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Abstract

Influenza A viruses are a significant cause of morbidity and mortality worldwide, particularly
among young children and the elderly. Current vaccines induce neutralizing antibody responses
directed toward highly variable viral surface proteins, resulting in limited heterosubtypic
protection to new viral serotypes. By contrast, memory CD4 T cells recognize conserved viral
proteins and are cross-reactive to multiple Influenza strains. In humans, Influenza-specific
memory CD4 T cells were found to be the protective correlate in Influenza challenge studies,
suggesting their key role in protective immunity. In mouse models, memory CD4 T cells can
mediate protective responses to secondary Influenza infection independent of B cells or CD8 T
cells, and can influence innate immune responses. Importantly, a newly defined, tissue-resident
CD4 memory population has been demonstrated to be retained in lung tissue and promote optimal
protective responses to Influenza infection. Here, we will review the generation of memory CD4 T
cells following primary Influenza infection as well as mechanisms for their enhanced efficacy in
protection from secondary challenge, focusing on their phenotype, localization and function in the
context of both mouse models and human infection. We will also discuss the generation of
memory CD4 T cells in response to Influenza vaccines and future implications for vaccinology.

1 Introduction

Infection with Influenza A viruses results in moderate to severe acute respiratory illness and
is a significant cause of morbidity and mortality worldwide, particularly in children under
five and adults over 65 (Thompson et al. 2006). In addition, the annual economic burden
associated with Influenza infection in the United States is more than $85 billion dollars
(Molinari et al. 2007). Although vaccines for Influenza are available, due to multiple factors,
including variations in Influenza strains and variable induction of protective immune
responses in vaccine recipients, current vaccines are not completely protective against
infection with seasonal strains and are ineffective at protecting against emerging new or
pandemic strains (Osterholm et al. 2012). Therefore, identifying the immune mechanisms
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underlying the host response to infection is a priority in the rational design of future
vaccines and therapeutics for Influenza.

Current Influenza vaccines promote protective immunity to infection through the generation
of neutralizing antibody responses to hemagglutinin (HA) and neuraminidase (NA) viral
surface glycoproteins. Due to a combination of antigenic drift and shift, HA and NA
proteins exhibit profound variations in protein sequence and antigenicity in different
Influenza strains. As a result, antibody responses typically provide limited cross-protection
against new viral serotypes, leading to the requirement for new vaccine formulations
annually. Immunity that is cross-protective between Influenza strains expressing distinct HA
and NA serotypes is termed heterosubtypic immunity. Importantly, memory T cells
generated following Influenza infection have been demonstrated to mediate heterosubtypic
immune responses to distinct viral strains via the targeting of conserved viral proteins (Liang
et al. 1994, Epstein et al. 1997; Woodland et al. 2001). Thus, the targeted generation of
virus-specific memory T cell responses by vaccines could represent a way to achieve
durable, cross-protective immunity to Influenza.

Both CD4 and CD8 T cells play important roles in the adaptive immune response to
Influenza. However, in contrast to CD8 T cells, which are limited to cytotoxic killing of
virally-infected cells, CD4 T cells play much more diverse roles in responses to infection.
Effector CD4 cells are capable of providing help necessary for both CD8 T cells and B cells
to achieve their full functional potential, as well as mediating direct effector functions
through cytolysis of Influenza-infected cells. Following Influenza infection, virus-specific
CDA4 T cells are maintained as long-lived memory populations with an enhanced capacity to
protect against secondary infection, due to their ability to respond more rapidly and robustly
upon antigen encounter. In addition, in contrast to naive cells, which remain in lymphoid
tissues, memory cells localize to peripheral sites, poised to respond to secondary challenge
at the site of infection. In mouse models of Influenza infection, memory CD4 T cells have
been shown to mediate protective responses independently of B and CD8 T cells (Teijaro et
al. 2010). Additionally, CD4 memory T cell responses are the protective correlate in vivo in
human Influenza challenge studies (Wilkinson et al. 2012). Furthermore, that memory CD4
T cells can be cross reactive to multiple Influenza strains (Lee et al. 2008; Richards et al.
2010) makes them an attractive target for vaccine development strategies. In this review we
will discuss the general properties of memory CD4 T cells, including their generation,
phenotype, localization and function in the context of Influenza infection in both mouse
models and humans. We will also discuss how tissue distribution influences T cell-mediated
protection and how generation of tissue-targeted memory CD4 T cells is a potentially robust
strategy for promoting protection from Influenza infection.

