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ABSTRACT

Over the last few decades, changing population demographics have shown that there are a growing number of individuals
living past the age of 60. With this expanding older population comes an increase in individuals that are more susceptible
to chronic illness and disease. An important part of maintaining health in this population is through prophylactic vaccina-
tion, however, there is growing evidence that vaccines may be less effective in the elderly. Furthermore, with the success of
anti-viral therapies, chronic infections such as HIV are becoming increasingly prevalent in older populations and present a
relatively unstudied population with respect to the efficacy of vaccination. Here we will examine the evidence for age-asso-
ciated reduction in antibody and cellular responsiveness to a variety of common vaccines and investigate the underlying
causes attributed to this phenomenon, such as inflammation and senescence. We will also discuss the impact of chronic vi-
ral infections on immune responses in both young and elderly patients, particularly those living with HIV, and how this
affects vaccinations in these populations.

INTRODUCTION

The global population is growing steadily older, with one in six
people expected to be over the age of 65 years by 2050 [1]. This
expandingdemographic is more susceptible to a variety of ill-
ness and disease, and is a major target for public health re-
search [2]. The importance of understanding this group’s
increased vulnerability has been particularly exemplified in the
recent SARS-CoV-2 pandemic, which has resulted in signifi-
cantly worse outcomes in elderly individuals [3, 4]. As the body
ages, the immune system undergoes a process of immunose-
nescence, whereby there is a gradual decline towards dysregu-
lation and impaired function. This immunosenescence is linked
to a variety of factors, some contradictory, with a general trend
towards increased inflammation and cellular dysregulation [5].
This reduced functionality prevents elderly individuals from
effectively resolving infections and heightens the importance of

prophylactic vaccination in this group. In addition to the in-
creasing population of healthy elderly individuals, there is also
a growing population of ageing individuals living with chronic
diseases such as obesity and chronic infections. These include

infections with viruses that have a latency phase within their
life cycle [a classical example being herpesviruses such as
human cytomegalovirus (CMV)] and viruses where infection is
subclinical (like hepatitis B and C) or viral replication can be
suppressed (such as HIV) due to the success of anti-viral thera-
pies [6]. Vaccine coverage for the elderly and those living with
chronic conditions is especially critical given their compro-
mised immune systems, but efficacy and uptake of vaccines in
these groups (particularly those living with HIV [7]) is variable.
Understanding how the combined effect of ageing and chronic
illness impact immune responses to vaccination will be critical
to improving care for these groups.
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The primary purpose of vaccination is to induce a protective
immune response against the potential pathogen, this almost
always comprises a functional antibody response against a
pathogen antigen. For example, the haemagglutinin (HA) pro-
tein of influenza or surface antigen of hepatitis B virus (HbSAg).
Thus, the protective correlate of most vaccines is a high titre of
serum antibodies that can successfully neutralize the vaccine-
targeted pathogen. Production of antigen-specific antibodies
requires an effective B cell response that is assisted by efficient
T cell help and is linked to wider responses to vaccination. Here,
we will focus on how age and chronic disease impact that re-
sponse, and what it means for the success of vaccination in
those populations. We will investigate differences in responses
to a variety of viral and bacterial vaccines in older and chroni-
cally-infected individuals compared to young and healthy indi-
viduals, and whether they induce protective titres of functional
antibodies in those groups. We will also consider the mechanis-
tic roles of how altered B, T and natural killer (NK) cell functions
underly these differences. The involvement of inflammation
and specific cytokines in these altered responses will also be
discussed. This detailed basis will allow consideration of how
chronic disease states are interlinked with immune ageing and
reduced vaccine responses. In particular, we will focus on the
impact of HIV on vaccine efficacy, which is a pertinent issue
for the growing number of people living with HIV above the
age of 60 years and are therefore at greater risk due to poor
vaccine responses.

ARE ANTIBODY RESPONSES LOWER IN
ELDERLY RECIPIENTS?

Numerous studies have been conducted to investigate the effect
of ageing on antibody responses to viral vaccination, particu-
larly against influenza. A 2011 study comparing responses in el-
derly (70–100 years old) and adult (18–51 years old) recipients of
the 2009 seasonal trivalent inactivated influenza vaccine dem-
onstrated that elderly individuals had significantly lower influ-
enza HA-specific antibody titres, as well lower total IgG, 1 week
after vaccination. Only 57% (12/21) of elderly volunteers were
noted as positive responders (antibody titre increased >4-fold)
compared to 90% of adults. The frequency of antigen-specific
antibody-secreting cells (ASCs) was also significantly lower in
elderly subjects, however, the IgG yield per ASC was similar be-
tween groups; suggesting the ability to produce antibodies is
not compromised in the elderly [8]. A separate 2011 study exam-
ining HA-specific antibody responses to the monovalent
H1N1pdm09 influenza vaccine in elderly (66–83 years), adult
(46–65 years) and young adult (18–45 years) participants, found
that elderly individuals have lower seroconversion rates (60%
versus 78% and 94% in adults and young adults, respectively).
However, geometric mean HA-antibody titres and seroprotec-
tion rates were similar for responders (post-vaccine HA-inhibi-
tion titre of >1:128) across all groups. In fact, post-vaccination
serum samples from elderly individuals had significantly higher
avidity and >5-fold greater HA-antibody binding than the youn-
ger cohorts [9]. The authors hypothesize that this improved titre
and protection against the H1N1pdm09 vaccine in elderly res-
ponders, inverse to what is expected, could be due to the pres-
ence of cross-reactive long-term memory B cells induced by
previous exposure that are rapidly recruited to produce func-
tional antibodies to H1N1pdm09 [9]. A 2016 analysis of a 4-year
study of young adults (16–39 years) and elderly individuals (62–
92 years) receiving a seasonal trivalent influenza vaccine found

that post-vaccination HA-antibody geometric mean titre (GMT)
was roughly twice as high in young subjects compared to el-
derly. Using linear regression models to predict antibody re-
sponse post-vaccination demonstrated that pre-vaccination
titre and age as independent variables give a predictive power
of roughly 30%, indicating that age is a significant factor in de-
termining antibody response. However, the authors also note
that this significance decreases with an increasing number of
previous vaccinations, with the difference in antibody titre
changing from �1.46 to 0.075 over the course of four annual
vaccinations [10].

