' Horizons

ON THE HORIZON

Pre-existing T Cell Memory to Novel Pathogens

Sumbul Afroz,* Laurent Bartolo,* and Laura F. Su*!

*Division of Rheumatology, Department of Medicine, Perelman School of Medicine, Institute for Immunology, University of Pennsylvania,
Philadelphia, PA; and 'Corporal Michael J. Crescenz VA Medical Center, Philadelphia, PA

ABSTRACT

Immunological experiences lead to the development of specific T and B cell memory, which readies the host for a later pathogen

rechallenge. Currently, immunological memory is best understood as a linear process whereby memory responses are generated by
and directed against the same pathogen. However, numerous studies have identified memory cells that target pathogens in
unexposed individuals. How “pre-existing memory” forms and impacts the outcome of infection remains unclear. In this review, we
discuss differences in the composition of baseline T cell repertoire in mice and humans, factors that influence pre-existing immune
states, and recent literature on their functional significance. We summarize current knowledge on the roles of pre-existing T cells in

homeostasis and perturbation and their impacts on health and disease. ImmunoHorizons, 2023, 7: 543-553.

INTRODUCTION

The COVID-19 pandemic has now crossed the third-year mark
since it began in late 2019. Rapid advances in vaccine and antivi-
ral treatments have largely mitigated its widespread devastation,
but SARS-CoV-2 infection remains a significant cause of death
and disease burden with millions of people suffering from its
long-term sequela (1-3). SARS-CoV-2 is not the only pathogen
that poses a significant global threat. Major pandemics have
plagued humankind throughout history (4). In recent decades,
other viruses, such as HIV, Ebola virus, and Zika virus, have in-
flicted morbidity and mortality in many parts of the world. Cli-
mate change and human influences have contributed to spillover
from animal reservoirs to humans and increased the opportuni-
ties for the evolution of novel variants. Global travel and trade
have further blurred geographical boundaries and elevated the
risk of another pandemic threat (5).

Public health officials, scientists, and national security experts
are on the lookout for the next emerging pathogen. Fortunately,
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the immune system has also evolved to prepare for the unforesee-
able and is armed for protection. Upon infection, innate immune
cells sense pathogens through pattern recognition receptors and
activate inflammatory processes to mediate the first line of de-
fense (6). This is followed by adaptive immune cells, which are
endowed with a diverse repertoire of receptors that specifically
recognize and target a particular pathogen. Activated CD8" T cells
produce cytokines and mediate direct lysis of infected cells,
whereas CD4" T cells boost innate immune cells, support func-
tional CD8™ T cells, and provide essential signals for B cell matu-
ration and high-affinity Ab production (7-9). Protective Abs have
multifaceted functions with direct pathogen neutralization
capacity (10). Abs are also powerful arsenals that fix complements
and engage innate effector cells to drive killing and opsonization
(11). Together, these coordinated responses eliminate the threat,
restore homeostasis, and establish a new baseline state of height-
ened vigilance.

Variations of this scenario play out repeatedly throughout
the life of an individual in response to various forms of microbial
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challenges. A major unresolved question is how one’s response
to a new pathogen is shaped by what came before in a long se-
ries of exposures. In turn, how does the current response impact
the future state of health or disease? Immunological memory re-
fers to the ability of the immune system to learn from past expe-
riences. For the adaptive lymphocytes, a small subset of cells
that have productively engaged the relevant microbes is main-
tained as long-lived memory cells. These cells retain the history
of past encounters and are recalled in the event of a future
rechallenge. T cell memory encompasses numerous distinct
cellular states and is frequently subdivided based on cellular
phenotype, function, and site of residence (Fig. 1). The advan-
tage of memory T cells has been ascribed to their larger starting
number, faster division rate, and accelerated effector responses
(12-15). The ability to rapidly initiate a functional response
underlies protective immunity from past infections and has
been leveraged for disease prevention by vaccination. Immuno-
logical memory is primarily studied in the context of a previously
encountered Ag. In this article, we expand on the classical frame-
work of T cell memory to discuss memory responses to never-
before-seen pathogens, referred to as pre-existing memory. We
discuss the various ways that pre-existing memory could form,
and we consider how they influence host responses to a novel
pathogen. Because many key findings for T cell memory were
initially discovered using animal models, we highlight relevant
findings in mice for comparison. Finally, we reflect on open
questions in the field and suggest future directions for leverag-
ing pre-existing memory for protective immunity and beyond.