2 Primary CD4 T cell Responses to Influenza infection

The generation of memory CD4 T cells following exposure to Influenza begins with the
activation of naive CD4 T cells. Influenza infection is confined to the lung and primary viral
replication takes place within the epithelial cells of the respiratory tract expressing a (2,6)
sialic acid linked membrane glycoproteins (Couceiro et al. 1993). Infected respiratory
epithelial cells release inflammatory cytokines and chemokines including Tumor Necrosis
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Factor-a (TNF-a), Type-I Interferons (IFN), Interleukin-6 (IL-6), IFN-y-inducible
protein-10 (IP-10) and monocyte chemoattractant protein-1 (MCP-1, also known as CCL2),
which in turn recruit innate immune effectors and antigen presenting cells (APCs) to the site
of infection (Sanders et al. 2010). Within the infected lung, dendritic cells (DCs) take up
viral particles and Influenza-derived antigens, which triggers DC activation, maturation and
migration from the lung to the draining mediastinal lymph node (MLN) (Fig. 1a).

Mature naive T cells express lymphoid homing receptors, including CD62L (also known as
L-selectin) and CCR7, which direct their migration and entry into the secondary lymphoid
tissues. Here, Influenza-specific naive CD4 T cells interact with mature DCs bearing viral
antigen and are activated (Fig. 1b). Newly activated T cells proliferate and begin to acquire
effector functions including the ability to produce effector cytokines which direct other
immune functions. It is well established that the cytokine environment promotes the
differentiation of activated CD4 T cells into different types of effector T helper (Th) cells,
with Thl, Th2, Th17, Tfh (T follicular helper) and Treg (T regulatory) subsets being the
most well-characterized (O'Shea and Paul 2010). Influenza infection is generally associated
with Th1-type responses dominated by IFN-y production along with TNF-a and IL-2, as
well as a robust antibody response (Gerhard et al. 1997), involving Tfh and Th2-type CD4
effector cells.

Concomitant with effector differentiation, activated T cells alter expression of homing
molecules, allowing them to migrate from the lymph nodes to peripheral tissues, such as the
lung in Influenza infection (Fig. 1c). These changes include downregulation of CD62L and
CCRY7 and upregulation of the adhesion molecule CD44 and the integrin Lymphocyte
Function-Associated Antigen-1 (LFA-1, a dimer of CD11a and CD18). Peak levels of
activated CD4 effector T cells in the lung are reached 10 to 15 days post Influenza infection
(Fig. 1d). Here, virus-specific CD4 cells secrete effector cytokines and a subset of these cells
can also direct cytolysis of virally-infected cells. Effector CD4 T cells also play roles in the
activation and maturation of virus-specific B and CD8 T cells necessary for clearance of
primary Influenza infection in the lung-draining lymph nodes and the spleen (Fig. 1e).

3 Generation of Memory CD4 T cells in Influenza Infection

Following resolution of primary infection, a subset of responding virus-specific CD4 T cells
are retained as long-lived memory T cells which can persist for the life of the animal,
conveying protective immunity upon secondary pathogen encounter (Fig. 1f). Mechanisms
underlying the transition from primary effectors to memory T cells have been an area of
intense study, although this process remains incompletely understood (for reviews, see
(Kaech et al. 2002; Sallusto et al. 2004; Kaech and Wherry 2007)). In the context of
Influenza infection, the role of antigen persistence and cytokine signaling in memory CD4 T
cell generation has been specifically investigated.

During primary Influenza infection in mouse models, virus is cleared between 7 to 10 days
post infection (Allan et al. 1990). However, viral antigens have been found to persist up to
28 days post infection (Jelley-Gibbs et al. 2005; Zammit et al. 2006). Importantly, the level
of antigen stimulation during infection has been shown to influence the development of
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memory CD4 T cells. Transfer of naive CD4 T cells into hosts infected with Influenza either
during acute infection or weeks following viral clearance resulted in both transferred
populations converting to memory CD4 T cells (Jelley-Gibbs et al. 2005). Interestingly,
transfer of naive CD4 T cells during early phases of infection resulted in robust expansion
and effector generation, with only a small fraction persisting as memory T cells, while
transfer of naive CD4 T cells during later phases of infection resulted in modest expansion
of intermediately activated effectors, which were more efficiently maintained as memory
cells (Jelley-Gibbs et al. 2005). Moreover, the acquisition of effector function, per se, may
not be necessary for the generation of memory CD4 T cells as populations of Influenza-
specific CD4 T cells primed for short periods of time and lacking effector function were still
able to develop into memory cells (Moulton et al. 2006). Memory CD4 T cells may require
cognate TCR signals for their maintenance, as long-term functional maintenance of CD4
memory T cells requires MHC class Il expression (Kassiotis et al. 2002; De Riva et al.
2007) and additional TCR stimulation (Seddon et al. 2003; Bushar et al. 2010). Together,
these findings provide evidence for a key role in TCR stimulation at different phases of
memory CD4 T cell development.

