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ABSTRACT . _ . . ) o ) ARTICLE HISTORY
Introduction: Immunosenescence is a normal biologic process involving deterioration of protective Received 20 November 2020
immune responses. Consequently, older adults experience increased risk of infectious diseases, parti- Accepted 21 April 2021

cularly pneumonia, and its leading bacterial cause, Streptococcus pneumoniae. Pneumococcal vaccine

recommendations are often limited to adults with specific medical conditions despite similar disease :a(:ngﬁ;
risks among older adults due to immunosenescence. immunosenescence;

Areas covered: This article reviews epidemiologic, biologic, and clinical evidence supporting the pneumococcal; vaccine;
consideration of older age due to immunosenescence as an immunocompromising condition for the pheumonia; vaccine policy
purpose of pneumococcal vaccine policy and the role vaccination can play in healthy aging.

Expert opinion: Epidemiologic and biologic evidence suggest that pneumococcal disease risk increases

with age and is comparable for healthy older adults and younger adults with immunocompromising

conditions. Because immunocompromising conditions are already indicated for pneumococcal conju-

gate vaccines (PCVs), a comprehensive public health strategy would also recognize immunosenescence.

Moreover, older persons should be vaccinated before reaching the highest risk ages, consistent with the

approach for other immunocompromising conditions. To facilitate PCV use among older adults, vaccine

technical committees (VTCs) could classify older age as an immunocompromising condition based on

the process of immunosenescence. With global aging, VTCs will need to consider immunosenescence

and vaccine use during healthy aging.

1. Introduction as lower respiratory tract infections, including pneumonia.
Among pneumonia pathogens, Streptococcus pneumoniae
(pneumococcus) is recognized as a major cause [4].

Pneumococcal polysaccharide (PPSV) and conjugate (PCV)
vaccines are licensed and recommended for the prevention of
bacteremic and bacteremic/non-bacteremic  pneumonia,
respectively. Of these, non-bacteremic pneumonia is the
most common presentation. The recommendations for pneu-
mococcal vaccine use in adults are highly diverse across and
within countries (e.g. age vs. risk-based, PPSV + PCV vs. PPSV
only vs. PCV only) and within countries in terms of the age
groups, comorbid medical conditions included in risk category
groupings, and risk categories (e.g. healthy, at-risk based on
the presence of a comorbid medical conditions, and high-risk
based on the presence of an immunocompromising
condition).

Risk-based categories are created to group together condi-
tions based on pneumococcal disease risk, and for purposes of
vaccination policy to then prioritize pneumococcal vaccination
of those at highest risk. In some countries, age-based pneu-
mococcal vaccination recommendations exist for all persons

Over the past half century, advances in public health and
individual health care, development of antimicrobial agents,
and improved vaccines have resulted in dramatic increases in
life expectancy around the world. The global population of
people =65 years of age is projected to more than double,
from 703 million in 2019 to 1.5 billion in 2050 [1]. There will be
one in six of the world’s population =65 years of age by 2050,
including one in four people living in Europe and North
America [2]. Globally, it is projected that the number of adults
>80 years of age will triple from 143 million in 2019 to
426 million in 2050 [1].

Age-related deterioration of the immune system, termed
immunosenescence [3], occurs as a normal part of healthy
aging. There is not a defined, universal chronological age at
which the deterioration starts to occur, as this process is multi-
faceted and happens over a long time span in a highly hetero-
geneous group experiencing many health states. In older
adults, immunosenescence is directly related to the high mor-
bidity and mortality associated with infectious diseases, such
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Article highlights

e Immunosenescence, or age-related decline of the immune system,
compromises the innate and adaptive immune responses and con-
tributes to the increased susceptibility to pneumococcal infections
among older adults.

e Risk-based pneumococcal vaccine recommendations generally target
individuals with comorbid and immunocompromising conditions
associated with an increased risk of pneumococcal disease.
However, older age (and the process of immunosenescence) is not
specifically named as an immunocompromising condition despite
being a condition that confers a similar risk of pneumonia and
invasive pneumococcal disease as some other conditions (e.g. asple-
nia, malignancy, and human immunodeficiency virus infection) in this
category.

o Available data indicate that a rational approach to risk-based recom-
mendations for pneumococcal vaccination of older adults is for
national vaccine technical committees to classify older age as an
immunocompromising and thus a high-risk condition, similar to
other high-risk conditions currently targeted for prevention by pneu-
mococcal vaccines.

o Future studies are needed to identify the appropriate age at which
the disease risk increases in older adults as they transition from
a healthy to an at-risk or high-risk state and to identify markers of
immunosenescence that signal the beginning of the transition to this
immunocompromised state.

o While we focus on pneumococcal vaccines, the same assessment of
epidemiology and biology could be done for other etiologies tar-
geted by adult vaccines to determine if defining immunosenescence
as an immunocompromising condition has a broader application.

older than a certain cutoff such as 60 or 65 years. However,
there can be a difference in recommendations for persons
who are high-risk at any adult age - typically age =18 years
and who usually receive the highest priority — and older
adults. The separation of older adults into a distinct category
may occur because older persons are not recognized as being
immunocompromised (with respect to pneumococcal disease
risk) due to immunosenescence or alternatively, because of
lack of awareness that age may confer a pneumococcal dis-
ease risk similar to that of some high-risk persons who are
already targeted for pneumococcal vaccination.

In this context, the purpose of this review is to provide
a rationale and framework for including older age — based on
the process of immunosenescence - as an immunocompro-
mising condition for the purposes of pneumococcal vaccine
recommendations. In principle, immunosenescence itself
could be included as an immunocompromising condition.
However, in practice no marker exists currently to identify
persons that have reached specific levels of immunosenes-
cence, and consequently we propose that older age be used
as a surrogate. In support of this categorization, we will review
the biologic evidence pertaining to pneumococcal disease risk
in older adults. We then will review the epidemiologic evi-
dence supporting that older age may confer pneumococcal
disease risk similar to that of immunocompromising condi-
tions already considered as high-risk for pneumococcal dis-
ease. We acknowledge that the epidemiologic evidence
presented herein derives from countries that may have
a pneumococcal vaccination policy already in place for older
adults. However, none have adopted the framework we pro-
pose here. Acceptance and application of this framework
would demonstrate a consistent approach to pneumococcal

vaccine recommendations across the lifespan based on the
available evidence for risk of pneumococcal disease. This
would thereby facilitate decision-making by national vaccine
technical committees (VTCs) and clinicians regardless of the
adult pneumococcal vaccination policy that is selected for
a particular country.