Similar age-related decreases in antibody responses have
also been observed following immunization with other viral
vaccines. For example, a Phase IV trial comparing primary vac-
cinations of elderly (61–70 years) and young (18–30) individuals
with the inactivated Japanese encephalitis vaccine (JEV) found
that the percentage of low and non-responders (antibody titres
of <20 on Days 30 and 70 post-vaccination) was significantly
higher in the older group (46.7%) versus the younger (13%). The
GMT was also significantly lower in the elderly group [11]. A
study analysing response to tick-borne encephalitis (TBE) vacci-
nations in subjects between the ages of 18 and 93, also showed
a significant negative correlation between age and antibody ti-
tre, regardless of the time elapsed since previous vaccinations.
Antibody concentrations were shown to reduce linearly from
the time of vaccination, dropping to below protective levels in
5–30% of people over 60 (compared to <2% in people under 60)
[12]. A similar effect was observed in a 2009 study that analysed
vaccination responses to an inactivated, whole-virus TBE vac-
cine across four age groups (<30, 50–59, 60–69 and >69 years).
TBE-specific IgG and neutralizing antibody concentrations in all
groups were significantly lower than the youngest cohort,
though no difference was observed between the 50–59 group
and the older subjects [13]. These results were corroborated by a
later study following old (>50 years) and young (<30 years) sub-
jects vaccinated with inactivated TBE. Significantly lower anti-
body titres pre- and post-booster, as well as lower neutralizing
antibody titres, were detected in the older group [14]. Notably,
despite lower titres, there was no significant difference in IgG
avidity or in the ratio of neutralizing IgG versus total TBEV-spe-
cific IgG, suggesting that the functional quality of antibodies is
maintained with age [14]. Furthermore, a 3-year study of
responses to the combined hepatitis A/hepatitis B vaccine
(Twinrix), in subjects between the ages of 17 and 84, also dem-
onstrated age-related reductions in antibody response.
Frequency of seroconversion was significantly decreased with
age, with 33% and 63% of those older than 60 protected against
hepatitis B and A, respectively (compared with 67% and 92% in
those younger than 40) [15].

Together these data suggest that elderly individuals’ anti-
body responses are lower in response to vaccination against
both respiratory and blood-borne viral infections compared to
younger cohorts. The magnitude and duration of these differen-
ces vary across age groups and studies, but specific antibody ti-
tre begins to be significantly reduced from around the age of 50,
and much of the protective effect of vaccination is lost with in-
creasing age. However, antibody quality appears to be unaf-
fected, suggesting vaccine hypo-responsiveness in the elderly
may be due to defects in cellular induction rather than antibody
production.

Age-related changes in antibody response have also been
observed following vaccination against bacterially induced dis-
ease, most commonly pneumococcal vaccinations, which are
recommended in the UK for those over the age of 65 or who are
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immunocompromised such as individuals with HIV [16]. A 1998
study of 23-valent polysaccharide vaccine-induced antibody ac-
tivity against Streptococcus pneumoniae in elderly (63–103 years)
and young (22–46 years) found only a slight drop in titres of vac-
cine-specific IgG with age. However, the functional opsonopha-
gocytic titres of IgG against all serotypes were significantly
lower in the elderly group, and this reduction became even
more apparent when this group was stratified by age [17]. This
reduced functionality was also observed in a 2008 study of 23-
valent polysaccharide vaccination of elderly (>65 years) and
young (<45 years) subjects. Specific antibody concentrations
were shown to be similar between groups for six out of seven of
the serotypes, but opsonophagocytic titres and antibody po-
tency (opsonophagocytic titre divided by antibody concentra-
tion) were significantly reduced in older subjects [18]. On the
other hand, an analysis of aged responses to tetanus toxoid vac-
cination observed an almost linear decline in antibody titre af-
ter the age of 40, with specific IgG concentration below
protective levels when vaccination occurred 6–10 years previ-
ously [12]. However, this study did not investigate the function-
ality of anti-tetanus antibodies in aged subjects.

Contrary to results of most of the viral vaccination studies
described above, antibody titre in response to respiratory pneu-
mococcal vaccines in elderly individuals are similar to those of
young subjects but functional quality is reduced. Elimination of
cross-reactive antibodies in assay measurements has been
shown to improve the correlation between antibody titre and
functionality and to decrease the significance of any increased
antibody titre in elderly subjects >77 years old [19]. This may in-
dicate defects in production of functional antibodies with in-
creasing age, resulting in more non-specific antibodies in
elderly individuals. The type of antibodies required by these
pathogens may also impact the observed divide between bacte-
rial and viral responses, with opsonophagocytic ability requir-
ing different immune interactions than neutralization. It is
interesting to note the difference in titres induced by tetanus
toxoid (a protein antigen) versus pneumococcal (a polysaccha-
ride) vaccination. B cell activation against non-conjugated poly-
saccharide antigens occurs independently of T cell help,
whereas the response to protein antigen requires T cell recruit-
ment [20]. Age-associated changes in the T cell compartments
may explain the difference in titre between these two vaccines
as well as the loss of functionality observed in the pneumococ-
cal response. This is also reflected in the reduced elderly re-
sponse to viral protein vaccinations, which rely on T cell–B cell
interactions to induce the class-switching and affinity matura-
tion that produces functional antibodies. Though the small
number of pathogens considered here may limit the ability to
extrapolate from these studies, it is likely that the changes in
vaccine-induced antibody responses in elderly subjects are due
to alterations in aged cellular compartments.

ARE CELLULAR RESPONSES ALTERED IN
ELDERLY RECIPIENTS?

There are several potential underlying causes for the lower anti-
body responses seen in elderly individuals (Fig. 1, Table 1). B
cells play a key role in response to vaccination, proliferating
into memory and plasma cells that provide long-lasting anti-
body-mediated protection against subsequent infection. The
percentage of naı̈ve B cells present in elderly individuals is sig-
nificantly lower than in young subjects [11], and a shift towards
antigen-experienced memory subsets is a common marker of

senescence [5]. The majority of this memory population devel-
ops in germinal centres following antigen exposure, where cells
undergo somatic hypermutation and class-switching [21].
Primary germinal centre responses have been shown to be se-
verely reduced in aged mice compared to young following im-
munization with influenza nucleoprotein antigen, resulting in
lower antigen-specific IgG [22]. Frequencies of IgGþ memory B
cells have also shown to be lower following primary immuniza-
tion in elderly humans [23, 24]. However, secondary germinal
centre responses and levels of memory B cells and long-lived
plasma cells are similar in young and aged mice after secondary
influenza immunization [22]. A similar result was observed in a
human study of elderly (60–80 years) and young (20–31 years)
subjects immunized with a TBE vaccine. Following primary vac-
cination, total CD19þ B cell numbers were 50% lower in older
adults, and antigen-specific B cells were also significantly re-
duced, despite similar levels of naı̈ve B cells prior to vaccination.
However, following a 9-month booster vaccination, numbers of
antigen-specific memory B cells were similar between young
and old despite specific IgG and neutralizing antibody titres
continuing to be significantly lower in elderly subjects [25]. The
lack of correlation between antibody titre and B cell number is
further amplified by the fact that the number of antibodies pro-
duced per cell does not appear to be affected by age [8, 25]. This
suggests issues with induction and activation of B cells rather
than the generation of cellular memory. Alternatively, the dis-
parity could be explained by age-induced effects on the bone
marrow plasma cells that produce most serum antibody, but
this would be difficult to determine experimentally due to their
location. Expression of AID (activation-induced cytidine deami-
nase, crucial for somatic hypermutation and class-switch re-
combination) [26], E47 (a transcription factor important for
class-switch recombination) and BLIMP-1 (a transcription factor
necessary for plasma cell differentiation) [27] is lower in CpG-
stimulated B cells taken from elderly individuals, which may
hinder proliferation into plasma cells. Furthermore, there is
lower expression of genes encoding B-cell receptor components,
activation markers, proteins involved in antigen response and
germinal centre formation, and chaperones involved in IgM for-
mation in elderly individuals following hepatitis B vaccination
(HBV). This reduction in B cell gene expression is correlated
with poor HBV response [23]. This raises the concept that the re-
duced ability of B cells to respond to stimulation, and the result-
ing changes in gene expression levels associated with antibody
production, may be affected by altered interactions with various
other cells in the surrounding environment, which will now be
discussed.

