruited at the
geriatric department of the Pitié-Salpétriere Hospital
(Paris, France) between 2015 and 2016. Individuals
with malignancies, acute diseases, or severe chronic dis-
eases, such as atherosclerosis, congestive heart failure,
poorly controlled diabetes mellitus, renal or hepatic dis-
ease, various inflammatory conditions, or chronic
obstructive pulmonary disease, as well as individuals on
immunosuppressive therapy, were excluded from the
study. The second cohort (cohort 2) consisted of 137
individuals aged more than 7o years old, who received a
full TBE vaccination course of three injections at week
0, 4 and 24 with a licensed inactivated whole virus
vaccine (FSME Immun® CC, Baxter) as part of a clinical
trial (registered through ClinicalTrials.gov:
NCTo00461695) conducted at the Epidemiology, Biosta-
tistics and Prevention Institute (EBPI) at the University
of Ziirich Switzerland between 2007 and 2010 (see
Table St in supplemental materials). Here, we report
the core data of this study including immunogenicity of
TBE vaccination in healthy elderly stratified by CMV
serostatus. Previous reports had included additional
data derived from this cohort.**?* *# Included individu-
als were healthy according to a health questionnaire and
a physical evaluation at study entry; 57% reported no co-
morbidities and no long-term medical treatment, 43%
reported one co-morbidity requiring drug treatment
(mostly hypertension). All individuals were immuno-
competent and TBEv-naive and -seronegative. Immune
response assays were conducted prior to vaccination,
and at weeks 4, 8, 24 and 28 post-vaccination for
humoral and week 26 for cellular immune responses.
PBMCs were isolated from venous blood samples via
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density gradient centrifugation according to standard
protocols and cryopreserved in complete medium sup-
plemented with dimethyl sulfoxide (DMSO; 10% v/v;
Sigma-Aldrich) and fetal calf serum (FCS; 20% v/v;
Sigma-Aldrich) or as dry pellet for DNA extraction.
Complete medium (R+) consisted of RPMI 1640 sup-
plemented with non-essential amino acids (1% v/v),
penicillin/streptomycin  (1oo  U/mlL), L-glutamine
(2 mM), and sodium pyruvate (1 mM) (all from Thermo
Fisher Scientific).

Sample size

Sample size calculation for the interventional study was
based on published data on efficacy and variability of
the antibody response after TBEv-vaccination.’> To
detect a two-fold difference in the geometric mean titer
(GMT) of TBEv-neutralizing antibodies after the total
TBEv vaccination course between the CMV+ and CMV-
population, 84 patients would need to be recruited in
each group to reach a power of 80% with a one-sided
significance level of 5%. Considering the measure of
TBEv-specific immune responses was planned longitu-
dinally in all patients with separate measurements after
one, two and three doses of the vaccine, recruiting 6o
patients for each group was calculated to be sufficient to
reach a power of > 80% with a one-sided significance
level of < 5%. This calculation includes a safety margin
for drop-outs before study completion of 10 subjects per
group (15%). There was no missing data in the study.

Ethics

The studies were approved by the local institutional
ethics committees (i.e. Comité de Protection des Per-
sonnes of the Pitié Salpétriere Hospital, Paris and can-
tonal ethics committee, Ziirich, Switzerland - number
of the ethics approval is EK1309) and all participants
provided written informed consent.

Variables, biases and limitations

The aim of this study was to assess if the previous expo-
sure to one or multiple herpesvirus infections could
impact on the properties of T lymphocytes and on cellu-
lar and humoral responsiveness to a primary vaccina-
tion, according to the age of the subjects. To address the
potential bias of co-morbidities in this setting, we
excluded subjects with major diseases and ongoing co-
infections, as detailed above. The present study has a
number of potential limitations. In cohort 1, the num-
ber of elderly donors with o or 1 co-infections is rela-
tively low, resulting in an underpowered analysis.
Middle aged adults subjects in this cohort have been
recruited at the local blood bank, which might constitute
a selection bias as blood donors are supposed to be
healthier than the general population. The precise co-
morbidity status and medication use of these subjects

are unknown, not allowing to control for these potential
confounders. The female/male ratio is similar between
cohorts 1 and 2, although not equivalent in all sub-
groups.