T cell memory in the absence of foreign Ags

T cells recognize specific peptide-histocompatibility complex
(MHC) molecules through a heterodimeric TCR complex. Dur-
ing an infection, productive TCR engagement with pathogen-
presenting dendritic cells activates naive T cells, leading to pro-
liferation and effector differentiation. After pathogen clearance,
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a subset of previously activated cells acquires a memory pro-
gram, preparing them for future defense against the same path-
ogen (16-18). This classical view that centers on foreign Ags as
the primary driver of T cell memory differentiation has been
challenged by the unexpected discovery that mice raised in
gnotobiotic conditions, devoid of microbial exposures, still pos-
sess memory phenotype T cells (19, 20). It was also known that
naive T cells transferred into various lymphopenic settings will
spontaneously upregulate typical memory markers and undergo
cell division (21, 22). Among cells that proliferated, a subset
will continue to divide in the absence of microbes and food Ags
(23, 24). In other studies, 10-30% of CD8" T cells recognizing
a model Ag or viral epitopes in unprimed mice exhibited a
memory phenotype by CD44 expression. The abundance of these
memory cells was not diminished in mice raised under germ-free
conditions (25).

These key initial observations ushered in a period of intense
investigation on how memory can be generated independent of
environmental Ags. Memory T cells found in unprimed mice
have been variously labeled as virtual memory (VM), endogenous
memory, and homeostatic proliferating memory T cells depend-
ing on the experimental context (16, 26-28). Data from many
laboratories have shown that the generation and maintenance
of these cells require TCR tonic signaling in an MHC-dependent
manner (24, 29-33). Taking advantage of CD5 expression to in-
fer the strength of self-MHC interaction (34, 35), several groups
have demonstrated that naive T cells with high CD5 levels give
rise to more VM cells than those with low CD5 expression
(33, 36, 37). Experimental manipulations that alter TCR signal-
ing have been shown to further modify VM differentiation. For
example, blocking costimulation by CD28 gene knockout and
CTLAA4-Ig treatment resulted in fewer VM CD4™" T cells (22, 33),
whereas more CD8" VM T cells were found in dedicator of cyto-
kinesis 2-deficient mice that have an increase in TCR sensitivity
to weak agonists (38).
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FIGURE 1. The baseline T cell repertoire dynamically evolves over time.

The T cell repertoire is shaped by a combination of endogenous immune processes and external inputs from the environment. In young children, it
consists mainly of diverse naive T cells with robust proliferative and differentiation potential. T cell stimulation from cognate Ags, cross-reactive
epitopes, cytokine signals, and other changes in the cellular environment influence T cell differentiation and the establishment of immunological

memory. Memory T cells exhibit rapid, specialized responses, express diverse trafficking receptors, and provide surveillance in circulation and tissue

environments.
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Beyond TCR signaling, y-chain cytokines are critical for
VM differentiation. A crucial role for IL-15 in CD8" VM in-
duction was demonstrated by the absence of VM CD8" T cells
in IL-15"/", IL-15Ra /", and CD122 (IL5Rb) /™ mice and the
observation that memory cells can expand in unprimed animals
after IL-15 stimulation (37, 39). CD8" T cell proliferation and
memory differentiation under lymphopenic conditions also re-
quire IL-7 (21, 32). By contrast, CD4" T cells are less prone to
differentiate without a known source of Ag in mice. For exam-
ple, the CD4" subset in unprimed mice contains fewer CD44"&"
CD49d"™ VM T cells compared with CD8" T cells in the same
animal (39). Direct tetramer analyses of foreign Ag-specific
CD4" T cells in unexposed adult mice also found the majority
retained a naive phenotype (40). In general, homeostatic re-
sponses to cytokines appear to be subdued in CD4" T cells.
CD4" T cells express lower levels of an IL-15R subunit (CD122)
and monosialotetrahexosylganglioside, which are critical for opti-
mal responses to IL-15 and IL-2 (32, 41). In addition, the activity
of IL-7 on CD4" T cells is blunted by reduced Ag presentation
caused by IL-7-mediated downregulation of class II MHC mole-
cules on IL-7Ra-expressing dendritic cells (42).