Change in T cell profiles also occurs with age and impacts
responses to vaccination. CD4þ T cell interaction with B-cell
receptors and co-receptors triggers production of various effec-
tor molecules that direct proliferation and differentiation of the
target B cell, ultimately affecting class-switch recombination,
isotype switching and somatic hypermutation to produce anti-
gen-specific antibodies [28]. Populations of these CD4þ T cells
are significantly altered in elderly individuals. Naı̈ve (CD45RAþ
CCR7þ) CD4þ T cells are less frequent, and there is a shift to-
wards central (CD45RA� CCR7þ) and effector (CD45RA� CCR7�)
memory populations [11]. Following vaccination in elderly indi-
viduals, it has been noted that there is an increase in naı̈ve and
terminally differentiated CD4þ T cells, which are effector mem-
ory cells that re-express CD45RA and lack costimulatory mole-
cules CD27 and CD28, and have been shown to suppress
immunoglobulin production in B cells [29]. Moreover, a decrease
in effector memory cells has been observed and associated with
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poor response to vaccination in older subjects [11, 30]. Further
age-associated changes are also evident in the percentage of
highly suppressive effector regulatory CD4þ T cells (CD25þ
Foxp3þ), which are increased in elderly but not young individu-
als [11]. The IL-10- and cell-contact-mediated immunosuppres-
sive functions of these cells are associated with poor responses
to JEV and varicella-zoster vaccination [11, 31]. Higher percent-
age of Tregs prior to vaccination in elderly is also associated
with poor antibody production as well as reduced persistence of
the response, potentially through PD1 and CTLA4 signalling
[31]. In fact, inhibition of mTOR has been correlated with im-
proved CD4þ T cell responses to vaccination through direct and
indirect reductions in PD1 signalling (which usually inhibits T
cell proliferation and function) with correlated improvements
in antibody titre and serologic response [32, 33]. It has been fur-
ther demonstrated in mice that inhibition of mTOR by rapamy-
cin enhances cross-strain protection against influenza in a

CD4þ T cell- and B cell-dependent manner [34]. Moreover, the
classical role of CD4þ T cells in antibody generation is that of T
helper cell priming in lymph nodes. This is an important stage
in germinal centre development and proliferation of these
CD4þ helper T cells is reduced in aged individuals. Zheng et al.
have shown that enhanced priming and proliferation of T
helper cells improves germinal centre responses in aged mice,
demonstrating the importance of T cell responses in antibody
production after vaccination [22]. Intriguingly, their study used
immune complexes to improve dendritic cell presentation to T
cells. This is linked to an earlier study of aged mice immunized
against pneumococcal antigen where macrophage-like acces-
sory cells in the spleen were found to be necessary for an effec-
tive response and were significantly reduced in aged
individuals [35]. Therefore, these studies suggest that antigen-
specific B cell priming by innate immune cells, as well as ade-
quate T cell help and regulatory function, is critical in

Figure 1: Dysregulated cellular response to vaccination in elderly individuals. Diagram of cellular response to vaccination in elderly individuals. Flat-head arrows indi-

cate actions that inhibit cellular responses. Cell types are as indicated in the legend. Created with BioRender.

Table 1: Changing immune responses impact antibody titre in response to vaccination

Immune parameter Impact on antibody titre Immune status

Expansion of naı̈ve B cells Increased Young/healthy
Shift to antigen-experienced B cells Decreased Old/chronic infection
Increased naı̈ve CD4þ T cells Increased Young/healthy
Increased suppressive CD4þ T cells Decreased Old/chronic infection
High IFNg:IL-10 ratio Increased Young/healthy
Low IFNg:IL-10 ratio Decreased Old/chronic infection
Elevated inflammatory cytokines (TNFa, IL-6) Decreased Old/chronic infection
Higher CD4þ T cell count Increased Healthy/ART
Suppressed HIV viraemia Increased Healthy/ART
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generating functional antibodies. Moreover, it is indicated that
changes in these cell populations in elderly individuals influ-
ence the ability of B cells to respond effectively to
immunization.

Similarly, although NK cells are important in combating in-
fection, their role in the adaptive response to vaccination is
poorly understood (reviewed in Ref. [36]). There is a growing
body of evidence that supports direct and indirect regulatory
roles for NK cells in T cell priming and activation [37, 38] and
regulation of humoral responses [39]. In particular, NK-cell-me-
diated killing of immature dendritic cells has been demon-
strated to improve T cell responses to vaccination in mice [40],
and they have been shown to play a role in suppression of Tregs
[41]. As with B cells, the population dynamics of these cells
change within an individual with age. Elderly individuals accu-
mulate more cytotoxic, mature long-lived CD56dim cells, with a
concomitant decline in cytokine-producing, immature
CD56bright cells [42]. Older subjects also have more terminally
differentiated CD57þ cells (a marker of senescence) compared to
younger subjects [43, 44]. Vaccination is thought to produce cy-
tokine-induced memory-like (CIML) NK cells (CD56bright/dim

CD57� NKG2Cþ/�) through innate or T-cell-derived cytokines,
and these cells are primarily found within the less differenti-
ated, immature NK cell population. Activation of these cells via
antigen-specific memory CD4þ T cell production of IL-2 results
in their proliferation and a resulting increase in IFNc [36]. The
effect of age on NK activity is unclear (reviewed in Ref. [45]), but
there is some evidence to suggest that decreased activity of NK
cells may be correlated with a lower seroconversion rate and
poor vaccine responses in elderly individuals [43, 46]. This cor-
relation could be due to changes in the direct and indirect regu-
latory interactions between NK and T cell compartments that
have knock-on effects in adaptive cellular differentiation. In
turn, this could limit the priming and help provided to B cells,
resulting in the observed lower seroconversion rates in older
individuals.

