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Impaired vaccine responses in older individuals are
associated with alterations in both the quantity and quality of
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Abbreviations used
ABC: Age-associated B cell
AID: Activation-induced cytidine deaminase
BCR: B-cell receptor
JEV: Japanese encephalitis virus
miR: microRNA
mTORC: mTOR complex
SLT: Secondary lymphoid tissue
TCR: T-cell receptor
Tgn: T follicular helper cell
VZV: Varicella zoster virus
YF: Yellow fever

By 2050, there will be more than 1.6 billion adults 65 years and
older worldwide, making age-related diseases and conditions
growing public health concerns. One of the leading causes of
hospitalization and death in the aging population is an increase in
pathogenic infection (eg, influenza and pneumococcal disease).
Moreover, newly emerging pathogens, such as the West Nile virus
and severe acute respiratory syndrome coronavirus 2, responsible
for the ongoing pandemic of coronavirus disease 2019 (COVID-
19), show increased disease severity in the older population.'-
This age-related susceptibility to infection is further amplified
by an impairment in protective vaccine responses in older individ-
uals—both of which are linked to the erosion of adaptive immune
function with age.” A major and consistent hallmark of immune
aging is the significant alteration in both quantity and quality of
the T-cell compartment. Here, we will review the current under-
standing of how an effective vaccine response is generated and
how these responses change with age, discuss emerging mecha-
nisms of T-cell aging that contribute to reduced vaccine responses
in older individuals, and explore potential ways to manipulate T-
cell responses to enhance overall vaccine efficacy and promote
lasting immune protection in the older population. Although we
focus primarily on human studies, we will indicate where animal
studies are referenced for mechanistic insights.

FEATURES OF AN EFFECTIVE VACCINE RESPONSE

All modern vaccines work by tricking our immune system into
developing “immunologic memory” against a specific infectious
pathogen. This immunologic memory is mediated by B and T
cells and typically manifests as the presence of antibodies in
sufficient concentrations to neutralize the pathogen as well as the
rapid effector cell generation when this pathogen is encountered
in real life (ie, a “recall response”). Immunologic memory can
last for decades®™ and thus provide lifelong protection against
infection. To generate effective immunologic memory in
response to vaccination, the specific orchestra of events must
occur, starting from naive cell activation to memory cell forma-
tion and subsequent long-term memory cell homeostasis (over-
viewed in Fig 1). Any alteration in these events, both in quality
and/or in quantity, can significantly influence the effectiveness
of immune protection elicited by vaccines.

Most current vaccines rely on the generation of protective
antibodies through B-cell and T follicular helper (Tgy)-cell inter-
actions. Tgy cells provide critical signals that are required for the
development of long-lived memory B cells and plasma cells as
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well as high-affinity, class-switched antibodies. Indeed, the in-
duction of Tgy cells correlates to higher avidity antibody
responses after influenza vaccination.”'’ In addition to opti-
mizing antibody generation in recall responses, memory T cells
can provide primary protection against infection. CD4 memory
T cells are involved in preventing varicella zoster virus (VZV) re-
activation in older individuals.'"*'* CD8 memory T cells, the in-
duction of which largely depends on live vaccines, provide
critical protection against viral pathogens such has influenza
and respiratory syncytial virus, at least in part through
the generation of tissue-resident memory CD8 T cells.'*'°
Understanding how functional Ty and memory T cells are gener-
ated, as well as alterations in these processes with age, is essential
to develop a successful vaccine.

Upon infection or vaccination, a small number of naive
antigen-specific T cells undergo massive expansion, increasing
up to 10,000- to 50,000-fold, while differentiating into effector T
cells. After resolution of antigen, 90% to 95% of effector T cells
die, with a small subset surviving as long-lived memory T
cells.'”'® Memory cells provide protection against repeat antigen
exposure, due to higher frequency of antigen-specific T cells as
well as their poised effector state. In mice, the precursors that
eventually differentiate into antigen-specific memory CD8 T cells
can be identified at the peak of primary responses by the expres-
sion of IL-7 receptor o, while the vast majority of effector CD8 T
cells express KLRG1 and are short-lived.'”” Unlike CD8 T cells,
definitive markers to identify memory precursors in the CD4
compartment have not been identified.”’ However, CD4 Tgy cells
use a similar differentiation program as CD8 memory precursor T
cells, which involves transcription factor networks of BCL6,
TCF1, LEF1, and ID3. This is in contrast to the short-lived
effector CD8 T-cell transcription factor network that involves
BLIMP-1, RUNX3, and JUN.?? Recent studies have also shown
that decreased CD25 expression by early effector CD4 T cells pre-
dicts memory T-cell number in mice” and CD39 expression iden-
tifies short-lived effector CD4 T cells in humans.”* Thus, these
transcription factors and surface receptors are potential markers
for delineating memory precursors and Tgy cells from effector
T cells. Although the generation of short-lived effector cells is
obviously critical for controlling pathogens in the context of in-
fections, understanding signals favoring memory precursors or
Tgy cells is relevant in the context of vaccination.