VM cells are functionally competent. Jameson and colleagues
(43) studied OVA-specific VM cells using mice with a fixed TCR
B-chain of OVA-specific OT-I that pairs with endogenously rear-
ranged TCRa. This showed that VM CD8" T cells produced
less IFN-y in response to OVA peptides in vitro but were com-
parably protective as true Ag-experienced memory cells against
OVA-expressing L. monocytogenes infection (43). Protection is
not strictly dependent on the recognition of cognate Ag. White
et al. (37) showed a reduction in OVA-expressing L. monocytogenes
bacteria load in mice that received VM-transgenic T cells recog-
nizing an HSV epitope. Immune protection required IL-15 and
was attributed to bystander killing of infected cells by IL-15-
activated Ag-mismatched CD8" T cells (37). Whether humans
have an equivalent population of VM cells remains unclear. The
study of VM in humans is complicated by divergent programs
that regulate typical murine VM markers and clear limitations
on direct manipulation of environmental exposures in people.
Nevertheless, the discovery of homeostatic memory in mice is
important because it raises broader questions on how endogenous
basal signals are perceived by T cells and influence their differen-
tiation and function.

Influences of the environment on T cell differentiation

Although memory phenotype T cells are present even in unprimed
gnotobiotic mice, the living environment drives further maturation
of T cells that are critical for protective and tolerogenic responses.
The term “homeostasis” was coined by Walter Cannon in the early
1900s (44). It describes the coordinated responses that maintain
internal stability and require dynamic integration between endoge-
nously driven processes and external inputs. The natural environ-
ment contains an abundance of bacteria, fungi, and viruses that
live in the soil and on plants and animals (45). An extensive
network of adaptive and innate immune cells calibrates the
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immune responses to this complex microbial ecosystem, which
drives early-life immune development, mediates tissue repair,
and constrains inflammatory responses (46-49).

In addition to commensal organisms, the free-living envi-
ronment also contains many pathogens. Latent viruses such as
CMV cause lifelong infections globally (50, 51). Statistical esti-
mates for the influenza virus showed that 3 to 11% of the popu-
lation in the United States develop symptomatic infection each
year (52). Since late 2019, more than six hundred million people
worldwide have been infected and reinfected by SARS-CoV-2
and its many variants. For other major infectious diseases, the
World Health Organization estimates that 38.4 million people
live with HIV, 10.6 million people developed tuberculosis-
related illnesses, and >247 million people became infected by
malaria in 2021. The extent to which our immune system re-
tains divergent inputs from the environment was addressed in
a landmark twin study by Brodin et al. (53) Using covariance
between monozygotic and dizygotic twins to estimate nonherit-
able influences, the authors showed that more than half of the
204 measured immune parameters were largely not genetically
determined (53). Even for factors that showed strong concor-
dance between young monozygotic twins, many diverged with
age and discordance in CMYV seropositivity. Thus, along with
genetics, age, sex, and other host characteristics, environmen-
tal influences contribute to the heterogeneity of human immune
responses (Fig. 1).

To address how the environment impacts T cell memory
and responses, there is a growing effort to expose animal models
to complex environments. Even without gnotobiotic containment,
laboratory mice raised in hygienic specific-pathogen-free (SPF)
conditions lack the breadth of exposures that a typical human
would experience. Restricting microbial exposures is necessary to
protect vulnerable genetically modified murine strains, but dif-
ferences in Ag experiences also contribute to divergent data be-
tween many preclinical mice studies and human clinical trials
(54-58). A seminal study by Masopust and colleagues (59)
showed that mice raised in SPF conditions have T cells that
largely mirror the naive state of a human newborn. By contrast,
CD8" T cells from mice trapped in the wild or obtained from
the pet store have more differentiated T cells characterized by
a granzyme B and KLRGl-expressing effector memory pheno-
type. Like adult humans, a greater population of T cells from
free-living mice reside in nonlymphoid tissues (59, 60). These
changes in T cell maturation and residency are transferable by
cohousing SPF mice with pet-store mice, which confers resis-
tance to infection by L. monocytogenes and other pathogens
(59). Since the initial description of “dirty mice,” several other
approaches have been developed to introduce diverse microbial
exposures to laboratory mice. These include wild-mouse fecal
transfers and “wildlings” created by transferring embryos into
pseudopregnant wild mice (61, 62). Collectively, these models
reveal key aspects of memory differentiation that are influenced
by the environment. In doing so, they also improve the transla-
tional tools to better recapitulate human responses to vaccine and
drug treatments (62, 63).
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How do exposures to seemingly unrelated microbes in the
living environment drive memory differentiation? The general
concept that cells can adapt to prior inflammatory stimuli is
not confined to T cells. Inflammation-driven epigenetic reprog-
ramming and transcriptional changes underlie “trained memory,”
which results in an altered baseline state in innate immune cells
and epithelial tissues after recovery from an inflammatory insult
(64). What is distinct for adaptive immune cells are their unique
Ag recognition receptors. Because T cells express individualized
TCRs, memory not only represents a variety of distinct cellular
states but also modifies the composition of Ag-receptor reper-
toire. Cells expressing specific TCRs that can appropriately en-
gage the relevant Ags are selectively expanded from a diverse
precursor pool. Even when cytokines have a dominant role, as
seen in VM in mice, memory differentiation is biased toward
cells receiving stronger tonic signals from self-MHC complexes
(33, 37).