Classifying older age based on immunosenescence as
a high-risk immunocompromising condition for the purposes
of adult pneumococcal vaccination policy will facilitate deci-
sion-making regardless of whether a country has a robust
pediatric national immunization program (NIP) that includes
PCV or recommends and funds 23-valent PPSV (PPSV23) for
older persons. This is because while pediatric PCV use reduces
vaccine serotype disease through indirect protection of unvac-
cinated age cohorts, and PPSV23 may reduce some vaccine
serotype IPD, substantial residual vaccine serotype disease
remains among older adults [5-7]. Using 13-valent PCV
(PCV13) immunization of older adults as a probe has revealed
a large, under recognized burden of vaccine preventable clin-
ical pneumonia [8-11] despite pediatric PCV use and adult
PPSV23 use. This residual disease potentially can be addressed
by direct immunization of older adults with PCVs, which have
demonstrated efficacy and effectiveness in this population
against vaccine serotype IPD and pneumonia - including
that due to serotype 3 - as well as all-cause or clinical pneu-
monia (Supplemental Text [5,7-27]). In our arguments regard-
ing immunosenescence, we are not advocating for any
particular adult vaccination policy including use of a specific
pneumococcal vaccine. Decisions pertaining to the choice of
pneumococcal vaccine will be dependent upon numerous
local factors that will be weighed by VTCs.

2. Older adult pneumococcal vaccination policy

As will be demonstrated, older adults as a group have an
increased risk of pneumococcal disease compared with
younger adults as a group. However, these data by themselves
do not have direct implications for vaccination policy among
older adults because adult pneumococcal vaccine policy is
commonly stratified by risk profiles. Specifically, adults are
considered to be ‘healthy,’ ‘at-risk,” or ‘high-risk, based on
data showing the degree to which underlying or associated
conditions increase the risk of pneumococcal disease [28-32].
The specific conditions included in these risk profiles differ by
country based on recommendations made by VTCs (Table 1).
In general, persons classified and hereafter referred to as
‘healthy’ are those who do not have a risk condition included
by VTCs in vaccine recommendations. Comorbid medical con-
ditions classified and hereafter referred to as ‘at-risk’ are those
that place an individual at some but not substantial increase in
risk of pneumococcal disease and may include diseases of the
heart, lungs or liver; diabetes mellitus; and alcoholism.
Immunocompromising conditions classified and hereafter
referred to as ‘high-risk’ are those that substantially increase
the risk of pneumococcal disease and may include human
immunodeficiency virus (HIV) infection, asplenia, cochlear
implant, cerebrospinal fluid leak, organ or bone marrow trans-
plant, sickle cell disease, congenital or acquired
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Table 1. Medical conditions identified for pneumococcal vaccine recommendations by select countries.

At-risk conditions
Prior IPD
Chronic neurologic conditions

Chronic neurologic conditions with impaired management of oral secretions

Chronic heart disease
Chronic cardiovascular disease
Chronic kidney disease
Chronic liver disease
Cirrhosis
Chronic lung disease
Severe asthma
Diabetes mellitus
Smoking
Alcoholism
Down syndrome
Osteo-meningeal breccia
Occupational risk (exposure to metal fumes)
Celiac disease
High-risk conditions
Cerebrospinal fluid leak
Cochlear implant
Intracranial shunts
Sickle cell disease/other hemoglobinopathy
Congenital or acquired asplenia or splenic dysfunction
Congenital or acquired immunodeficiencies
Immunocompromising therapies
HIV infection
HSCT recipient

Malignant neoplasms including leukemia and lymphoma (e.g. Hodgkin's disease)

Disseminated neoplasms

Nephrotic syndrome

Solid organ or islet transplant

Chronic renal/adrenal failure

Phagocytic disorders (excluding chronic granulomatous disease)

Multiple myeloma

Complement disorder, systemic steroids treatment

Chronic inflammatory diseases

Deficiency or dysfunction of myeloid cells; properdin deficiencies; neoplastic
diseases; autoimmune diseases

US UK Germany Australia Canada France Italy Japan Spain

X

X X
X
X X X X X X X X
X
X X X X X
X X X X X X X
X X
X X X X X X X X X
X
X X X X X X X X
X X
X X X X
X X
X
X
X
X X X X X X X
X X X X X X X X X
X
X X X X X X X
X X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X X
X X X X X X X
X X X X X X
X
X X X X X X
X X X X X X X
X X X X X
X X
X X X X X
X X X
X
X X

Key: US = United States, UK = United Kingdom, IPD = Invasive pneumococcal disease, HIV = human immunodeficiency virus, HSCT = hematopoietic stem cell

transplant.

immunodeficiencies, hematological cancers, and conditions
requiring treatment with immunosuppressive therapy.
Vaccine recommendations and reimbursement policies vary
widely across countries. Globally, and in contrast to the rela-
tively standardized recommendations for PCVs in pediatric
NIPs, pneumococcal vaccine recommendations for adults are
remarkably diverse, reflecting country-based differences in the
disease epidemiology, healthcare systems, financing, jurisdic-
tional responsibilities, and vaccine acceptability in the target
population [33]. For countries that have a pneumococcal vac-
cine policy for adults, this diversity is also reflected in the
classification of adults into risk categories, the age at which
recommendations begin (commonly at age 60 or 65 years),
and public reimbursement programs (Supplemental Table 1).
Among countries that have a pneumococcal vaccine
recommendation, many of which are high-income, age- and
risk-based recommendations are made separately, perhaps
based on historic precedence, convenience, or another
unstated rationale and using a variety of conditions that are
considered to result in an increased risk for pneumococcal
disease. Recommendations and reimbursement for adult
PCV13 use in most countries subsequently have emphasized

vaccinating high-risk but not older adults (usually defined as
over 60 or 65 years of age), despite both being at similar risk
of pneumococcal disease due to the presence of immunocom-
promising conditions.