A ROLE FOR INFLAMMATION?

These age-related changes in cellular responses to vaccination
are linked to concomitant changes in the surrounding cytokine
and chemokine milieu [47]. It is well established that, with age,
the immune system undergoes a process termed ‘inflammag-
ing’, which is characterized by chronic inflammation that is
generally thought to result in poor immune responses [48, 49].
However, the effect of these changes on vaccine responses in
the elderly is unclear.

There have been numerous changes documented regarding
the altered cytokine responses of elderly subjects following im-
munization; some of which are directly linked to inflammation,
others indirectly. For example, production of both interleukin
(IL)-1 and IL-2 have been found to be reduced in elderly mice
compared to young mice. Lower levels of pro-inflammatory IL-1
are linked to poor vaccine responses, and its addition to aged
splenic accessory cells restores their functionality following im-
munization [35]. Furthermore, enrichment of IL-1ra (which acts
to block IL-1 signalling) in elderly subjects is associated with
poor responsiveness (antibody titres <5 mIU ml�1) against HBV
vaccination [23]. This suggests that, although increased general
background inflammation is linked to poor vaccine responsive-
ness, reduction of individual mediators of inflammation can
also lower vaccine responsiveness. In the case of IL-1 this is log-
ical, as this cytokine plays a known role in activation and regu-
lation of both the innate and adaptive immune responses [50].

Meanwhile, IL-2, which plays an important role in stimulating T
and B cell growth and maturation [51, 52], has also been found
to be reduced in elderly subjects [47]. This reduction has been
correlated with the increased frequencies of late-differentiated
CD45RAþ CD4þ T cells observed in elderly poor responders to
vaccination [30, 31]. More frequent numbers of these suppres-
sive cells, combined with less IL-2-mediated stimulation of B
cells, could combine to inhibit antibody production as well as
limit the ability of aged immune systems to respond to new an-
tigen. Lower levels of IL-2-secreting CD4þ T cells have also been
linked to poor memory B cell induction and reduced antibody
titres [25], possibly through the reduced action of IL-2 in BLIMP-
1 induction [53] (which, as noted previously, is also decreased in
elderly subjects [27]).

Other pro-inflammatory cytokines are also dysregulated
with age, both before and after immunization. In particular, lev-
els of TNFa and IL-6 tend to be significantly elevated in elderly
individuals following immunization [27]. Elevated TNFa and IL-
6 have also been linked to altered antibody isotypes in response
to H1N1 influenza vaccination; positively correlating with more
IgG3 than IgG1 in serum [54]. The authors hypothesized that,
due to the decreased longevity of IgG3 compared to IgG1, this
association at least partly accounts for the shortened time span
and reduced protection of elderly antibody responses. IL-6 is
higher in elderly individuals than younger individuals at any
time, though there are mixed results as to whether levels in-
crease post-vaccination in elderly subjects [55]. However,
whether there is a post-vaccine increase or not across the board,
elevated serum IL-6 is linked to poor antibody responses to in-
fluenza vaccination [56]. TNFa is similarly found to be consis-
tently elevated in aged subjects compared to younger
individuals, with even higher levels in aged individuals that fail
to mount antibody responses [56]. This increase in TNFa has
also been positively correlated with poor IgG responses, linked
to altered CD4þ T cell frequencies in mice [25]. Interestingly, it
has been observed that, despite elevated TNFa in Type 2 diabe-
tes patients, the expected inflammation-associated drop in in-
fluenza vaccine response does not occur in old or young
subjects [57]. The authors hypothesize that this is due to these
individuals’ treatment with metformin, which may prevent the
inhibitory action of TNFa on B cell responses [57]. Enrichment of
interferon pathways leading to expression of TNF, along with
IFNG, has also been correlated with age and reduced antibody
titres [23].

The impact of IFNc-production on vaccine responses is
unclear, with variation in the significance of any changes and
levels before and after vaccination in different studies. For ex-
ample, no statistically significant changes in the frequencies of
TBEV-specific IFNc-producing CD4þ T cells have been found,
along with no correlation to changes in antibody titre, in mice
[25]. Similarly, no changes in antibody isotype frequencies have
been observed with changes in IFNc levels in response to influ-
enza vaccine [54]. By contrast, additional studies of influenza
vaccines demonstrated that, although IFNc increased following
immunization in all subjects, young subjects produced higher
levels than the elderly and that this response correlated with
better antibody titres [55]. On the other hand, in response to the
JEV, no change in IFNc was detected in elderly but a significant
increase was seen in young subjects; and again this increase
was correlated with greater antibody titre [11]. To add to the
complexity, pre-vaccination IFNc levels may also play a role in
regulating protective cellular and humoral vaccine responses.
In elderly subjects that developed influenza, IFNc levels were
10-fold lower from A/H3N2-stimulated PBMCs, and this was a

Rees-Spear and McCoy | 5

D
ow

nloaded from
 https://academ

ic.oup.com
/ooim

/article/2/1/iqab007/6237496 by U
niversity C

ollege London user on 07 M
arch 2023



better correlate of poor protection from the subsequent 2003–04
trivalent influenza vaccine than antibody titre [58]. Contrary to
these results, IFNc-producing CD8þ T cells appear to be more
frequent in older individuals following vaccination [59] and, as
noted previously, IFNG gene pathways have been found to be
enriched in elderly subjects with low antibody titres [23].
However, it may be that the level of IFNc alone is less significant
in altering antibody responses than the ratio of IFNc:IL-10.
Memory B cells have been shown to produce elevated IL-10 in
elderly compared to young subjects [60]. IL-10 is known to en-
hance B cell proliferation, class switching and survival, as well
as having inhibitory effects on T cell function [61]. IL-10 has also
been found to be 3-fold higher, and the ratio of IFNc:IL-10 signif-
icantly lower, in elderly subjects that developed influenza com-
pared to those that did not [58]. Similarly, in response to
Japanese encephalitis vaccination, although no change was ob-
served in this ratio in elderly individuals, it was significantly in-
creased in young subjects and correlated with better vaccine
responsiveness [11]. The overall effect of IFNc on antibody re-
sponse to vaccination is difficult to determine, with conflicting
evidence of changes in production pre- and post-vaccination as
well as an unclear picture of changes in IFNc-producing cell
types. Elevated IFNc after vaccination appears to be consistent
in young individuals with strong antibody responses, which
may be expected given the role of IFNc in anti-viral responses
and improvement of antigen presentation by innate immune
cells [62]. It could be that the chronic background inflammation
seen in elderly subjects causes the increased production of reg-
ulatory IL-10, which subsequently hinders IFNc-mediated im-
provement of vaccine responsiveness in those individuals.