Another key factor required for memory CD4 T cell generation is the presence of
homeostatic and survival cytokines such as IL-7 and IL-15. Naive CD4 and CD8 T cells
express IL-7R, which is required for their survival and homeostatic proliferation (Rathmell
et al. 2001; Tan et al. 2001). Expression of IL-7R is downregulated following T cell
activation, however, it is again expressed at high levels on memory CD4 and CD8 cells
(Kaech et al. 2003; Huster et al. 2004). In CD8 T cells, IL-7, as well as IL-15, signaling
contribute to memory formation. Memory CD8 precursor populations can be identified by
high expression of IL-7R and low expression of the co-inhibitory receptor killer-cell lectin
like receptor G1 (KLRG1) (Kaech et al. 2003; Joshi et al. 2007). Analogous memory CD4 T
cell precursor markers have not yet been identified. However, I1L-7 signaling does appear to
be necessary for the transition from effector to memory in CD4 cells in an Influenza
infection model as memory CD4 cells fail to develop in IL-7-deficient hosts (Li et al. 2003).
Roles for IL-15 and continued IL-7 signaling in the survival and homeostatic proliferation
CD4 memory T cells have also been described (Kondrack et al. 2003; Li et al. 2003; Lenz et
al. 2004; Purton et al. 2007). Together, these findings indicate role for both TCR and
cytokine signals in memory CD4 T cell persistence.

4 Heterogeneity of Memory CD4 T cells

4.1 Circulating central and effector memory subsets

Memory CD4 T cells comprise a heterogeneous population in terms of phenotype, function
and localization (Table 1). Like effector T cells, all memory CD4 T cells retain high-level
expression of CD44 and human cells generally continue to express the CD45R0 isoform.
However, memory T cells are heterogeneous in their expression of CD62L and CCR7 which
led to delineation of two memory subsets: CD62L*/CCR7*, lymphoid-homing, central
memory (Tcm), and CD62L~/CCRT7~ effector memory (Tem) cells present in peripheral
tissues (Sallusto et al. 1999; Masopust et al. 2001). The lymphoid versus peripheral tissue
homing properties of these subsets were confirmed for mouse memory CD4 T cells

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zens and Farber

Page 5

(Reinhardt et al. 2001) and specifically in the context of Influenza infection (Ahmadzadeh
and Farber 2002; Bingaman et al. 2005). Following Influenza infection, virus-specific CD4
Tem are more predominant in peripheral tissues, including the lungs, while CD4 Tcm are
more predominate lymph nodes (Bingaman et al. 2005). Both populations are present in the
spleen. Influenza-specific CD4 Tem and Tcm from spleen are capable of producing IL-2 and
effector cytokines after stimulation while the proliferative capacity of Tcm is slightly greater
than the Tem subset (Bingaman et al. 2005).

4.2 Tissue Resident Memory subsets

In addition to Tem and Tcm subsets, a distinct population of non-circulating CD4 memory T
cells has been identified to persist in the lung long-term after infection. These lung-resident
memory CD4 T cells are analogous to populations of non-circulating memory CD8 T cells,
designated tissue-resident memory T cells (Trm), that have been found to persist long-term
in peripheral tissues including the brain, skin, gut and lung (Gebhardt et al. 2009; Liu et al.
2010; Masopust et al. 2010; Wakim et al. 2012; Wu et al. 2013). Phenotypically, CD4 Trm
can be distinguished from circulating Tem and Tcm by upregulated CD69 and CD11a
expression (Teijaro et al. 2011; Turner et al. 2013). CD8 Trm also express CD69 as well as
the integrin CD103, the a chain of the aER7 integrin (Mueller et al. 2013), which is not
significantly upregulated by CD4 Trm (Sathaliyawala et al. 2013).

In contrast to Tem and Tcm populations, which circulate throughout the peripheral and
secondary lymphoid tissues, respectively, recent studies have highlighted the tissue-specific
nature of the Trm subset. In mouse models of Influenza infection, a population of virus-
specific CD4 Trm persists in the lungs for long periods following infection (Teijaro et al.
2011). When lung-derived CD4 Trm are transferred into secondary recipients, they
preferentially recirculate back to the lungs, suggesting that this subset has an intrinsic
mechanism for specific homing to and/or retention in the lung (Teijaro et al. 2011). Similar
to populations described in mice, Influenza-specific CD4 and CD8 Trm populations have
also been identified in human lung tissue (Lee et al. 2011; Piet et al. 2011; Sathaliyawala et
al. 2013; Turner et al. 2013). Interestingly, the tissue-specific localization of Trm seems to
be dependent on the site of infection. In humans, Influenza-specific CD8 T cells were only
found within the lung Trm subset while memory CD8 T cells specific for the systemic virus
Cytomegalovirus (CMV) were distributed in both lung and spleen (Turner et al. 2013). In
another study, lung-derived CD4 Trm, but not CD4 cells derived from skin or blood
responded to stimulation with Influenza virus, further supporting the site-specific
localization of this population (Purwar et al. 2011).