Some jurisdictions target pneumococcal vaccines to per-
sons above an age threshold - such as 60 or 65 years — but as
a separate category from at-risk or high-risk groups and with-
out recognizing that older age is a high-risk condition because
of the immunocompromising nature of immunosenescence.
For example, the US from 2014 through 2019 recommended
and funded routine use of PCV13 in high-risk adults of all ages
and all adults =65 years of age. However, in 2019, the recom-
mendation for older adults was changed to shared clinical
decision-making, again creating a different recommendation
for the two groups despite similar risk based on both being
immunocompromised.

Placing older adults into a separate category from high-risk
or immunocompromised may undermine efforts to improve
coverage, vaccine acceptance by medical providers, and fund-
ing of recommendations since it implies that older adults are
in some way at less risk than the high-risk categories and for
different reasons. A more evidence-based approach for VTCs
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globally might be to recognize that older age as
a consequence of immunosenescence is the most common
high-risk, immunocompromising condition. A practical step
toward this recognition would be to classify older age as
a high-risk condition for the purposes of pneumococcal vac-
cine recommendations. The remainder of this manuscript will
present the epidemiologic and biologic bases for this
recommendation.

3. Pneumococcal disease data by risk and age
groupings

3.1. Aging is associated with increased risk and severity
of pneumococcal disease

The first issue to address is the degree to which age is asso-
ciated with an increased risk and severity of pneumococcal
disease. Consequently, in this section, we briefly review age-
related differences in the risk of all-cause pneumonia, pneu-
mococcal pneumonia (PP), and invasive pneumococcal disease
(IPD) and the degree to which age increases adverse outcomes
(such as intensive care unit [ICU] admission or mortality)
among those with pneumococcal disease. Based on ample
evidence from around the globe, it is well accepted that
among adults the incidence of pneumonia increases with
age and that older adults have the highest incidence.
Depending upon the study period, methodology, laboratory
detection tools, age groups used for comparison, the inci-
dence of community acquired pneumonia (CAP) ranges from
10-fold higher in Japan to 50-fold higher in the US to >100-
fold higher in Europe among older adults compared with
younger adults [34-36]. Because S. pneumoniae is among the
most common etiologies of pneumonia, age-related trends in
PP and IPD, the majority of IPD being bacteremic pneumonia,
mirror those of all-cause pneumonia albeit at lower incidence
and with wide variability between countries due to study
methodology, clinical practice, country notification require-
ments, and country characteristics [14,16,37-42].

The highest incidence among older adults correlates with
the observed high incidence of severe pneumococcal disease
and subsequent outcomes in this population. In Switzerland,
older age (=50 and =65 years) was associated with increased
hospitalization for pneumonia and PP, longer length of stay,
and higher mortality [43]. In Canada, mortality rates for pneu-
mococcal CAP (pCAP) increased with age from 3.8% (16—
49 years), to 6.3% (50-64 years), and 12.0% (=65 years) [44].
In the same study, adults =65 years of age accounted for 67%
of deaths attributed to pCAP, 43% of the ICU admissions, and
43% of patients requiring mechanical ventilation, while these
outcome measures (in the same order) were 10%, 20%, and
20% in adults 16-49 years of age [44]. Likewise, among IPD
cases in the US in 2018, the mortality rate increased with age
from 0.14/100,000 in the youngest adults 18-34 years to 2.3/
100,000 among those 65-74 years and 8.4/100,000 among
those =85 years of age [41]. In the UK, the overall case fatality
rate (CFR) of IPD was highest in adults =65 years of age [32].

In the short term, patients with pneumonia have a higher
risk of exacerbation from comorbid medical conditions such as
cardiac events [45-48], and these comorbid conditions are

more common among older adults. Although mortality is
typically measured during hospitalization or at 30 days as
a short-term clinical endpoint, recent studies have found that
mortality continues to rise in the long term after hospitaliza-
tion with pneumonia. Among patients =65 years of age who
survived an acute episode of pneumonia, 35.8% to 67% died
within 5 years [49,50]. In two reviews, age has been identified
as a risk factor associated with long-term mortality in patients
with pneumonia [51,52].

The effects of immunosenescence on pneumococcal dis-
ease risk are compounded by age-associated increases in the
prevalence of comorbid medical conditions. A prospective
study of hospitalized CAP in the US reported that 44% of
older adults had an at-risk condition and an additional 44%
had a high-risk condition [13]. Similarly, in older Dutch adults
enrolled in the CAPiTA randomized controlled trial (RCT),
the percent with a non-immunocompromising at-risk condi-
tion was 42% (persons with immunocompromising conditions
were excluded from CAPITA) [23]. Prospective surveillance for
hospitalized CAP in Canadian adults showed that about 70%
of younger adults 16-49 years of age and about 95% of adults
>50 years of age had at least one at-risk condition and that the
percentage with an immunocompromising condition rose
from around 20% in adults aged 16-49 years to around 33%
in adults =50 years of age [44].

3.2. The risk of pneumococcal disease is higher in older
adults than in younger adults with
immunocompromising conditions

In Section 3.1 we established that older adults in general are at
increased risk of pneumococcal disease compared with
younger adults and that many have transitioned to an at-risk
or high-risk state. To argue that old age based on immunose-
nescence should be considered a high-risk category for pneu-
mococcal disease and for designing adult pneumococcal
vaccination policy, it also is necessary to show that the disease
risk associated with older age is similar to that for conditions
already placed in the high-risk category. This can be done
most directly by comparing pneumonia and IPD incidence
rates among older adults to incidence rates among younger
adults with different individual high-risk conditions and who
have yet to experience immunosenescence. The rationale is
that if the risks are similar in these groups, a harmonized
pneumococcal vaccination strategy would treat them the
same based on comparable immunocompromised states
with respect to pneumococcal disease. Consequently, in this
section, we compare the risk of pneumonia, PP, and IPD
among healthy and at-risk older adults to the risk of these
diseases among younger persons with immunocompromising
conditions.