Key studies from Selin, Welsh, and colleagues (65, 66) es-
tablished the early conceptual framework for understanding
how TCR recognition could bridge unrelated microbial expe-
riences. By infecting mice sequentially with different viruses,
they revealed that heterologous infections modified the hier-
archy of responding T cells, and this involved activation of
cross-reactive memory cells seeded by responses to an earlier
pathogen (67-70). TCR cross-reactivity refers to the ability
of a TCR to bind multiple distinct peptide-MHC (pMHC)
complexes. The clonal selection theory proposed that each T cell
recognizes a unique pMHC molecule. However, the number of
distinct T cell clones, estimated to be on the order of 10°, is far
lower than the theoretical estimate of 10°~10" potential foreign
Ags that can be presented by a given MHC molecule (71, 72).
Several experimental approaches have been used to interrogate
TCR cross-reactivity. These include synthetic peptide libraries
(73, 74), yeast displays (75, 76), multiplexed tetramer staining
(77, 78), Ag-specific lentiviral-mediated cell entry (79, 80),
and reporter-based systems (81-83). Experimental estimates
of cross-reactivity vary depending on screening platforms,
epitope coverage, and the choice of TCRs, ranging from sev-
eral thousand to more than one million peptides for a single
receptor (73, 74, 76, 81). TCR cross-reactivity is enabled by
the flexibility of CDR loops and receptor docking orientation
(84-88). Further, TCRs focus on a small number of “hot
spots” and are tolerant of variations in other peptide posi-
tions (89). Peptide binding to MHC molecules is also adapt-
able, with binding-induced register shifts and extensions
from MHC binding grooves contributing to a greater range of
peptide-loaded MHC complexes (90). Don Mason (72) argued in
his seminal thesis that TCR cross-reactivity is necessary to over-
come the practical constraints of having more potential foreign
peptides than the space available to accommodate a similarly
high number of T cells. From an evolutionary perspective, this
expanded scope may have been critical for our survival by pro-
viding the host with greater protection against diverse patho-
gens and their variants.
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The many drivers of pre-existing memory in human T cells
Unlike mouse models in which various endogenous and exogenous
drivers of memory responses can be experimentally dissected, the
sources that induce a particular naive T cell to acquire a memory
program are more challenging to determine in humans. In probing
the signals from past exposures in humans, we and others have
identified pre-existing T cells to microbial Ags in unexposed indi-
viduals (Fig. 2). Using class II pMHC tetramers to identify virus-
specific T cells, we found that uninfected blood donors could have
a high proportion of CD4" memory phenotype T cells that recog-
nized HIV, CMV, and HSV with a negative Ab test for these infec-
tions (91). Albeit unlikely, unsuspected exposures are possible for
these relatively common viruses. A more stringent test on T cell
responses to the geographically restricted yellow fever virus (YFV)
also showed memory phenotype in >50% of YFV-specific T cells
from unexposed adults (92). Another study by Campion et al. (93)
stimulated CD4" T cells with overlapping peptides spanning HIV
and Ebola proteome and similarly uncovered T cell responses
within the memory phenotype sorted fraction from unexposed in-
dividuals. After the emergence of SARS-CoV-2, many laboratories
have identified T cells that recognize SARS-CoV-2 in prepandemic
blood samples (94-102). Several groups have also found pre-
existing SARS-CoV-2-specific T cells in lymphoid and non-
lymphoid tissues, generating excitement over the possibility
that these T cells could mediate protective local immunity
(103-105). Using adult and pediatric tonsils collected between
2015 and 2018, Niessl et al. (103) identified CD8" T cell re-
sponses to SARS-CoV-2 peptides that were enriched in tonsils
compared with matched blood. Responding CD8" T cells in-
cluded cytokine-producing tonsillar cells with increased expres-
sion for CXCR5 and tissue-resident memory T cell (TRM)
markers, CD103 and CD69. Later studies on unexposed individ-
uals have also identified cytokine responses to SARS-CoV-2
peptides by TRM cells in the bone marrow and bronchial alveolar
lavage (104, 105).

