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The respiratory tract poses a substantial challenge to the immune
system due to its large surface area, an extensive vasculature that
is in very close proximity to the external environment, and repeated
exposure to potentially pathogenic organisms in the air. Yet many
lung pathogens are controlled by appropriate immune responses.
The underlying mechanisms of the adaptive cellular immune re-
sponse in protecting the respiratory tract are poorly understood.
Recently, it has emerged that memory CD4� and CD8� T cells are
present in the lung airways, and evidence is mounting that these
cells play a key role in pulmonary immunity to pathogen challenge
by immediately engaging the pathogen at the site of infection when
pathogen loads are low. For example, in the case of respiratory
virus infections, there is evidence that both CD4� and CD8� memory
cells in the lung airways mediate substantial control of a secondary
respiratory virus infection in the lungs. Here we address recent
developments in our understanding of lung airway memory T cells
and their role in infectious disease.
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The respiratory system is a major portal of entry for many patho-
gens, including a wide array of respiratory viruses. Influenza
virus alone is responsible for nearly 36,000 deaths and 110,000
hospitalizations each year in the United States, and this number
is likely to increase as the population ages. Moreover, the emer-
gence of highly pathogenic respiratory viruses, such as the H5
avian influenza virus and the coronavirus associated with severe
acute respiratory syndrome, highlight the critical need for the
generation of vaccines that elicit protective immunity against
pulmonary pathogens. For viral infections, in which antibody
determinants evolve rapidly, effective vaccines are required that
generate strong cellular immune responses to conserved viral
epitopes. However, a significant hurdle in the development of
these vaccines is our poor understanding of cell-mediated immu-
nity in the lung. We don’t know which subpopulations of memory
T cells are critical for influenza virus clearance, how these sub-
populations are established and subsequently maintained, or
how these cells can be effectively generated by vaccination strate-
gies. Moreover, we have little understanding of the circum-
stances under which some vaccines promote the development
of detrimental cellular immune responses in the lung.

The lungs are an anatomically and structurally complex organ
system. An important feature is the large surface area of epithe-
lium that is continually exposed to the external environment
and, at the same time, is highly vascularized. Over the last few
years, there has been a growing appreciation of the role that
cells of the innate and adaptive immune systems play in main-
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taining the health of the lungs. With respect to the adaptive
immune system, it has emerged that pools of memory T cells
are able to persist for prolonged periods of time in the lung
airways and that these cells play an important role in mediating
immune responses to pathogen challenge. In this article, we
review the properties of memory T cells in the lung airways
and their role in cellular immune responses to respiratory virus
infections. We also discuss how pools of memory T cells might
be maintained in the lung—a question of major relevance for
vaccine development.

THE GENERATION OF T-CELL MEMORY IN THE LUNG

Mouse models have proven to be invaluable tools for demonstrating
the central role of major histocompatibility complex–restricted
T lymphocytes in the clearance of influenza and parainfluenza
viruses from the lungs of infected mice (1–7). These models
suggest that, upon virus exposure, dendritic cells in the lungs
mature and traffic to the local draining lymph nodes (cervical and
mediastinal lymph nodes), where they display peptide antigen to
T cells (8, 9). Antigen-specific T cells then become activated and
initiate a program of proliferation and differentiation, resulting
in the production of effector cells that have the capacity to
migrate to the lung and terminate the infection (10). Effector
T cell numbers typically peak in the lung around Day 10 after
infection, mediate viral clearance via cytokine production, direct
cytolytic mechanisms (either perforin- or Fas-mediated) (1, 4, 6,
11–14).

During the course of a respiratory virus infection, pools of
memory T cells are established that persist for the life of the
animal (15). These cells differ substantially from their naive
precursors in that they persist at a high frequency, generate rapid
effector functions in response to antigen exposure, have distinct
cytokine production profiles, have low requirements for costimu-
lation, and have reduced susceptibility to apoptosis (16, 17).
Many memory cells can be found in secondary lymphoid organs,
such as the draining lymph nodes and spleen. However, it has
recently emerged that large numbers of antigen-specific T cells
can also be found in nonlymphoid tissues (18–22). For example, it
has been reported that as many as half of the long-lived memory
CD8� T cells in animals that had recovered from an influenza
virus infection were located at peripheral sites (21). These obser-
vations have led to the conclusion that memory T cells can be
divided into two major subsets depending on their ability to
traffic to either secondary lymphoid organs or peripheral tissues.
In this regard, studies by a number of investigators have shown
that this dichotomy can be primarily ascribed to adhesion mole-
cules and chemokine receptors that target them to different
tissues (23, 24). Central memory T cells express CD62L, which
allows them to cross high endothelial venules and enter lymph
nodes, and CCR7, which mediates chemoattraction to and local-
ization within the T zone of lymphoid tissue via CCL19 and
CCL21. Effector memory T cells typically lack the expression
of CD62L and CCR7, but express alternative adhesion molecules
and chemokine receptors, promoting a wider distribution of
these cells into the peripheral organs and tissues. The effector
memory and central memory paradigm is still relatively new and
is not the last word on the classification of memory T cells.
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TABLE 1. PROPERTIES OF EFFECTOR AND MEMORY T CELLS