Herpesvirus serological assays

Herpesvirus serological tests were performed using
clinical-grade assays measuring IgG levels, according to
the manufacturer’s instructions. Anti-CMV IgGs were
measured using the BioPlex 2200 ToRC IgG kit on the
BioPlex 2200 analyzer (Bio-Rad). Anti-HSVI and anti-
HSV2 IgGs were measured using the BioPlex 2200
HSV-1 and HSV-2 IgG kit on the BioPlex 2200 analyzer
(Bio-Rad).

Measurement of inflammation associated cytokines
Plasma cytokines were measured by Simoa digital
ELISA using a commercial triplex assay for IL-6, TNFe,
and IL-to (Quanterix) and a homebrew assay for
IFNa2 as previously described >

Phenotypic analysis

PBMCs were stained for surface markers using combi-
nations of the following directly conjugated monoclonal
antibodies: anti-CCRy—PE-Cyy (clone 3D12; BD Bio-
sciences), anti-CD3—BVG6os (clone SKy; BD Bioscien-
ces), anti-CD8—APC-Cyy (clone SK1; BD Biosciences),
anti-CD4 BUV395 (clone SK3; BD Biosciences) anti-
CD27—AF700 (clone O323; BioLegend), anti-CD45RA-
—ECD (clone 2H4LDH11LDB9; Beckman Coulter) and
anti-CD95—FITC (clone DX2; BD Biosciences). Non-
viable cells were eliminated from the analysis using
LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific).
Samples were acquired using an LSR Fortessa (BD Bio-
sciences). Data were analyzed using FACSDiva software
version 7 (BD Biosciences) and/or Flow]o software ver-
sion 10 (FlowJo LLC).

Analysis of TBEv-specific humoral and cellular immune
responses

TBEv-specific antibody titers were measured before
(week o) during (week 4, 8 and 24) and after (week 28)
the tick-borne encephalitis virus (TBE) vaccination
course by ELISA and TBEv-neutralization assay accord-
ing to published protocols.’**”* The TBEv-specific cel-
lular immune response was assessed at week o and 26
by IFNy enzyme-linked immunosorbent spot assay
(ELISpot) using pools of overlapping peptides for all
structural proteins of TBEv. Briefly, 2 x 10° thawed
PBMCs / well from week o and week 26 of the same
donor were stimulated in anti-IFNy (clone 1-D1K, Mab-
tech) coated 96-well ELISpot-plates (MAIP S45, Milli-
pore) for 18 h with 2 x 10* freshly generated autologous
monocyte-derived DCs. For  antigen-specific
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stimulation, five pools of overlapping peptides encom-
passing all structural proteins of TBEv were used at
mmg/ml final peptide concentration (15-mers overlap-
ping by 5; BMC Microcollections, Germany). Washed
plates were incubated with anti-IFNy-Biotin (7-B6-1,
Mabtech) followed by Streptavidin-alkaline Phosphatase
(Mabtech), developed with color reagents (170-6432,
Biorad) and analyzed in an automated ELISpot reader
(AID). The number of total spot forming units (SFU)
was calculated after background subtraction of the
unstimulated control. For intracellular cytokine staining
(ICS) 1 x 10° PBMCs from week 26 were stimulated
with pools of TBEv overlapping peptides (1mg/ml final
peptide concentration) in the presence of Brefeldin A
overnight at 37 °C. Stimulation with Staphylococcus
enterotoxin B (SEB) or varicella-zoster virus (VZV)
lysate were also performed as comparison. Medium
alone was used as a negative control. On the next day,
cells were surface stained with anti-CD3-PerCP (clone
SKy7; BD Biosciences), anti-CD4-AmCyan (clone SK3;
BD Biosciences), and anti-CD8-APC-Cy7 (clone SKr;
BD Biosciences). Samples were then fixed and permea-
bilized, before staining with anti-IFNy-APC (clone B27;
BD Biosciences). Samples were acquired using an
LSR Fortessa (BD Biosciences) and data were ana-
lyzed using FACSDiva software version 7 (BD Bio-
sciences) and/or FlowJo software version 1o (Flow]Jo
LLC). Percentages of antigen-specific T cells were cal-
culated after background subtraction of the unstimu-
lated control.

DNA extraction and TREC analysis on PBMCs

DNA was extracted from dry pellet using RSC Blood
DNA according to manufacturer instructions (Prom-
ega). SJTREC were quantified by multiplex quantitative
PCR together with the Albumin for cell normalization
on a ViiAy (Thermofisher Scientific) as described
previously.*?