In addition to changes in cytokine responses, old age is also
associated with altered levels of other inflammatory response
markers within the immune system. For example, pathways re-
lated to granzyme B production are enriched in elderly subjects,
and upregulation of genes involved in acute phase responses
and Th2 interferons (processes that inhibit B-cell responses) is
correlated with low antibody titres following HBV vaccination in
older adults [23]. However, in studies of influenza vaccination,
low granzyme B levels and activity following vaccination in el-
derly subjects have been linked to poor vaccine efficacy, despite
protective antibody titres [58, 63]. Other markers of inflamma-
tion that are found to be elevated in the elderly and linked poor
vaccine responses include C-reactive protein [27], red blood cell
counts (with associated increases in free haemoglobin trigger-
ing Type 1 interferon responses) [23] and microRNAs that inhibit
AID and E47 activity in B cell maturation [64]. All of these
responses join together to create a web of inflammatory path-
ways that result in altered cellular profiles and changes in the
efficacy of aged vaccine responses.

THE SYNERGISTIC EFFECT OF CHRONIC
DISEASE

As well as the natural decline of the immune system with age,
older individuals are more prone to pro-inflammatory co-mor-
bidities such as cardiovascular disease, atherosclerosis and can-
cer, among others [65]. The inflammatory nature of these
conditions further impacts the reduced vaccine responsiveness
observed in older adults. For example, obesity, which has higher
prevalence among the elderly and is an increasing health risk in
aging populations [66], is known to cause chronic inflammation.
This inflammation is linked to exacerbated reductions in influ-
enza-vaccine-specific antibody titres in obese elderly subjects,

as well as a further drop in switched memory B cell numbers, B
cell activation and IgG production compared to lean elderly sub-
jects [67]. Other chronic diseases, such as hypertension, coro-
nary heart disease and arthritis—all pro-inflammatory
conditions—have also been associated with poor seroconver-
sion rates following hepatitis B virus (HBV) vaccination. Only
23% of subjects with chronic disease were found to be seropro-
tected, compared to 55% of healthy subjects and 33% of subjects
over the age of 60 [15].

As well as age-related morbidity, elderly individuals are also
more likely to carry chronic infections. A major focus of this re-
view is to compare changes in vaccine responses in elderly sub-
jects and those infected with HIV. Furthermore, there is a high
prevalence of HIVþ individuals coinfected with CMV and hepa-
titis B or C, among other co-infections [68, 69]. However, there is
a paucity of data when it comes to vaccination responses in
these co-infected groups, let alone aging individuals presenting
with co-infections. Therefore, we will first consider chronic viral
infections that are common in both older and HIVþ popula-
tions, and their impact on vaccine responses. The most com-
mon age-associated infection is CMV, which is present in a
latent state in 50% of people by the age of 40 with increasing in-
cidence with further age [70] and is one of the most common
co-infections found in people living with HIV [68, 71]. Although
CMV infection is usually asymptomatic as the herpes virus
maintains a latent form for much of the infection period [72], it
does cause significant morbidity and mortality in situations of
suppressed and compromised immunity such as organ trans-
plant [73] and HIV [68]. It is generally accepted that the high bur-
den of CMV in elderly individuals contributes to their chronic
inflammation, and that this negatively impacts their suscepti-
bility and outcome to a range of illnesses as well as the effect of
vaccination (reviewed in Ref. [74]). The impact of CMV seroposi-
tivity has been studied most in-depth as it relates to influenza
vaccination, with mixed results (reviewed in Ref. [75]). Elderly
non-responders (with <4-fold increase in specific IgG-titre) to
influenza vaccination have been associated with significantly
elevated anti-CMV IgG [56]. Moreover, CMV seropositivity has
been shown to exacerbate the effects of age-related immunose-
nescence with further decreases in antibody titre following vac-
cination compared to young and CMV-negative older subjects
[11, 44]. Elevated levels of senescent (CD57þ) NK cells [43], with
reduced IFNc production [76], have been demonstrated in CMVþ
individuals and linked to poor vaccine responsiveness.
Similarly, greater populations of late-differentiated CD4þ and
CD8þ T cells (with corresponding reduced levels of naı̈ve T cells)
have also been found to be more prevalent in CMVþ elderly sub-
jects and are associated with even lower vaccine-induced titres
than those found in CMV- elderly [11, 30]. The accumulation of
these senescent cell types in CMV infection, beyond the usual
age-associated increases, further elevates the levels of pro-in-
flammatory secretions that appear to diminish vaccine respon-
siveness in CMVþ elderly individuals. This CMV-associated
inflammation also has knock-on effects on B cell responses,
with lower AID activation and lower percentages of switched
memory B cells correlated with poor influenza H1N1 vaccine-in-
duced titres [24]. By contrast, some studies have found that
CMV status in fact has limited to no effect on influenza vaccine
responses in older subjects, with no significant impact on aver-
age specific antibody titre [77] but reduced protective efficacy
against subsequent challenge [63]. Moreover, some studies have
suggested that latent CMV infection can improve responsive-
ness. Murine CMV has been demonstrated to broaden T cell re-
ceptor repertoires, improving antigen recognition in subsequent
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challenge with Listeria monocytogenes [78]. In humans, there is
some evidence that CMV seropositivity can be linked to im-
proved antibody responses to influenza vaccines [79], though
this was only noted in young individuals. These differences
may be due to the inherent variability seen elsewhere in studies
of older populations or may be due to variation in responses to
influenza vaccination, which are affected by levels of prior ex-
posure as well as the level of heterogeneity between the pre-
dicted vaccine strains and actual circulating influenza strains.
On the other hand, it has also been noted that, in response to
multivalent pneumococcal vaccination, age is correlated with
poor vaccine responsiveness to some serotypes but CMV sero-
positivity has no effect on post-pneumococcal vaccine antibody
titre and functionality nor on memory B cell frequencies [80].

Similar, and more consistent, immunosenescent effects
have been observed in individuals with other viruses that result
in subclinical chronic infection rather than classical latency,
such as hepatitis B and C. A meta-analysis of adults with
chronic hepatitis C virus (HCV) infections that received recombi-
nant HBV vaccines found the proportion of patients that sero-
converted following vaccination to be just 0.17, significantly
lower than healthy controls [81]. Further studies have suggested
that this reduced efficacy may be due to increased PD-1 expres-
sion on CD4þ T cells [82], which has also been suggested as a
mechanism for reduced antibody responses in elderly subjects
[31]. Studies of chronically-infected HCV patients have also
shown similar changes in cell populations as elderly subjects,
such as increased proportions of IFNcþ T cells [83] as well as in-
hibitory T follicular helper and regulatory T cells [84]. Chronic
HBV infection has also been demonstrated to cause accumula-
tion of atypical memory B cells (CD21� CD27�) and elevated ex-
pression of inhibitory PD-1 receptors, which have been linked to
impaired antibody production [85]. These altered and dysregu-
lated cellular profiles may link to poor vaccine responsiveness
in infected patients and suggest an early induction of senes-
cence in individuals with chronic infections.