Several factors have been identified that are involved in the
pathway decision to develop into short-lived effector versus
memory or Tgy cells. Strong T-cell receptor (TCR) signal
strengths (as measured by CD25 expression) favor terminal
effector CD8 T cells, whereas memory precursor CD8 T cells
are efficiently generated with relatively weaker TCR signals.”**
Similarly for CD4 T cells, stronger signals appear to favor Tyl
(ie, IFN-y producing) cell development, whereas weaker signals
are sufficient to induce Tgy and T2 cells,”>>>2° although longer
dwell times appear to be necessary to develop germinal center
Tey cells.”’” In general, the distinction between signal strength
and duration of stimulation is difficult in most experimental sys-
tems, and at the extreme, sustained stimulation can lead to
exhaustion. Costimulatory signals such as CD27 are also required
for optimal memory T-cell development.”®*’ Equally impor-
tantly, inflammatory signals induced by the infection or adju-
vanted vaccines determine memory T-cell fates.” Prolonged
exposure to inflammatory cytokines such as IL-12 and IL-2 dur-
ing priming favors short-lived effector cells through the
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FIG 1. Key features of a primary T-cell response after vaccination. In the human T-cell repertoire,
approximately 1 in every 10,000 naive cells will be a vaccine (VAX)-specific cell. Upon exposure to
vaccination, these cells become activated through engagement of their TCR, and other costimulatory
receptors, and undergo massive clonal expansion. During this expansion phase, activated naive cells
differentiate into short-lived effector cells or memory precursor cells (MPECs). Ty cells are generated, likely
in a similar manner as MPECs, and provide critical help to B cells for the generation of high-affinity vaccine-
specific antibodies. After resolution of vaccine antigen, most effector cells die. A small subset of MPECs sur-
vives to become long-lived memory T cells. These memory cells provide protection against subsequent
infection or booster vaccination, possibly for decades, via a higher frequency of vaccine-specific cells, their
poised effector state, and potential tissue localization. Recall responses after booster vaccination follow the
same scheme, however, starting at higher initial frequency of VAX-specific T cells.

transcription factors T-bet and signal transducer and activator of
transcription 5, whereas IL-10 and IL-21 improve memory pre-
cursor cell generation through signal transducer and activator of
transcription 3 activation.'”*'~* Metabolic programming is
another critical determinant of T-cell fate. Upon activation, T
cells activate an aerobic glycolysis program that, by providing

precursor molecules through the pentose phosphate pathway, sup-
ports their massive expansion and their differentiation into short-
lived effector T cells. In contrast, memory precursor cells depend
on oxidative phosphorylation to generate ATP. Metabolic interfer-
ence to switch from glycolysis to mitochondrial respiration is
effective in redirecting T-cell differentiation. Improved memory
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CD8 T-cell generation has been accomplished in mice by inhibit-
ing glycolysis with 2-DG, inhibition of mTOR complex
(mTORC) 1, and activation of adenosine monophosphate ki-
nase.”* " Collectively, significant progress has been made to un-
derstand the molecular mechanisms that drive the generation of
Try and memory cells versus short-lived effector T cells after
infection and vaccinations. These insights from mice provide an
excellent framework to examine how the vaccine response in hu-
mans is affected by age and design approaches that could improve
vaccination efficacy.

VACCINE RESPONSES IN OLDER INDIVIDUALS

Interpreting vaccination studies is difficult in the older popu-
lation, in particular due to the high heterogeneity of immune
responses observed with age and the multitude of underlying
comorbidities found within the aging population. Moreover,
directly comparing the immune responses generated in vaccina-
tion studies is often challenging due to variations in the nature of
individual vaccines (ie, live attenuated, protein subunit, adjuvant
utilization, antigen dosing, etc) as well as the study group
characteristics, including the exact definition of “older” adults
ranging from older than 50 years to older than 80 years. In this
review, we generally use the definition of 65 years or older for the
“older” population.

Both in the clinical setting and in research, a response to
vaccination is most commonly assessed by the levels of vaccine-
specific antibodies within circulation. However, these levels do
not always correlate directly with protection against infection.
Antibody titers reflect the successful generation of activated B
cells and short-lived plasma cells, if measured during the effector
phase postvaccination, as well as long-lived plasma cells.
Antibody functionality can additionally be determined by assess-
ing the ability of antibodies to neutralize a pathogen, the antibody
isotype (ie, IgG, IgA, IgM), and the levels of somatic hyper-
mutation and antibody affinity. These data provide information
not only on B-cell responses but also indirect insights into Ty
generation and functionality. Additional data are required to
gain information on the generation of memory T cells or on
tissue-resident T-cell formation that is critical for protective im-
munity at local tissue sites. Other techniques that are used to
get a general idea of T-cell frequency and functionality postvac-
cination include delayed-type hypersensitivity testing, antigen-
specific tetramer staining, ex vivo detection of surface activation
markers (eg, HLA-DR, CD38, and inducible costimulator on
circulating Tgy cells), and in vitro stimulation with vaccine anti-
gens to determine cell proliferation and cytokine production.
A marker for the quality of the vaccine-specific memory T-cell
response is its polyfunctionality, that is, the ability to coproduce
multiple cytokines such as IFN-y, TNF-a, and IL-2.*" Below
we discuss the current literature on primary and recall vaccination
responses during aging.

Impaired primary responses to vaccination in older
individuals

In older individuals, most vaccinations are given to boost
preexisting immunity. There are few studies on primary responses
in humans, making it difficult to study these responses in aging.
Early studies looking at primary vaccine responses in humans
used a live, attenuated yellow fever (YF) virus vaccine, which is
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one of the most effective vaccines currently available. These
studies demonstrated that older individuals have slower genera-
tion of antibodies as compared with young adults, coinciding with
higher viremia at 5 days postvaccination.’® However, by 28 days
vaccine-specific antibody levels were similar between age groups
and viremia was controlled. A large clinical study similarly found
equal titers of YF-neutralizing antibodies 30 days postvaccination
across ages.”” These data suggest that the aging immune system
has the potential to develop sufficient primary responses, albeit
possibly at a slower rate. Additional YF vaccine studies, however,
found that the neutralizing capacity of YF-specific antibodies at
peak response (day 14) is lower in individuals older than 50 years,
as was the effector response for CD8 T cells,”” suggesting that
although the immune system can respond to develop sufficient
immunologic memory for B cells and CD8 T cells, the generation
of the effector phase may be compromised in older individuals.
Moreover, although CD4 T cells specific to YF had similar fre-
quencies across age, these cells were qualitatively much less pol-
yfunctional in older adults compared with young. YF-specific
CD4 T cells also showed significantly less long-term survival
with age, implying ineffective development of immunologic
memory for CD4 T cells.

