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Abstract Recent observations have uncovered multiple

pathways whereby CD4 T cells can contribute to protective

immune responses against microbial threats. Incorporating

the generation of memory CD4 T cells into vaccine strat-

egies thus presents an attractive approach toward

improving immunity against several important human

pathogens, especially those against which antibody

responses alone are inadequate to confer long-term

immunity. Here, we review how memory CD4 T cells

provide protection against influenza viruses. We discuss

the complexities of protective memory CD4 T cell

responses observed in animal models and the potential

challenges of translating these observations into the clinic.

Specifically, we concentrate on how better understanding

of organ-specific heterogeneity of responding cells and

defining multiple correlates of protection might improve

vaccine-generated memory CD4 T cells to better protect

against seasonal, and more importantly, pandemic

influenza.
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Introduction

Successful vaccination against communicable disease has

for the most part relied on the generation of long-lived

antibodies able to rapidly neutralize invading pathogens

and thus prevent infection in immunized individuals

(Amanna and Slifka 2010; Elgueta et al. 2010). This basic

approach, however, is of limited use with regards to several

prominent pathogens against which neutralizing antibodies

alone cannot confer long-term protection (Plotkin 2005).

These include intracellular bacterial pathogens such as

Mycobacterium tuberculosis, parasites with complex life-

cycles including Plasmodium, and RNA viruses such as

HIV, that can rapidly mutate to avoid recognition by cir-

culating antibody.

While vaccination against influenza is widespread,

influenza viruses also fall into this category of pathogens

because of their rapid evolution and extensive host range,

causing viral strains with novel surface proteins to arise

each year (Taubenberger and Kash 2010). Thus, new

annual vaccine formulations based on the surface protein

expression of predicted circulating strains are required for

efficient vaccine-induced protection. As current influenza

vaccines also work largely through the generation of neu-

tralizing antibodies, they fail to provide optimal protection

when predictions as to circulating strains are incorrect.

More importantly, such vaccination is not protective

against pandemic influenza, and the challenges involved in

the large-scale production of a neutralizing antibody-based

vaccine specific for an outbreak virus may limit its efficacy

(Hessel 2009).

One approach to improve vaccination against pathogens

such as influenza A virus (IAV) is through generating

strong memory T cell responses in addition to antibody

(Schotsaert et al. 2012). As we have discussed previously,

the generation of memory CD4 T cells, in particular, rep-

resents an attractive strategy as memory CD4 T cells can

regulate the responses of innate immune cells, of antibody-

producing B cells and of cytotoxic CD8 T cells, in addition

to directly combating pathogens (Swain et al. 2012).
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Animal models have contributed significantly to the

understanding of how IAV causes disease and how suc-

cessful immunity operates (Bouvier and Lowen 2010).

Mice are the most commonly utilized mammalian hosts,

offering researchers an unparalleled range of reagents and

inbred strains with which to define, isolate, and test the

importance of distinct cellular subsets, as well as individual

cytokines and chemokines, in contributing to disease and

protection (O’Donnell and Subbarao 2011). However, the

mouse is not a natural host for IAV, making it a poor model

with which to study certain aspects of infection, notably

viral transmission, and infection does not accurately rep-

licate key clinical symptoms observed in humans

(O’Donnell and Subbarao 2011). In contrast, the ferret

model of IAV more accurately recapitulates viral trans-

mission and clinical symptoms associated with human IAV

infection, but has significant drawbacks compared to the

mouse including increased cost, limitation on available

reagents, and the outbred nature of laboratory ferrets

(Belser et al. 2011). Several other mammalian models of

IAV have been developed, including the guinea pig (Lo-

wen et al. 2006), cotton rat (Eichelberger 2007), and non-

human primate (Rimmelzwaan et al. 2003). While each of

these models offers distinct advantages and disadvantages,

the mouse allows for mechanistic studies not currently

feasible in other hosts, making it an extremely powerful

model with which to identify novel correlates of protection

that could be applicable to human disease.

Recent observations in mice suggest that memory CD4

T cells can protect against IAV through multiple, distinct

mechanisms and have also revealed an unexpected degree

of heterogeneity in their response. Strong IAV-specific

CD4 T cell responses have been correlated with protection

in humans (Wilkinson et al. 2012). Here, we review recent

observations highlighting the protective potential of

memory CD4 T cells in mouse models of IAV infection,

discuss their relevance to vaccination strategies, and point

out some challenges of defining correlates of the most

protective T cells in humans.

Homotypic and Heterosubtypic Immunity to IAV

IAV is an enveloped RNA virus containing eight negative-

sense segments that code for 11 viral proteins (Palese and

Shaw 2007). The most important viral products in terms of

the immune response against IAV are the surface glyco-

proteins hemagglutinin (HA) and neuraminidase (NA).

These proteins are used to characterize IAV subtypes and

are the major targets of neutralizing and protective anti-

body. Thus, annual vaccine formulations aim largely to

generate high titers of neutralizing HA-specific IgG anti-

bodies that will be present prior to natural exposure and

thereby prevent infection. This is the basis of so-called

‘‘homotypic’’ immunity that has been readily demonstrated

in animal models since the 1930s (Francis and Magill

1935). The longevity of homotypic immunity is impres-

sive: an analysis of survivors from the 1918 IAV epidemic

showed evidence of strong humoral immunity nearly

90 years after exposure to the virus (Yu et al. 2008). The

efficacy of such vaccination against IAV outside of the

laboratory is, however, short-lived due to the antigenic

variability of the viral HA and NA proteins in circulating

strains driven through two distinct mechanisms (Treanor

2004). The first, antigenic shift results when a protein from

one virus is replaced with one from another subtype of

IAV. Antigenic shift can result in the emergence of pan-

demic strains when the substituted HA has not circulated in

the human population for some time.