Of course, in an analysis of the impact of chronic infection
on responsiveness to vaccination, it must be noted that HIV is
exceptional in that this infection, when untreated, results in de-
struction of T cells that leads to general ablation of the immune
system. Although most HIVþ patients are immediately placed
on ART, this is not always possible in resource-limited settings
and immune restoration after prolonged ART is not complete,
as will be discussed later. The success of ART means there is a
growing population of HIVþ patients that are increasingly sub-
ject to age-associated co-morbidities [6]. Globally, the number
of people living with HIV over the age of 50 increased from 8% in
2000 to 16% in 2016 [86], with over half of all HIV cases in the
USA within this 50þ age group in 2016 [87] and that number is
expected to increase. The immunological changes seen in rela-
tively healthy older adults are even more prevalent in age-
matched HIVþ individuals (reviewed in Refs [48, 88]), with a
combination of age-associated immunosenescence and HIV-in-
duced immunosuppression generally resulting in an even
greater overall reduction in immune response (Table 1).

As is the case in other chronic infections, HIV-infected indi-
viduals tend to produce poorer antibody responses following
vaccination than healthy adults (Fig. 2). Protective antibody
titres have consistently been demonstrated to be lower in HIVþ
subjects compared to healthy individuals, with significantly
lower numbers of participants classed as vaccine responders
following immunization against influenza [89–92], yellow fever
[93] and tetanus [94]. The effect of booster vaccinations also
appears to be diminished in HIVþ individuals, with no

significant increases following a second dose of pneumococcal
vaccinations [95, 96] or a third dose of hepatitis A virus (HAV)
vaccine (rather than the usual two doses) [97]. However, an ad-
ditional study of the seven-valent conjugate pneumococcal vac-
cine found that two doses did improve persistence of the
serological response, with 57% versus 69% of subjects maintain-
ing protective titres 5 years after one or two doses, respectively
[98]. Further studies have shown that serum antibody responses
to a range of vaccinations appear to decline much faster in
HIVþ adults. Seroprotective rates from the HBV vaccine have
been found to drop to just 40% after 5 years in HIVþ individuals,
versus 80% after 10 years in healthy subjects, and an 80–100%
reduction in protective hepatitis A titres after 4 years in HIVþ
subjects compared to protective titres lasting over 25 years in
HIV� subjects [97]. Interestingly, the same study found that
titres against the measles, mumps and rubella vaccine (MMR)
remain over 95% after 35 years if subjects were vaccinated dur-
ing childhood before HIV infection, but protective anti-MMR
titres in adults drop to 43% after the first year if administered
post-HIV infection [97]. As the authors note, this has significant
implications for the success of vaccination in children with
perinatal HIV infection, particularly in situations where ART
availability is limited. The HIV-related studies noted so far
have, for the most part, been conducted in young to middle-
aged adults, demonstrating the impact HIV has on adult im-
mune systems. Studies that compare these adult responses to
those in aged HIVþ subjects (over the age of 55) show that HIV
infection has the biggest impact on younger individuals. This is
because HIVþ subjects under the age of 40 produce antibody
titres similar to older (>55) HIV uninfected subjects [89, 92] and

Figure 2: Impact of HIV infection on antibody production in elderly individuals.

Schematic of downstream impacts of HIV on the immune response. Flat-head

arrows indicate actions that inhibit disease progression. Purple dots indicate the

surrounding cytokine milieu that impacts cellular responses.
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have the lowest seroconversion rates [91] compared to older
HIVþ subjects and age-matched HIV uninfected subjects. Thus,
it appears that HIV infection induces an immunological state
similar to that of uninfected aged individuals, and that greater
age in HIVþ subjects does not add greater dysfunction.
However, the nature of immune dysfunction arising from HIV
infection or age may differ. For example, while studies in HIV-
uninfected older individuals point towards reduced antibody ti-
tre but similar functionality compared to younger subjects [14],
in HIVþ subjects there is evidence that influenza vaccination
results in both lower HA-specific IgG and lower neutralisation
titres compared to healthy subjects [99]. This indicates that HIV
infection not only causes a reduction in antibody titre similar to
that seen older individuals, but also impacts the function of
vaccine-induced antibody responsiveness and may result in
even worse vaccine responses in aged HIVþ subjects than in
older HIV�. Overall, these data suggest that HIV infection indu-
ces a similar premature immunosenescence to that seen in
chronic CMV [24], with younger subjects producing similar or
worse antibody responses to vaccination compared to HIV-
uninfected older adults. As with age-related immunosenes-
cence, the reduced antibody responses observed in HIVþ
patients are due to a number of changes that occur in various
cellular compartments as a result of HIV infection.

Consistent with the similarities observed in vaccine-induced
antibody responses with greater age and HIV-infection, changes
have been observed in B cell populations in HIVþ individuals
that are associated with reduced antibody titres. HIVþ individu-
als have reduced expansion of antigen-specific ASCs post-influ-
enza vaccination, with young HIVþ subjects achieving similar
levels as uninfected older subjects, and older HIVþ subjects
showing no significant expansion at all [89, 92]. Memory B cells
are also known to be impaired in various ways as a result of HIV
infection [100]. Poor expansion of memory B cells post-influenza
vaccination has been associated with low antibody titre, with
HIVþ patients found to have >2.5-fold fewer resting memory B
cells before vaccination and significantly less expansion 1
month after [101]. Studies have also shown that, following influ-
enza vaccination, HIVþ individuals have higher frequencies of B
cells expressing the inhibitory receptor FcrL4) [90] and markers
of exhaustion or senescence (IgD� CD27�) [89] that are associ-
ated with low antibody titres. The frequency of PDL1þ (a regula-
tory receptor) B cells has also been found to be elevated in HIVþ
individuals following influenza vaccination, with the most sig-
nificant increase in HIVþ subjects <40 compared to age-
matched healthy controls [89]. Upregulation of PDL1þ on B cells
has also been linked to AIDs-related illnesses in the absence of
ART and has been shown to be directly induced by HIV virions
that have co-opted CD40L from the host cell membrane during
viral egress [102]. Together, these data suggest an inhibitory role
for PDL1 in B cell activation in HIV patients that impacts anti-
body production following vaccination. Further changes have
also been noted in the frequencies of IL-21Rþ B cells. The IL-21/
IL-21R signalling axis plays a key role in B cell regulation, devel-
opment and differentiation [103], and reduced frequencies of IL-
21Rþ B cells, particularly in late differentiated (CD27� CD10þ)
populations, has been correlated with low H1N1-specific titres
in HIVþ individuals [101]. This decrease in IL-21R-expressing
cells post-influenza vaccine also appears to worsen with both
age and HIV, with young HIVþ individuals demonstrating simi-
lar levels to healthy older subjects and lower frequencies in
HIVþ individuals over the age of 55 than in all other groups [92].
In HIVþ individuals with a higher level of blood viraemia, a pop-
ulation of CD21lo tissue-like memory (TLM) B cells have been

demonstrated to have elevated expression of a number of inhib-
itory receptors, such as FcrL4, and to express chemokine recep-
tors that target migration away from lymphoid tissues [104].
These TLM B cells are generally thought to be induced by persis-
tent antigen exposure (similar phenotypes have observed in
other chronic diseases such as HCV [105, 106] and HBV [85]) and
are considered to be exhausted, with poor ability to expand and
respond to stimuli [100]. This would account for poor expansion
of B cells and reduced antibody production in HIVþ individuals
as they develop an increasingly exhausted B cell population
with reduced T cell interaction. These results again paint a pic-
ture of early-onset senescence in chronic disease that is either
equal to or compounded by the effect of age.