Marker Effector Cells Central Memory Cells Effector Memory Cells Airway Memory Cells

CD44 Hi Hi Hi Hi
CD62L Lo Hi Lo Lo
CD69 Variable — Mixed (�10% �) Mixed (�70% �)
CD25 Mixed (�10–50% �) Mixed (�10–50% �) Mixed (�10–50% �) Mixed (�50% �)
Ly6C � � � Mixed (�50% �)
LFA-1 (CD11a) Hi Hi Hi Mixed (�20% Hi)
IL-7R� — � � —
CXCR3 � � � �

CCR7 Lo Hi Lo Lo
Size Large Small Small Small
Cell cycle Cycling Most in G0-G1 Most in G0-G1 100% in G0-G1

Definition of abbreviations �/— � expressed/not expressed; cycling � cells that are in various stages of the cell cycle; Hi/Lo �

high/low levels of expression; IL � interleukin; LFA � lymphocyte function–associated antigen; mixed � mixed levels of expression
on subsets of cells.

However, it represents a useful framework for developing exper-
imental hypotheses. Thus, we use the effector and central mem-
ory terminology throughout this article.

One of the more surprising peripheral sites shown to harbor
substantial numbers of effector memory cells in both animal
models and human clinical studies is the airways of the respira-
tory tract. The conditions in the airways are relatively hostile
given the proximity to the external environment and the pres-
ence of surfactants and other molecules involved in maintaining
lung integrity. Mouse models have demonstrated that these
memory T cells are established after resolution of a respiratory
tract infection and can be recovered from this site for over a year
after the initial infection has resolved. The absolute numbers of
these cells can be surprisingly high. For example, we have shown
that as many as 40,000 antigen-specific CD8� T cells can be
recovered from the lung airways of mice a month after resolution
of influenza and parainfluenza virus infections (18). However,
these numbers tend to decline over the first few months after
infection before stabilizing at much lower numbers (typically
only a few thousand cells per animal). As will be discussed
subsequently here, this decline and stabilization in the number
of memory T cells correlates with a progressive decline in the
overall efficacy of cellular memory in terms of its ability to
clear a secondary virus challenge (25). In addition, substantial
numbers of memory T cells can also be recovered from the
lung parenchyma and pleural cavity long after resolution of the
infection. Thus, it appears that prior exposure to a respiratory
pathogen establishes a network of memory T cells that persist
in several distinct compartments of the lung. The number of
antigen-specific memory T cells present in the lung is typically
greater than the number in the local draining lymph nodes, and
their role in host defense will be discussed below.

PROPERTIES OF AIRWAY MEMORY CELLS

Lung airway memory CD8� T cells express low levels of CD62L
and CCR7, identifying them as “effector memory” cells (Table 1).
In addition, these cells express other markers associated with
effector memory cells, such as interleukin-7R�, CXCR3, and
high levels of CD44 (18, 26, and unpublished data). In addition,
memory cells in the lung airways express the acute activation
marker CD69, which is normally associated with activated T cells
(18). However, unlike T cell blasts, lung memory T cells are
small, nonproliferating cells that are in the G0-G1 phase of the
cell cycle (27). A particularly interesting feature of lung airway
memory cells is that the majority of these cells express low levels
of the lymphocyte function–associated antigen (LFA)-1 (CD11a/
CD18) integrin (28). For example, approximately 80% of anti-

gen-specific T cells in the lung airways of mice that have recov-
ered from a Sendai virus are CD11alo (Figure 1). This is in
marked contrast to memory T cells from all other lymphoid and
nonlymphoid sites, and is especially surprising because LFA-1
is involved in T cell activation and migration into tissues (29).
We have evidence that LFA-1 is downregulated after effector
or memory T cells enter the airways (30, 31). Thus, LFA-1
expression may be used as a marker to identify T cells that
have been recently recruited into the lung airways, as discussed
subsequently here.

Lung airway CD8� T cells not only have novel phenotypic
characteristics, but we have also described important functional
differences between them and other effector memory cells. One
key difference between lung airway memory CD8� T cells and
effector memory CD8� T cells from other peripheral sites is that
these cells lack constitutive cytolytic activity. This is most likely
due to the loss of LFA-1 expression, as this integrin is involved
in the adhesion of cytotoxic T cells to their targets. In addition,
memory T cells in the lung airways do not to proliferate in situ,
either as part of a homeostatic maintenance mechanism or in
response to cognate antigen (27, 32). However, cytolytic activity,
LFA-1 expression and proliferative capacity recover rapidly
when cells are removed from the airway environment (18, 33).
These observations suggest that factors within the lung airways
mediate tight control over T cell function, allowing only neces-