The second mechanism that leads to antigenic change in

IAV, antigenic drift, is caused by point mutations in viral

proteins. Antigenic drift is driven largely by antibody-

mediated selective pressure, highlighting the critical role of

the humoral response in homotypic immunity (Yewdell

2011). Thus, analysis of a broad range of human IAV

isolates revealed that the internal viral proteins, shielded

from antibody recognition, are largely conserved between

isolates, while the external proteins HA and NA demon-

strated a remarkable degree of heterogeneity (Miotto et al.

2008; Powell et al. 2007). However, while antigenic drift

contributes to the limitation of long-term vaccine-induced

humoral immunity, the identification of broadly neutraliz-

ing antibodies, able to recognize conserved epitopes of

surface proteins across multiple IAV strains, holds strong

potential as a basis for novel vaccination strategies able to

confer ‘‘universal’’ protection, or as a powerful therapeutic

tool when conventional vaccine-induced protection is

inadequate (Corti et al. 2011; Dreyfus et al. 2012; Ekiert

et al. 2011; Wei et al. 2010).

An additional, distinct form of immunity against IAV

was first identified in the mid-1960s (Schulman and Kil-

bourne 1965) when it was shown that animals primed with

one IAV strain were protected against a subsequent chal-

lenge with a strain expressing different external proteins

(HA and NA). This protection was, in contrast to homo-

typic protection, not transferable to naı̈ve animals by serum

antibody. Instead, such ‘‘heterosubtypic’’ protection relies

largely on the response of memory T cells specific for the

internal proteins of IAV that are largely conserved between

strains (Liang et al. 1994; Powell et al. 2007; Suguitan

et al. 2006). In contrast to homotypic immunity, which can

prevent re-infection through antibody-mediated neutral-

ization of virus, heterosubtypic immunity cannot prevent

initial infection, as IAV-specific T cells must recognize

virally derived peptide antigen in the context of MHC

molecules presented by infected cells to respond (Fig. 1).
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In contrast to readily evident observations of homotypic

immunity, evidence of robust heterosubtypic immunity in

human populations has only recently begun to emerge. It is

possible that the impact of heterosubtypic protection in

humans has been underappreciated in many studies that

simply measure the presence or absence of virus in indi-

viduals at a given time point because heterosubtypic

protection does not prevent infection, but does lead to

earlier clearance of virus (Dutton et al. 2007). The sub-

stantiation of heterosubtypic immunity in humans in more

recent clinical studies has been helped to a large degree by

recent well-documented outbreaks of pandemic IAV and

extensive clinical and epidemiological data (Hillaire et al.

2011; McKinstry et al. 2011).

Heterosubtypic Immunities?

Understanding the cellular requirements for optimal het-

erosubtypic immunity against IAV in animal models has

proven challenging. We have previously discussed the

body of somewhat perplexing findings describing mutually

exclusive requirements for IAV-primed CD4 T cells, CD8

T cells, and B cells in mediating such protection (Mc-

Kinstry et al. 2011). These studies, and our more recent

observations (McKinstry et al. 2012), suggest that several

forms of heterosubtypic immunity can be generated in

response to infection or vaccination that rely more or less

heavily on specific types of primed IAV-specific cells.

Whether B cells, CD4 T cells, or CD8 T cells play a more

important or less dramatic role in heterosubtypic immunity

is likely influenced by many factors including the interval

between priming and re-challenge, differences in the types

of and doses of priming or challenge virus, as well as by

differences in host genetic background.

On top of these variables defined in controlled labora-

tory studies, IAV infection in the human population adds

further complexity. For example, the potential impact of

previous infections with unrelated pathogens on the T cell

repertoire able to recognize IAV; such heterologous

infections can both narrow or broaden the reactive T cell

pool within individuals, with important consequences for

both T cell-mediated immunity and immunopathology

(Selin et al. 2011). In addition, major correlates of vaccine-

induced protection may differ significantly between age

groups (Black et al. 2011; McElhaney and Dutz 2008).

This is especially relevant for the very young and the

elderly population—the two groups at most risk of the

serious consequences of IAV infection.

More studies are required to better define how these and

other variables impact the specific character of heterosub-

typic protection. Such research might eventually allow for

more accurate clinical determinants of a strong immune

state against IAV; for example through systems approaches

able to predict the relative importance of IAV-specific

humoral and cellular immunity within individuals through

an integration of measures rather than defining only total

virus-specific IgG or hemagglutination inhibition titers, or

Fig. 1 Homotypic versus

heterosubtypic immunity

against IAV. Homotypic

immunity is mediated by

neutralizing and protective

antibodies generated upon

infection or vaccination with a

virus expressing the same

external coat proteins (NA and

HA). Heterosubtypic immunity

is mediated largely by memory

T cells that recognize internal

viral proteins shared between

the priming and challenge virus
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quantifying only virus-specific T cells by ELISPOT or

tetramer assay (Lambert et al. 2012). We will next con-

centrate on how memory CD4 T cells can impact

protection against IAV and how recent observations have

impacted our thinking as to how their generation might

improve vaccine efficacy. We will also discuss some of the

major problems that translation from animal models to the

clinic might present.

