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“An Intrinsic Program Determines Key
Age-Associated Changes in Adaptive
Immunity That Limit Response to
Non-Pathogens”

Susan L. Swain*, Olivia Kugler-Umana' and Susan L. Tonkonogy?

"Department of Pathology, University of Massachusetts Medical School, Worcester, MA, United States, College of Veterinary
Medicine, North Carolina State University, Raleigh, NC, United States

As mice age their adaptive immune system changes dramatically, leading to weakened
responses to newly encountered antigens and poor efficacy of vaccines. A shared pattern
emerges in the aged, with both CD4 T and B cell responses requiring higher levels of
pathogen recognition. Moreover, in aged germ-free mice we find accumulation of the same
novel age-associated T and B cell subsets that we and others have previously identified
using mice maintained in normal laboratory animal housing conditions, suggesting that
their development follows an intrinsic program.

Keywords: age-associated B cells, aging, T cells, adaptive immunity, B cells, germ-free mice

INTRODUCTION

In aged individuals, influenza can lead to increased disability, frailty, and mortality. These have often
been attributed to dysregulated immune responses and “inflammaging” (Swain and Blomberg, 2013;
McElhaney et al., 2016; Nikolich-Zugich, 2018). Much of the reduced immunity is caused by a series
of age-associated changes in naive CD4 T and B cells, that are required to respond effectively to new
antigens (Swain and Blomberg, 2013). Therefore, elderly individuals are highly vulnerable when new
pathogens appear. Interestingly, many of the age-associated changes follow a predictable, highly
reproducible course, though the mechanisms behind the changes are unclear (Swain and Blomberg,
2013). Interventions to improve vaccine efficacy for the aged (Haynes and Swain, 2006; Dorshkind
and Swain, 2009; McElhaney et al., 2016; Nikolich-Zugich, 2018) require both better definition of the
root causes of immune dysregulation and the detailed mechanisms responsible.

Here we present our perspective on the causes of age-associated changes, their downstream effects
and how well-informed strategies might improve vaccines. Multiple components of the immune
system are compromised with aging, but we focus on the adaptive responses that are most effective at
eliminating pathogens. Much of our basic understanding comes from studies in murine model
systems, with key aspects that were later confirmed in human studies when feasible. Here we focus on
studies in mice. With age, many conventional naive CD4 T cells and B cells are lost (Dorshkind and
Swain, 2009; Lefebvre et al., 2016; Swain et al., 2017), causing restricted repertoires of receptors in
both naive T and naive B cells (Dorshkind and Swain, 2009). We note that naive CD4 T responses

Abbreviations: ABC, age-associated B cells; DC, dendritic cells; FOB, follicular B cells; GF, germ-free; GC, germinal center; HA,
hemagglutinin; HD, homeostatically-differentiated; iABC, infection-induced age-associated B cells; MZB, marginal zone B cells;
PR, pathogen recognition; SPF, specific pathogen free; TFH, T follicular helper cells: TLR, Toll like receptor.

Frontiers in Aging | www.frontiersin.org

1 June 2021 | Volume 2 | Article 701900


http://crossmark.crossref.org/dialog/?doi=10.3389/fragi.2021.701900&domain=pdf&date_stamp=2021-06-24
https://www.frontiersin.org/articles/10.3389/fragi.2021.701900/full
https://www.frontiersin.org/articles/10.3389/fragi.2021.701900/full
https://www.frontiersin.org/articles/10.3389/fragi.2021.701900/full
https://www.frontiersin.org/articles/10.3389/fragi.2021.701900/full
http://creativecommons.org/licenses/by/4.0/
mailto:susan.swain@umassmed.edu
https://doi.org/10.3389/fragi.2021.701900
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org/journals/aging#editorial-board
https://doi.org/10.3389/fragi.2021.701900

Swain et al.

become more dependent on high levels of pathogen recognition
(PR) signals (Jones et al, 2010; Brahmakshatriya et al., 2017),
which limits responses except when there are ongoing infections.
The responsive naive B cells in aged mice are also highly dependent
on PR (Hao et al,, 2011; Rubtsov et al., 2011; Kugler-Umana et al.,
2020). We suggest this is a desirable regulatory mechanism to
dampen unnecessary immune responses and reduce autoimmunity.
Thus, it would be risky to disrupt this program, but it may be
possible to improve vaccines for older individuals by providing
surrogates of pathogen infection.

Age-Associated Changes in CD4 T Cell

Response and T Cell Subsets

In the aged, there is a dramatic loss of naive CD4 (and CD8) T cell
number and repertoire due in part due to reduced production of
naive T cells. In response, the naive T cell population decreases
and cells with altered phenotype appear, perhaps driven by
constitutive ~ “homeostatic”  cytokines that drive their
homeostasis (Cicin-Sain et al., 2007; Kawabe et al., 2020).

We found aged naive CD4 T cells express less of the pro-
apoptotic protein Bim, which led to an increase in their lifespan
compared to cells from young mice (Tsukamoto et al., 2009).
With age, CD4 T cells lost function including proliferation,
cytokine responses and expansion due to their increased
cellular age (Tsukamoto et al., 2010). Supporting this, removal
of existing peripheral CD4 T cells by depletion and their
reconstitution thereafter, induced the generation of new naive
CD4 T cells in aged mice and these new cells had improved
function (Haynes et al., 2005). Our studies stress that, when
induced after infection or vaccination, many age-associated
changes are both T cell intrinsic and independent of the aged
host environment (Haynes et al., 2005; Tsukamoto et al., 2009;
Tsukamoto et al, 2010; Devarajan et al, 2016). In contrast,
memory CD4 T cells generated in early life, function well in
aged mice, supporting the concept that naive T cells are the most
impaired (Devarajan et al., 2016) (Haynes et al., 2005). We also
note that aging selectively reduces naive CD4 helper function and
generation of memory (Eaton et al.,, 2004; Lefebvre et al., 2016),
which explains the poor response to vaccines for new pathogens
(Brahmakshatriya et al., 2017).