DNA and RNA extraction on sorted cell populations
After thawing, PBMCs were stained with CCR7 BV6350
(Clone 3D12; BD Biosciences), CDgs5 FITC (Clone DX2;
BD Biosciences), CD27 PE (Clone M-T271; BD Bioscien-
ces), CD8 APC (Clone RPA-T8; BD Biosciences), CD4
APC-Cyy (Clone RPA-T4; BD Biosciences), CD45RA
ECD (Clone IM2711ir; Beckman Coulter), CD57 PB
(Clone HCDg57; Biolegend), CD49d PeCY7 (Clone gF1o;
Biolegend), and eFluor 506 for viability (Biolegend). Naive
CD4" and CD8" T cells, defined as CD45RA*, CD27y"
CCRy", CD95, CD49d™, were sorted on an ARIAIII
(Becton Dickinson). DNA and RNA from sorted cells
were extracted using AllPrep DNA/RNA Micro kit (Qia-
gen) according to manufacturer instruction.

www.thelancet.com Vol 76 Month February, 2022

sjTREC digital droplet PCR

Ten pl of genomic DNA (50-200 ng) were mixed in 1x
Master Mix Takyon (Eurogentec) 200 nM of sjTREC
FAM-DarkQuencher Probe, 400 nM of sjTREC For-
ward and Reverse Primers, 200 nM of BCKDHA Yaki-
maYellow-TAMRA probe, 9oo nM of BCKDHA
Forward and Reverse primers*® and 1.2 L of surfactant.
Droplets were generated with a RainDance Source sys-
tem. PCR amplification (95 °C 5 min then 45 cycles of
95 °C 15 s and 6o °C, 1 min) was performed and read
using the RainDance Sense apparatus. SJTREC were
normalized for the number of cell using BCKDHA
quantification.

TCR repertoire analysis

Fifty ng of RNA were used with the human QIAseq
Immune Repertoire RNA Library Kit (Qiagen) accord-
ing to manufacturer instruction. Libraries were read on
Myseq sequencing platform (Illumina). TCR repertoires
were first obtained with the Qiagen NGS data analysis
pipeline and analyzed with VDJtools and tcR package.

Statistical analysis

Scattered plot representations were used to describe
changes in immunological parameters according to the
age (Figures 1 to 4, cohort 1) or CMV serostatus (Fig-
ures 5 and 6, cohort 2) of subjects. Data from the first
cohort were divided in subgroups based on the number
of herpesvirus infections. Univariate statistical analyses
were performed using GraphPad Prism, R*' and Rstu-
dio** softwares with the packages Tidyverse®® and
Scales.** Groups were compared using the non-
parametric Mann-Whitney test, as indicated in Figure
legends. There is no allowance for multiplicity. Bonfer-
roni correction was applied when performing multiple
group comparisons. Spearman’s rank test was used to
determine correlations. P values below o0.05 were con-
sidered statistically significant.

Supplemental material

The supplemental material file includes supplementary
information for cohort 2, study flow diagrams for
cohorts 1 and 2, STROBE checklists for abstract and
observational studies, as well as the study protocol for
the interventional study (i.e. cohort 2).

Role of funders
The funders had no role in study design, data collection,
data analyses, interpretation, or writing of report.
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Figure 1. Impact of age and herpesvirus infections on inflammation levels. Correlation between inflammatory cytokine levels and age according to the number of infections with herpesvi-
ruses (n =14, 33,43 and 59 for 0, 1, 2, and 3+ infections). Statistical significance was determined by Spearman'’s rank correlation. Spearman’s R and p values are shown for each panel.
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Results