The Naı̈ve CD4 T Cell Response to IAV

Several studies in animal models have addressed how CD4

T cells are activated by IAV and how their response con-

tributes to protection. Naı̈ve CD4 T cells recognizing virus

are activated in the draining mediastinal lymph nodes dur-

ing the first few days following intranasal infection and

develop into highly differentiated effectors that traffic to the

infected lung, peaking in number by about 7–8 days post-

infection. These primary effectors mostly resemble proto-

typical ‘‘Th1’’ effectors as they produce high levels of

interferon (IFN)c as well as lower levels of interleukin (IL)-

2 and tumor necrosis factor (TNF) (Strutt et al. 2012). In

addition, many CD4 T cells responding in the lung, but not

in the spleen or draining lymph nodes, produce IL-10. This

IL-10 production is largely restricted to a subset of effector

cells co-producing IFNc (McKinstry et al. 2009; Sun et al.

2009). Interestingly, IL-10 production by IAV-specific CD4

T cells can blunt protective responses (Sun et al. 2010),

especially through restraining Th17-associated cytokine

production (McKinstry et al. 2009), but has also been shown

to limit excessive immunopathology (Sun et al. 2009).

An intriguing feature of the primary CD4 T cell response

to IAV is the high degree of functional and phenotypic

heterogeneity observed between cells responding in the

spleen, draining lymph node, and lung (Roman et al. 2002).

We will discuss in more detail elements of this heteroge-

neity and its implications further on. Perhaps surprisingly,

the CD4 T cell response is generally dispensable for viral

clearance during primary infection. It is worth noting,

however, that CD4 T cells are absolutely required for the

generation of long-lived protective antibody against IAV

(Kamperschroer et al. 2006). The B cell helper activity of

CD4 T cells is critically dependent on CD4 T cell expres-

sion of the protein SAP (Kamperschroer et al. 2008),

consistent with the function of specialized follicular helper

CD4 T cells (TFH) (Crotty 2011). Thus, while IAV does

generate a robust T cell-independent antibody response

(Waffarn and Baumgarth 2011) that contributes to viral

clearance in the absence of CD4 T cell help, the levels of

such antibodies decline to substantially lower levels within

14–21 days (Kamperschroer et al. 2006). This results in an

inability of CD4 T cell-deficient mice reconstituted with

SAP-deficient CD4 T cells that recognize IAV to display

homotypic immunity in contrast to animals receiving the

same number of wild-type (WT) cells.

In contrast to help for B cell antibody production,

studies have found no role for CD4 T cell help in shaping

the primary CD8 T cell response during IAV challenge

(Seah et al. 2012; Tripp et al. 1995). Thus, the major

protective role for the CD4 T cell response during primary

infection with IAV, as is the case for several other viral

infections, seems to be the provision of B cell help.

Memory CD4 T Cells and Protection Against IAV

The large majority of virus-specific effector CD4 T cells

die following viral clearance, leaving a small number of

memory cells that persist long-term (McKinstry et al.

2010b). In contrast to the naı̈ve CD4 T cell response, the

memory CD4 T cell response against IAV can profoundly

impact protection. We and others have shown that the

transfer of memory CD4 T cells recognizing IAV, includ-

ing TcR Tg cells recognizing aa 110–119 (Kirberg et al.

1994) or 126–138 (Scott et al. 1994) of the A/PR8 HA

protein, or bulk polyclonal memory CD4 T cell populations

obtained from IAV-primed mice, to otherwise unprimed

mice can protect adoptive hosts from lethal and even supra-

lethal challenges (McKinstry et al. 2012; Strutt et al. 2012;

Teijaro et al. 2010). In contrast, a recent study concluded

that the transfer of physiological numbers of memory CD4

T cells to unprimed mice resulted in minimal protection

(Thomas et al. 2010). Determining the physiological

number of IAV-specific physiological memory CD4 T cells

is, however, extremely difficult due to the diversity of viral

epitopes recognized (Richards et al. 2011) and that the

most immunodominant MHC II-restricted peptides in mice

only make up about 10 % or less of the total response,

depending on the strain of mouse (Crowe et al. 2006;

Nayak et al. 2010). It is thus possible that this latter study

might have observed a protective impact with the transfer

of slightly higher numbers of memory CD4 T cells, as their

protective impact is titratable (McKinstry et al. 2012).

Together, these observations suggest that memory CD4 T

cell-mediated protection against IAV, though potent, might

wane significantly with time after priming, as memory CD4

T cell numbers decay more rapidly following the resolution

of primary immune responses than memory CD8 T cells

(Seder and Ahmed 2003).

Synergizing Mechanisms of Protection

Remarkably, we have uncovered multiple discrete forms of

immunity against IAV mediated by memory CD4 T cells
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by systematically deconstructing protective memory CD4

T cell-dependent responses through the use of T cell-, B

cell-, or T and B cell-deficient mouse models (Boonnak

and Subbarao 2012). First, we transferred memory CD4 T

cells to unprimed WT mice or mice deficient for either B

cells or T cells (Table 1). We observed that memory cells

protected WT mice from doses of 10,000 EID50 of the

highly pathogenic mouse-adapted IAV strain A/PR8 (Tate

et al. 2011) (about two LD50 for WT mice), while pro-

tection in hosts lacking either B cells or T cells was

significantly impaired (McKinstry et al. 2012). Neverthe-

less, memory cell transfer did protect B or T cell-deficient

mice against lower, but still lethal doses of 2,500 EID50

(McKinstry et al. 2012). These results demonstrate that

protection mediated by memory CD4 T cells against IAV is

optimal in the presence of both naı̈ve B cells and other T

cells, reinforcing the potent antiviral activity of both IAV-

specific antibody produced by B cells and of cytotoxic CD8

T cell responses.