We found that introducing toll like receptor (TLR)-activated
dendritic cells (DC), as antigen-presenting cells (APC) to aged
naive CD4 cells, increased their response and this improved
response was dependent on IL-6 production by the APC
(Jones et al., 2010). We further analyzed the response of aged
vs. young naive CD4 T cells, expressing a transgenic T cell
receptor (TCR) specific for influenza hemagglutinin (HA) by
transferring them into host mice with an unrelated TCR
transgene to focus on the aged naive response. Hosts were
primed intranasally with inactivated whole influenza virus.
This allowed us to evaluate the direct impact of age on the
donor T cell response to an influenza vaccine. Compared to
young donor cells, the aged naive CD4 T cells showed reduced
expansion, reduced development of T follicular helper (TFH)
cells and reduced germinal center (GC) TFH and CD4 memory.
These in turn led to reduced GC B cell generation and influenza-
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specific IgG and B cell memory. When we introduced APC
activated by stimulation with TLR agonists, each of the age-
impacted responses were largely restored. We found aged naive
CD4 T cells respond poorly to IL-6, but the APC that were
activated by pathogen recognition (PR) signals, produced high
levels of IL-6 during cognate interaction, restoring the aged naive
CD4 T cell response (Brahmakshatriya et al., 2017). We found the
aged naive CD4 T cells showed reduced response to IL-6
(Brahmakshatriya et al, 2017). These APC also enhanced
young responses, although to a lesser extent (Brahmakshatriya
et al, 2017). This suggests that intrinsic reduction in IL-6
responsiveness with age causes many of the reduced naive
CD4 responses and indicates a potential pathway to enhance
aged responses. This helps explain why administering
inflammatory cytokines enhanced aged CD4 T cell responses
in earlier studies (Haynes et al., 2004). While there are likely to be
other defects, higher dependence on IL-6 seems key (Devarajan
et al,, 2016). We suggest greater dependence on IL-6 production
by APC is a key biomarker of age-associated unresponsiveness
(Devarajan et al., 2016; Brahmakshatriya et al.,, 2017). During
infection, PR signals to APC are responsible for inducing their
ability to make high levels of IL-6 during subsequent cognate
interaction (Jones et al., 2010), so this suggests higher levels of PR
signals are needed in the aged. This caused us to consider whether
aging “defects” in CD4 response may have developed to limit un-
necessary response under circumstances without infectious
microbes, while retaining responses to pathogens.

IL-6 from APC is likely necessary at several stages of primary
CDA4 T cell response. We discovered a strict requirement for CD4
effectors to recognize antigen on activated APC again at the
effector stage, which causes CD4 effectors to avoid programmed
apoptosis and promotes transition into memory cells (Bautista
et al., 2016). Indeed, adding activated APC at the effector phase
enhances memory generation to inactivated influenza (Xia et al,,
2020). Moreover, to drive further TFH effector responses, Ag on
activated APCs needs to be present locally where the TFH reside
(Devarajan et al., 2018; Devarajan et al., 2020). Ongoing infection
is also necessary. Thus high systemic PR signals are needed both
to activate the APC to drive TFH development and to induce yet-
to-be determined innate pathways (Devarajan et al, 2018;
Devarajan et al., 2020). While these studies are in young mice,
we predict these PR signals will be of equal or greater importance
in aged mice, due to the need for higher IL-6 levels to stimulate
aged naive T cells (Figure 1B).

As the naive T cell population becomes smaller with age, the
memory population, defined most often by high CD44 expression
expands (Cicin-Sain et al., 2007; Kawabe et al., 2020). In free-
living populations exposed to many sources of foreign antigens,
including microbial pathogens and commensal organisms, it
makes sense that conventional memory cells accumulate over
time. Many memory CD4 and CD8 T cells are long-lived (Surh
and Sprent, 2008) in comparison to naive T cells and this would
automatically drive their accumulation. Thus, it was initially
surprising that T cells with a “memory phenotype” increase
with age in unimmunized inbred laboratory animals kept in
specific pathogen-free (SPF) conditions (Surh and Sprent,
2008; Chiu et al, 2013; Nikolich-Zugich, 2018). Moreover,
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FIGURE 1| CD4 T and B Cell Subsets Shift with Age in SPF and GF Conditions. Spleen cells from unimmunized young (3—-4 months) and aged (18-24 months) B6
female mice that were maintained in SPF vs GF conditions were analyzed by FACS. (A) We gated on resting CD4 T cells and analyzed for CD44 and CD62L expression to
define: Naive (CD44"°CD62LM) and homeostatically differentiated (HD) CD44"CD62L" and CD44"CD62L° subsets. (B) A cartoon of changes in CD4 T cell responses.
Aged naive CD4 T cells are longer-lived, they express less BIM, respond less to IL-6, but depend more on pathogen recognition (PR) signals (Jones et al., 2010;
Tsukamoto et al., 2010; Brahmakshatriya et al., 2017) (C) We gated on resting B cells (B220"CD19*) and quantified follicular B cells (FOB:CD23*CD21*), marginal zone
B cells (MZB:CD23°CD217), and aged-associated B cells (ABC:CD23°CD21"). (D) Cartoon of changes in B cell responses with age. The ABC can respond to infection
and their response is highly dependent on PR signals, especially TLR7, while FOB respond less. The ABC depend less on T follicular cells (TFH) responses (Hao et al.,
2011; Swain et al., 2017; Kugler-Umana et al., 2020). n = 9-12 pooled from 7-8 separate experiments. The statistical significance of combined experiments was
determined by one-way ANOVA. Error bars represent the SEM: *p < 0.01; ***p < 0.0001.
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CD8 and CD4 T cells of memory phenotype accumulate in germ-
free (GF) mice not exposed to foreign or commensal microbes,
and even in GF mice on elemental diets that lack food antigens
(Pereira et al., 1986; Dobber et al., 1992; Haluszczak et al., 2009;
White et al., 2017; Kawabe et al., 2020). The “memory phenotype”
CD8 T cells express CD44, the “signature” memory cell marker,
as well as elevated adhesion molecules (CD18, CD49d),
activation-associated molecules (CD69), and survival cytokine
receptors (CD122, CD132). Further studies show that distinct
homeostatic cytokines IL-4 vs IL-15, which control T cell subset
persistence (Sosinowski et al, 2013; White et al, 2017) act
together with self-antigen recognition occurring in the thymus
or periphery to drive the generation of these so-called “memory
phenotype” CD44"CD8 T cells in unimmunized inbred mice.
They likely develop and accumulate with age in humans as well
(Su et al,, 2013; White et al., 2016). Thus, there is a pathway for
CD8 T cells to develop some memory cell characteristics
independent of response to foreign or commensal Ag.
Different investigators have variously called the memory
phenotype cells non-foreign antigen-derived memory (Kawabe
etal., 2021), memory phenotype (Dobber et al., 1992; Haluszczak