Importantly, several of the changes observed in B cell popu-
lations in HIVþ individuals have been linked to changes in T
cell frequencies. When left untreated, HIV infection leads to de-
struction of CD4þ T cell populations, ultimately progressing to
AIDS. Despite the advent of suppressive ART normalizing CD4
counts and lessening the level of immunosuppression seen in
most modern HIV patients, CD4þ subsets appear to be further
functionally impaired as HIVþ subjects age. For instance, the IL-
21/IL-21R signalling axis is not only affected by the altered
frequency of IL-21Rþ B cells. Several studies have also noted de-
creased production of IL-21 from Tfh cells in HIVþ subjects
compared to healthy controls, and that this drop is correlated
with both lower frequencies of memory B cells and lower spe-
cific antibody titres post-influenza vaccination [90, 92, 107, 108].
Similar to that demonstrated in elderly subjects, cytokine pro-
files of HIVþ individuals have been shown to be dominated by
elevated production of IL-2, IL-17, IL-6 and TNFa following influ-
enza vaccination and are correlated with poor antibody titres
[90, 107] as well as low frequencies of resting memory B cells, IL-
21-producing Tfh cells and ASCs [92]. Peripheral Tfh (CXCR5þ
CD45RAþ CD27þ) cells in HIVþ subjects, particularly in those
subjects that do not respond to influenza vaccination, have
been found to have elevated expression of inhibitory PD1 and
decreased expression of ICOS (a B cell co-stimulator), as well as
demonstrating reduced ability to stimulate IgG production
when co-cultured with B cells [107]. Decreased Tfh production
of B cell chemokine ligand CXCL13, which plays a role in B cell
organization in the germinal centre [109], has also been ob-
served in HIVþ subjects compared to healthy individuals fol-
lowing influenza vaccination [108]. The combination of
decreased CXCL13 produced by peripheral Tfh cells following
vaccination, as well as reduced expression of its B cell ligand
CXCR5 in HIVþ individuals [110], may result in fewer CD4þ T
cell interactions and therefore less B cell differentiation and
proliferation that produce the antigen-specific antibody re-
sponse. This shift in Tfh cell populations towards Th1/Th17
phenotypes with inhibitory co-receptors produces a similar en-
vironment of elevated inflammation, decreased cellular respon-
siveness and poor T cell help as that seen in ageing individuals.
Furthermore, frequencies of yellow fever-specific T cells have
been shown to be lower in HIVþ individuals 1 year following
vaccination compared to healthy subjects, which the authors
suggest may impact durability of the response [111]. The early
onset immunoscenence that characterizes the antibody, B and
T cell response to vaccination in HIVþ subjects appears to be as
similarly widespread in chronic infection as in biological ageing.

Age and time on ART

A point to note when examining the effect of vaccination in
adult HIVþ patients is that all the studies mentioned here only
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include subjects undertaking antiretroviral therapy for a mini-
mum set period prior to study commencement, and all subjects
had suppressed viraemia below a certain level. However, the
duration of ART and the level of suppression required is not
consistent between studies, and some include an additional
CD4 count requirement that is also inconsistent, making it diffi-
cult to untangle specific effects of these variables and how they
may impact vaccine responses. There are also conflicting reports as
to how responsive the reconstituted immune system is as a result
of ART, despite improved CD4 counts and suppressed viraemia.
Continued dysregulation of cellular responses and ongoing inflam-
mation under ART have been reported [112, 113], with some sug-
gestion of persistent HIV replication even with virologic
suppression [114–117]. Ongoing immune dysregulation, and partic-
ularly the effect of persistent latent infection and inflammation on
CD4 T cell populations, would be expected to have noticeable
impacts on vaccination responsiveness given the importance of
this cell population in mounting effective immune responses. For
example, some studies have found that antibody titre following in-
fluenza vaccination is proportional to CD4 count at the time of vac-
cination [94, 118] and that individuals with virologic suppression
(<50 RNA copies/ml) and CD4 counts>500 can achieve similar anti-
body titres to healthy controls regardless of the duration of ART
[119]. CD4 count has also been shown to improve responsiveness to
pneumococcal vaccination, with significantly higher opsonophago-
cytic titres in adults with CD4 counts >350 compared to those <350
[120]. Although as no healthy controls were included in that study,
the relative impact is hard to determine. However, other studies
have found that despite CD4 counts above 500 and ART-mediated
virologic suppression, only 56% of HIVþ subjects achieved seropro-
tective titres following influenza vaccination compared to 80% of
healthy controls, with no direct correlation between antibody titre
and CD4 count, viral RNA or duration of ART [121]. Similar results
have been found following yellow fever vaccination in HIVþ sub-
jects, with higher CD4 counts and suppressed viraemia associated
with improved titre but to levels that were still lower than healthy
controls [93]. Furthermore, compared to age-matched healthy con-
trols, HIV infection overall appears to have a more significant im-
pact on younger adults (<40) than older (>60) [89, 91, 92, 107],
despite all groups being treated with ART. This suggests that de-
spite elderly subjects presumably spending more time on ART, and
therefore with a longer period in which to recuperate their immune
system [122, 123], their ability to respond to vaccination does not
significantly recover after the initial impact of HIV infection. It has
also been noted that ART does not necessarily improve the changes
in memory B cell populations seen in long-term HIV infection, al-
though studies in children suggest early commencement of therapy
may overcome this issue [100]. Similar effects have been observed
in other chronic diseases such as HCV, where direct-acting antiviral
treatment of chronic infection does not result in reconstitution of
functional CD8þ T cells [83]. Furthermore, there is evidence that
the impact of HIV infection and long-term toxicity of ART [124]
combine to induce early onset of normally age-associated co-mor-
bidities, such as various metabolic disorders and cancers (reviewed
in Ref. [125]). For example, as discussed previously, obesity in el-
derly individuals has been linked to poor vaccine responsiveness
[67]. Obesity has also been linked to chronic HIV infection and ART
use [125] and is likely to have similar or worse impacts than in rela-
tively healthy older subjects as HIVþ individuals age. There are
very few studies that assess the combined effect of age and HIV,
along with associated co-morbidities, on the efficacy of vaccination.
Given the growing population of individuals under long-term ther-
apy living with HIV into their 50s and beyond, it is clear more inves-
tigation into vaccine responsiveness in this group is necessary.