The functional importance of lung resident CD4 Trm populations has been highlighted in
studies in demonstrating the ability of this subset to provide optimal protection from
reinfection with respiratory pathogens and, more specifically, from Influenza infection
(Hogan et al. 2001; Teijaro et al. 2011). Functional studies of lung-derived CD4 Trm have
demonstrated that these cells rapidly acquire effector function and respond vigorously to
secondary stimulation with Influenza virus (Purwar et al. 2011; Turner et al. 2013).
Importantly, in an Influenza infection model, lung-resident HA-specific memory CD4 T
cells mediated enhanced viral clearance and survival to lethal Influenza infection when
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transferred to secondary recipients, whereas spleen-derived HA-specific memory CD4 T
cells did not confer significant protection (Teijaro et al. 2011).

5 Mechanisms for Tissue Trafficking and Retention

Imprinting

Homing

An important question with potential applications in vaccine design is how the homing and
retention of activated effector and memory T cell populations occurs. Currently, the
mechanisms mediating lung trafficking and retention in activated and memory T cells are
incompletely understood. However, the process can be delineated into three parts:
imprinting, homing and retention, as schematically outlined in Fig. 2.

Imprinting is a process by which DCs in the tissue-draining lymph nodes induce the
expression of chemokine receptors and integrins and drive tissue-specific homing of
activated T cells (Fig. 2a). Imprinting of skin and gut tissue-homing CD4 T cells has been
demonstrated in several studies (Mora et al. 2003; Dudda et al. 2004; Mora et al. 2005).
Recently, T cell migration to the lung during Influenza infection was shown to be mediated
by CCR4 expression driven by lung DCs (Mikhak et al. 2013). CCR4 binds the chemokine
ligands MCP-1 and RANTES (also known as CCL5) which are expressed by infected
epithelial cells in the lung during Influenza infection (Matsukura et al. 1998; Julkunen et al.
2000) and MIP-1c (also known as CCL3), which is also expressed in Influenza infection
and necessary for normal viral clearance (Cook et al. 1995; Sprenger et al. 1996).
Importantly, lung DC-imprinted T cells protected against Influenza more effectively than
gut or skin DC-imprinted T cells. However, imprinting in the draining lymph node is likely
not the only factor responsible for T cell tissue homing as another recent study found that
intranasal immunization with Salmonella typhimurium-derived antigens resulted in the
generation of gut-homing T cells (Ruane et al. 2013). Other factors, such as inflammation or
the presence of various pathogen-associated molecular patterns (PAMPS) during DC
activation, may also influence this process.

In the context of infection, tissue homing refers to the trafficking of antigen-specific T cells
to inflamed peripheral tissues. This process depends on expression of chemokine receptors
and integrins by T cells, which promote their chemokine-directed migration and
transmigration into inflamed tissues, respectively. The expression of tissue-homing
molecules likely depends on the site and type of infection, and is driven, at least in part, by
DC imprinting as described. During Influenza infection, several molecules have been
implicated in the trafficking of activated T cells to the lung (Fig. 2b). After initial infection,
downregulation of CD62L and CCR?7 allows activated T cells to exit the lymph nodes and
traffic to the peripheral tissues. Both CD4 and CD8 T cells express the integrin LFA-1,
which binds to Intracellular Adhesion Molecule-1 (ICAM-1) present on endothelial cells and
allows their transmigration into inflamed tissues (Makgoba et al. 1988). Expression of
LFA-1 has been shown to be important in the migration and retention of effector CD8 T
cells to the lung during Influenza infection (Thatte et al. 2003) and may also function
similarly in CD4 T cells. The chemokine receptor CXCR3 has been shown to be important
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in the migration of CD4 T cells to the lung in primary Influenza infection (Wareing et al.
2004; Kohlmeier et al. 2009). One of the ligands for CXCR3, IP-10, is notably upregulated
during Influenza infection (Sanders et al. 2010). The chemokine receptor, CCR5, which also
binds RANTES and MIP-1a, was shown to facilitate the accelerated recruitment of memory
CD8 T cells to the lung airways following secondary challenge (Kohlmeier et al. 2008).
Specific molecules that are responsible for tissue-specific homing of memory CD4 cells
have not been elucidated. However, lung-resident memory CD4 T cells preferentially home
back to the lung after adoptive transfer (Teijaro et al. 2011), suggesting that there are likely
specific factors that mediate this process.

Following the resolution of infection, maintenance of a pathogen-specific memory T cell
population at the site of pathogen encounter may represent an effective strategy for
protection against secondary challenge (Fig. 2c). As with homing, tissue retention of T cells
seems to be regulated by the expression of various chemokine receptors and integrins.
Expression of LFA-1 and the al1P1 integrin Very Late Antigen-1 (VLA-1, a dimer of CD49a
and CD29), which binds collagen, were shown to contribute to retention of memory CD8 T
cells in the lung following Influenza infection (Thatte et al. 2003; Ray et al. 2004), although
their role in memory CD4 T cell retention is unclear. CD4 Trm were recently described to
express high levels of the LFA-1 subunit CD11a (Teijaro et al. 2011; Turner et al. 2013),
suggesting that integrins may also mediate memory CD4 T cell retention in the lung.