Similar to the above YF studies, 2 more recent studies using
inactivated, adjuvanted vaccines, one for hepatitis B and the other
for Japanese encephalitis virus (JEV), found that older individuals
displayed delayed and overall reduced primary antibody re-
sponses compared with young adults.*'** For JEV, almost 50% of
individuals older than 60 years did not reach antibody levels
required for a protective response, compared with less than
15% in young adults.”” In addition, JEV-specific memory T cells
(day 35 postvaccination) were tested for their recall ability. The
production of IFN-vy, a main effector cytokine, was significantly
lower in the older cohort compared with the young, as was IL-
10. IL-2 responses were similar between groups, together sug-
gesting that memory T-cell polarization in response to vaccination
is altered with age. Thus, from the limited data sets available, it
appears that the ability of older individuals to mount primary vac-
cine responses fails in 3 distinct ways: impaired CD8 T-cell
effector responses, reduced CD4 T-cell functionality, and
possibly poor memory T-cell maintenance, although this last
concept requires further, more detailed study.

Differential recall responses in older individuals

Most vaccinations that are recommended for older adults are
given to boost preexisting immune memory from previous
vaccination or infection. Although these booster vaccines reduce
the disease burden to some extent, infections such as influenza
and those caused by Streptococcus pneumoniae or herpes zoster
reactivation are still highly prevalent in the older population, indi-
cating ineffective recall responses. Because T cells more specif-
ically mediate influenza and herpes zoster protection, we will
examine these vaccine responses independently and attempt to
integrate what we know about their B-cell and T-cell responses
into a collective understanding of the capacity of the aging adap-
tive immune system to mount recall responses.

Influenza virus. Respiratory infection caused by the influ-
enza virus is one of the major causes of morbidity and mortality in
older adults. This increased susceptibility and predisposition to
poorer outcome is attributed to immune aging.*’ Indeed, multiple
vaccine studies find that older adults display significantly reduced



J ALLERGY CLIN IMMUNOL
VOLUME 145, NUMBER 5

influenza-specific antibody responses compared with young
adults***° and/or fail to maintain durable antibody titers indica-
tive of immune protection (termed “seroprotection”).*® In addi-
tion, the antibodies that are produced in older individuals have
a lower ability to prevent, or “neutralize,” infection, as well as
display restricted repertoire diversity and fewer somatic hyper-
mutations.””*® Although influenza-specific memory B-cell fre-
quencies are similar across age, older individuals show
significantly lower expression of activation-induced cytidine
deaminase (AID) and BLIMP-1, a transcription factor involved
in plasma cell differentiation.”” These features are indicative of
altered germinal center interactions, with an upstream dysfunc-
tion in Tgy cells and a downstream impairment in plasma cell dif-
ferentiation, respectively. Indeed, although relatively similar in
frequency, circulating influenza-specific Tgy-like cells demon-
strate lower IL-21 and inducible costimulator expression in older
adults compared with young adults after vaccination, which could
significantly impact high-affinity antibody generation within sec-
ondary lymphoid tissues (SLTs).”"** However, because circu-
lating Tgy populations are distinct from those in tissues,”
further studies are required to truly determine the impact of aging
on influenza-specific Try frequencies and functionality.

In mice, the CD8 T-cell responses to influenza are diminished
with age’*; however, whether the same defect holds true in hu-
mans is less clear. Before vaccination, CD8 T-cell immunity
against influenza vaccination is reduced, with older adults having
significantly lower basal frequencies of circulating influenza-
specific memory CD8 T cells than young adults.’”>® This reduc-
tion is in conjunction with TCR repertoire narrowing,”’~* which
is likely associated with the altered functionality of these
cells with age. Indeed, CD8 responses to influenza antigen dis-
played reduced polyfunctionality and increased expression of
senescence-associated markers CD57 and KLRG1 with age.”*’
Moreover, influenza-specific memory T cells in older individuals
are more effector-like (ie, higher T-bet),”’ which may suggest
they are more short-lived with a potentially reduced proliferative
capacity. Collectively, these data suggest overall impairment in
the generation of effector cell function and immunologic memory
upon influenza vaccination in older individuals and highlight the
need for better understanding of vaccine-specific interactions
both systemically and within local tissue sites.

Varicella zoster virus. Unlike influenza, VZV infection is a
latent viral infection in which immunologic memory, in particular
T-cell memory, is required to prevent viral reactivation presenting
as shingles or herpes zoster. Unfortunately, immunity acquired
naturally against this pathogen breaks down with age.(‘“ Zostavax
(Merck & Co, Whitehouse Station, NJ), a live attenuated variant
of VZV, was developed to mimic infection and bolster the waning
immune memory in older adults. Although it reduces the inci-
dence of herpes zoster by approximately 50% in adults older
than 60 years, its efficacy dramatically declines with age, where
adults older than 80 years show only 18% vaccine efficacy.®"**
Moreover, the immune protection induced by the vaccine dimin-
ishes within 8 years after vaccination regardless of age.’** Thus,
Zostavax does not generate robust long-term immunologic mem-
ory in older individuals. Somewhat surprisingly, Zostavax is able
to generate similar CD4 T-cell responses in young and older indi-
viduals. However, the T-cell response reached maximum levels
slower with age,65 in part because of a failure to expand preexist-
ing large VZV-specific CD4 memory T-cell clones.”® Instead,
Zostavax vaccination mostly recruited VZV-specific T cells
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from the naive repertoire, which in the absence of a booster vacci-
nation may not reach sufficient frequencies to be protective.
Moreover, CD4 T cells lose polyfunctional cytokine production
with age.®” Most importantly, age is associated with an acceler-
ated contraction of VZV-specific CD4 T cells immediately after
vaccination-induced peak effector responses,’’ possibly due to
a preferential generation of short-lived effector T cells. Thus,
although Zostavax appears to induce sufficient effector levels,
the quality of this response is compromised with age, as is its abil-
ity to generate or maintain effective long-term memory T cells.
Although Zostavax elicits vaccine-specific antibody produc-
tion,”® little is known about how age affects the memory B-cell
responses.