A non-systematic review of PubMed identified publications
from the year 2010 onward that reported incidence of all-
cause pneumonia, PP, or IPD by risk status (healthy, at-risk,
and high-risk) or for specific comorbid medical/immunocom-
promising conditions and by age strata (at a minimum for
younger adults and older adults) among persons =16 years
of age. Rate ratios and 95% confidence intervals were com-
puted to compare disease incidence of healthy or at-risk older



adults =65 years of age (or finer age strata of this group) to
that of younger adults 18-49 or 19-64 years of age classified
as high-risk or having specific immunocompromising condi-
tions. The specific immunocompromising conditions included
in the comparisons had the lowest incidence reported in each
study, as this was the minimum threshold of risk associated
with a pneumococcal vaccine recommendation. The five stu-
dies that were identified originated from the US (n = 3) [28-
30], Germany (n = 1) [31], and the UK (n = 1) [32]; reported
disease incidence for the years of 2007 to 2015; and sourced
data from healthcare claims repositories or from cases identi-
fied by routine IPD surveillance (Table 2).

The rate ratios of IPD, PP, and all-cause pneumonia in these
five studies (Supplemental Table 2), for high-risk younger
adults 18-49, 16-64, or 19-64 years of age versus healthy

Table 2. Changes in the adaptive immune system in HIV infection and in older
age.

Change in adaptive immune response Older age HIV
CD4+ lymphopenia - +

Inverted CD4: CD8 ratio + +
Decreased thymic output + +
Reduced naive cell numbers + +
Accumulation of late-differentiated CD8+ and CD4+ cells + +
Increased susceptibility to pneumococcal infection + +
Increased susceptibility to opportunistic infections - +

Key: ‘+' = Change in adaptive immune response present, “-“ = Change in
adaptive immune response absent; HIV = human immunodeficiency virus,
CD4+ cells = Cluster of differentiation 4 cells or helper T cells, CD8+ = Cluster
of differentiation 8 cells or killer T cells.

Invasive Pneumococcal Disease
(a) Rate ratio, 95% CI

Rate Ratio (95% CI)

igh-risk

::!*ég!:-*é—i-v.

H
High-risk

HIVin
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ive drugs/condit
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Hematologic mal
Immunocomprormising condit
Asplenia/splenic dysf

H

265 vs. 18-49 years 265 vs. 19-64 years 265 vs. 16-64 years

Us, 2007-2010 US,2013-2014 UK, 2008/09

Healthy older adults vs. high-isk younger adults
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older adults =65 years of age, ranged from modestly below
to modestly above 1. Specifically, for IPD, the rate ratios
ranged from 0.3 to 0.7 for healthy older adults when com-
pared with all high-risk younger adults and from 0.1 to 1.5
when compared with younger adults with the specific immu-
nocompromising conditions of HIV infection, hematologic
malignancy, and asplenia/splenic dysfunction (Figure 1a). For
PP, the rate ratios ranged from 0.6 to 0.7 for healthy older
adults =65 years and up to 1.1 for those =75 years when
compared with all high-risk younger adults and from 0.4 to
0.7 when compared with younger adults with the specific
immunocompromising conditions of cochlear implant or pre-
sence of immunosuppressive drugs or conditions (Figure 1b).
For all-cause pneumonia, the rate ratios ranged from 0.6 to 1.2
for healthy older adults =65 years of age and up to 3.8 for
those =85 years of age when compared with all high-risk
younger adults. Similarly, rate ratios ranged from 0.6 to 1.3
for healthy older adults =65 years of age and up to 4.7 for
those =85 years of age when compared with younger adults
with the specific immunocompromising conditions of malig-
nant neoplasms, functional/anatomical asplenia, or congenital
immunodeficiency. The rate ratios increased in value, often to
>1.0, for pneumonia when high-risk younger adults were
compared with healthy older adults with increasing age
(Figure 1c).

Most older adults transition to having at least one at-risk or
high-risk condition. Therefore, we also assessed the incidence
rate ratios for at-risk older adults =65 years of age compared

(b) Preumososal Preumont
Rate ratio, 95% CI

Rate Ratio (95% CI)

n n 00

HIV infection Cochlear Implant High-risk High-risk High-risk High-risk

5 vs. 18-49 years 2655, 18-49 years | 6574 vs. 18-49 years

Us, 2007-2010
Healthy older adults vs. high-risk younger adults

Us, 20132015

(C) All-cause Pneumonia

Rate ratio, 95% CI

265 vs. 1849 years 265 vs. 18-49 years 6574 v5. 18-49 years

Us, 2007-2010

Germany, 2009-2012

75-84vs. 18-49 years 285 vs. 1849 years

Us, 20132015

Healthy older adults vs. high-risk younger adults

Figure 1. a-c: Comparison of disease incidence in healthy older adults vs high-risk younger adults.