CONCLUSIONS

Immunoscenence appears to be the cause of consistent reduc-
tions in the humoral response and impaired cellular responses
to vaccination in both elderly and chronically-infected individu-
als (Fig. 3). Impaired antibody responses post-vaccination likely
arise due to several underlying and interlinked causes.
Dysregulation of T cell compartments, due to cell populations
skewed away from naı̈ve cell types, as well as elevated inflam-
matory backgrounds and reduced ratios of IFNc:IL:10, appear to
have significant effect on the induction of B cells. Moreover, po-
tential downstream impacts on germinal centre interactions
and maturation of the B cell response further dampens vaccine-
induced immunity. There is also significant evidence to suggest
that chronic viral infections such as HIV cause lasting immune
dysfunction that appears to be only partially recoverable with
current therapeutics. Furthermore, it is evident that more re-
search is required to investigate the combined impact of age
and chronic infection on vaccine responsiveness in order to ef-
fectively protect the growing population of ageing HIVþ individ-
uals. Early analysis of the impact of HIV on the outcome SARS-
CoV-2 infection during the recent pandemic suggests that al-
though infection rates appear to be similar between HIVþ and
HIV� individuals [126], there is evidence to suggest HIV infec-
tion increases the risk of mortality from COVID-19 [127] though
this may be due to higher frequencies of comorbidities within
this group [128]. Some HIVþ individuals presenting with COVID-
19 have been shown to experience elevated inflammatory
markers and severe lymphocytopenia despite ART [129], and
preliminary data suggests the skewed CD4:CD8 ratio seen in
some patients after immune reconstitution negatively impacts
T cell responsiveness [130]. However, so far there is limited data
dissecting the impact of co-infection. Elderly people have been
shown to be particularly vulnerable to SARS-CoV-2 infection
and to present with worse disease [131]. Data thus far suggest
that both neutralizing antibody titre and T cell responsiveness
are important indicators of disease severity [132–134] and that
hyperinflammation contributes significantly to COVID-19 pa-
thology [135, 136]. As HIVþ individuals present a similar dys-
functional cellular responsiveness and inflammatory
background to older individuals, they may also be particularly
vulnerable to circulating virus. Results from Phase 1/2 trials of
both the current mRNA and recombinant SARS-CoV-2 protein
vaccines suggest that while strong antibody and T cell
responses are induced in individuals under 55 [137–139], this is
diminished in healthy subjects over the age of 65, though this
difference appears to be reduced after administration of a

Figure 3: Diagram of impact of age and chronic disease on vaccine response.

Elderly and chronically-infected individuals have significantly altered antibody

and cellular responses following vaccination compared to those in younger and/

or healthy individuals.

Rees-Spear and McCoy | 9

D
ow

nloaded from
 https://academ

ic.oup.com
/ooim

/article/2/1/iqab007/6237496 by U
niversity C

ollege London user on 07 M
arch 2023



booster in human [140, 141] and mouse [142] studies. Given
these preliminary results, investigation into the response of
HIVþ individuals to these vaccines will be critical. If mRNA vac-
cines can induce similar responses to healthy subjects in aged
and immunocompromised individuals after a second dose, they
could play a crucial role in improving protection in these
groups. Though, given the data indicating the quality of im-
mune reconstitution on responsiveness to SARS-CoV-2 in
treated HIVþ individuals [130], assessment of CD4: CD8 ratios
and levels of viraemia should be considered in determining vac-
cine scheduling and efficacy. Most studies to date have ana-
lysed altered responses to influenza vaccination, however, the
variability in exposure, vaccine antigens and circulating sea-
sonal strains make comparisons and extrapolations from these
studies difficult. The impact of prolonged ART on these individ-
uals’ ability to respond to vaccination also needs further study.
While vaccinations in these immunocompromised populations
are an important prophylactic public health measure, research
is needed to improve the strength and longevity of vaccine
responses in these subjects.

FUNDING

L.E.M. is supported by an MRC Career Development Award
MR/R008698/1 and receives funding from the European
Research Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (Grant Agreement
No. 757601).

CONFLICT OF INTEREST STATEMENT

None declared.

DATA AVAILABILITY STATEMENT

No new data were generated or analysed in support of this
work.

REFERENCES
1. United Nations. World Population Ageing 2019: Highlights.;

2019. Accessed June 26, 2020. https://www.un.org/en/devel
opment/desa/population/publications/pdf/ageing/World
PopulationAgeing2019-Highlights.pdf

2. WHO. Ageing and health. Accessed June 26, 2020. https://
www.who.int/news-room/fact-sheets/detail/ageing-and-
health

3. Older Adults and COVID-19 j CDC. Accessed August 20, 2020.
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-
precautions/older-adults.html

4. Williamson EJ, Walker AJ, Bhaskaran K, et al. OpenSAFELY:
factors associated with COVID-19 death in 17 million
patients. Nature. 2020;584(7821):430. doi:10.1038/s41586-
020-2521-4

5. Crooke SN, Ovsyannikova IG, Poland GA, Kennedy RB.
Immunosenescence and human vaccine immune
responses. Immun Ageing. 2019;16(1). doi:10.1186/s12979-
019-0164-9

6. Yang HY, Beymer MR, Suen S chuan. Chronic Disease Onset
Among People Living with HIV and AIDS in a Large Private
Insurance Claims Dataset. Sci Rep. 2019;9(1):1–8. doi:
10.1038/s41598-019-54969-3

7. Valour F, Cotte L, Voirin N, et al. Vaccination coverage
against hepatitis A and B viruses, Streptococcus pneumo-
niae, seasonal flu, and A(H1N1)2009 pandemic influenza in
HIV-infected patients. Vaccine. 2014;32(35):4558–64. doi:
10.1016/j.vaccine.2014.06.015

8. Sasaki S, Sullivan M, Narvaez CF, et al. Limited efficacy of
inactivated influenza vaccine in elderly individuals is
associated with decreased production of vaccine-specific
antibodies. J Clin Invest. 2011;121(8):3109–19. doi:10.1172/
JCI57834

9. Khurana S, Verma N, Talaat KR, Karron RA, Golding H.
Immune response following H1N1pdm09 vaccination:
Differences in antibody repertoire and avidity in young
adults and elderly populations stratified by age and gender. J
Infect Dis. 2012;205(4):610–20. doi:10.1093/infdis/jir791
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