Recently, a new adjuvanted subunit vaccine for VZV, called
Shingrix (GlaxoSmithKlein, Research Triangle Park, NC), was
developed. Strikingly, this vaccine provides more than 97%
efficacy across all ages.®”"’" Moreover, the immunologic memory
developed by the vaccine lasts for at least 9 years, and potentially
longer.”"’* Although the underlying mechanisms for why this
vaccine works significantly better than Zostavax in older individ-
uals is currently unclear, Shingrix induces more vaccine-specific
CD4 and CD8 memory T cells that persist much longer.”* These
cells also display higher IFN-vy responses. Thus, this new vaccine
strategy appears to induce significantly better immunologic mem-
ory and suggests that aging memory T cells may require stimula-
tion conditions distinct from that of young memory cells for
sufficient recall responses. We will discuss this possibility in
further detail below.

Streptococcus pneumoniae. Pneumococcal pneumonia is
a highly prevalent bacterial infection in the aging population.
There are 2 types of vaccines targeting Streptococcus pneumoniae
currently available: a polysaccharide-based vaccine (PPSV23)
and a polysaccharide-protein conjugate vaccine (PCV13).”* As
of June 2019, the Centers for Disease Control and Prevention rec-
ommends a single booster dose of PPSV23 for healthy adults 65
years or older; thus, we will focus primarily on PPSV23 responses
with age. Although the overall effectiveness of PPSV23 in the
older population is somewhat variable, a recent study found the
overall efficacy of PPSV23 to be 25% in adults older than 65
years.”” Other studies have found vaccine efficacies against inva-
sive pneumococcal disease ranging from 45% to 73%."° The pro-
tection provided by the PPSV23 vaccine however consistently
and rapidly wanes over time,”®’” highlighting the hyporespon-
siveness of polysaccharide antigens to booster immunologic
memory.

Immunologically, PPSV23 vaccination induces similar levels
of vaccine-specific IgG across age.74’78’79 However, vaccine-
specific antibodies produced in older individuals are significantly
less functional than in young,*® displaying a reduced capacity to
opsonize pneumococcal bacteria. This loss of functionality has
been linked with the reduced generation of vaccine-specific
IgM and IgA in older individuals.”®’**" There is also evidence
from mouse studies that CD4 T cells are required for effective
antipolysaccharide antibody responses®”**; however, the respon-
siveness of T cells, particularly those within mucosal tissues, to
PPSV23 in older adults is still unclear. In addition, the use of
PCV13 (currently recommended in multiple European countries),
which in theory should elicit higher T-cell responses and better
mucosal immunity, only showed 65% efficacy in adults aged 65
years and rapidly dropped to 40% in adults aged 75 years.***
Thus, there is significant room for improved understanding of
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TABLE I. T-cell and B-cell responses to vaccination with age
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Phase of dysfunction Age-related changes

Vaccine response

Initial antigen-T-cell
interactions Reduced TCR diversity of naive cells
Impaired dendritic cell interactions

SLT breakdown
Reduced TCR signaling

Partial differentiation of naive T cells
Cellular senescence
Aged naive T-cell bias toward effector not

Activation/expansion

Differentiation

Tru
Naive T cells bias toward Ty9
Reduced Blimp-1 expression by B cells

Effector function
Germinal center interactions

Lower antibody secretion by plasma cells
Reduced Tgy function

Lower AID expression in B cells
Increased frequencies of TEMRAs
Altered metabolic function in memory T

Memory survival/
homeostasis

Increased frequencies of ABCs

Decline in total vaccine-specific T-cell numbers

Increased CD39 expression on memory T cells

Reduced generation of effector and memory T cells
Lower Tgy generation

Reduced T-cell expansion

Altered functionality of effector and/or memory T-cell
responses

Reduced generation of memory T cells

Lower Tgy generation

Altered functionality of effector and/or memory T-cell
responses

Reduced plasma cell generation

Reduced levels of antibodies

Reduced antibody affinity

Reduced antibody function

Reduced memory T-cell survival

Lower T-cell recall responses

Lower B-cell recall responses

memory or

cells
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T-cell-specific changes in boldface. B-cell-specific changes in italics.
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FIG 2. Molecular mechanisms of age-associated defects in T-cell responses to vaccines. A mechanistic
overview of known age-related changes in key regulators of primary and recall T-cell responses to infections
and vaccinations and their functional consequences (orange boxes). Red arrows indicate increases and blue

arrows indicate decreases with age.

polysaccharide-based immunity, vaccine design, such as the addi-
tion of adjuvants,*® and age.

Is it all that bad? Diphtheria versus tetanus. The
differential ability of the aging immune system to induce an
effective recall response is particularly highlighted in the case of
diphtheria and tetanus, in which these 2 components (both
toxoids), along with pertussis antigen, are delivered together in
a single vaccine, Tdap. Here, both vaccine antigens induce robust

effector responses, reaching similar antibody titers in both young
and old adults.®”"*® However, 5 years after vaccination, more than
half (54%) of older adults have lost protective levels of
diphtheria-specific antibodies, versus a quarter (24%) of young
adults.®” Conversely, all individuals maintained high protective
levels of tetanus-specific antibodies Tetanus toxoid induces
robust CD4 T-cell responses,” which could potentially explain
differential antibody responses. However, frequencies and
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functionality of circulating CD4 T-cell recall responses to both
tetanus and diphtheria toxoid were similar across age groups.®’
Moreover, the neutralizing capacity of diphtheria-specific anti-
bodies was maintained in older individuals, suggesting sufficient
Try help. What allows tetanus antigen to maintain better immu-
nologic memory than diphtheria antigen remains unclear but
may provide an interesting basis to study age-related mediators
of protective immunity.