a. Comparison of invasive pneumococcal disease incidence in healthy older adults vs high-risk younger adults References: Ahmed et al. [28]; Shea et al. [29]; Pelton et al. [30]; van Hoek
et al. [32]. b. Comparison of pneumococcal pneumonia incidence in healthy older adults vs high-risk younger adults References: Shea et al. [29]; Pelton et al. [30]. c. Comparison of all-cause
pneumonia incidence in healthy older adults vs high-risk younger adults References: Shea et al. [29]; Pelton et al. [30]; Pelton et al. [31].
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with younger adults with high-risk conditions. High-risk older
and high-risk younger adults were not compared because
high-risk adults, regardless of age, typically receive the same
pneumococcal vaccination recommendation. At-risk older
adults =65 years of age had a consistently higher risk of IPD,
PP, and all-cause pneumonia compared with all high-risk
younger adults 18-49, 16-64, or 19-64 years of age
(Supplemental Table 3). For IPD, rate ratios ranged from 1.2
to 1.5 for at-risk older adults =65 years of age and up to 2.1 for
>75 years of age when compared with all high-risk younger
adults and from 0.2 to 4.0 when compared with younger
adults with the specific immunocompromising conditions of
HIV infection or asplenia/splenic dysfunction (Figure 2a). For
PP, rate ratios ranged from 2.0 to 2.1 for at-risk older adults
>65 years of age and up to 3.1 for =75 years of age when
compared with all high-risk younger adults and from 1.3 to 2.1
when compared with younger adults with the specific immu-
nocompromising conditions of cochlear implant or presence
of immunosuppressive drugs or conditions (Figure 2b). For all-
cause pneumonia, rate ratios ranged from 2.5 to 2.8 for at-risk
older adults =65 years of age and up to 6.1 for =85 years of
age when compared with all high-risk younger adults and
from 1.7 to 7.7 when compared with younger adults with
the specific immunocompromising conditions of functional/
anatomical asplenia or congenital immunodeficiency (Figure
2¢). Like healthy older adults, as age increased substantially

(a)

Aterisk older adults vs. high-riskyounger adults

beyond 65 years, risk ratios became substantially greater than
1.0. The combination of older age and the presence of an at-
risk medical condition multiplied the risk of disease for older
adults in comparison to high-risk younger adults.

Finally, while we have focused primarily on incidence rate
ratios, limited data are available to support the idea that
healthy or at-risk older adults have more severe outcomes
from IPD or pneumonia than high-risk younger adults. For
example, in the UK, the CFR of IPD was higher in adults
>65 years of age who did not have a risk condition (CFR,
29.1%) compared with adults 16-64 years of age with a high-
risk condition (e.g. CFR, 8.5% in HIV positive persons; 15.4% in
immunosuppressed persons) [32]. While additional studies are
needed, the concept of severity is critical for decision-making.
This is because disease burden, which is defined by incidence
times severity, is a more relevant metric for vaccination policy
than incidence alone.

4. Biologic basis for age-related increase in risk of
pneumococcal disease

4.1. Defining key characteristics of immunosenescence

As shown above, there is increasing evidence associating age
and the process of immunosenescence with higher risk of
pneumococcal disease. Even ‘healthy’ older adults have

b Pneumococc: al Pneumonia
( ) Rate ratio, 95% Cl

Rate Ratio (95%CI)

ochlear Implant,

Highrisk Highrrisk Highrisk Highrrisk

26515, 19-64 years 265 s, 18-49 years 6574 vs. 18-49 years | 275vs, 1849 years

Us, 2007-2010 Us, 2013-2015

At-risk older adults vs. high-risk younger adults

Figure 2. a-c: Comparison of disease incidence in at-risk older adults vs high-risk younger adults.

a. Comparison of invasive pneumococcal disease incidence in at-risk older adults vs high-risk younger adults References: Ahmed et al. [28]; Shea et al. [29]; Pelton et al. [30]; van Hoek et al.
[32]. b. Comparison of pneumococcal pneumonia incidence in at-risk older adults vs high-risk younger adults References: Shea et al. [29]; Pelton et al. [30]. c. Comparison of all-cause
pneumonia incidence in at-risk older adults vs high-risk younger adults References: Shea et al. [29]; Pelton et al. [30]; Pelton et al. [31].



a greater risk of PP than that of younger adults who are
immunocompromised. It is therefore critical to better under-
stand the underlying biologic mechanisms triggering the age-
related changes in the immune system or immunosenescence
responsible for the progressively increased vulnerability to
pneumococcal infection as people age [53]. In the following
section, we review the biologic basis of immunosenescence in
the innate and adaptive arms of the immune system.

Two hallmark characteristics of immunosenescence are cel-
lular senescence and inflammaging. Cellular senescence is the
metabolically altered state of cells that leads to cessation of
cell division and cell clearance [54]. Senescent cells secrete
pro-inflammatory molecules resulting in a low-grade chronic
and systemic inflammatory state, termed inflammaging, which
occurs in the absence of detectable infection [55]. As aging,
cellular senescence, and inflammaging have different effects
on different cell-types, identification of age-related changes in
the innate and adaptive immune systems that might contri-
bute to an increased susceptibility to infection is challenging.
The evidence for a specific effect on pneumococcal infection is
even more limited, and largely based on pneumococcal spe-
cific models in older mice [53] (Supplemental Table 4 [55-
88]). Here, we summarize current knowledge about the impact
of aging, cellular senescence, and inflammaging on host sus-
ceptibility to pneumococcal infection.

4.2. Age-related defects in innate responses

With advancing age, cellular senescence of the respiratory
tract impairs mechanisms such as mucin production [70] and
ciliary beating that are associated with natural clearance of
foreign materials, including potential pathogens [71,72,89].
Oropharyngeal dysphagia and impaired cough reflexes
among older adults increase the risk of aspiration pneumonia
[57], which accounts for 5-15% of cases of CAP in adults
>65 years of age [90].

The frequency [91] and density [43] of pneumococcal colo-
nization are reported to be reduced in older adults, despite the
incidence of pneumococcal CAP and IPD being highest in older
age groups. However, recent studies appear to have resolved
this seeming paradox, specifically by finding carriage preva-
lence of older adults approaching that in children when using
molecular techniques and testing reservoirs other than the
nasopharynx, such as the oropharynx and saliva [53,91,92].
Studies of experimental pneumococcal colonization indicate
that colonization can be established in healthy older adults,
but it failed to confer serotype-specific immunity [82]. The
authors hypothesized that reduced colonization or altered post-
colonization immunity in older adults may partially explain their
increased susceptibility to pneumococcal infection.