Indeed, further studies utilizing removal of CD8 T cells

by administration of depleting antibodies revealed that

memory CD4 T cell protection and viral clearance in B

cell-deficient hosts required the presence of CD8 T cells

during the viral clearance phase (McKinstry et al. 2012).

Thus, CD8 T cells and memory CD4 T cell responses

synergize to clear virus efficiently, but memory CD4 T

cells could not synergize with naı̈ve CD4 T cells to protect.

This finding is consistent with previous studies showing

that adoptive transfer of even large numbers of naı̈ve IAV-

specific CD4 T cells to unprimed mice cannot confer

protection (Brown et al. 2006).

We could not identify a helper role for the primary CD8

response performed by memory CD4 T cells, consistent

with previous studies (Seah et al. 2012; Tripp et al. 1995),

suggesting that the protective synergy operates at the level

of the distinct effector functions provided by memory CD4

and naı̈ve CD8 T cells, and not necessarily synergistic

interactions between the two cell types.

Using a similar reductionist approach, we verified that

viral clearance mediated by memory CD4 T cells in T cell-

deficient hosts required the production of IAV-specific

antibody. A relatively low amount of IAV-specific IgG,

when transferred to immunodeficient mice receiving

memory CD4 T cells, a level of antibody which did not

provide protection on its own, could synergize with the

memory CD4 T cells to completely clear the virus (Mc-

Kinstry et al. 2012). These results are in line with earlier

studies from Gerhard’s laboratory finding protective syn-

ergy between naı̈ve B cells and IAV-specific CD4 T cell

clones (Scherle and Gerhard 1986). Perhaps surprisingly,

we could not find a role for major germinal center B cell

helper pathways in the protective synergy between memory

CD4 T cells and naı̈ve B cells as the transfer of SAP-

deficient CD4 T cells provided identical protection to WT

memory cells, and the disruption of CD40:CD40L inter-

actions using blocking antibody also did not impair

protection (McKinstry et al. 2012). Although, consistent

with previous studies (Kamperschroer et al. 2006; Lee et al.

2005), disruptions of both SAP- and CD40L-dependent

signaling did diminish levels of long-lived circulating IAV-

specific IgG (McKinstry et al. 2012). We plan further

studies to determine whether the memory CD4 T cells in

this model are providing a form of early extra-follicular

help for antibody production (Elsner et al. 2012), or whe-

ther the T cell-independent antibody response generated by

IAV infection is sufficient to synergize with protective

memory CD4 T cells. Thus, these results suggest that the

canonical TFH-associated germinal center B cell helper

activity of memory CD4 T cells, which in other viral dis-

ease models is a critical protective function (Swain et al.

2012), is largely dispensable for heterosubtypic immunity

against IAV.

This finding fits nicely with observations that viral

clearance in heterosubtypic challenge models can occur by

7 days post-infection, a time point that precedes or is

coincident with the first detectable serum antibody

response to the heterosubtypic challenge virus (Powell

et al. 2007; Strutt et al. 2012). Similar observations have

been made in non-human primates primed with a seasonal

Table 1 Deconstructing memory CD4 T cell protection against IAV

Adoptively-transferred

memory CD4 T cells

Unprimed host Memory CD4 T cell-

mediated protection

Wild-type Wild-type ?????

B and T cell-

deficient

(SCID)

??

B cell-deficient

(JHD)

???

T cell-deficient

(Nude)

???

IFNc-deficient Wild-type ?????

B and T cell-

deficient

(SCID)

–

B cell-deficient

(JHD)

???

T cell-deficient

(Nude)

???

Perforin-deficient Wild-type ?????

B and T cell-

deficient

(SCID)

?

B cell-deficient

(JHD)

???

T cell-deficient

(Nude)

???
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H1N1 virus and challenged with the 2009 pandemic H1N1

virus. In this model, protection correlated with robust T cell

responses generated by seasonal H1N1 priming and

clearance of the pandemic virus challenge occurring before

the appearance of neutralizing antibody directed against the

pandemic challenge virus (Weinfurter et al. 2011). These

observations, however, do not rule out a protective role for

non-neutralizing IAV-specific antibody generated during

the primary response during heterosubtypic immunity.

Studies in reductionist mouse models have indeed identi-

fied the potential for a strong protective contribution from

non-neutralizing IgG against the highly conserved viral

nucleoprotein during heterosubtypic challenge (LaMere

et al. 2011).