Recently, the Trm-specific markers, CD69 and CD103, were shown to contribute to Trm
maintenance in tissues. During T cell activation, CD69 suppresses the expression of
sphingosine 1-phosphate receptor type 1 (S1PR1), preventing lymph node egress (Shiow et
al. 2006). Interestingly, a recent study found that CD8 Trm cells do not express SIPR1 and
that forced expression of SIPR1 prevented the establishment of Trm cells (Skon et al. 2013).
As CD69 suppresses S1IPR1, these results suggest that increased CD69 expression on Trm
cells may represent a non-canonical role for this molecule in retention of activated T cells in
peripheral tissues. For CD103, a role in tissue homing has been previously demonstrated via
its ability to bind to E-cadherin on epithelial cells (Cepek et al. 1994). Expression of CD103
by lung memory CD8 T cells was shown to be induced by TGF-§ during Influenza infection
(Yu et al. 2013). Importantly, CD103-deficient CD8 T cells are inefficiently retained in the
lungs following Influenza infection, suggesting an important role for CD103 in the
establishment of lung-resident CD8 Trm populations (Lee et al. 2011). Although CD4 Trm
do not express CD103 at high levels (Sathaliyawala et al. 2013), expression of other
integrins, such as LFA-1, may function in the tissue-retention of this subset.

6 Memory CD4 T cell Function in Influenza

While CD4-mediated B cell and CD8 T cell help has been demonstrated to be important in
generating optimal primary responses to Influenza infection, in the absence of both B and
CD8 T cells CD4 T cells alone are not sufficient, nor are they required, for viral clearance.
(Graham and Braciale 1997; Mozdzanowska et al. 2000; Gerhard 2001). In contrast,
memory CD4 cells can direct viral clearance in the absence of B cells or CD8 T cells
(Teijaro et al. 2010; McKinstry et al. 2012). However, protection is enhanced by the
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presence of naive B cells or CD8 T cells and maximized when both are present (McKinstry
etal. 2012).

Like primary effector CD4 T cells, memory CD4 T cells have the potential to play diverse
roles in coordinating secondary responses including providing CD8 and B cell help as well
as exerting independent effector functions. However, two key factors in the superior
protective capacity of memory versus naive CD4 T cells are their localization and enhanced
function. In contrast to naive cells, memory CD4 T cells are comprised of subsets localized
to both the lymphoid (Tcm) and peripheral tissues (Tem and Trm). In the lymphoid tissues,
memory CD4 cells are able to enhance B cell responses, and may enhance CD8 T responses.
Localization to sites of pathogen encounter, combined with reduced requirements for
activation allow memory CD4 T cells to rapidly respond to secondary infection. In addition,
memory cells are able to secrete an expanded array of cytokines, which supports
inflammatory responses and innate immune cell recruitment to the lung. Finally, memory
CDA T cells possess cytolytic activity, allowing them to directly kill virally-infected cells in
the lung. Memory CD4 T cell responses in secondary Influenza infection are described in
the following sections and are summarized in Table 2.