Pre-existing memory is typically associated with cross-reactive
responses to related pathogens (Figs. 1, 2). For SARS-CoV-2,
the widely circulating human coronavirus (HCoV) is the most
obvious candidate because it shares high sequence homology in
several genomic regions with SARS-CoV-2 (106). Cross-reactivity
between SARS-CoV-2 and HCoV is supported by experimental
evidence showing that several SARS-CoV-2 peptide-expanded
T cell lines can indeed respond to analogous HCoV sequences
(95, 107, 108). However, estimates of cross-reactivity to HCoV
vary according to experimental systems and are infrequent in
some donors (101). The existence of pre-existing memory T cells
that recognize viruses without a close relative to simulate prior
exposure, such as YFV, further suggests other avenues for ac-
quiring an Ag-experienced state at baseline (92, 93). A broader
consideration for the sources of cross-reactive Ags by Bartolo
et al. (102) identified SARS-CoV-2-specific CD4" T cells that
recognized commensal bacteria-derived peptides. Using pMHC
tetramers to probe Ag recognition of peripheral T cells col-
lected before the pandemic, we found ~20% of CD4" T cells
that recognized a spike peptide also costained with bacterial-
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peptide-loaded tetramers. This level of cross-recognition was
comparable with HCoV-derived sequences. Cross-reactivity was
further supported by responses to lysates made from the stool
and cultured bacteria. Single-cell-derived SARS-CoV-2-specific
T cell clones produced cytokines after in vitro stimulation by
a skin microbe, Staphylococcus epidermidis, and gut bacteria,
Prevotella copri and Bacteroides ovatus. Although it is unknown
whether exposures to a particular organism had occurred in these
donors, the commensal bacteria examined are common in the
general population and are likely to colonize individuals in this
study. Our ability to uncover cross-reactive responses after
testing a handful of bacteria argues for an even greater likeli-
hood that additional responses to bacteria, fungi, viruses, and
other microbes could occur in the natural living environment
(Fig. 2A). Consistent with this, Pothast et al. (109) generated
CD4" and CD8"' T cell clones from prepandemic samples
and identified cross-reactive responses between SARS-CoV-2
and pp65 of CMV. The same cross-reactive aTCR sequences
were found in CD8" T cells from multiple CMV™ donors, sug-
gesting that shared exposures could leave a similar imprint on
the basal immune repertoire across individuals.

In addition to TCR cross-reactivity, prior experiences can
influence T cell baseline responses by modulating the cellular
environment (Fig. 1). For example, early-life experiences regulate
secretory IgA, which targets commensal bacteria to modulate
the extent of systemic exposure (110). In IgA-deficient pediatric
patients, the absence of fecal IgA was associated with systemic
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immune dysregulation that included higher levels of proinflam-
matory cytokines, altered CD8™" T cell phenotypes, and increased
frequency of circulating T follicular helper (Tfh) cells (111).
Recently, longitudinal multiomic profiling of influenza vaccine
response discovered persistent immune changes characterized
by an increase in GPR56"CD8" T cells in male recoverees after
mild COVID-19 (112). Instead of a classical TCR-driven response,
GPR56"CD8" T cells could be stimulated by IL-15 in vitro. In
addition, their elevated basal frequency was associated with an
early IFN-v response, higher Ab titer, and an increase in plasma-
blast frequency after influenza vaccination. Thus, prior Ag expe-
riences can shape T cell responses by modifying Ag availability,
cytokine signals, and other relevant factors in the broader
cellular environment. How extensive these changes may be,
how long they last, and what determines the variability between
individuals are major questions that remain unanswered. In the
future, in-depth characterization of longitudinal human responses,
in combination with mechanistic studies in animal models, may
provide insights into how distinct immune pathways intercon-
nect across time and space to shape the pre-existing immune
landscape.