MECHANISMS OF DECLINING VACCINE
RESPONSES WITH AGE

Immune aging is commonly considered synonymous with
“immuno-senescence.” However, this term is misleading if
implying that cellular senescence is the major driver of immune
aging.’ Senescence is a cellular state typically defined by an irre-
versible growth arrest, which impairs cellular proliferation. Im-
mune cell senescence, for example, as a consequence of telomere
shortening,”” could cause poor vaccine responses, because these re-
sponses rely on the ability of T and B cells to proliferate. However,
as described above and detailed below, T-cell dysfunction with age
is not primarily based on an inability of T cells to proliferate in
response to antigenic stimulation, but population changes in com-
bination with cellular changes that affect individual steps in the
vaccine response. Table I delineates critical steps in the vaccine
response and how they could be affected by age-associated defects,
starting from a reduced starting pool of vaccine-responsive cells to
poor survival of vaccine-specific memory cells. These models are
not mutually exclusive, but the defects act in concert, with differ-
ences depending on the individual and the vaccine. Below we detail
current mechanistic understanding of age-related changes in T
cells, as well as discuss those in B cells, that may account for these
alterations in older individuals.

Age-related defects in naive T cells that affect
primary vaccine responses

Primary vaccine responses in older individuals display features
consistent with impaired effector T-cell development, altered
effector functionality, and reduced generation of long-term
immunologic memory. An overview of known mechanisms that
contribute to dysfunctional development of effector and memory
responses in naive T cells with age is provided in Fig 2.

Antigen-specific naive cell precursors typically range from
approximately 1/10° to 1/10° cells within the T-cell population of
adults.”"”” Thus, an easy explanation for lower effector cell re-
sponses is simply a reduction in naive cells available to participate
in vaccine-specific immune responses. Indeed, a key and highly
reproducible feature of immune aging is the quantitative loss of
naive T cells.”” " This loss is much more prevalent in the CD8
compartment than in the CD4 compartment, in which the starting
pool of naive CD8 T cells is lower than that of CD4 in young
adults and contraction rates with age are higher. For example, a
recent study quantified absolute numbers of naive T cells across
age where naive CD4 T cells contracted from approximately
300 to approximately 200 cells/pL in 20- to 70-year-olds, respec-
tively, and naive CD8 T cells contracted from approximately 200
to approximately 50 cells/wL.”> Whether this contraction alone is
sufficient to alter the inherent ability of the naive T-cell repertoire
to recognize specific antigens from new pathogens or vaccines as
we age is unclear. However, this cellular contraction is in tandem
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with a significant loss of TCR diversity in both CD4 and CDS8
naive compartments.”™”’ A 4-fold contraction in diversity has
been estimated with age, from approximately 20 X 10° unique re-
ceptors in young to approximately 5 X 10° in healthy older indi-
viduals for both CD4 and CD8 naive T cells,”® which implies a
significant loss of unique antigen-specific naive T cells in older
individuals. Consistently, diminished YF vaccine-specific CD8
and CD4 effector responses were found to be highly correlated
with baseline frequencies of naive CD8 and CD31" naive CD4
T cells, respectively.”’ Collectively, an overall contraction of
the naive T-cell repertoire together with lower cell numbers
may account, at least in part, for reduced primary vaccine re-
sponses, although complete loss of recognition of specific anti-
gens in the human repertoire is unlikely given the extensive
diversity and cross-reactivity of the TCR.”®

Although the loss of naive cells could be a potential causative
factor in decreased effector responses, a quantitative decrease alone
does not account for functional differences observed in effector and
memory T-cell responses, as well as in B-cell responses. Consis-
tently, recent studies reveal that naive CD8 T cells not only have
decreased survival with age but that they also become phenotypi-
cally and functionally distinct from naive T cells in young adults
—becoming more epigenetically, transcriptionally, and posttran-
scriptionally (ie, microRNA [miR]) similar to central memory T
cells.”'% This partial differentiation appears to be naive cell—
intrinsic and distinct from infiltration of the naive compartment
with naive-like memory cells, a population that increases in fre-
quencies in older individuals. As humans lose the ability to make
new naive T cells via thymic output, '’ 1192 the cause of this partial
differentiation phenotype could be 2-fold: selection of long-lived,
more memory-like cells and/or adaptation of naive cells to an aging
(and possibility inflamed) tissue environment. The first scenario is
intriguing because recent fate mapping studies in mice have found
that the naive CD8 T-cell compartment in adults is composed of
multiple subsets that have distinct developmental pathways and
unique responses to infection.'"*'** However, mathematically, an
adaptation scenario is favored, where cells adapt to their environ-
ment, becoming more fit (ie, acquire a survival or proliferative
advantage) with age.'”” It is also more consistent with the loss of
stem-like features and reduced plasticity we observe in naive T
cells in older individuals,””'" and in line with conversion of naive
T cells to virtual memory-like cells observed in mice with
age.'"”'%® Virtual memory cells are a “naive” cell population
that acquires features of memory T cells without prior antigenic
stimulation, driven instead by cytokine-mediated signaling.

A specific feature that may account for reduced effector
responses from naive T cells with age is impaired TCR signaling.
In naive CD4 T cells from older individuals, reductions in the
transcription factor YY1 mediate lower miR-181a expression,
leading to reduced ERK signaling upon TCR engagement.'?-''?
Similar reductions in miR-181a are found in naive CD8 T cells
with age'” and likely contribute to reduced TCR signaling in
these cells as well. Reduced miR-181a with age is functionally
important. In a mouse model of miR-181a deletion in peripheral
T cells, the generation of antiviral CD8 T-cell responses is
impaired, causing defective viral clearance and reduced genera-
tion of liver-residing memory CD8 T cells'''—similar defects
to those seen with vaccinations during aging.