Upon initial entry of pneumococci into the upper airways,
neutrophils infiltrate the initial site of infection to form the first
line of cellular defense, followed by macrophages if the bac-
teria persist [60,93]. Although the number of neutrophils is
maintained or even increased in older adults, specific func-
tions of neutrophils (chemotaxis, phagocytosis, superoxide
burst generation and killing of pneumococci) are impaired
[75], which may allow pneumococcal infection to progress
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unchecked [94]. Despite the presence of chronic low-grade
inflammation in the absence of infection, macrophages fail
to respond to pneumococcal infection with an adequate
acute inflammatory response, exhibiting reduced bactericidal
activity, production of pro-inflammatory cytokines and activa-
tion of other immune cells [94].

Cellular senescence-related defects in innate immunity also
contribute to a higher propensity to PP in older age. The
presence of senescent cells and inflammaging increases sus-
ceptibility to pneumococcal pneumonia because it increases
the expression of host protein (ligands) that facilitate pneu-
mococcal attachment to respiratory epithelial cells [75]. In the
absence of infection, plasma levels of proinflammatory cyto-
kines TNFa and IL-6 are 2- to 4-fold higher in older adults
compared with middle-aged adults and elevated baseline
levels of TNFa and IL-6 were associated with an increased
incidence of CAP in otherwise healthy older adults [62].
Inflammaging impairs the development of immunity against
pneumococcal colonization. Thus, cellular senescence and
inflammaging in the lungs contribute to a higher burden of
pneumococcal disease in older adults [95].

4.3. Age-related defects in the adaptive responses

With immune aging, the CD4+ to CD8+ T cell ratio is inverted
[96]. The number of naive CD4+ and CD8+ T cells in the
periphery declines [79,80], and naive T cells are functionally
deficient (restricted T cell receptor [TCR] diversity) [97,98].
Memory T cells exhibit impaired cytokine secretion and pro-
liferation upon recall [98]. These shifts in the T cell repertoire
may all contribute to the increased risk of PP in older adults.
Reduction in the number of circulating naive CD8+ T cells and
accumulation of CD8+ memory and effector T cells occur even
earlier [99] and to a greater extent than the decline in naive
CD4+ T cells, being one of the most consistent hallmarks of
immune aging in healthy older adults [100].

The key mediators of the adaptive immune response to
pneumococcal infection within the respiratory tract are CD4
+ T-helper 17 (Th17) cells [101,102]. CD4+ Th17 memory
cells produce the pro-inflammatory cytokine IL-17 which
recruits macrophages and neutrophils to the site of infec-
tion and promotes clearance of pneumococci [81,103].
Th17-mediated responses are antibody independent vyet
antigen specific, and are considered the primary mechanism
of naturally acquired mucosal immunity to S. pneumoniae
[102,104]. Anti-pneumococcal capsular polysaccharide anti-
bodies generated during colonization do not have a major
role in carriage clearance [104,105], although they may be
protective against future colonization with the homologous
serotype. However, high levels of anti-capsular antibodies
generated following PCV vaccination, do prevent coloniza-
tion [23,106]. Production of IL-17 by Th17 cells is regulated
by regulatory T cells (Tregs). In older adults the number of
Th17 cells declines and the number of Treg memory cells
increases, which is associated with an increased risk of PP
[81]. This decline may also impair the clearance of pneumo-
coccal colonization.

The immunological changes seen in HIV-infected indivi-
duals show many similarities to those seen in older adults
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Table 3. Characteristics of studies reporting disease incidence by risk group for adults.

Country

UK

us

us

us

Time
period

2008/2009

Study design, data source, and study specific considerations

Retrospective review of hospitalized IPD cases identified by national surveillance

linked to clinical hospital statistics database. Data was not available to calculate
the percent of age group or percent of the age group with the disease end point.
An overall high-risk category or at-risk category as defined in other studies was not
available. The category of ‘one or more risk factors’ was used as the at-risk group
that included those with the following medical conditions: asplenia/splenic
dysfunction, chronic respiratory disease, chronic heart disease, chronic kidney
disease, diabetes, immunosuppression, cochlear implants, and cerebrospinal fluid
leaks.

2007-2010 Retrospective cohort study of subjects identified from three integrated healthcare

claims databases: (1) Truven Health Analytics MarketScan Commercial Claims and
Encounters and Medicare Supplemental and Coordination of Benefits Databases; (2)
IMS LifeLink PharMetrics Health Plan Claims Database; and (3) Optum Research
Database.

2013-2014 Retrospective review of IPD cases identified by Center for Disease Control and

2013-2015

Prevention Active Bacterial Core surveillance linked to demographic and clinical
information in the medical charts. Inmunocompromising conditions reported
include hematologic malignancies (multiple myeloma, leukemia, and lymphoma)
and solid organ cancer (excluding nonmelanoma skin cancers). Mutually exclusive
risk groups were not available for calculating the number of cases and person-time.

Retrospective cohort study of subjects identified from two integrated healthcare

claims databases: (1) Truven Health Analytics MarketScan Commercial Claims and
Encounters and Medicare Supplemental and Coordination of Benefits Databases
and (2) Optum Clinformatics Claims Database. Individual medical conditions were

Endpoints
reported

IPD

IPD, PP, all-
cause
pneumonia

IPD

IPD, PP, all-
cause
pneumonia

Age groups Reference
reported
(in years)

16-64, =65 van Hoek

[32]

18-49, =65 Shea [29]

Ahmed
[28]

19-64, 265

Pelton
[30]

18-49, =65 (65-74
and >75)

not reported.

Germany 2009-2012 Retrospective cohort study of subjects identified by medical and drug claims from the All-cause

Health Risk Institute Research Database.

18-49, 265 (65-74,
75-84, and >85)

Pelton

pneumonia [31]

Key: UK = United Kingdom, US = United States, IPD = Invasive pneumococcal disease, PP = Pneumococcal Pneumonia.

without HIV infection. It has been suggested that through
a process of continuous immune activation, HIV infection
causes an acceleration of the adaptive immune aging process,
exhausting immune resources prematurely, and thus resulting
in immunodeficiency [107] (Table 3). It is of note that HIV
infection is associated with an increased susceptibility to
pneumococcal disease.