et al,, 2009; White et al., 2017; Kawabe et al.,, 2020), innate
memory (Kawabe et al, 2021), virtual memory (Akue et al,
2012; White et al., 2016) and yet others divide them into innate
and virtual memory subsets (White et al., 2017). The CD44" CD8
T cells have some of the positive attributes of true memory cells
including more rapid cytokine production and response to some
pathogens (Akue et al., 2012; Kawabe et al., 2020). However, since
the CD44" CD8 T cells develop in unimmunized mice in both
SPF and GF housing conditions, using memory in their name
contradicts the definition of classical foreign-Ag driven memory
cells. Since they depend on homeostatic cytokines but not foreign
Ag, we propose the term homeostatically-differentiated (HD)
CD44" cells is more accurate and hereafter refer to the non-
foreign Ag-driven cells as HD CD44" T cells (Figure 1).
Fewer studies have focused on the corresponding HD CD44"
population among CD4" cells. Our own results shown in
Figure 1A, support the findings of Kawabe et al. (2017),
identifying equivalent proportions of CD4* CD44" CD62L"
cells in spleens of young GF and SPF mice. The number of
CD4 HD cells increases steadily as SPF mice age (Kawabe et al.,
2017). We extend this observation and show the switch to a high
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and equivalent proportion of CD44 " CD62L!° CD4 T cells in aged
GF and SPF mice and note there is also a small subset of CD44",
CD62L™ cells that do not increase with age (Figure 1A). There is
thus a switch to a predominant population of HD CD44" cells in
the aged. Both CD44" CD4 HD subsets also express somewhat
upregulated CD49d, CD18, CD122 and slightly upregulated CD69,
like their CD8 counterparts (Xia, Umana, Brahmakshatriya,
Tonkonogy and Swain unpublished, not shown). The dramatic
shift from naive to HD cells in GF mice, in which antigen exposure
is limited to food components, strongly suggests that the
development of HD phenotype is an intrinsic, age-dependent
program and we speculate it probably serves useful functions,
such as providing rapid cytokine production in response to
antigen. This supports the primacy of homeostasis in the
development of HD CD44M cells and perhaps suggests this
mechanism serves to replicate an alternate polyclonal pool that
has some of the properties of memory cells. The function of these
HD CD44 " cells in the aged needs to be evaluated in more detail to
see if, like memory T cells, it is resistant to aging effects.

Figure 1B illustrates our working model of the suite of age-
associated changes that occur equivalently in naive CD4 T cells of
SPF and GF mice. While we have only tested a few of the age-
associated functions in GF mice so far, preliminary findings
indicate the GF and SPF HD CD4 T cells develop a similar
functional phenotype with age, including the key function of
reduced response to IL-6 (Xia, Umana, Brahmakshatriya,
Tonkonogy and Swain, unpublished).

Age-Associated Changes in B Cell Function
and B Cell Subsets

Conventional naive B cell responses also become weaker with age
(Frasca et al., 2008; Dorshkind and Swain, 2009; Scholz et al.,
2013), compromising development of immunity to new antigens.
Follicular B cells (FOB), the major naive B cell population that
responds to foreign antigen, decrease and undergo less somatic
mutation in aged compared to young individuals (Frasca et al.,
2008; Scholz et al., 2013). Additionally, most FOB responses
depend on TFH, so the combined defects in FOB and TFH, make
for highly impaired FOB antibody (Ab) responses. Other B cell
subsets contribute to T-independent responses, including a small
population of marginal zone B (MZB) cells that make short-lived,
mostly IgM Ab responses but become less functional with age
(Birjandi et al., 2011).

A recently described age-associated B cell (ABC) population,
distinguished by lack of CD21 and CD23, accumulates with age
(Hao et al., 2011; Rubtsov et al., 2011). We found that in untreated
mice, many ABC have a naive (sIgD") phenotype and a small
cohort responds to influenza A virus infection, differentiating
into plasmablasts and plasma cells that produce influenza-specific
Ab (Swain et al., 2017; Kugler-Umana et al., 2020). In fact, we find
the immune response to influenza in aged mice is dominated by
this T-independent ABC response and it depends heavily on viral
recognition mediated by cytoplasmic toll like receptors (TLR)
(Swain et al,, 2017; Kugler-Umana et al., 2020). We are currently
extending these studies to determine the potential of sigD* ABC
cell precursors to contribute to protection against influenza.

Age-Associated Changes in Adaptive Immunity

ABC also develop in humans in response to infections (Nipper
et al, 2018; Kugler-Umana et al, 2020) and they are found
associated with autoimmunity (Rubtsov et al, 2013; Rubtsova
et al, 2017). Many of the ABC studied in humans and
autoimmune mice are non-resting B cells, with non-naive
phenotype, including the most widely studied ABC that express
elevated T-Bet and CD11b or CD11c (Rubtsov et al., 2013; Rubtsova
et al., 2017; Kugler-Umana et al., 2020). Whether these are derived
from the putative naive ABC that we have characterized is not clear,
but all the ABC responses studied so far show strict dependence on
TLR7 (Hao et al,, 2011; Rubtsov et al.,, 2011; Rubtsov et al., 2013;
Kugler-Umana et al, 2020). Other factors required for the
development of the naive ABC are not yet known, but our
studies indicate ABC can respond to influenza without helper
cells (Swain et al., 2017; Kugler-Umana et al., 2020). Importantly
we find the naive ABC population increases with age in GF as well as
SPF mice (Figure 1C). We suggest that the shift in B cell phenotype
with advancing age to one dominated by ABC is determined
primarily by an intrinsic program that is homeostatically driven,
and results in a highly PR-dependent response.