Consistent with the reduction in frequencies of vaccine-
induced memory T cells in older individuals, activation of naive
T cells in older individuals favors short-lived effector T-cell
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Model A - Loss of Long-term Memory

Model B - Impaired Effector Responses
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Model C - Poor Memory Survival

young @
old

Times after recall response ==

Less baseline memory
Similar Expansion
Similar contraction

Similar baseline memory
Less Expansion
Similar contraction

Similar baseline memory
Sililar Expansion
More contraction

FIG 3. Potential models for reduced recall responses in aging. Loss of recall responses observed in older
individuals could be contributed to 3, not mutually exclusive, scenarios: (Model A) reduced frequency of
vaccine-specific memory cells for initial recall, (Model B) less expansion of vaccine-specific memory cells
during recall, and (Model C) increased contraction, or poor survival, of vaccine-specific memory postrecall.

generation over memory precursor cells. Mechanistically, aged
naive CD4 T cells demonstrate a basal shift in transcriptional
factor profiles away from a Tgy-like signature of BCL6 and
ID3.'"° This profile shift also skews naive CD4 subset polariza-
tion toward a Ty9 phenotype upon antigenic stimulation in older
individuals and may also account for diminished CD4 Tgy func-
tionality in response to vaccination with aging. Moreover, an age-
associated increase in miR-21 expression in naive CD4 T cells
sustains the activity of several signaling pathways including
AKT-the mammalian target of rapamycin and mitogen-
activated protein kinase by targeting their negative regulators,
thereby promoting the generation of short-lived effector T
cells.''” In parallel, prolonged activation of AKT results in sus-
tained FOXO1 degradation that impairs the functional activity
of lysosomes resulting in impaired proteostasis and the produc-
tion of B-cell—toxic exosomes.''® In addition, effector-like T cells
express higher levels of the ATPase CD39, and CD39 levels on
activated CD4 T cells inversely correlate with the development
of influenza-specific memory T-cell responses.”* Moreover, aden-
osine generated by CD39 from secreted ATP inhibited TFH devel-
opment, through negative regulation by BCL6.''* As CD39
expression on activated CD4 T cells increases with age, it likely
plays a role in the impairment of age-related T-memory and
TFH responses to vaccination.

In addition, IL-2 signaling preferentially induces the formation of
effector rather than memory cells.”' The expression of CD25 (ie, IL-
2 receptor alpha) inversely correlates with the development of mem-
ory CD4 T cells postantigenic exposure in mice, where CD25'"
cells more effectively develop into Tpy; and memory CD4 T cells.”
As CD25 expression increases on human naive CD4 T cells with
age,'"” this may also influence the development of memory/TFH
cells during aging. Overall, expanded system immunology-based
studies may provide a larger, more cohesive picture of naive CD4
and CD8 T-cell dysfunctions with aging and their relationship to
the development of memory responses to vaccinations.

Aging tissue microenvironment as a blockade to
effective primary vaccine responses

In addition to T-cell-intrinsic changes with age, it is becoming
more appreciated that cell-extrinsic alterations in tissue

microenvironments can contribute to immune aging. In animal
models, aging SLTs (eg, lymph nodes) exhibit a collapse of
stromal networks, an increase in fibrosis (ie, collagen deposition),
and reductions in homing chemokines levels,''“"'*" suggesting
that SLT aging may be associated with naive T-cell dysfunction
and to poor vaccine responses in older individuals. Indeed,
increased lymph node fibrosis has been recently linked with
reduced primary CD4 T-cell responses to YF vaccination and to
subsequent diminution in antibody production.'?’ Within SLTs,
naive T cells are maintained by secretion of the essential survival
cytokine IL-7 from fibroblastic reticular cells.'?? However,
studies on IL-7 and age have not supported the differential pro-
duction of IL-7 by fibroblastic reticular cells as a cause of naive
T-cell reduction with ;;1ge.120’123’124 Aged naive CD8 T cells do
however express lower levels of IL-7 receptor caused by a reduc-
tion in FOXO1 activity, which may account for some age-related
dysfunction.'” Determining the role of aging SLTs, particularly
fibrosis and mediators beyond IL-7, in naive T-cell function and
its breakdown with human aging is a new active area of research.

Memory T-cell recall response with age—Inability
to mount an effective recall response and/or
maintain immunologic memory?

Booster vaccination given later in life, such as those for
influenza and herpes zoster, rely on the ability of our adaptive
immune system not only to maintain immunologic memory over
the course of decades but also to retain a high functional capacity
of memory cells during this time. Thus, the impaired vaccine
responses observed with aging to some of these vaccines are
potentially caused by different mechanisms. We discuss potential
scenarios, not mutually exclusive, for possible loss of vaccine
effectiveness in the context of T-cell memory recall below and
overviewed in Fig 3.

Similar to primary vaccine responses, one explanation for
ineffective vaccine recall responses is merely the quantitative loss
of memory T cells over time. Indeed, although the relative
frequencies of memory CD4 and CDS8 T cells increase with age,
there is still an overall numerical loss of memory T cells.”™'*
However, unlike the naive repertoire, memory T cells demon-
strate little, if any, loss of TCR richness with age.% Instead, an



J ALLERGY CLIN IMMUNOL
VOLUME 145, NUMBER 5

expansion of individual TCRs (ie, clonotypes) is observed.
A similar finding is observed in response to the influenza vaccine,
where older individuals generate multiple influenza-specific CD8
T-cell populations after vaccination but these populations dis-
played large clonal expansions and distinct TCR usage compared
with younger adults.”” These data demonstrate that memory
contraction during aging is insufficient to completely wipe out
antigen-specific clones. Moreover, long-lived stem-like memory
T cells, which have reacquired a naive phenotype,'**'?” are rela-
tively maintained across age.”” However, aging may cause expan-
sion of certain clonotypes that subsequently dominate the
immune recall response. Although excessive clonal expansion
does not affect the overall phenotype or functionality, which is
in contrast to the functional defects of T-cell exhaustion during
chronic viral infection, their proliferative potential appears to
be compromised. Consistent with this concept, clonal expansion
after((Zostavax vaccination was inversely correlated with clonal
size.”