Direct Mechanisms of Protection

In addition to synergistic mechanisms of protection, we

also indentified direct mechanisms of viral clearance

mediated by memory CD4 T cells by utilizing lymphocyte-

deficient SCID mice (lacking B and T cells) as hosts

(Table 1). When transferred to SCID mice challenged with

the same dose of virus as utilized in the studies described

above, memory CD4 T cells initially controlled viral titers

leading to recovery of weight loss, but virus rebounded

during the second week of infection and all mice eventually

succumbed (McKinstry et al. 2012). This again highlights

the importance of memory CD4 T cell synergy with CD8 T

cells and B cells for protection. However, when we

infected SCID hosts with lower but still lethal doses,

memory CD4 T cells could protect and efficiently clear

virus. This protection was completely dependent on IFNc,

as memory cells deficient in IFNc production, or admin-

istration of IFNc-blocking antibody to SCID mice

receiving WT memory CD4 T cells abolished protection

(McKinstry et al. 2012). Thus, we hypothesize that direct

control of IAV by memory CD4 T cells is largely IFNc-

dependent, and likely operates through the induction of an

antiviral state in lung epithelial cells combined with the

mobilization of elements of the innate immune system. We

plan further studies to investigate whether and which innate

immune cells are critical for this IFNc-dependent protec-

tion. Candidate populations include APC subsets,

neutrophils, and NK cells, all of which can be activated by

IFNc and all of which have been shown to contribute to

protection against IAV (Dienz et al. 2012; Ge et al. 2012;

Huang et al. 2011; Ishikawa et al. 2010; Tate et al. 2009,

2010).

Interestingly, however, we could discern no protective

role for IFNc in memory CD4 T cell-mediated protection

of WT, B cell-, or T cell-deficient hosts (Table 1). Indeed,

complete protection was restored in SCID mice receiving

IFNc-deficient memory CD4 T cells by the cotransfer of

either naı̈ve B or CD8 T cells from IFNc-deficient mice,

while the transfer of either population alone was not pro-

tective (McKinstry et al. 2012). Thus, while the ability to

produce IFNc is indeed a correlate of protection for

memory CD4 T cells, this direct mechanism of protection

can be superseded by synergies with other IAV-specific

lymphocytes that operate in an IFNc-independent manner.

Studies from our laboratory have also identified that

CD4 T cell effectors can utilize a perforin-dependent

cytolytic mechanism to combat IAV, presumably by lysing

virally-infected epithelial cells in an MCH II-dependent

manner (Brown et al. 2006, 2012). We observed that

memory CD4 T cells also control IAV titers in a perforin-

dependent manner (McKinstry et al. 2012). This mecha-

nism of protection was not readily observed in the presence

of protective synergies of memory CD4 T cells with B cells

or CD8 T cells, exactly as was the case for direct control

involving IFNc (Table 1).

In addition to mediating viral control, we observed that a

perforin-dependent mechanism was responsible for the

selection of epitope-specific viral escape mutants that arose

in SCID mice in a TCR-dependent manner (McKinstry

et al. 2012). Thus, memory CD4 T cells recognizing the

HNT epitope of the HA of the A/PR8 virus selected for

isolates that contained mutations in the HNT epitope while

memory cells recognizing a peptide of ovalbumin protein

(OVA) drove mutations in a virus expressing the relevant

OVA peptide in the HA (A/PR8-OVAII) only at the

DO11.10 peptide insertion site but not in the HNT epitope.

Previous studies have demonstrated that a similar mecha-

nism is employed by IAV-specific CD8 T cells to drive the

emergence of escape mutants, consistent with this subset’s

major role in viral clearance through CTL activity (Price

et al. 2000, 2005). That CD4 T cells can also drive viral

escape underscores their ability to directly contribute to

viral clearance. Future studies will be required to elucidate

whether and how viral selection driven by CD4 T cell

responses can impact the outcome of IAV infection. While

this mechanism likely does not contribute to the evolution

of IAV circulating within a population, escape from a

defined human CD4 T cell epitope has been described

(Berkhoff et al. 2007) and could profoundly impact indi-

vidual cases.

The Complexity of Protection and Defining Cellular

Correlates of Protection

The studies summarized above reveal the potential of

enhancing vaccine-induced protection against IAV by tar-

geting the generation of memory CD4 T cells in addition to

neutralizing antibodies. However, they also introduce the
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problem of how vaccine efficacy and the strength of anti-

viral CD4 T cell memory should be evaluated. Specifically,

they suggest that since multiple forms of protective

immunity can be engaged by memory CD4 T cells, mul-

tiple correlates of protection may have to be considered.

For example, the most commonly utilized measures to

enumerate and characterize protective memory CD4 T cells

are IFNc production assays. But since memory cells can

protect through synergy with B or CD8 T cells in an IFNc-

independent manner, this measure alone is an inadequate

indicator of their potential efficacy during recall challenge.

Similar caveats likely apply to measures of memory CD4 T

cell cytotoxic capacity or of B cell helper functions.

Interestingly, we have also found evidence of multiple

redundant mechanisms of protection operating during

CD8 T cell effector responses against IAV. In these

studies, we found that the individual removal of the major

protective mechanisms associated with effector CD8 T

cells including perforin, FAS and TRAIL-mediated kill-

ing, as well as IFNc production, did not eliminate their

protective capacity. This suggests that although most

often considered solely as cytotoxic killers of virally-

infected cells, memory CD8 T cells can also contribute to

viral clearance through multiple, distinct pathways

(Hamada et al. 2013).

Naı̈ve vs. Memory CD4 T Cell Responses to IAV

Why can memory CD4 T cells protect against IAV while

naı̈ve CD4 T cells cannot? A defining feature of the primed

state against a given pathogen is an increase in the number

of antigen-specific T cells. It is also appreciated that

memory CD4 T cells are less dependent on co-stimulation

and can respond optimally to lower levels of TCR stimu-

lation than naı̈ve cells (Dutton et al. 1998; London et al.