Different influence of age and persistent infections on
systemic inflammation and the T-cell compartment
We studied a cohort of healthy adults (n = 150, named
“cohort 1”) aged from 19 to 95 years old, grouped
according to the number of persistent viruses they were
infected with on the basis of the serology data for four
common herpesviruses: CMV, EBV, HSV-1 and HSV-2
(see Table 1 for a distribution of donors according to
their serology). Persistent infections with these viruses
may induce sustained inflammatory responses in their
host. To verify this hypothesis, we measured by digital
ELISA circulating cytokines (IFN-«, IL-6, TNF and IL-
10) commonly associated with inflammatory manifesta-
tions. We observed an age-dependent increase in all
four inflammatory markers, also associated with
increasing numbers of herpesvirus infections (Figure 1
and Table S2). However, the cumulative effect of latent
infections on inflammatory cytokines could only be
found in the long term, i.e. in older adults (above
75 years old), while younger subjects stratified by num-
ber of infections displayed similar cytokine levels
(Figure S1a). This rise in inflammatory cytokine levels
in older people was strongly associated with CMV infec-
tion, except for IL-6 levels, which presented a modest
increase in CMV-negative older donors (Figure S1ib). Of
note, apart from IL-6, the increase in inflammatory
cytokines with ageing was barely noticeable in the
absence of infections (Figure Sib). These data indicate
that herpesvirus infections, especially CMV, exacerbate
the inflammatory profile of adults only in the long term,
i.e. in older people.

These common herpesviruses, in particular CMV,
are known to induce strong T-cell responses through
the activation of naive T cells and differentiation into
effector memory (EM) T cells. Total CD4* and CD8" T-
cell counts were unaffected by age while only the num-
ber of CD8"* T cells was increased by the presence of
multiple infections (Figure S2). In line with the inflam-
matory cytokine profile, an increase in both CD4" and
CD8* EM T cells (defined as CD3* CD27~ CD45RA*
CCR7 ") was observed overtime with herpesvirus infec-
tions (Figure 2a, Table S2 and Figs. S3 and S4a). This
rise, which was mainly driven by CD45RA* EM among
CD8* T cells and CD45RA™ EM among CD4" T cells
(Figure Ss), could be attributed again almost-exclusively
to CMYV, especially in the CD8 compartment, as it was
not observed in CMV uninfected donors (Figure SGa).
Of note, this infection-driven accumulation of EM T
cells was statistically significant in both old and young
age (Figure SGb). Increased expression of CD57, a
marker of late T cell differentiation, on CD4" and CD8"
T cells was also associated with CMV seropositivity, but
not age (Figure SGc¢). These data add to and confirm the
multiple lines of evidence that CMV is the main cause
of a disturbed EM T-cell compartment and inflation of

www.thelancet.com Vol 76 Month February, 2022

Cohort 2
N

Cohort 1
N

=137

=150

old

old

Mid

=69

CMV-pos N = 54 CMV-neg N = 68 CMV-pos N

=23

CMV-neg N

=37

CMV-pos N

=36

CMV-neg N

Parameter

74 (70—-87)

38:31

73 (70—86)
30:38

83 (75—-95)
31:23

82 (76—94)

16:7

44 (20—64)

20:17
N/A
N/A
N/A
N/A
N/A
N/A

32(19-65)
16:20

N/A

N/A

N/A

N/A

N/A

N/A

(median; range)

Age (year)

(female: male)

Gender

24 (18-30)
33/36
32/37

37

24 (18—-30)
26/42
26/42

42

24 (16—32)
37117
42/12

12

13

29

21(17-29)

13/10
16/7

(kg/m?, mean, range)

Body Mass Index (BMI)

with/without

Co-morbidities

with/without

Medication

Number of drugs

26

19

12

2+

Table 1: Baseline characteristics of study participants.
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Figure 2. Impact of age and herpesvirus infections on effector memory and naive T-cell counts. Correlation between effector memory CD8" and CD4* (a), and naive CD8" (b) and CD4" (c) T-
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this subset, which is observable at both younger and
older ages.

The influence of persistent viral infections on the
CD8" and CD4" naive T-cell pools has certainly more
relevance in the context of de novo responsiveness, as
naive T cells are required for mounting adaptive
immune responses to newly encountered antigens.
Naive T cells were defined here as CD3* CD27"
CD45RA" CCRy" CDgs5~, thus excluding so-called
CDogs5" “stem cell memory T cells”. Interestingly, the
evolution of the naive T-cell pool did not mirror that of
the EM T-cell pool, and there was a clear difference
between the evolution of CD8" and CD4" naive T-cell
counts with ageing and herpesvirus infections. The loss
of the naive CD8" T-cell compartment was profound in
older subjects (reaching numbers below 10 cells/mm?
of blood in oldest individuals), irrespective of infection
number or CMV serostatus (Figure 2b, Table S2 and
Figs. S4b and S7a). In contrast, the reduction in naive
CD4" T-cell counts with ageing was more moderate and
associated with herpesvirus infections (Figures 2c and
S4b and Syb). While CMV had the strongest association
with reduced naive CD4" T cells, CMV-negative donors
presented nonetheless a modest but statistically signifi-
cant reduction (R = -0.48, p = 0.049, Spearman’s rank
correlation) of these cells if infected with two other her-
pesviruses (Figure Syb). Altogether, these data highlight
a differential influence of ageing and persistent viral
infections on the naive CD8"* and CD4"* T-cell compart-
ments, and raise two questions: the first one related to
the basis of these differences, and the second one
related to the eventual impact of common herpesvirus
infections on the capacity of older people to mount
T-cell responses against previously unencountered
antigens.