Human pre-existing responses to vaccines and infections

Are pre-existing memory T cells beneficial? After the emergence
of SARS-CoV-2, many groups have examined the relationship
between pre-existing T cells, Ab responses, and clinical out-
comes. COVID-19 exhibits diverse clinical presentations, organ
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involvement, and symptom severity, ranging from asymptomatic
infection to death (113-118). Using a closely monitored longitudi-
nal cohort of health care workers recruited in March 2020, Swa-
dling et al. (119) identified PCR and Ab-negative individuals who
likely had an abortive SARS-CoV-2 infection. Resistance was
attributed to cross-reactive T cell response against the highly
conserved early transcribed replication-transcription complex,
which was higher in seronegative health care workers works
at baseline and further increased during the follow-up period
(119). T cell responses to several conserved epitopes that in-
cluded replication-transcription complex sequences were also
elevated in another group of COVID-19-exposed PCR-negative
individuals (120). Fine mapping of CD8™ T cell response by
multimer staining showed a higher baseline for peptides with
high sequence similarity to other HCoVs and a stronger re-
sponse to these cross-reactive epitopes in patients with mild
COVID-19 compared with those with severe disease (121).
Cross-reactive CD8" T cells were able to reduce intracellular
SARS-CoV-2 copies in an airway epithelial cell line at low
multiplicity of infection, suggesting a potential role in limit-
ing viral spread during early stages of infection (109). With
respect to CD4" T cells, a higher reactivity to SARS-CoV-2
peptides at baseline has been linked to Tth cell frequency and
a more robust Ab response after vaccination and infection
(122, 123). Because a substantial portion of the pre-existing re-
sponse was directed toward an epitope in the HCoV homologous
spike region (S-II), the decline in the overall S-II response with
age was interpreted as a loss of protection from pre-existing
memory in older individuals (122).

Although the earlier studies collectively support a protective
effect from pre-existing memory, further studies into the nature
of pre-existing cells have revealed heterogeneity within this
population and the responses that they generate (Figs. 2, 3). In-
depth analyses of pre-existing memory repertoire have uncov-
ered cells with a broad range of Ag avidity, receptor diversity,
and differentiation states (101, 102, 124). For example, single-cell
RNA sequencing performed on SARS-CoV-2-reactive CD4"
T cells from unexposed donors uncovered Thl and Tfh cell-
related transcriptional profiles (101). CXCR3 and CXCR5 protein
expression were also detected in a subset of SARS-CoV-2-specific
T cells identified by direct ex vivo tetramer staining from prepan-
demic blood (Fig. 2B) (102). Furthermore, pre-existing memory
cells likely have a range of tissue tropism based on divergent
patterns of trafficking receptor expression (Fig. 2C). In unex-
posed individuals, distinct SARS-CoV-2-specific memory popu-
lations expressed gut homing receptors, Integrin 37 and CCR9,
and skin trafficking receptors, cutaneous lymphocyte-associated
Ag and CCRI10 (102). With respect to T cell recognition, emerg-
ing data reveal a wide range of T cell binding strength and
responsiveness to cross-reactive Ags within the pre-existing
memory repertoire (Fig. 2D). This heterogeneity includes cells
that exhibit reduced response to the current immunological
threat (101, 107). Bacher et al. (101) uncovered memory pheno-
type CD4" T cells in unexposed donors that recognized SARS-
CoV-2 but required higher peptide concentration to respond.
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FIGURE 3. Divergent influences of pre-existing T cell memory.
Pre-existing functional polarization may contribute to varied responses
after stimulation. Having an existing reservoir of TRMs or the ability to
rapidly mobilize tissue surveillance may facilitate local immunity but
could also lead to immunopathology if inappropriately regulated. The
impact of pre-existing memory T cells is likely context dependent and
can have both positive and negative influences on immune health. Future
strategies aimed at selectively modulating pre-existing memory may pro-
vide new opportunities to enhance protective immunity against cancer
or infection and restore immune tolerance in autoimmune diseases.