Thus, HD populations develop with advanced age among both
naive CD4 and B cell populations, supplanting much of the
conventional naive population with a unique surrogate population
that responds mostly to infectious agents. We suggest these shifts are
part of a program that protects against un-necessary responses.

DISCUSSION

Our studies point to a parallel strategy used in both CD4 T and
B cells lineages that shift the requirements for the induction of
immune responses as individuals age, so they require higher levels
of pathogen recognition. We point out four major shifts that
support this hypothesis.

First, there is marked reduction in conventional naive CD4
T cells with age and the remaining naive CD4 cells have a greater
dependence on PR signals (Jones et al., 2010; Brahmakshatriya
et al, 2017; Devarajan et al,, 2016) (Figures 1A,B). Thymic
involution is a primary cause, resulting in decreased naive
T cells. The remaining naive CD4 T cells become longer-lived,
and increased cellular age drives the development of age-
associated changes in CD4 T cells (Tsukamoto et al., 2010).
The remaining naive CD4 T cells respond poorly to IL-6
signals needed for their expansion and differentiation to TFH,
because they require higher levels of IL-6 produced by APC
during their cognate interaction (Jones et al, 2010;
Brahmakshatriya et al, 2017). Infection generates high
persistent PR signals that license APC to make more IL-6 in
subsequent interactions with T cells (Jones et al, 2010;
Brahmakshatriya et al, 2017), and thus can restore some of
the lost response (Xia et al., 2020).

Second, there is a striking increase of phenotypically distinct
HD T cells expressing CD44 without CD62L (Figure 1A). This
impressive shift toward HD CD44™ cells occurs in GF as well as in
SPF mice (Figure 1A), suggesting that it is due to intrinsic
programming (homeostasis), independent of extrinsic foreign
or even commensal Ag.
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Third, naive FOB decrease and a unique ABC population
accumulates as shown in Figure 1C, (Swain et al., 2017; Hao et al.,
2011; Kugler-Umana et al., 2020). Lower generation of FOB cells
and a reduction in their repertoire occurs with aging (Nikolich-
Zugich, 2018; Frasca et al., 2008; Scholz et al., 2013). Additionally,
due to the lack of TFH help and reduced responsiveness, FOB
respond poorly to influenza (Lefebvre et al., 2016; Swain et al.,
2017; Brahmakshatriya et al., 2017; Scholz et al., 2013). Instead,
the ABC that we argue are naive (Figures 1C,D) appear and
respond to infection with influenza (Swain et al., 2017; Kugler-
Umana et al.,, 2020). Further analysis of the signals regulating
their responses are needed.

Fourth, in free-living conventional animals, memory CD4
T cells and B cells accumulate concurrently when driven by
exposure to influenza and other infections early in life and
drive naive T and B cells to become Ag-specific long-lived
memory cells that maintain their function and often persist
throughout life (Haynes et al, 2003; Guerrettaz et al., 2008;
Kogut et al., 2012; Devarajan and Swain, 2019). These provide
strong protection to previously encountered strains. In addition,
we show HD CD44" T cells (aka innate memory, virtual memory,
memory phenotype, or non-foreign Ag-driven) also accumulate,
can rapidly make cytokines (Kawabe et al., 2017) and some may

Age-Associated Changes in Adaptive Immunity

respond to pathogens. How they compare to bona fide memory
cells in protective efficacy remains unclear and requires further
study as does their ability to respond in aged mice and how they
or conventional memory cells become autoimmune.

Why would the immune system evolve to have these
properties? We suggest these age-driven transitions are an
attempt to balance the need to respond robustly to dangerous
pathogens, with the risk of generating potentially autoimmune
cells, especially among resilient memory T and B cells. Humans
encounter many non-threatening antigens and since memory
cells persist and retain function with age, it seems prudent that the
immune system would restrict their generation to infections with
dangerous pathogens. Since the young can generate long-lived T
and B memory cells that mount an effective response to recurrent
pathogens, many of the necessary memory cells are present by
middle age and it makes sense to increasingly limit new ones.

What are the consequences of aging-driven shifts on the
capacity for successful immune responses? We speculate that
in outbred, free-living mice and humans, responses are
dominated by memory «cells to previously encountered
pathogens preserved into advanced age that largely retain
function, along with a small pool of naive CD4 T cells and
ABC that respond only when abundant PR signals are present.

Day 0

Vaccine Strategies to Enhance Responses of the
Age-dependent CD4 CD44" HD and ABC Populations

Day 5-7
To Drive T, and Memory:

Aged Naive CD4 T Cells:
Enhance Ag-presentation by
high Ag dose, high PR signals

memory B cells (not shown).

High Ag dose, PR Signals
Delivery to Spleen, LN and
sites of infection

Aged APC
Naive CD4  cD2s8 , |
w9\ _cD4
) Y
IL-6
Aged Naive ABC:
High doses of native Ag,
PR Signals Innate
Cells
Inflammatory
Cytokines

FIGURE 2| Strategies to Enhance Vaccines for the Aged. Our published studies suggest that in most current influenza vaccines both Ag and PR signals are limiting
in quantity and of too short persistence, but the signals are present in abundance for at least a week with live influenza virus infection (Eaton et al., 2004; Haynes et al.,
2004; Haynes et al., 2005; Tsukamoto et al., 2009; Tsukamoto et al., 2010; Devarajan et al., 2016; Brahmakshatriya et al., 2017; Xia et al., 2020). Therefore, we suggest
that devising strategies to provide these both initially and at day 5 or 6 post vaccination will lead to increased generation of TFH and CD4 memory cells (top) and
support generation of Ab-secreting cells from ABC (bottom). Additionally, the TFH should enhance any residual FOB responses, leading to GCB, GC-derived Ab and

@ Antigen (Ag)

® IL-6

O Inflammatory Cytokines
} Antibodies (Ab)
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Thus, most responses to already encountered pathogens will
come from memory cells and will be effective. In contrast,
responses to new antigens will be weak unless abundant PR
signals are provided by infection or vaccines. In the elderly, the
less effective responses can lead to dire consequences, as infection
is cleared more slowly, and they are more frail and more
susceptible to high mortality (McElhaney et al., 2016).