Distinct evolution of the naive CD8" and CD4" T-cell
compartments with increasing age

Our data highlight a stronger contraction of naive CD8"
T cells (i.e. 10-time reduction) over naive CD4* T cells
(i-e. less than 2-time reduction) with ageing, comparing
adults versus elderly subjects (Figure 3a and Table S3).
This is in line with the preservation of the CD4"* naive
T-cell pool in healthy individuals of 20—69 years of age
comparatively to naive CD8" T cells.** This is also con-
sistent with a higher thymic output of CD4" T cells in
the adult age-range* and in elderly individuals,*°
although in these previous studies the impact of infec-
tions was not considered. Here, production of new naive
T cells or thymic output, as measured by T-cell receptor
excision circle (TREC) levels in total PBMCs, was
strongly associated with ageing and was profoundly
reduced in older individuals, independently of the num-
ber of herpesvirus infections (Figure 3b and Table S2).
This pattern was similar to the decline of naive CD8" T-
cell counts (Figure 2b), which suggests a strong

www.thelancet.com Vol 76 Month February, 2022

dependency of naive CD8" T-cell maintenance on thy-
mic production. The naive CD8" T-cell compartment
seems to contract as the thymus involutes and thymo-
poiesis wanes with ageing. The lack of influence of
CMV or EBV seropositivity on the thymic production of
new T cells per se was documented in a large-scale popu-
lation study of healthy adults.>®

As the maintenance of naive CD4" T cells showed a
different dynamic to that of naive CD8" T cells, we
hypothesized that they are less dependent on thymic
output, but more linked to homeostatic proliferation. To
examine this possibility, we measured TREC levels
directly in naive T cells, using sensitive digital PCR
assays on FACS-sorted cells. We observed reduced
TREC levels in naive T cells from old donors. This
reveals a dilution of TRECs in the naive cells through
cell division, likely reflecting higher homeostatic prolif-
eration in older compared to younger subjects
(Figure 3c and Table S3). Interestingly, the reduction in
TREC levels was more pronounced in the CD4" than
the CD8" pool. Moreover, higher levels of the prolifera-
tion marker Ki67 were found in naive CD4" T cells
compared to naive CD8" T cells, in particular from older
individuals (Figure 3d and Table S3). Together, these
data indicate that the pool of naive CD8" T cells con-
tracts with ageing due to reduced thymic production,
while the pool of naive CD4" T cells is maintained to
some extent through robust homeostatic proliferation.
The naive CD4" T-cell pool is nonetheless affected by
infections with persistent viruses, in particular CMV,
but also other herpesviruses.

We next wanted to assess if the contraction of the
CD8&" and CD4" T-cell pools with ageing could be
reflected in their TCR repertoire diversity. To answer
this question, we performed high throughput sequenc-
ing of TCRa and TCRp regions using target specific
RNASeq, on FACS-sorted naive CD4" and CD8" T cells
from younger (n = 4) and older donors (n = 4), and cal-
culated observed diversity and inverse Simpson index
(Figure 4a). This analysis did not reveal any evident dif-
ference in naive CD4" T-cell TCR repertoire diversity
between young and old subjects, although this observa-
tion should be mitigated due to the limited number of
donors studied. In contrast, there is an obvious loss in
TCR repertoire diversity within the naive CD8" T-cell
compartment of older individuals, in line with its pro-
found contraction with advanced age, unlike the naive
CD4" T cell pool. TCR repertoire alterations of the naive
CD8" T cells did not present a direct association with
the number of infections (Figure 4b), in line with a
virus infection independent contraction of this compart-
ment with ageing. However, the small number of sub-
jects studied limits our conclusions on a potential effect
of herpesvirus infections on naive T-cell TCR repertoire.
Overall, these data inform on the basis of the differential
evolutions between naive CD4* and CD8" T cells with
increasing age.
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Reduced responsiveness to de novo immunization in
CMV-infected older adults