6.1 Helper Functions in Lymphoid Tissues

The generation of neutralizing antibodies directed toward the viral surface glycoproteins HA
and NA during Influenza infection is a major mechanism of protection in both the primary
and secondary responses to infection as well the mechanism by which current Influenza
vaccines provide protective immunity. It is well-established that CD4 T cell help is essential
for the production of class-switched antibodies by antigen-specific B cells and the
generation of plasma cells (Crotty 2011). The CD4 T cells that provide help to B cells are
referred to as T follicular helper (Tfh) cells. Although it has been established that Tfh cells
are important in primary antibody responses it is less clear whether there is a distinct set of
memory Tfh cells and whether they play a role in the response to heterosubtypic Influenza
infection. Memory CD4 T cells can enable B cells to expand and class switch more rapidly
than do naive CD4 T cells (MacLeod et al. 2011). In addition, a circulating population of
memory CD4 T cells expressing CXCRS5 in human blood was shown to induce antibody
production from naive B cells (Morita et al. 2011). It has also been demonstrated that the
presence of such Tfh-like populations in the blood after Influenza vaccination in humans
correlates with the generation of virus-specific antibody responses (Bentebibel et al. 2013;
Spensieri et al. 2013). To address whether a specific memory Tth population exists, a recent
study demonstrated that the adoptive transfer of CXCR5-positive antigen-specific memory
CDA T cell populations promoted the enhanced formation of germinal center B cells
following infection with LCMV, providing evidence for the existence of a distinct Tfh-
committed CD4 memory T cell population (Hale et al. 2013). Taken together, these findings
suggest that memory CD4 cells play an important role in providing signals for B cell
responses and that this may be mediated by a specific Tfh-committed memory population
poised to reacquire their lineage-specific effector functions and promote strain-specific
antibody production upon heterosubtypic infection.
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A role for CD4 T cell help in the generation of pathogen-specific CD8 memory T cells that
can respond upon secondary infection is well established (Shedlock and Shen 2003; Sun and
Bevan 2003). The need for CD4 help in the generation of CD8 memory has also been
demonstrated during the primary response to Influenza infection (Belz et al. 2002), however,
specific roles for memory CD4 T cells in the generation, maintenance or reactivation of CD8
memory have not been established. Memory CD4 T cells are able to mediate protection
against lethal Influenza infection in the absence of CD8 T cells, and transfer of memory
CDA4 T cells does not promote recruitment of CD8 T cells into the lung after infection
(Teijaro et al. 2010; Teijaro et al. 2011). However, viral clearance is enhanced in B cell-
deficient mice receiving memory CD4 T cells when naive CD8 T cells are present compared
to CD8-depleting conditions (McKinstry et al. 2012). Similarly, reconstitution of Severe
combined immunodeficiency (SCID) hosts, which lack both B and T cells, with either naive
CD8 T cells, memory CD4 T cells or a combination of both demonstrated that co-transfer
provided greater protection than either population alone (McKinstry et al. 2012), suggesting
that memory CD4 T cells may play some role in helping naive CD8 T cells.

6.2 Independent Effector Mechanisms in the Lung

6.2.1 Cytokine Production—Memory CD4 T cells, in contrast to naive CD4 T cells, are
known to rapidly produce multiple inflammatory cytokines and chemokines in response to
TCR stimulation, resulting in the recruitment of macrophages, NK and other innate effector
cells. These cells, in turn, produce additional inflammatory cytokines which further support
the inflammatory response. In response to secondary Influenza challenge, primed mice or
mice receiving memory CD4 cells upregulate factors including IFN-y, TNF-a, 1L-6, IL-12,
CXCL9 and CXCL10 compared to naive (Strutt et al. 2010). This enhanced production of
cytokines and chemokines correlates with early viral control during secondary infection
(Strutt et al. 2010).

The most well-characterized memory CD4 response in Influenza infection is production of
the Th1-type cytokine IFN-v. In contrast to naive CD4 T cells, which slowly begin to
upregulate IFN- y production driven by T-bet days after TCR stimulation, the production of
IFN-y by memory CD4 T cells occurs rapidly via an NF-kB-mediated transcriptional
program (Lai et al. 2011). In primary Influenza infection, IFN-y is not required for
protection from infection and the development of CTL or antibody responses were not
reduced in IFN-y knockout mice compared to wild-type (Graham et al. 1993). However,
memory CD4 T cell-mediated protection to Influenza challenge is dependent on IFN-y as
neutralization of IFN-y production abrogates protection (Bot et al. 1998; Teijaro et al. 2010;
McKinstry et al. 2012). In addition, in human Influenza challenge studies, early responses to
virus infection were characterized by CD4-mediated production of IFN-y (Wilkinson et al.
2012). Taken together, these results demonstrate the importance of memory CD4-mediated
production of IFN-y in secondary responses to Influenza.

Mechanisms for IFN-y-mediated protection during infection are not completely understood.
IFN-y has been shown to be involved in the activation and recruitment of innate immune

populations such as macrophages and natural killer (NK) cells. In one study, administration
of IFN-y at early stages of Influenza infection stimulated NK cell proliferation, function and
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number in the lungs and protected infected mice from death in a NK cell-dependent manner
(Weiss et al. 2010).

Interleukin-10 (IL-10) is an anti-inflammatory cytokine broadly produced by both innate and
adaptive immune cell types (Saraiva and O'Garra 2010). During acute Influenza infection,
IL-10 is produced in the lungs by virus-specific CD4 and CD8 effector T cells (Sun et al.
2009). Expression of 1L-10 in this context seems to be important in limiting inflammation
and lung pathology. Interestingly, mice deficient for IL-10 display increased survival after
challenge with lethal doses of Influenza compared to wild-type mice (McKinstry et al.
2009). Another study has suggested that increased protection to Influenza infection in IL-10-
deficient mice is the result of enhanced virus-specific antibody production (Sun et al. 2010).
Memory CD4 cells, although able to enhance viral clearance, do not protect from lung
pathology associated with infection (Teijaro et al. 2010). Interestingly, studies have
demonstrated that CD4 memory T cells produce less IL-10 than do primary effectors (Dong
et al. 2007; McKinstry et al. 2007). The decreased IL-10 response may contribute to
enhanced viral clearance after secondary infection while failing to limit pulmonary
pathology.