How can we modify vaccines to protect the aged against
emerging pathogens? The findings that HD CD44" CD4 cells
and ABC are present in SPF, GF and foreign Ag-free mice
clearly show that the maintenance of the immune system does
not require activation by exogenous, foreign antigen. Instead,
the development of different subpopulations is likely pre-
programmed and dependent on self-recognition and
constitutive homeostatic cytokines. Therefore,
understanding how to harness these age-associated
populations is critical, since they seem likely to be the
major populations responsible for responses to new Ag in
the elderly. The higher dependence of both naive CD4 T cells
and naive ABC on PR signals, indicates that agonists that
trigger downstream impacts of PR signals, need to be provided
by vaccines that are designed to protect the aged against new
threats such as new strains of influenza and emerging novel
viruses such as SARS-CoV-2 as indicated in Figure 2.

We find that even in the young, development of CD4 memory
and TFH cells depend on high levels of antigen presentation and PR
signals that persist into the CD4 effector stage (Bautista et al., 2016;
Devarajan et al., 2018; Devarajan et al., 2020; Xia et al., 2020) and on
antigen presentation in sites of memory development (Devarajan
et al,, 2020). We predict the aged may need higher levels of these to
induce protection. We therefore postulate that vaccines will require
high levels of antigen and PR signals that persist for at least a week
and that are provided in the necessary sites. If the aged require higher
PR signals than the young, transient signals added repeatedly may be
needed to reduce ill effects of extended inflammation (Lees et al.,
2020). Vaccines to protect the elderly pose challenges because they
will require such inflammation. Vaccines for recurrent pathogens
that remain stable, could be given in middle age to build up
conventional protective immunity before the age-associated
changes are pronounced and frailty has developed (Lees et al,
2020). But when new pathogens or strains emerge like pandemic
influenza, HIV and SARS-CoV2, it might be necessary to accept a
certain level of inflammation to achieve strong immunity.

The COVID-19 pandemic revealed the remarkable
vulnerability of older people exposed to emerging infections,
with rates of death in the elderly several hundred-fold greater
than in the young. It is heartening that the Pfizer-BioNTech and

REFERENCES

Akue, A. D, Lee, ].-Y., and Jameson, S. C. (2012). Derivation and Maintenance of Virtual
Memory CD8 T Cells. J. Immunol. 188, 2516-2523. doi:10.4049/jimmunol.1102213

Anderson, E. J., Rouphael, N. G., Widge, A. T., Jackson, L. A., Roberts, P. C,,
Makhene, M., et al. (2020). Safety and Immunogenicity of SARS-CoV-
2 mRNA-1273 Vaccine in Older Adults. N. Engl. J. Med. 383, 2427-2438.
doi:10.1056/nejmoa2028436

Age-Associated Changes in Adaptive Immunity

Moderna mRNA vaccines can effectively induce protective
responses even in aged individuals (Anderson et al., 2020; Teo,
2021). We speculate that the mRNA - lipid nanoparticle vaccine
platform provides the surrogates of pathogen infection that we
believe are necessary for strong activation of even the aged
immune system (Pardi and Weissman, 2020).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by IACUC-
University of Massachusetts Medical School and by IACUC,
North Carolina State University.

AUTHOR CONTRIBUTIONS

SS and ST conceived and wrote the manuscript with assistance of
OK-U. All authors contributed to editing the final draft.

FUNDING

Support provided to SS by NIH (R37AI22125, PO1AG01743,
PO1AG021600, R37AG025805, PO1AI46530, R21AI1288,
R21AG058758, RO1AI11882.

ACKNOWLEDGMENTS

We gratefully acknowledge the expert technical assistance of
Karen Flores for maintenance of germ-free mice in the
Gnotobiotic Core at the College of Veterinary Medicine, North
Carolina State University. The Gnotobiotic Core is supported by
the NTH funded Center for Gastrointestinal Biology and Disease,
NIDDK P30 DK034987. We thank the many additional scientists
in our groups who contributed key findings to these studies
including Laura Haynes, Hirotake Tsukamoto, Stephen Jones,
Vinayak Brahmakshatriya, Priyahardshini Devarajan and
Jingya Xia.

Bautista, B. L., Devarajan, P., McKinstry, K. K., Strutt, T. M., Vong, A. M.,
Jones, M. C,, et al. (2016). Short-Lived Antigen Recognition but Not Viral
Infection at a Defined Checkpoint Programs Effector CD4 T Cells to
Become Protective Memory. J. Immunol. 197, 3936-3949. doi:10.4049/
jimmunol.1600838

Birjandi, S. Z., Ippolito, J. A., Ramadorai, A. K., and Witte, P. L. (2011).
Alterations in Marginal Zone Macrophages and Marginal Zone B Cells
in Old Mice. J. Immunol. 186, 3441-3451. doi:10.4049/
jimmunol.1001271

Frontiers in Aging | www.frontiersin.org

June 2021 | Volume 2 | Article 701900


https://doi.org/10.4049/jimmunol.1102213
https://doi.org/10.1056/nejmoa2028436
https://doi.org/10.4049/jimmunol.1600838
https://doi.org/10.4049/jimmunol.1600838
https://doi.org/10.4049/jimmunol.1001271
https://doi.org/10.4049/jimmunol.1001271
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

Swain et al.