To understand the impact of persistent viral infections
on the ability to mount T-cell responses against neoanti-
gens in older people, we concentrated on CMV infec-
tion, being the virus with the strongest impact on the T-
cell compartment in older people. We previously used
an in vitro priming assay to demonstrate the reduced
capacity of older people to prime antigen-specific CD8"
T-cell responses from the naive pool.*" Using the same
in vitro approach, we found no influence of CMV seros-
tatus on CD8&" T-cell priming efficacy in older individu-
als (Figure S8a), in accordance with a loss of naive
CD8" T cells with ageing that is largely independent of
CMV infection. This in vitro approach nonetheless may
not grasp the full complexity of the primary immune
response in vivo, and it cannot be used to study the
induction of CD4" T-cell responses from the naive pool,
as there is no equivalence of this assay for CD4" T cells.

We therefore studied the induction of de novo
immune responses upon vaccination in a second cohort
of older people. Healthy elderly individuals (n = 137,
named “cohort 2”, Table 1) were recruited in a clinical
trial to receive for the first time a vaccination against
tick-borne encephalitis (TBE) using the recommended
prime-boost regimen with three injections (at week o, 4
and 24). The individuals selected for this study had no
serum anti-TBE virus (TBEv) antibodies prior to vacci-
nation, indicating that they had never been exposed to
nor vaccinated against TBEv. In line with the cohort 1
studied above, CMV-seropositive subjects presented
lower CD4" (but not CD8") naive T-cell counts than
CMV-seropositive subjects, confirming the association
between CMYV infection and lower naive CD4" T-cell
counts with old age (Figure S8b). De novo cellular
immune responses to TBE vaccination were monitored
at week 26 post-first immunization (2 weeks after the
last boost), and compared to baseline values, using
IFNy ELISpot with pools of overlapping peptides
against all structural proteins of TBEv. Total TBEv-spe-
cific T-cell responses were statistically significantly
lower in CMV™ compared to CMV™ elderly individuals
(Figure sa and Table S4). The frequency of TBEv-spe-
cific T cells induced upon vaccination correlated with
the counts in naive CD4" T cells prior to vaccination
(Figure 5b), but not naive CD8" T cells (data not shown).
This indicates a reliance of the capacity to mount de novo
vaccine T-cell responses on the pool of naive CD4* T
cells, and suggests that CMV infection may therefore
impact this capacity due to its effect on the naive CD4*
T-cell pool.

To get further insights into these observations, intra-
cellular IFNy staining and assessment by flow cytome-
try was performed on Elispot-positive donors in order to
distinguish TBEv-specific CD8* and CD4" T cells. This
revealed that the TBEv-specific cellular response was
mostly dominated by CD4" rather than CD8" T cells in

vaccinated individuals (Figure S8&c), consistent with its
reliance on the naive CD4" T-cell pool. CMV seropositiv-
ity had no impact on TBEv-specific CD8" T-cell levels, in
line with the in vitro CD8" T-cell priming data. How-
ever, it was associated with lower TBEv-specific CD4" T-
cell responses (Figure 5c and Table S4), consistent with
the impact of CMV on the naive CD4", but not CD8", T-
cell compartment in older donors. For comparison, we
assessed the influence of CMV on memory T-cell reac-
tivity. In contrast to TBEv-specific de novo responses,
VZV-specific memory CD8* and CD4* T-cell levels
were equivalent regardless of the CMV serostatus
(Figure 5d and Table S4). Of note, we observed a higher
number of IFNy producing CD8" and CD4" T cells
upon stimulation with Staphylococcus enterotoxin B
(SEB) in CMV™ donors (Figure se and Table S4), reflect-
ing higher levels of effector memory (thus IFNy produc-
ing) cells in CMV™ donors, that can be activated with
this superantigen. These results support a reduced
CD4" T-cell responsiveness to neoantigens in CMV-
infected older adults.