2000; McKinstry et al. 2010a). We tested the importance of

these two defining qualities of the memory state in pro-

tection against IAV mediated by memory CD4 T cells. We

transferred equal numbers of naı̈ve or memory CD4 T cells

recognizing IAV to unprimed hosts and rigorously assessed

the response of both populations (Table 2). In earlier

studies, we focused on acute events following infection and

observed that memory, but not naı̈ve CD4 T cells, drove an

enhanced inflammatory response that contributed to viral

control (Strutt et al. 2010). This response occurred within

48 h of infection, similar to observations from Topham’s

group (Chapman et al. 2011), before any memory cell

division. We have discussed the protective capacity of this

acute memory CD4 T cell-enhanced inflammatory

response in the lung at length elsewhere (Strutt et al. 2011).

These results demonstrate that important functional dif-

ferences distinguish naı̈ve and memory cells and suggest

that these functional differences, and not just numerical

differences, may underscore the protective capacity of

memory CD4 T cells.

Are the unique actions of memory versus naı̈ve CD4 T

cells that occur within the first few days following infection

responsible for protection? In addition to their ability to

enhance protective inflammatory responses in lung during

2–4 days post-infection, experiments both in the IAV

model (Strutt et al. 2012) and in others (MacLeod et al.

2011) have demonstrated that memory CD4 T cells are also

superior helpers for B cell antibody responses compared to

naı̈ve cells. This B cell helper function also operates within

the first 5–6 days of IAV challenge. However, when we

specifically depleted protective donor memory cells

responding in adoptive hosts 5 days after challenge, we

observed that protection was lost although help for anti-

body production and upregulation of innate immunity were

already evident (Strutt et al. 2012). These results suggest

that late events mediated by memory CD4 T cells, occur-

ring after 5 days post-infection in the IAV model, are also

critical for protection. We therefore analyzed the response

of highly divided effector cells derived from naı̈ve (pri-

mary effector) or memory (secondary effectors) precursors

to ask whether functional differences could also distinguish

these populations, and if so, whether they were important

in memory CD4 T cell-mediated protection against IAV.

We transferred the same number of naı̈ve or memory

CD4 T cells specific for IAV to unprimed mice and

challenged with virus. Interestingly, both populations

developed into highly activated effectors with similar

kinetics and reached similar peak numbers in the spleen

and draining lymph nodes by 7 days post-infection (Strutt

et al. 2012). In contrast, memory cells gave rise to pop-

ulations of secondary effectors in the lung that were 5–10-

fold higher in number than primary effectors arising from

naı̈ve cells. A strikingly increased magnitude of secondary

versus primary CD4 T cell effectors upon IAV challenge

has also recently been observed in a similar model (Luthje

et al. 2012). As the secondary CD4 T cell effector

response during recall challenge in intact primed mice

generally does not reach levels 10-fold above primary

effector responses, it suggests that regulatory mechanisms

must limit the magnitude of secondary CD4 T cell effec-

tors in primed animals. Work from Doherty’s group

supports this hypothesis and points toward important

regulation by primed CD8 T cells on the size of the sec-

ondary CD4 T cell effector response in the lung (Thomas

et al. 2010). The regulatory impact of primed CD8 T cells

on the size of secondary CD4 T cell expansion might

operate by lowering viral titers, as we observed a strong

correlation between the peak numbers of secondary CD4 T

cell effectors in the lung with increasing viral load

(unpublished observations).
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We next assessed the functional capacity of both

effectors and found that secondary effectors contained

more multi-cytokine producing cells when we assayed for

the major cytokines produced during T cell responses

against IAV, namely IFNc, TNF, and IL-2 (Strutt et al.

2012). This pattern of increased multi-cytokine production

in secondary effectors was observed in all organs tested. In

addition, secondary effectors produced more IL-17 and less

IL-10. The correlation of enhanced IL-17 and decreased

IL-10 production correlating with protective T cell

responses against IAV fits well with our previous studies

(McKinstry et al. 2009). These findings also support the

general concept introduced by Seder et al. (2008) that T

cells able to co-produce multiple cytokines offer better

protection than those that produce only IFNc.

However, while we and others have investigated the

impact of IFNc, IL-10, and IL-17 during IAV challenge,

more studies are needed to define whether TNF and IL-2

mediate protective or detrimental roles during IAV infec-

tion. IL-2 is thought to act as a critical autocrine growth

factor, but this view is largely based on in vitro data; T cell

responses in vivo are often not much impacted by IL-2-

deficiency (Malek 2008). More recent data suggest that IL-

2 can act as a potent pro-inflammatory mediator in specific

tissues, including the lung (Sharma et al. 2011). These

observations point toward the possibility that IL-2 could

have a positive impact on maximizing protective CD4 T

cell response against IAV, while also contributing to

enhanced immunopathology. We are actively investigating

these possibilities, and previous results do indeed suggest

that the memory CD4 T cell response against IAV can

mediate substantial immunopathology (Teijaro et al. 2009).

Studies of how TNF impacts murine IAV infection have

also led to contradictory results. One body of evidence

suggests that TNF plays a detrimental, pro-inflammatory

role during infection (Perrone et al. 2010; Xu et al. 2004),

and it is a prime factor in the ‘‘cytokine storm’’ associated

with highly pathogenic IAV (Salomon et al. 2007). On the

other hand, a recent study concludes that TNF instead

serves a surprisingly important anti-inflammatory role

during IAV challenge (Damjanovic et al. 2011). Clearly, a

more complete understanding of the roles of important

CD4 T cell-derived cytokines during the IAV infection is

important for ultimately generating T cells with the most

protective functions through vaccination.