These pre-existing memory cells were largely nonreactive to
HCoV and increased with age. Low-avidity responses were also
enriched in patients with severe COVID-19 compared with
mild disease, suggesting that weakly responsive memory pre-
cursors have limited protective effects (101). Fortunately, exist-
ing evidence suggests that a diverse T cell repertoire is capable
of overcoming low-avidity pre-existing responses through
dynamic reorganization of T cell hierarchy. Saggau et al.
(124) used TCR sequencing to track CD4™ T cell responses
to COVID-19 vaccination and found a replacement of pre-existing
clonotypes with newly arising sequences in efficacious re-
sponses. Consistent with this, we had shown that high-frequency
YFV-specific CD4" precursors remained abundant during the
first week after YFV vaccination but subsequently underwent
limited expansion (92). Instead of further increasing the already
expanded clones, the YFV vaccine preferentially boosted initially
rare populations with a diverse TCR repertoire, including de
novo responses and a subset of pre-existing memory precursors.
Clonal reorganization was associated with preferential recruit-
ment of high-avidity cells and resulted in improved viral Ag
recognition by tetramer staining after vaccination. These data
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highlight the dynamic nature of the T cell repertoire, where a
diverse range of T cells compete to engage with and respond to
Ags during each encounter. As such, pre-existing memory may
have broader implications beyond the immediate immune response.
By actively competing with other T cells, they could shape the
composition of the subsequent immune baseline and influence
future responses to other immunologic challenges.

CONCLUSION AND OPEN QUESTIONS

Humans are exposed to various inflammatory and noninflamma-
tory stimuli throughout our lifetime. The scientific community is
now just beginning to untangle different aspects of these experi-
ences and determine how they modify immune responses and
health outcomes. The emergence of COVID-19 has highlighted
how past exposures to similar and dissimilar stimuli are relevant
factors to consider in human responses to pathogens, but the fun-
damental questions on this type of immunological memory ex-
tend beyond a single virus. Within each of us exist T cells that
can recognize novel pathogens. This complex repertoire of T cells
is influenced by our past immunological experiences. Some pre-
existing T cells circulate, whereas others reside in tissues. A sub-
stantial portion of these cells are already Ag experienced and
have specialized trafficking and differentiation programs. Layered
experiences from various Ags and exposure conditions likely con-
tribute to the diversity of pre-existing memory.

A major unaddressed question is how different pre-existing
subsets individually and collectively contribute to a particular
outcome. Which types of pre-existing responses are needed
will likely also depend on the nature of the infection. Although
memory cells have generally been viewed as a superior source
of protective immunity, memory cells generated by past stimu-
lus from a different source may or may not recall T cells that
are best suited for the current immunological challenge.
However, even for memory precursors with a lower avidity,
the ability to quickly mobilize a sizable number of T cells
could be critical at the very beginning of an infection or to
control slower-replicating pathogens. As the immune responses
evolve, the ability to recruit “best-fit” T cells to arm the im-
mune system with the most responsive T cells may be needed
for durable protective immunity. Having a diverse repertoire of
T cells preserves the availability of alternative TCRs if currently
expanded clones are unsuitable. For fast-evolving pathogens, a
diverse T cell repertoire can serve to constrain the emergence
of escape variants as mutations arise, thereby providing an
additional layer of protection. Factors that alter the underlying
clonal structure and cellular environment, such as advanced
age, chronic infections, cancers, and autoimmune diseases, will
likely influence T cell responses to pathogens. Decoding how
pre-existing memory forms and functions is highly relevant for
next-generation vaccine design. Advances in this area may enable
approaches that elicit a particular type of pre-existing T cell pop-
ulation or use preconditioning exposures as novel strategies to
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tailor the immune responses toward a desired outcome in future
studies.

Although we have focused on pre-existing T cell responses to
pathogens, T cells also recognize Ags derived from other sources,
such as commensal microbes, food Ags, and self-proteins. Given
the breadth of T cell cross-reactivity and the longevity of some
Ag-experienced T cells, we anticipate that there will be multidir-
ectional cross-talks between homeostatic and antipathogen im-
munity. Indeed, molecular mimicry, whereby responses elicited
by foreign Ags cause a misdirected response to similar-appearing
self-antigens, has been suggested to drive many autoimmune
diseases (125, 126). Infections can also alter the microbiome
(127, 128), although the direct effects on commensal-reactive
T cells are still unclear. Our data showing cross-reactivity be-
tween SARS-CoV-2 and skin and gut bacteria suggest that
cross-talk via shared recognition is theoretically possible. Studies
to date have largely focused on healthy individuals. Much re-
mains unknown on how the baseline T cell repertoire is altered
in the context of disease and how these changes, in turn, modify
T cell homeostasis and responses to perturbation. In the future,
understanding the roles of pre-existing memory in a disease set-
ting may provide new opportunities for modulating the immune
repertoire toward a tolerogenic or proinflammatory state in au-
toimmunity, cancer, and chronic infections.
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