Arole for IL-17 in Influenza infection is less clearly defined. It is typically associated with
allergic-type responses and the promotion of inflammation (Korn et al. 2009). Overall, most
sources agree that IL-17 likely contributes to immune pathology and mice deficient in the
IL-17 receptor display delayed weight loss and reduced total protein and lactate
dehydrogenase activity in bronchoalveolar lavage (BAL) samples compared to wild-type
mice suggesting reduced pathology (Crowe et al. 2009). However, IL-17 has previously
been shown to play roles in the immune response to several different lung infections (Ye et
al. 2001a; Umemura et al. 2007; Murdock et al. 2013). The transfer of in vitro generated
Th17-polarized TCR-transgenic CD4 memory cells protected mice from lethal Influenza
infection as effectively as Th1-polarized memory cells (McKinstry et al. 2012), suggesting
that Th17 responses may contribute to positive outcome in Influenza infection. Furthermore,
IL-17-secreting, Influenza-specific CD4 memory T cells have been described in human lung
tissue (Sathaliyawala et al. 2013). Although no mechanism for this protection has been
established, IL-17 promotes neutrophil recruitment in the lung (Ye et al. 2001b), which
could contribute to protection.

6.2.2 Perforin-Dependent Cytolytic Activity—The cytotoxic role of CD8 T cells in
Influenza infections is well established (Topham et al. 1997), consistent with its role in
many different infection systems. There is increasing evidence that effector and memory
CDA T cells can also mediate cytotoxic responses in Influenza infection. A subset of
Influenza-specific effector CD4 T cells with cytolytic activity was identified some time ago
(Graham et al. 1994) and later found to be mediated by a perforin-dependent mechanism
(Appay et al. 2002). In vitro primed and in vivo generated CD4 effectors were able to kill
Influenza-specific peptide-coated targets in cytolytic assays and were capable of protecting
against lethal Influenza infection (Brown et al. 2006; Brown et al. 2012). Cytolytic memory
CD4 T cells may also mediate protective immunity to Influenza infection as perforin-
deficient memory CD4 T cells exhibited reduced protective capacity during infection
(McKinstry et al. 2012). The mechanism by which this protection occurs has not yet been
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elucidated, however, recent studies have demonstrated that the development of CD4 T cells
with cytotoxic potential was dependent on type | interferon signaling and I1L-2 mediated
induction of the transcription factors T-bet and Blimp-1 (Hua et al. 2013).

7 Implications for Vaccines

As discussed above, Influenza-specific memory CD4 T cells are capable of mediating
protective immune responses to secondary viral challenge (Teijaro et al. 2010; Wilkinson et
al. 2012). Furthermore, it is well established that memory CD4 T cells protective against
secondary challenge are generated and retained in the host long-term following primary
infection (Teijaro et al. 2011; Turner et al. 2013), and are capable of mediating protective
heterosubtypic responses to multiple viral strains (Teijaro et al. 2010). By contrast, current
vaccines induce neutralizing antibody responses that are only protective to seasonal strains
and, therefore, do not provide lasting protection against Influenza infection. Thus, targeting
the generation of memory CD4 T cells, and in particular, Influenza-specific CD4 Trm in the
lung, has the potential to provide durable, long-lasting cross-strain protection against
Influenza virus.

There is evidence that vaccine type and route of administration affect memory CD4 T cell
generation in response to Influenza vaccination. In studies comparing inactivated trivalent
Influenza vaccine (T1V), given intramuscularly, and live attenuated Influenza vaccine
(LAIV), administered intranasally, the percentage of virus-specific CD4 and CD8 T cells
secreting IFN-y increased significantly after LAIV, but not TIV, immunization in children
five to nine years of age (He et al. 2006). Protection against Influenza infection was also
found to be superior following immunization with LAIV as compared to TIV (Belshe et al.
2007). A later study comparing combinations of TIV and LAIV prime and booster
vaccinations demonstrated that only vaccine combinations containing LAIV induced
Influenza-specific, IFN-y-producing CD4 memory (Hoft et al. 2011). Thus, LAIV appears to
induce stronger virus-specific CD4 responses and is better able to generate CD4 memory
than the current inactivated vaccine formulation. Significantly, these findings suggest that
both vaccine localization and ability of virus to replicate within the host may be important
for the design of Influenza vaccines able to promote development of memory CD4 T cells.

Though current vaccines do not target the development of tissue-homing T cells, strategies
that promote this population are under investigation. In one study, intranasal, but not
parenteral, delivery of a cancer vaccine was able to inhibit mucosal tumor growth.
Importantly, only the intranasal vaccine was able to elicit a CD8 T cell expressing both
CDA49a, and CD103, molecules important in lung homing and retention, respectively. These
results demonstrate a link between the route of vaccination, T cell tissue homing and the
development of protective immune responses (Sandoval et al. 2013). The ability of a vaccine
to establish a protective Trm population has also recently been demonstrated. In a herpes
simplex virus type 2 model, parenteral vaccination with viral antigens was coupled with
topical chemokine application to recruit virus-specific T cells to the genital mucosa. This
‘prime and pull’ strategy resulted in the establishment of a virus-specific Trm population
capable of providing protective immunity (Shin and Iwasaki 2012). The development of
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vaccines capable of eliciting Trm population for Influenza will likely be the key to the
development of lasting, heterosubtypic protection against infection.