Organ-Specific Heterogeneity of Responding Effectors

In order to more completely understand the CD4 T cell

response against IAV, we rigorously compared highly

differentiated effectors found in the spleen, draining lymph

nodes, and lung by whole genome microarray. We noted

that extensive differences in gene expression were largely

shared by primary and secondary CD4 T cell effectors

when effectors isolated from different organs were directly

compared (Strutt et al. 2012). These differences suggest the

possibility of the simultaneous development of effector

populations at different anatomical sites that are special-

ized for different functions. Indeed, when we compared

genes expressed higher by lung-resident effectors com-

pared to those in secondary lymphoid organs, we observed

enrichment for several genes involved in antiviral respon-

ses and associated with cytotoxic killing (Strutt et al.

2012). This correlates well with the finding that cytotoxic

function of CD4 T cell effectors during IAV challenge is

largely confined to lung-resident cells (Brown et al. 2012).

On the other hand, we observed that primary effectors in

the spleen and draining lymph nodes were enriched for a

panel of genes associated with TFH function. This we

(Strutt et al. 2012), and others (Boyden et al. 2012), have

confirmed with phenotypic analysis.

These results suggest that different correlates of protec-

tive immune responses may be defined in different organs

due to the presence of T cells with specialized functions

(i.e., B cell helper activity or cytotoxic function, and likely

many others). Interestingly, however, we observed that

secondary effectors contained a significant TFH population

in the lung as well as in the spleen and draining lymph

nodes. This suggests that secondary effector functions may

be less compartmentalized compared to those of CD4 T cell

effectors during the primary response, and we hypothesize

Table 2 The CD4 T cell response to IAV in unprimed hosts

Functional attribute Primary CD4 T

cell effectors

Secondary CD4 T

cell effectors

Enhancement of early

pulmonary inflammation

– ????

Response magnitude in SLO ??? ???

Response magnitude in lung ??? ?????

Multi-cytokine producing

potentiala
??? ?????

IL-10 production ?? –

IL-17 production – ?

Protective capacity of SLO

effectors

? ???

Protective capacity of lung

effectors

??? ?????

TFH response in SLO ???? ????

TFH response in lung – ??

Cytotoxic response in SLO – –

Cytotoxic response in lung ?? ??

SLO Secondary lymphoid organs
a Multi-cytokine producing potential refers to IFNc, TNF, and IL-2

production
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that this might be a key element in the superior protective

capacity of memory CD4 T cells.

Where are the Most Protective Memory CD4 T Cells

Found?

An important question that bears consideration based on the

observations discussed above is where CD4 T cells in the

peripheral blood would fit into the pattern of heterogeneity

defined by cells isolated from the spleen, draining lymph

nodes, and lung. As peripheral blood is almost exclusively

the source of clinically studied T cells, it is possible that

critical functional attributes of the most protective T cell

subsets are missed because those cells are not present, or are

only present in very low frequency, in the circulation.

What are the most protective CD4 T cells responding

against IAV? We isolated primary or secondary effectors

from either the lung or secondary lymphoid organs of mice

and transferred equal numbers directly to new unprimed

hosts that were then infected with IAV. We observed that

secondary effectors provided a strong degree of protection

whether isolated from the lung or secondary lymphoid

organs and that per-cell, their protective impact was

superior to the same number of transferred primary effec-

tors (Strutt et al. 2012). Thus, in addition to the enhanced

magnitude of secondary versus primary effector responses

derived from the same number of memory or naı̈ve CD4 T

cell precursors, respectively, the per-cell protective

capacity of secondary effectors is also greater than that of

primary effectors. This is consistent with the enhanced

multifunctional potential of secondary versus primary

effectors. However, primary effectors from the lung pro-

vided dramatically better protection compared to effectors

from secondary lymphoid organs. This finding is in line

with studies from Farber’s group showing that memory

CD4 T cells isolated from the lung provide enhanced

protection upon adoptive transfer compared to cells iso-

lated from the secondary lymphoid organs (Teijaro et al.

2011). While these experiments demonstrate superior

protection provided by memory cells from the lung, they

do not identify the critical protective mechanisms

employed by these cells. Further studies will be required to

ascertain the contributions of known protective functions

such as IFNc production, cytotoxic function, or activation

of innate defense pathways.

Analyzing IAV-Specific Memory CD4 T Cells

in Humans

While recent studies utilizing mouse models of IAV infection

highlight the potential for memory CD4 T cells to provide

long-term protection by discrete mechanisms, several chal-

lenges exist in translating and validating these studies in the

clinic. As it is impossible to systemically deconstruct the

protective memory CD4 T cell response against IAV in

humans to validate which mechanisms of CD4 T cell-medi-

ated protection operate and in what hierarchy they contribute

to immunity, our results suggest that measuring as many CD4

T cell functions as possible will be required to screen the full

capacity, and thus the likelihood, of vaccine-induced memory

CD4 T cell ability to contribute to protection. For example, a

recent study analyzed the capacity of IAV-specific CD4 T

cells generated through vaccination to produce IFNc, TNF, or

IL-2 and correlated these responses with the degree of pro-

tective antibody responses (Pedersen et al. 2012). The

development of powerful multiplex assays able to screen

multiple functional attributes simultaneously holds promise

for such analysis (Ge et al. 2010).