Brahmakshatriya, V., Kuang, Y., Devarajan, P., Xia, J., Zhang, W., Vong, A. M.,
et al. (2017). IL-6 Production by TLR-Activated APC Broadly Enhances Aged
Cognate CD4 Helper and B Cell Antibody Responses In Vivo. J. Immunol. 198,
2819-2833. doi:10.4049/jimmunol.1601119

Chiu, B.-C., Martin, B. E,, Stolberg, V. R, and Chensue, S. W. (2013). Cutting Edge:
Central Memory CD8 T Cells in Aged Mice Are Virtual Memory Cells.
J. Immunol. 191, 5793-5796. doi:10.4049/jimmunol.1302509

Cicin-Sain, L., Messaoudi, 1., Park, B., Currier, N., Planer, S., Fischer, M., et al.
(2007). Dramatic Increase in Naive T Cell Turnover Is Linked to Loss of Naive
T Cells from Old Primates. Proc. Natl. Acad. Sci. 104, 19960-19965.
doi:10.1073/pnas.0705905104

Devarajan, P., Bautista, B., Vong, A. M., McKinstry, K. K,, Strutt, T. M., and Swain,
S. L. (2016). New Insights into the Generation of CD4 Memory May Shape
Future Vaccine Strategies for Influenza. Front. Immunol. 7, 1-7. doi:10.3389/
fimmu.2016.00136

Devarajan, P., Jones, M. C., Kugler-Umana, O., Vong, A. M., Xia, J., and Swain, S. L.
(2018). Pathogen Recognition by CD4 Effectors Drives Key Effector and Most
Memory Cell Generation against Respiratory Virus. Front. Immunol. 9, 596.
doi:10.3389/fimmu.2018.00596

Devarajan, P., and Swain, S. L. (2019). Original Antigenic Sin: Friend or Foe in
Developing a Broadly Cross-Reactive Vaccine to Influenza?. Cell Host &
Microbe 25, 354-355. doi:10.1016/j.chom.2019.02.009

Devarajan, P., Vong, A. M., Castonguay, C. H., Bautista, B. L., Jones, M. C., Kugler-
Umana, O., et al. (2020). CD4 Effectors Need to Recognize Antigen Locally to
Become Cytotoxic CD4 and Follicular Helper T Cells. bioRxiv. doi:10.1101/
2020.09.03.281998

Dobber, R., Hertogh-Huijbregts, A., Rozing, J., Bottomly, K., and Nagelkerken, L.
(1992). The Involvement of the Intestinal Microflora in the Expansion of CD4+
T Cells with A-Naive Phenotype in the Periphery. Dev. Immunol. 2, 141-150.
doi:10.1155/1992/57057

Dorshkind, K., and Swain, S. (2009). Age-associated Declines in Immune System
Development and Function: Causes, Consequences, and Reversal. Curr. Opin.
Immunol. 21, 404-407. doi:10.1016/j.c0i.2009.07.001

Eaton, S. M, Burns, E. M., Kusser, K., Randall, T. D., and Haynes, L. (2004). Age-
related Defects in CD4 T Cell Cognate Helper Function lead to Reductions in
Humoral Responses. J. Exp. Med. 200, 1613-1622. doi:10.1084/jem.20041395

Frasca, D., Landin, A. M, Lechner, S. C,, Ryan, J. G., Schwartz, R,, Riley, R. L., et al.
(2008). Aging Down-Regulates the Transcription Factor E2A, Activation-
Induced Cytidine Deaminase, and Ig Class Switch in Human B Cells.
J. Immunol. 180, 5283-5290. doi:10.4049/jimmunol.180.8.5283

Guerrettaz, L. M., Johnson, S. A., and Cambier, J. C. (2008). Acquired
Hematopoietic Stem Cell Defects Determine B-Cell Repertoire Changes
Associated with Aging. Proc. Natl. Acad. Sci. 105, 11898-11902.
doi:10.1073/pnas.0805498105

Haluszczak, C., Akue, A. D., Hamilton, S. E., Johnson, L. D. S., Pujanauski, L.,
Teodorovig, L., et al. (2009). The Antigen-specific CD8+ T Cell Repertoire in
Unimmunized Mice Includes Memory Phenotype Cells Bearing Markers of
Homeostatic Expansion. J. Exp. Med. 206, 435-448. doi:10.1084/jem.20081829

Hao, Y., O’Neill, P., Naradikian, M. S., Scholz, J. L., and Cancro, M. P. (2011). A
B-Cell Subset Uniquely Responsive to Innate Stimuli Accumulates in Aged
Mice. Blood 118, 1294-1304. doi:10.1182/blood-2011-01-330530

Haynes, L., Eaton, S. M., Burns, E. M., Randall, T. D., and Swain, S. L. (2003). CD4
T Cell Memory Derived from Young Naive Cells Functions Well into Old Age,
but Memory Generated from Aged Naive Cells Functions Poorly. Proc. Natl.
Acad. Sci. 100, 15053-15058. doi:10.1073/pnas.2433717100

Haynes, L., Eaton, S. M., Burns, E. M., Randall, T. D., and Swain, S. L. (2005). Newly
Generated CD4 T Cells in Aged Animals Do Not Exhibit Age-Related Defects in
Response to Antigen. J. Exp. Med. 201, 845-851. doi:10.1084/jem.20041933

Haynes, L., Eaton, S. M., Burns, E. M., Rincon, M., and Swain, S. L. (2004).
Inflammatory Cytokines Overcome Age-Related Defects in CD4 T Cell
Responses In  Vivo. J. Immunol. 172, 5194-5199. doi:10.4049/
jimmunol.172.9.5194

Haynes, L., and Swain, S. L. (2006). Why Aging T Cells Fail: Implications for
Vaccination. Immunity 24, 663-666. doi:10.1016/j.immuni.2006.06.003

Jones, S. C., Brahmakshatriya, V., Huston, G., Dibble, J., and Swain, S. L. (2010).
TLR-activated Dendritic Cells Enhance the Response of Aged Naive CD4
T Cells via an IL-6-Dependent Mechanism. J. Immunol. 185, 6783-6794.
doi:10.4049/jimmunol.0901296