8 Conclusion

In contrast to their naive counterparts, memory CD4 T cells are capable of mediating
protective responses to Influenza challenge independent of B cells or CD8 T cells. One
factor driving the heightened protective capacity of memory CD4 T cells is their peripheral
tissue localization, facilitating their rapid response to reinfection in situ. Importantly, a
newly defined, tissue-resident CD4 memory population has been demonstrated to be
optimally protective against Influenza challenge. Memory CD4 T cells also exhibit
enhanced effector functions compared to naive CD4 T cells including the ability to better
promote B cell responses, as well as enhanced cytokine recruitment and activation of innate
effector cells. Furthermore, that memory CD4 T cells can mediate heterosubtypic immune
responses to multiple Influenza strains makes them an attractive target in vaccine
development strategies. Recent studies have demonstrated that route of vaccine
administration and the use of live-attenuated, rather than inactivated virus significantly
impact the generation of memory CD4 T cells and protective capacity of vaccines following
administration. Significantly, these findings may be important for the design of Influenza
vaccines able to elicit protective memory CD4 T cells.
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Overview of the primary CD4 T cell response and memory generation following Influenza
infection. (a) Following Influenza infection, naive DCs in the lung take up virus and virally-
derived particles, driving their maturation and migration to the lung-draining lymph node.
(b) Mature, activated DCs activate Influenza-specific naive CD4 T cells trafficking through
the lymph nodes. (c) CD4 effector cells traffic to the lung and can also reach the spleen via
the circulation. (d) Effectors in the lung secrete effector cytokines and directly lyse virally-
infected epithelial cells. (€) CD4 effectors also activate B cells and CD8 T cells in lymphoid
tissues, allowing them to assume effector functions. (f) Responding effectors are retained as
long live memory populations at diverse sites
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DC imprinting, tissue homing and tissue retention in effector and memory CD4 T cells. (a)

Following Influenza infection, naive CD4 T cells are activated in the lung-draining lymph
node by lung-derived DCs which also imprint homing receptor expression allowing T cells
to traffic to the lung. (b) Newly activated effectors reduce expression of CD62L and CCR7,
allowing egress from the lymph node. In addition, lung homing molecules including CCR4,
CXCR3, CCR5 and LFA-1 are upregulated, allowing cells to traffic to the lung by following
a chemokine gradient. Integrins, such as LFA-1, facilitate tissue entry. (c) Activated
effectors remain in the lung via expression of integrins, including LFA-1 and VLA-1.
Factors such as inflammation and TCR signaling may trigger expression of CD69 is
increased, though it is not clear. Expression of CD103 by CD8 Trm is triggered by TGF-$
signaling

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2015 July 01.




Page 21

Zens and Farber

wi] 8ao ul Emmm\_n_,m

anssn Jedayduiad ul Juapisay

sanssiy |esayduiad

sanssi) proydwA

sanssi [esaydiad

uonenaIl) ‘sanssi proydwA-

sanadoid Alorelbi

e - - - - €014
ubiH Mo Mo ubiH MO 6900
o¥syan (p1we]1) VHSYAD/0HSFAD 0¥srasn oydsyan vdsyaon (Ajuo suewnH) wuojos| Syad
Mo Mo ubiH MO ybiH 1420
Mo Mo ubiH Mo UbIH 129ad
ubiH ubIH ajeIpawRul ubiH MO 2ee}
wal wal wo 1010843 anleN Aadoud
s19sqns | A Alowaw pue 1019343 ‘9AleU Jo adAjouayd
T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2015 July 01.



yduasnuel Joyny Yd-HIN

Zens and Farber Page 22

Table 2

Mechanisms of protection against Influenza infection mediated by primary effector and memory CD4 T cells

Factor Primary Effector Memory Effector
Response to Antigen Stimulation Delayed Immediate

Need for APC Costimulation Required Not Required

Location of Activation Draining Lymph Nodes (MLN) Local (Lung)
Effector Cytokine Secretion (IFN-y, etc.) ++ +++
Innate Immune Cell Help - +++
B Cell Help@ t T

CD8 T Cell Help?@ et Possibly

Cytolytic Ability ++ ++

aTransferred CD4 memory are able to protect from Influenza infection independent of these factors, but the presence of B and/or CD8 T cells
results in enhanced protection while protection mediated by naive CD4 T cells requires either B cells or CD8 T cells
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