A major component of naturally acquired immunity to IPD
is antibodies to pneumococcal proteins rather than anticapsu-
lar antibodies [102,108]. There is an age-related decline in
naive B cells, which show decreased affinity maturation and
isotype switching [83,86] and accumulation of senescent anti-
gen-experienced memory B cells (MBCs) [82,83]. With age,
MBCs also lose their capacity for differentiation into plasma
cells and this is likely to contribute to higher incidence of
pneumococcal disease in older adults [83,109]. Humoral
responses to plain pneumococcal capsular polysaccharides
are T-cell independent (Tl) and mediated by B1-B cells, indu-
cing formation of serotype-specific antibodies but without
generating high-affinity MBCs [110,111]. Hence, immunization
with PPVS23 does not result in replenishment of the MBC pool
and repeated doses of PPSV23 may actually induce hypo-
responsiveness [112,113] reducing the immune response
[114]. Although the total number of B1-B cells expands in
older age [115] due to increased levels of IL-6, their number
in the periphery declines [83] and many of the B1-B cells
generated have auto-antibody reactivity [116-118].

In contrast, the antibody response to the highly immu-
nogenic protein carrier conjugated to polysaccharide in
PCVs results in a T-cell dependent anti-capsular response,
mediated by B2-B cells, which generate high affinity

antibodies with isotype switching and the induction of
immunological memory [119,120]. In older age the number
of B2-B cells also declines, but the superior quality of the
immune response to glycoconjugate confers distinct advan-
tages over a plain polysaccharide underlining the benefits
of PCVs in older age [121,122].

Protection against IPD is dependent upon antibody mediated
immunity, rather than CD4+ Th17 mediated mechanisms [108].
Although serum immunoglobulin levels are stable, the antibodies
generated are of lower avidity because of a shift from IgG to IgM
and have reduced opsonic capacity [75]. Less efficient T cells and
the altered cytokine environment also contribute to functional
defects in antibody production. These defects result in reduced
levels of naturally acquired serum IgG, IgM, and IgA against pneu-
mococcal protein and polysaccharide antigens in older adults
[75,84]. The reduced frequency of colonization [123] and the
decreased level of IgM MBCs [83] may also adversely affect coloni-
zation-induced immunity in older people. These changes are likely
to contribute to decreased clearance of pneumococci following
systemic invasion. Overall, the expansion of antigen-experienced
memory T cells and B cells, coupled with a decline in the number of
naive T and B cells, compromises the response to newly encoun-
tered pneumococcal antigens, including vaccines.

5. Conclusions: A new approach for pneumococcal
vaccination in adults

5.1. Advocacy for healthy aging and a life-course
approach to vaccination

The demographic shift in population aging calls for systemic
changes that promote healthy aging. The World Health



Organization (WHO) defines healthy aging as ‘the process of
developing and maintaining the functional ability that enables
well-being in older age’ [124]. This definition considers healthy
aging to be more than a disease-free state with a focus on the
functional ability, autonomy, and quality of life of people as
they age. We are living in a time where for the first time in
history, the much needed intersecting intergovernmental
plans of the Decade of Healthy Aging (2020-2030) [125], the
New Global Vaccine Action Plan (GVAP) [126], and the WHO
Immunization Agenda 2030 [127] provide a blueprint to con-
solidate and implement a wide ranging public health program.
One of the core elements of the Immunization Agenda 2030 is
to expand vaccination programs beyond infancy to other age
groups including older adults, and this is aligned with the
program for the Decade of Healthy Aging that includes the
need of adequate availability of vaccines for older adults [128].

However to date, in contrast to the immense achievements
in alleviating the burden of vaccine preventable diseases dur-
ing early childhood [129], and more recently during adoles-
cence with human papillomavirus and meningococcal
conjugate vaccines, vaccination coverage of adults is low
and fails to meet established public health standards and
goals [130,131], including for pneumococcal vaccination
[132,133]. Recently in the context of the COVID-19 pandemic,
a framework for prioritizing and delivering adult vaccinations
was proposed, highlighting the need for VTCs to recognize the
risk and vulnerability of older adults and to provide policy
guidance that would catalyze adult vaccination [134]. Only
then will demand by clinicians, patients, and purchasers
drive uptake and use of vaccines in this population.

Age-related immunosenescence leads to increased risk of
infectious diseases with some of the mechanisms and risk
differing by etiology. Here we reviewed the association
between the increased risk of pneumococcal disease and
immunosenescence, which may involve both innate and adap-
tive immunity. With aging, innate immunity becomes increas-
ingly dysfunctional, through a decreased number and function
of immune cells and a state of chronic inflammation. Adaptive
immunity also declines with reduced opsonophagocytic anti-
body activity against pneumococcal antigens.

For pneumococcus, the immunologic changes asso-
ciated with immunosenescence result in an enormously
increased IPD risk, with incidence among healthy and at-
risk older adults that is higher than or similar to some
high-risk categories of younger adults. Even though the
available epidemiologic evidence presented is from high-
income countries, the risk relationship between healthy
and at-risk older adults and high-risk younger adults is
likely to apply to other settings. While data for etiology-
specific pneumonia are more difficult to ascertain due to
diagnostic limitations for assessing non-bacteremic pneu-
monia, this same relative increase in risk exists for all-cause
pneumonia. Added to immunosenescence, at-risk adults
>65 years of age may have substantially higher risk than
younger high-risk adults. Furthermore, most adults
>65 years of age have an at-risk or high-risk condition
and almost all will eventually transition to these states.
For these reasons, classifying older adults as ‘healthy’
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may be misleading, particularly with respect to the ratio-
nale for pneumococcal vaccine prioritization.

5.2. Older age should be classified as an
immunocompromising high-risk condition based on the
process of immunosenescence

The evidence presented in this manuscript suggests that one
way to communicate the benefits of pneumococcal vaccina-
tion for older persons would be to frame vaccination as an
intervention designed to address a medical need related to
being immunocompromised, similar to conditions already
accepted as targets for vaccination. Conceptually, this should
be relatively straightforward because in the same way that an
HIV positive test is a reliable marker for an increased risk of
pneumococcal disease due to HIV infection, aging is a reliable
marker for immunosenescence. Practically, in the absence of
a definitive, individually administered test for immunosenes-
cence, the precise age marking the onset of immunosenes-
cence at the population level will depend not only on biology,
but pneumococcal epidemiology and vaccination program
funding.