We next assessed vaccine-induced humoral immu-
nity measuring TBEv-specific binding antibody levels as
well as neutralizing antibody activity at different time
points after vaccination. We observed that both TBEv-
specific binding and neutralizing antibody responses
were delayed and decreased in elderly vaccinees with
latent CMV infection (Figure 6a,b and Table Sg). Of
note, there were clear associations between the induc-
tion of TBEv-specific T-cell responses and the levels of
both TBEv-specific binding and neutralizing antibody
levels upon vaccination (Figure 6c¢,d). Altogether, these
data indicate that CMV infection has a negative impact
on the mounting of de novo cellular and humoral
immune responses in the elderly.

Discussion

A reduced capacity to mount effective de novo immune
responses is a major issue in older human populations
and the consequence of multiple factors. Infection with
persistent viruses, which represent a substantial and
long-lasting burden for our immune system, have been
suspected to play a role in this decline. Through chronic
activation and mobilization of immune resources, her-
pesviruses, in particular CMV, result in continuous
naive T-cell activation and inflation of EM T cells®.
However, we observed here that the associations of
naive and EM T-cell numbers with ageing and chronic
infections did not mirror each other and that the con-
traction or maintenance of the naive T-cell pool depends
on multiple factors. In a context of limited or even
absent T-cell renewal capacity, the naive T-cell compart-
ment can be particularly affected, as shown by studies
in young adults thymectomized during early childhood.
In this model of T-cell ageing independent of chrono-
logical age, the combination of reduced thymic output
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peptides at week 26 after the first vaccination in CMV-seronegative and CMV-seropositive subjects (> 70y) (n = 68 for CMV- and n = 69 CMV+). Data shown are subtracted of no-stimulation
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(i-e. due to thymectomy) and chronic immune activation
(i.e. due to infection with a persistent virus like CMV)
resulted in the alteration of naive T-cell frequencies and
homeostasis.*”#® With ageing, thymic involution and
long-term immunity against persistent viruses may
combine to exhaust immune resources.

In the present work, we observed that the contraction
of the naive CD8" T-cell compartment with old age was
independent of infections by herpesviruses, including
CMV, in line with a previous study.*® We propose that
the naive CD8" T-cell pool maintenance with increasing
age relies strongly on cell replenishing capacity due to
thymic output, so much that the influence of persistent
virus infections, although expected, was not observed.
In contrast, the naive CD4" T-cell pool is maintained
more by homeostatic proliferation, allowing for the
long-term effects of persistent viral infections to be
observed. Previous studies suggest that CD8" and CD4"
naive T-cell repertoires are altered in old people.”“'
The different rates of decline between CD8* and CD4*
naive T-cell compartments likely translates into a major
loss of TCR repertoire diversity for the CD8" naive T
cells, in contrast to CD4" naive T cells, with advanced
age. Overall, the strong contraction of the naive CD8" T-
cell repertoire likely results in an important reduction
of naive CD8" T-cell responsiveness to new antigens in
elderly human populations, explaining our previous
findings.”">* On the same line, diminished yellow fever
vaccine-specific CD8" T-cell responses were found to be
correlated with baseline naive T-cell frequencies.” Older
individuals may thus become more vulnerable to dis-
eases for which the induction of CD8" T-cell immunity
plays a protective role, such as against emerging viruses
and tumors.

Nonetheless we observed that herpesvirus infections,
in particular CMV but also EBV/HSV, were associated
with decreased absolute counts of naive CD4" T cells
with ageing. Considering that the frequency of naive
cell precursors specific for a given antigen are typically
very low, ranging approximately between one cell in 10°
to 10® T lymphocytes in adults,”>* this quantitative
reduction in naive cells, including potentially unique
antigen-reactive ones, may affect the mounting of neo-
antigen-specific immune responses. Indeed, we found
that CMV seropositivity was associated with a reduction in
CD4" T-cell responsiveness to neoantigens (i.e. TBEv anti-
gens), but not to recall antigens (VZV antigens), in older
people. With advanced age, de novo CD4" T-cell responses
appear to be affected by a persistent virus like CMV, in line
with the impact on naive CD4" T-cell counts.