Another possible scenario is that the recalled memory cells in
older individuals cannot or do not generate functional effector
responses. Strikingly, the overall ability of memory T cells to
expand postrecall seems relatively similar in numbers to that of
young adults across multiple booster vaccines. This is also
observed in vitro, with memory T cells from young and old dis-
playing similar levels of proliferation after TCR stimulation.'*®
Moreover, aging memory T cells do not have an intrinsically
altered ability to produce effector cytokines, including IFN-v,
TNF-o, and MIP-1c.'?® This is consistent with both effector
memory and central memory CD8 T cells from older individuals
displaying intact epigenetic signatures of effector T cells,”” with
recent unpublished data from our group (Hu, Jadhav, Weyand, and
Goronzy, 2020) suggesting the same for memory CD4 T cells. If
anything, binding motifs to bZIP family transcription factors such
as AP-1 or basic leucine zipper ATF-like transcription factor that
are important for effector cytokines transcription are more acces-
sible with age. However, many vaccine responses in aging
described above found reduced polyfunctional T-cell responses.
Loss of polyfunctionality may be a consequence of more pro-
gressed or end-differentiation, as indicated by the chromatin state
of old central memory T cells or the increased frequencies of
terminally differentiated effector memory cells (TEMRAs).'*"
An alternative explanation is that memory T cells in older individ-
uals respond qualitatively differently to TCR stimulation than in
young. Indeed, similar to naive T cells, memory CD8 T cells
display reduced miR-181a, which likely reduces some TCR-
mediated signals. Interestingly, miR-181a knockout CD4 mem-
ory T cells display a preferential selection for higher affinity
clones during recall.''' One could speculate that because TCR af-
finity has been shown to directly correlate with polyfunctional-
ity,13 ! the down-tuning of TCR signaling in aging memory cells
may cause selection for high-affinity survival but not have suffi-
cient signaling to maintain optimal, broad polyfunctionality. In
addition, the local cytokine milieu may influence polyfunctional
T-cell responses in aging.'*”

A third scenario is that memory cells demonstrate an effector
response similar to young but do not generate or maintain the
subsequent memory cells. This concept is similar to that observed
in the aging naive compartment, in which naive T cells from older
individuals preferentially become short-lived effector cells and
not more long-lived memory precursor cells. Consistently, after
Zostavax vaccination, VZV-specific CD4 memory cells expanded
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at a similar rate between young and old; however, there was a
more significant contraction of vaccine-specific cells, leading to
an overall reduction in VZV-specific memory.” CD4 T cells from
older individuals also mount similar levels of effector responses
against influenza vaccination but contract more, leaving less
memory,"*” indicating that memory T cells share a common
feature of poor memory development upon recall. This has been
confirmed in a study demonstrating that the persistence of mem-
ory Tyl-type CD4 to VZV depended on age, whereas initial
effector response did not.'**

Mechanistically, effector CD4 T cells derived from the
activation of memory T cells of older individuals exhibit altered
metabolic function with higher oxidative phosphorylation and
increased ATP secretion,'>® which, in conjunction with increased
CD39 expression, may affect their long-term survival. Gene
expression studies point to the importance of DNA damage re-
sponses and cell cycle regulation in the failure of older activated
T cells to survive as long-lived memory T cells.®” Collectively, a
similar model emerges for memory recall responses as for pri-
mary memory T-cell response; that is, that T-cell aging is associ-
ated with a bias to differentiate into short-lived effector T cells
rather than Ty or memory precursor cells.

B CELLS, AGING, AND VACCINE RESPONSES

As described in Fig 1, the function of Tgy cells in vaccine re-
sponses is to regulate B-cell activation and differentiation. There
is growing evidence that, much like T cells, B cells also become
dysfunctional with age. The most common feature of the aging
vaccine responses is lower induction of functional vaccine-
specific antibodies. Antibody functionality in this context varies
but is usually determined by hemagglutinin inhibition assays
for influenza, viral neutralization assays for YF, bacterial opsoni-
zation for Streptococcus pneumoniae, and antigen-binding anti-
body levels for most other responses including JEV, VZV, and
hepatitis B. The development of protective antibodies requires
multiple sequential steps similar to that of T cells and includes
naive B-cell activation, cell expansion, and differentiation into
antibody-secreting plasma cells. Moreover, the generation of
memory B cells is essential to establish effective protection
against subsequent pathogenic exposure. However, the induction
of protective antibodies also uniquely requires class switch
recombination (eg, the conversion of the B-cell receptor [BCR]
from IgM to IgG or IgA isotype) and affinity maturation driven
by BCR somatic hypermutation (eg, mutations of the BCR that in-
crease antigen binding). These 2 processes are mediated by the
enzyme AID.

Age-related changes in the B-cell compartment are somewhat
unique compared with those in T cells. Even with skewing of
hematopoietic stem cell differentiation away from the lymphoid
lineage, the peripheral B-cell compartment is relatively main-
tained in numbers across age. Vaccine-specific development of
effector and memory B cells also appears somewhat intact, with
influenza vaccination inducing similar frequencies of influenza-
specific memory B cells and plasmablasts in young and older
adults.*”* Although little quantitative differences are found with
age, significant qualitative differences are observed. These
included the reduced expression of AID, which mediates class
switch recombination/somatic hypermutation in naive and mem-
ory B cells, and of BLIMP-1, which induces their differentiation
into plasma cells.*”1*> Moreover, fewer mutations in the BCR
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repertoire and an increased clonality is found in influenza-specific
B cells from older adults.*” These changes could potentially ac-
count for reduced antibody functionality caused by reduced affin-
ity maturation, and are closely related with loss of Tgy-cell
function with age.