The US Centers for Disease Prevention and Control and the
Infectious Disease Society of America recommend providing
indicated vaccines to persons before they enter an immuno-
suppressed state, e.g. providing pneumococcal vaccination
before commencing chemotherapy or bone marrow trans-
plant [135,136]. Because immunosenescence is likely universal
and thus predictable, and because this is exacerbated in most
older adults through the common transition to an at-risk or
high-risk state apart from experiencing immunosenescence,
pneumococcal vaccine should be administered before these
transitions occur to achieve the greatest public health benefit.
This goal should be balanced by vaccinating as close as pos-
sible to the transition to a substantially compromised health
state to ensure that the risk period is covered for as long as
possible assuming a finite vaccine immune duration. Based on
age representing the best currently available marker for the
transition to a compromised health state, the available epide-
miologic data suggest the risk of pneumococcal disease
increases around 65 years of age, but this could be an artifact
of how the available data are stratified. Consequently, the age
when risk increases could be lower; however, additional
research to delineate this risk would be advantageous for
future vaccine policy [35,37]. Alternatively, additional research
on a biological marker of immunosenescence could ultimately
provide an individualized assessment of pneumococcal dis-
ease risk.

As stated previously, we are not advocating for any parti-
cular adult pneumococcal vaccination policy, as this will
depend on a) the totality of available data and its interpreta-
tion by VTCs related to topics such as efficacy or effectiveness
of different vaccines, disease burden, sequelae, reductions in
quality of life following pneumococcal disease, exacerbations
by pneumococcus of chronic conditions such as chronic lung
and cardiovascular disease, and other measures; b) vaccine
prices; ¢) vaccination program and overall health budgets; d)
estimated cost-effectiveness; e) competing priorities; and f)
cultural  values. Regardless of the particular adult



700 L. R. GRANT ET AL.

pneumococcal vaccination policy selected, the evidence pre-
sented herein indicates that older adults experience substan-
tial risk of pneumococcal disease based on the process of
immunosenescence and thus that older age should be con-
sidered an immunocompromising high-risk condition, rather
than separating risk- and age-based recommendations.

Classifying older age as an immunocompromising condi-
tion for the purposes of vaccine policy in adults may apply to
other vaccines. However, this would need to be supported for
each vaccine by biologic, immunologic, and epidemiologic
data similar to the intellectual framework we have used for
pneumococcal vaccines. Such a change in perspective will
make vaccine policy more coherent and evidence-based, and
thus may increase the efficient use and coverage of vaccines
for older adults. This in turn can improve the quality of life of
directly immunized individuals, reduce burden on their
families, and provide benefits to society.

6. Expert opinion

PCVs have led to dramatic reductions in disease due to vac-
cine serotypes among children who are targeted for vaccina-
tion, but also among unvaccinated members of the
community. While adults have benefited from pediatric PCV
use, pneumococcal disease continues to cause significant mor-
tality and morbidity among adults globally. Long-standing
recommendations for PPSV23 use in older adults have not
diminished the global burden of non-bacteremic pneumonia,
the most common type of pneumococcal disease. Besides this,
the significant consequences of pneumonia (e.g. cognitive
impairment, exacerbation of comorbid medical conditions,
poorer quality of life, frailty, among others) are gaining recog-
nition as secondary preventable outcomes of pneumococcal
disease. Epidemiologic and biologic evidence suggest that
immunosenescence is a key contributor to this persistent
and elevated burden of disease later in life.

As the global population ages, public health policies are
needed that prevent both the acute and long-term conse-
quences of disease and promote healthy aging. Increasing
uptake of vaccines with proven effectiveness for populations
at most risk of disease is central to a life course approach to
vaccination. However, to achieve this goal, the risk-based
rationale must be clearly defined, consistent, and communi-
cated. In the case of older persons, this is represented primar-
ily by the immunocompromising  condition  of
immunosenescence and additionally by the added burden
associated with transition to chronic disease states, including
other immunocompromising conditions. Consequently, identi-
fying older age as an immunocompromising condition, similar
to the approach taken for other immunocompromising condi-
tions may make the rationale clearer for immunizing all adults
beyond a certain age. In turn, this may result in improved
awareness of who should be vaccinated and dosing compli-
ance among healthcare providers, which could result in higher
vaccination coverage among those at greatest risk of disease.

In this review, we have presented data to support consid-
eration of age-related immunosenescence as an immunocom-
promising and thus high-risk condition for the purposes of
pneumococcal vaccine policy. While our review focused on

pneumococcal vaccines, other current and future vaccines
may benefit from a similar approach including influenza and
herpes zoster vaccines as well as potential vaccines targeting
respiratory syncytial virus, group B streptococcus, and SARS-
CoV-2. Because mechanisms and consequences of immunose-
nescence may be etiology-specific, an exercise such as we
have done should be completed for each of these.
Additionally, an etiology-specific biological marker of immu-
nosenescence and evidence of vaccine efficacy or effective-
ness across the life course will further guide policies for these
other vaccines. Nevertheless, it is likely that age-related immu-
nosenescence will support inclusion of age — at some cutoff
point — as an immunocompromising condition for each of
these vaccines.

For each vaccine targeting older persons, including pneu-
mococcal vaccines, decision-making will be enhanced with
additional research. Data are urgently needed for many out-
comes by finer age stratifications than simply 18-49 or
18-64 years and =65 years. Additional data are needed for
age- and risk-group-related disease burden, age-stratified VE,
duration of vaccine-induced immunity, and the potential ben-
efits of booster doses. Research into biologic mechanisms of
immunosenescence may aid in the development of adult-
specific vaccine designs and novel adjuvants. In countries
that include age-related immunosenescence as an immuno-
compromising condition, evaluations should document the
degree to which this influences vaccination policy and cover-
age for older persons, and consequently the contribution of
this policy toward healthier aging.
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