The heterogeneity of memory CD4 T cells responding to

IAV in different organs suggests that even extensive anal-

ysis of CD4 T cells in the peripheral blood might be of

limited value. Large numbers of memory CD4 T cells can

be observed in human lungs (Purwar et al. 2011), a popu-

lation of cells that, if observations in the mouse hold, might

contain the most protective, and thus the most relevant IAV-

specific memory CD4 T cells in terms of providing long-

term protection. The development of novel approaches to

screen for the presence and function of memory CD4 T cells

specific for IAV and resident in the lung could unlock tre-

mendous possibilities in vaccine development.

In addition, although studies have shown that memory

CD4 T cells are remarkably multifunctional, reductionist

approaches have demonstrated that, under different con-

ditions, different functions gain or loose critical importance

in mediating protection (McKinstry et al. 2012), suggesting

that defining a universal correlate of optimal IAV-specific

memory CD4 T cells will be difficult, if not impossible.

Just because a cell can perform a function (for example

cytolytic killing, IFNc production, or the provision of B

cell help), it does not necessarily mean that a given func-

tion is relevant (or the most relevant) to protection in a

given context. Thus, the identification of more and better

correlates of strong T cell-mediated immunity against IAV,

assessable in different organs through non-invasive meth-

ods, will be critical to better understand the potential of

vaccine-generated CD4 T cell-mediated immunity to pro-

tect against IAV in the human population.

Concluding Remarks: How to Improve Vaccine-

Induced CD4 T Cell Immunity?

Vaccine strategies incorporating the generation of memory

CD4 T cells capable of providing strong heterosubtypic
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immunity hold the potential to dramatically reduce the

burden of global IAV infection. Recent data from the clinic

and observations in animal models suggest two key ele-

ments that might improve the induction of protective T cell

memory.

First, in studies comparing the efficacy of inactivated or

live attenuated IAV vaccines, it was found that the live

attenuated vaccine induced superior T cell responses in

mice (Chen et al. 2011) and in humans, especially in

younger children (Forrest et al. 2008; He et al. 2006; Hoft

et al. 2011), though commercially available trivalent

inactivated vaccines can also induce a surprisingly broad

repertoire of IAV-specific memory T cells (Richards et al.

2012). These studies suggest that vaccine formulations,

likely based on attenuated live viruses, may be further

improved to maximize the induction of memory CD4? and

also CD8? T cells. The use of pro-T cell-inducing adju-

vants represents another strategy that might boost numbers

of protective memory CD4 T cell numbers generated

through vaccination (Clegg et al. 2012; Galli et al. 2009;

Moris et al. 2011; Pedersen et al. 2012; Surls et al. 2012).

In addition, a body of evidence, largely from Rim-

melzwaan’s group, suggests that annual vaccination with

inactivated IAV vaccines may actually be detrimental to

heterosubtypic immunity by curtailing natural seasonal

infection that otherwise might elicit a stronger degree of

cross-protective T cell memory (Bodewes et al. 2012), again

suggesting that vaccines based on live attenuated viruses

may provide broader and more potent T cell memory through

improved T cell priming and boosting. Alternatively, T cell-

based vaccines, for example utilizing other viral vectors

encoding IAV proteins may be developed to target specifi-

cally the generation of CD4 T cells specific for conserved

viral proteins, mirroring an approach that has proven suc-

cessful in boosting IAV-specific CD8 T cell numbers in

humans (Lillie et al. 2012). Thus, incorporating the gener-

ation of IAV-specific memory CD4 T cells as a goal of

vaccination (in addition to the generation of antibody), and,

as previously mentioned, uncovering clinically relevant

functional or phenotypic correlates of the most protective

CD4 T cells may significantly improve the efficacy of vac-

cines to induce heterosubtypic immunity in humans.

Second, an exciting body of recent findings suggests that

local, tissue-resident T cell memory may be required for

optimal protection against pathogens that enter the body at

mucosal sites (Bevan 2011; Sheridan and Lefrancois 2011;

Swain et al. 2012). Thus, maximizing the generation and

persistence of T cell memory specifically in the lung may

dramatically improve vaccine-induced protection against

IAV. Tissue-resident memory T cells usually require

interactions of specific receptors with ligands in the local

environment for their persistence. For example, Topham’s

group has identified a unique subset of lung-resident

memory CD4 T cells generated by IAV challenge that

requires expression of the integrin VLA-1 to bind type IV

collagen (Chapman and Topham 2010). Observations

highlight distinct requirements for the induction of local

immunity in the lung versus systemic T cell responses

following the delivery of live attenuated IAV vaccines

(Lau et al. 2011) and highlight the importance of the route

of immunization in inducing strong antibody and T cell-

based immunity (Price et al. 2010).

The continued exploration of novel vaccination strate-

gies better able to directly target the generation of local

immunity in the lung holds tremendous promise (Song et al.

2010). Understanding what signals are most important in

the generation of lung-resident memory CD4 T cells may

lead to improved vaccine strategies better able to provide

strong homotypic and, more importantly, heterosubtypic

protection against IAV. And strategies that provide such T

cell immunity are also likely to work with other viruses and

pathogens for which current antibody-based vaccines fail to

provide effective and long-lasting protection.
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