The memory B-cell compartment shows additional qualitative
changes with age, particularly highlighted by an expansion of a
proinflammatory subset whose phenotype is thought to be driven
by local tissue inflammation.'**'** These proinflammatory cells
in older individuals are similar to age-associated B cells (ABCs)
first described in mice by the Cancro and Marrack groups.'**"'*°
ABCs are mainly characterized by their expression of CDI11c
and T-bet and the absence of CD21, although the exact definition
of these cells varies widely between studies.'*""'** These cells
produce antibodies in response to toll-like receptor, but not
BCR, engagement and are elevated in various circumstances inde-
pendent of biological age including chronic viral infections and
multiple autoimmune diseases. In the context of vaccination,
increased CD27% ABCs in the periphery of older adults associate
with reduced titers of functional influenza-specific antibodies, 143
implying a relationship between ABCs, tissue aging, and vaccine
responses. However, further studies in humans are required to gain
insight into the functional role of this proinflammatory B-cell sub-
set and antigen-specific antibody responses in older individuals.

CLINICAL IMPLICATIONS AND FUTURE
DIRECTIONS

As described above, innovative vaccine development for VZV
using a novel subunit plus adjuvant ASO1p vaccination strategy
has overcome age-related antibody reduction in response to this
vaccination and provides similarly high protection regardless of
age.’" This vaccination also induced robust CD4 T-cell responses
that persist for almost a decade.’”"'** Similarly, influenza vac-
cines with increased antigen dosage or the addition of the
MF59 adjuvant have shown increased immunogenicity. More
importantly, several studies of the adjuvanted vaccine found sig-
nificant improvement in influenza-related outcomes in older indi-
viduals, such as hospitalization due to vascular events or
pneumonia, and at least a trend toward reduced incidence of
laboratory-confirmed influenza. 145,146 Thus, the defect in vaccine
responses seen in older individuals may not be an absolute feature
of the aging immune system but a limitation of specific vaccina-
tion strategies. Increasing the antigen dose or using adjuvants to
delay the clearance of antigen, in conjunction with the increased
expression of costimulatory molecules, can overcome defects in
T-cell activation and also compensate for lower frequencies of
antigen-specific T cells. Booster vaccinations may also be needed
more regularly, because larger memory T-cell clones in older in-
dividuals have a lower propensity to expand, and recall responses
therefore rely on the expansion of infrequent antigen-specific T
cells, as in primary responses. Interestingly, Shingrix, a vaccine
that is highly efficient in preventing VZV reactivation across
age, includes a booster vaccination.

A more difficult task is to influence the differentiation of T cells
to favor memory precursor cells and Tgy cells over short-lived
effector T cells. The nature of the vaccine adjuvant is important
in determining the fate of the differentiating T cells,'*” and newer
adjuvants may overcome the bias in older individuals to generate
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short-lived effector T cells in primary as well as recall responses.
In the context of HIV vaccination, Cirelli et al'*® have shown the
superiority of slow delivery over conventional immunization in
inducing more robust Tgy-cell responses and germinal center B
cells in rhesus monkeys.'*®* Moreover, although conventional
bolus-immunized animals developed antibodies to nonneutraliz-
ing immunodominant epitopes of the envelope protein, slow
delivery—immunized animals targeted a more diverse set of epi-
topes. Although the methods of slow delivery immunization
used in this study are not practical for population-wide vaccina-
tion campaigns such as those for influenza virus protection, the in-
sights from this study are spearheading new approaches to
improve vaccination in the elderly.

It might also be possible to pharmacologically influence T-cell
differentiation. Prolonged activation of the AKT-mTORC
pathway favors the differentiation into effector T cells, which
can be attenuated by mTORC inhibition.*® Initial human studies
have used the mammalian target of rapamycin inhibition via rapa-
logs in the setting of influenza vaccination, finding increased gen-
eration of influenza-specific antibodies postvaccination.'*’
Sustained mTORC signaling as well as signaling of mitogen-
activated protein kinase in older T cells is due to the overexpres-
sion of miR-21, raising the possibility that preventing the
upregulation of miR-21 could be a promising avenue to skew T-
cell differentiation pathways. Metabolic interference may also
be successful to favor generation of memory T cells that rely on
oxidative phosphorylation. Indeed, C1q has recently been shown
as a mitochondrial activator that suppresses exuberant short-lived
effector responses in CD8 T cells. 10151 Finally, genetically pre-
disposed, CD39-expressing older individuals suppress Try gener-
ation through the stimulation of the adenosine receptor
A2AR24'l 4. in these individuals, interventions to prevent CD39
upregulation or A2 R signaling in the first 2 weeks after vaccina-
tion may be beneficial to improve B- and T-cell memory.

Taken together, we have made great strides in understanding
the mechanisms how immunologic memory after vaccination is
induced and how it can be optimized. Defects in the aging
immune system have been identified that appear to be surmount-
able. These insights should allow for a rationale design of
vaccination strategies to improve protective immune responses
in older individuals and need to be tested in clinical studies.

What do we know?
o The development of immunologic memory is diminished
with age for both primary and booster vaccination.

o Aged T cells favor the generation of short-lived effector
over memory/Tgy cells.

o T-cell differentiation can be augmented to favor memory/
Tgy development via inhibition of the mammalian target
of rapamycin complex (mTORC) or A2,R signaling.

What is still unknown?

e Ability of vaccines to induce tissue-resident memory with
age.

o Contribution of age-related tissue inflammation and/or
fibrosis on vaccine-specific T-cell responses.

o Effectiveness of modulating T-cell differentiation to
improve vaccine efficacy in older individuals.
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