Age-Associated Changes in Adaptive Immunity

Kawabe, T., Jankovic, D., Kawabe, S., Huang, Y., Lee, P.-H., Yamane, H., et al.
(2017). Memory-phenotype CD4+T Cells Spontaneously Generated under
Steady-State Conditions Exert Innate THI-like Effector Function. Sci.
Immunol. 2, eaam9304. doi:10.1126/sciimmunol.aam9304

Kawabe, T., Yi, J., Kawajiri, A., Hilligan, K., Fang, D., Ishii, N., et al. (2020).
Requirements for the Differentiation of Innate T-Bet high Memory-Phenotype
CD4+ T Lymphocytes under Steady State. Nat. Commun. 11, 1-16. doi:10.1038/
541467-020-17136-1

Kawabe, T., Yi, J., and Sprent, J. (2021). Homeostasis of Naive and Memory T
Lymphocytes. Cold Spring Harb Perspect. Biol., a037879. doi:10.1101/
cshperspect.a037879

Kogut, I, Scholz, J. L., Cancro, M. P., and Cambier, J. C. (2012). B Cell Maintenance
and Function in Aging. Semin. Immunol. 24, 342-349. doi:10.1016/
j.smim.2012.04.004

Kugler-Umana, O., Devarajan, P., and Swain, S. L. (2020). Understanding the
Heterogeneous Population of Age-Associated B Cells and Their Contributions
to Autoimmunity and Immune Response to Pathogens. Crit. Rev. Immunol. 40,
297-309. doi:10.1615/CritRevImmunol.2020034934

Lees, C., Godin, J., McElhaney, J. E., McNeil, S. A,, Loeb, M., Hatchette, T. F., et al.
(2020). Frailty Hinders Recovery from Influenza and Acute Respiratory Illness
in Older Adults. J. Infect. Dis. 222, 428-437. doi:10.1093/infdis/jiaa092

Lefebvre, J. S., Masters, A. R., Hopkins, ]. W., and Haynes, L. (2016). Age-related
Impairment of Humoral Response to Influenza Is Associated with Changes in
Antigen Specific T Follicular Helper Cell Responses. Sci. Rep. 6, 25051.
doi:10.1038/srep25051

McElhaney, J. E., Kuchel, G. A., Zhou, X., Swain, S. L., and Haynes, L. (2016). T-cell
Immunity to Influenza in Older Adults: A Pathophysiological Framework for
Development of More Effective Vaccines. Front. Immunol. 7, 41. doi:10.3389/
fimmu.2016.00041

Nikolich-Zugich, J. (2018). The Twilight of Immunity: Emerging Concepts in
Aging of the Immune System. Nat. Immunol. 19, 10-19. doi:10.1038/s41590-
017-0006-x

Nipper, A. ], Smithey, M. J., Shah, R. C,, Canaday, D. H., and Landay, A. L. (2018).
Diminished Antibody Response to Influenza Vaccination Is Characterized by
Expansion of an Age-Associated B-Cell Population with Low PAX5. Clin.
Immunol. 193, 80-87. doi:10.1016/j.clim.2018.02.003

Pardi, N., and Weissman, D. (2020). Development of Vaccines and Antivirals for
Combating Viral Pandemics. Nat. Biomed. Eng. 4, 1128-1133. doi:10.1038/
$41551-020-00658-w

Pereira, P., Forni, L., Larsson, E.-L., Cooper, M., Heusser, C., and Coutinho, A.
(1986). Autonomous Activation of B and T Cells in Antigen-free Mice. Eur.
J. Immunol. 16, 685-688. doi:10.1002/ji.1830160616

Rubtsov, A. V., Rubtsova, K., Fischer, A., Meehan, R. T., Gillis, J. Z., Kappler, ]. W,
et al. (2011). Toll-like Receptor 7 (TLR7)-Driven Accumulation of a Novel
CDllc+ B-Cell Population Is Important for the Development of
Autoimmunity. Blood 118, 1305-1315. doi:10.1182/blood-2011-01-331462

Rubtsov, A. V., Rubtsova, K., Kappler, ]. W., and Marrack, P. (2013). TLR7 Drives
Accumulation of ABCs and Autoantibody Production in Autoimmune-Prone
Mice. Immunol. Res. 55, 210-216. doi:10.1007/s12026-012-8365-8

Rubtsova, K., Rubtsov, A. V., Thurman, J. M., Mennona, J. M., Kappler, J. W., and
Marrack, P. (2017). B Cells Expressing the Transcription Factor T-Bet Drive
Lupus-like Autoimmunity. J. Clin. Invest. 127, 1392-1404. doi:10.1172/
JCI91250

Scholz, J. L., Diaz, A., Riley, R. L., Cancro, M. P., and Frasca, D. (2013). A
Comparative Review of Aging and B Cell Function in Mice and Humans. Curr.
Opin. Immunol. 25, 504-510. doi:10.1016/j.c0i.2013.07.006

Sosinowski, T., White, J. T., Cross, E. W., Haluszczak, C., Marrack, P., Gapin, L.,
et al. (2013). CD8a+ Dendritic Cell Trans Presentation of IL-15 to Naive CD8+
T Cells Produces Antigen-Inexperienced T Cells in the Periphery with Memory
Phenotype and Function. J.I. 190, 1936-1947. doi:10.4049/jimmunol.1203149

Su, L. F, Kidd, B. A., Han, A, Kotzin, J. ]., and Davis, M. M. (2013). Virus-Specific
CD4+ Memory-Phenotype T Cells Are Abundant in Unexposed Adults.
Immunity 38, 373-383. doi:10.1016/j.immuni.2012.10.021

Surh, C. D., and Sprent, J. (2008). Homeostasis of Naive and Memory T Cells.
Immunity 29, 848-862. doi:10.1016/j.immuni.2008.11.002

Swain, S. L., and Blomberg, B. B. (2013). Immune Senescence: New Insights into
Defects but Continued Mystery of Root Causes. Curr. Opin. Immunol. 25,
495-497. doi:10.1016/j.c0i.2013.08.001