Interestingly, distinct patterns were observed regard-
ing T-cell subsets and inflammatory markers that were
associated with ageing and persistent infections. For
example, the naive CD8" T-cell decline and IL-6 level
increase are inversely related (p < o0.0001, not shown),
mostly dependent on ageing but not latent infections.
Ageing-related increased levels of IL-6, which is known
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to contribute to thymic atrophy,”>® may thus play an
important role in the contraction of the naive CD8" T
cells by inhibiting their production in the thymus. On
the other hand, the inflation of EM CD8" T cells and
increased levels of inflammation associated cytokines
such as TNF, IFNa and IL-10 in older individuals fol-
lowed a similar pattern, and both were clearly associated
with CMV infection. Strikingly, in healthy older sub-
jects, the increase in systemic inflammatory cytokines
was strongly associated with CMV serostatus. CMV by
itself has therefore a central part in the increased
inflammatory status characteristic of the elderly sub-
jects. However, the fact that all recruited donors were
healthy volunteers of French or Swiss nationality might
render these findings not completely generalizable. We
cannot ascertain whether the phenomena described in
this manuscript are similar in subjects with major co-
morbidities or co-infections.

Previous studies have found conflicting evidence
concerning the influence of latent CMV-infection on
influenza vaccine immunogenicity in different popula-
tions. Some showed decreased vaccine immunogenicity
in CMV-seropositive elderly,”*” while others did not
show any substantial influence.**>” A beneficial effect
of CMV infection on influenza vaccine immunogenicity
was even reported in younger individuals.>® By using
influenza vaccine immunogenicity as a readout these
studies mainly analyzed the influence of latent CMV on
recall or memory responses. Using TBE vaccine in
TBEv-naive elderly we were able to assess the influence
of latent CMV infection on a true neoantigen, and we
found a delay and reduction in TBE-vaccine induced
humoral immunity in CMV-infected older subjects. As
previously proposed,”® CMV-related increased inflam-
mation, possibly mediated by the action of TNF on B-
cells, might be a mechanism through which CMV
impacts the humoral response and antibody production
upon vaccination. Moreover, CMV infection might indi-
rectly affect germinal center and antibody formation
through defective generation of follicular T helper (Tth)
cells due to lower naive T-cell numbers in CMV-seropos-
itive subjects. Although it would have been interesting
to evaluate antigen specific Tth CD4" T cells directly,
our study was limited to TBEv-specific IFNy producing,
i.e. Thi, CD4" T cells. Previous studies suggest nonethe-
less that Tth cells are even more dampened than Thi
cells in older individuals, affecting the related humoral
response.’® " In elderly adults, the reduced quality of
Tth cells and ability to provide help to B cells were
reported to be partly responsible for declined influenza
specific antibody titers upon vaccination.* °® From
these studies, we may infer that the induction of TBEv-
specific Tth cells should be lower upon vaccination in
older people, in particular if they are CMV seropositive,
resulting in impaired humoral immune responses. It
will be important to decipher the exact role of CMV in
the impaired humoral responsiveness with ageing.
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The present study provides potential insights under-
lying the vulnerability of elderly people to emerging
pathogens. Related to the contraction of the naive T-cell
compartment, older CMV positive individuals may
indeed present blunted adaptive immune responses to
new antigens, such as those of SARS-CoV-2, possibly
affecting their capacity to control viral replication. This
is in line with a recent report of a favorable impact of
thymic rebound during COVID lymphopenia.®” The
observation that CMV infection plays an important role
in the establishment of a systemic inflammatory status
in elderly subjects might even add to its hypothetical
role in COVID-19 severity.®®®® Future studies will be
necessary to establish if serology to herpesviruses, in
particular CMV, may inform on the capacity to mount a
good immune response against SARS-CoV-2, and if it
may help to identify patients more at risk to develop
severe disease. Our results are also relevant in the con-
text of vaccination campaigns focused on elderly popula-
tions. Vaccine immunogenicity may be blunted in CMV
infected individuals, resulting in a lower induction of
vaccine-specific antibodies. Of note though, CMV serol-
ogy was not found to be associated with lower vaccine
immunogenicity in a study of elderly people vaccinated
with SARS-CoV-2 vaccine BNT1i62b2.” Moreover,
SARS-CoV-2 vaccine clinical efficacy appears overall as
effective in young and older people. These apparently
discordant findings highlight the complexity of the
issue and the need for specific studies to test the exact
impact of CMV on SARS-CoV-2 vaccines immunogenic-
ity and efficacy. An active role of CMV infection in
depleting host immune resources, that may affect
immune response efficacy, would support strategies to
limit CMV infection in the general population.
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