Frontiers in Aging | www.frontiersin.org

June 2021 | Volume 2 | Article 701900


https://doi.org/10.4049/jimmunol.1601119
https://doi.org/10.4049/jimmunol.1302509
https://doi.org/10.1073/pnas.0705905104
https://doi.org/10.3389/fimmu.2016.00136
https://doi.org/10.3389/fimmu.2016.00136
https://doi.org/10.3389/fimmu.2018.00596
https://doi.org/10.1016/j.chom.2019.02.009
https://doi.org/10.1101/2020.09.03.281998
https://doi.org/10.1101/2020.09.03.281998
https://doi.org/10.1155/1992/57057
https://doi.org/10.1016/j.coi.2009.07.001
https://doi.org/10.1084/jem.20041395
https://doi.org/10.4049/jimmunol.180.8.5283
https://doi.org/10.1073/pnas.0805498105
https://doi.org/10.1084/jem.20081829
https://doi.org/10.1182/blood-2011-01-330530
https://doi.org/10.1073/pnas.2433717100
https://doi.org/10.1084/jem.20041933
https://doi.org/10.4049/jimmunol.172.9.5194
https://doi.org/10.4049/jimmunol.172.9.5194
https://doi.org/10.1016/j.immuni.2006.06.003
https://doi.org/10.4049/jimmunol.0901296
https://doi.org/10.1126/sciimmunol.aam9304
https://doi.org/10.1038/s41467-020-17136-1
https://doi.org/10.1038/s41467-020-17136-1
https://doi.org/10.1101/cshperspect.a037879
https://doi.org/10.1101/cshperspect.a037879
https://doi.org/10.1016/j.smim.2012.04.004
https://doi.org/10.1016/j.smim.2012.04.004
https://doi.org/10.1615/CritRevImmunol.2020034934
https://doi.org/10.1093/infdis/jiaa092
https://doi.org/10.1038/srep25051
https://doi.org/10.3389/fimmu.2016.00041
https://doi.org/10.3389/fimmu.2016.00041
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1016/j.clim.2018.02.003
https://doi.org/10.1038/s41551-020-00658-w
https://doi.org/10.1038/s41551-020-00658-w
https://doi.org/10.1002/eji.1830160616
https://doi.org/10.1182/blood-2011-01-331462
https://doi.org/10.1007/s12026-012-8365-8
https://doi.org/10.1172/JCI91250
https://doi.org/10.1172/JCI91250
https://doi.org/10.1016/j.coi.2013.07.006
https://doi.org/10.4049/jimmunol.1203149
https://doi.org/10.1016/j.immuni.2012.10.021
https://doi.org/10.1016/j.immuni.2008.11.002
https://doi.org/10.1016/j.coi.2013.08.001
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

Swain et al.

Swain, S. L., Kugler-Umana, O., Kuang, Y., and Zhang, W. (2017). The Properties
of the Unique Age-Associated B Cell Subset Reveal a Shift in Strategy of
Immune Response with Age. Cell Immunol. 321, 52-60. doi:10.1016/
j.cellimm.2017.05.009

Teo, S. P. (2021). Review of COVID-19 mRNA Vaccines: BNT162b2 and
mRNA-1273. J. Pharm. Pract. [Epub ahead of print]. doi:10.1177/
08971900211009650

Tsukamoto, H., Clise-Dwyer, K., Huston, G. E., Duso, D. K., Buck, A. L., Johnson,
L. L, et al. (2009). Age-associated Increase in Lifespan of Naive CD4 T Cells
Contributes to T-Cell Homeostasis but Facilitates Development of Functional
Defects. Proc. Natl. Acad. Sci. 106, 18333-18338. d0i:10.1073/pnas.0910139106

Tsukamoto, H., Huston, G. E., Dibble, J., Duso, D. K., and Swain, S. L. (2010). Bim
Dictates Naive CD4 T Cell Lifespan and the Development of Age-Associated
Functional = Defects. J. Immunol. 185, 4535-4544. doi:10.4049/
jimmunol. 1001668

White, J. T., Cross, E. W., Burchill, M. A,, Danhorn, T., McCarter, M. D., Rosen, H.
R, et al. (2016). Virtual Memory T Cells Develop and Mediate Bystander
Protective Immunity in an IL-15-dependent Manner. Nat. Commun. 7, 7.
doi:10.1038/ncomms11291

Age-Associated Changes in Adaptive Immunity

White, J. T., Cross, E. W., and Kedl, R. M. (2017). Antigen-inexperienced Memory
CD8+ T Cells: Where They Come from and Why We Need Them. Nat. Rev.
Immunol. 17, 391-400. doi:10.1038/nri.2017.34

Xia, J., Kuang, Y., Liang, J., Jones, M., and Swain, S. L. (2020). Influenza Vaccine-
Induced CD4 Effectors Require Antigen Recognition at an Effector Checkpoint
to Generate CD4 Lung Memory and Antibody Production. J. Immunol. 205,
2077-2090. doi:10.4049/jimmunol.2000597

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Swain, Kugler-Umana and Tonkonogy. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging | www.frontiersin.org

June 2021 | Volume 2 | Article 701900


https://doi.org/10.1016/j.cellimm.2017.05.009
https://doi.org/10.1016/j.cellimm.2017.05.009
https://doi.org/10.1177/08971900211009650
https://doi.org/10.1177/08971900211009650
https://doi.org/10.1073/pnas.0910139106
https://doi.org/10.4049/jimmunol.1001668
https://doi.org/10.4049/jimmunol.1001668
https://doi.org/10.1038/ncomms11291
https://doi.org/10.1038/nri.2017.34
https://doi.org/10.4049/jimmunol.2000597
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	“An Intrinsic Program Determines Key Age-Associated Changes in Adaptive Immunity That Limit Response to Non-Pathogens”
	Introduction
	Age-Associated Changes in CD4 T Cell Response and T Cell Subsets
	Age-Associated Changes in B Cell Function and B Cell Subsets

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