Figure 1. Memory T cells in the lung airways are CD11alo. Mice were
infected with Sendai virus and lymphocytes isolated from the lung
airways and spleen on Day 40 after infection for flow cytometric analysis.
Data in the left panels identify CD8� T cells specific for the dominant
NP324-332/Kb epitope of Sendai virus. Data in the right panels are gated
on NP324-332/Kb-specific T cells and show the distinct patterns of CD11a
expression on these cells depending on whether they are isolated from
the spleen or lung airways.
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sary and appropriate responses. In this regard, it is well estab-
lished that molecules, such as surfactants, and cells, such as
alveolar macrophages, maintain an immunosuppressive environ-
ment in the lung. Another interesting feature of lung memory
T cells is that they are able to produce antiviral cytokines, such
as IFN-�, in response to proinflammatory cytokines produced
by dendritic cells (34). Thus, the response of these cells may
operate effectively against pathogens for which they are not
specific. Under certain conditions, airway memory T cells may
also produce cytokines involved in airway inflammation and
airway hyperresponsiveness, such as interleukin-13 (35). In a
mouse model of allergen-induced airway hyperresponsiveness,
this property was specifically attributed to effector memory T cells
that accumulated in the lungs (35).

Most of our research into pulmonary T cell memory has
focused on CD8� T cells. However, we have also extended our
studies to the CD4� memory T cell population. In this regard,
we have generated a major histocompatibility complex/peptide
multimeric reagent that can detect T cells specific for a dominant
hemagglutinin epitope that we had identified in Sendai virus
(HN419-433/Ab) (36–38). Using this reagent, we have shown that
HN419-433/Ab-specific T cells persist in the lung airways, lung paren-
chyma, and secondary lymphoid organs after resolution of a
Sendai virus infection. The general phenotypic and functional
characteristics of these cells are similar to those of equivalent
populations of memory CD8� T cells. However, the absolute
numbers of memory CD4� T cells are much lower than those
for memory CD8� T cells.

LUNG AIRWAY MEMORY T CELLS MEDIATE
PROTECTION AGAINST VIRAL CHALLENGE

As noted previously here, studies in influenza and parainfluenza
models have shown that the number of antigen-specific CD8�

T cells in the lung airways is high in the first few months after
recovery from infection, but then declines before subsequently
stabilizing 6 months after infection (18, 25). There is an even
more rapid decline in the number of antigen-specific memory
CD4� T cells in the lung airways, and these cells become unde-
tectable within 2 months after infection (36). The decline in the
absolute number of memory T cells in the airways correlates
with a decline in the overall efficacy of the cellular immune
response to viral challenge (25). Thus, there is a correlation
between the numbers of cells in the airways and the relative
efficacy of the immune response despite stable numbers of mem-
ory T cells being present in the spleen (18). Although circumstan-
tial, this was the first evidence that lung airway memory cells
play an important role in recall responses. To address this issue
in more detail, we directly analyzed the capacity of airway mem-
ory cells to mediate control of respiratory virus infections. In
these experiments, lung airway memory cells specific for Sendai
virus were transferred intratracheally to naive mice. These mice
were then infected intranasally with Sendai virus, and viral loads
were assessed in the lung 4 days later. These studies showed
that there was a substantial reduction in viral loads in the experi-
mental mice compared with mice that had received irrelevant
memory T cells specific for influenza virus (26). To our knowl-
edge, these are the only data demonstrating that peripheral ef-
fector memory T cells actually play a direct role in mediating
immune control of a respiratory virus infection. It should be
noted that airway memory T cells were not able to clear virus
completely, but did significantly reduce viral loads at early time
points during the infection. Thus, it has been suggested that
effector memory T cells at peripheral sites, such as the lung
airways, act as a first line of defense against infection, and effec-
tively divide memory recall responses into two major phases.

Figure 2. T-cell response in
the lung airways occurs in
distinct phases. T cells re-
sponding to a primary respi-
ratory virus infection begin
to accumulate in the lung
airways around Day 6 after
infection and peak numbers
are typically present on Day
10 after infection. T cells re-
sponding to a secondary re-
spiratory virus infection are

comprised of three distinct phases. The first phase involves memory T
cells that are already in the lung airways. These cells respond immedi-
ately to the infection and their numbers decline rapidly. The second
phase involves memory T cells that are rapidly recruited into the lung
airways at early stages of the infection (Days 3–6). These cells are non-
proliferating. The third phase involves memory T cells that have prolifer-
ated in response to antigen and are then recruited into the airways
(peaking at Day 7). Taken together, the secondary response is character-
ized by a sustained T cell response to the infection. In addition, the
accumulation of proliferating cells in the lung airways (phase 3 cells)
occurs earlier, and is of greater magnitude, than in the primary response.

First, there is the immediate response of effector memory T cells
at the site of infection. Importantly, these cells are able to re-
spond at the first signs of infection when viral loads are very
low. Although they are unable to proliferate in response to
infection due to the constraints of the airway environment, they
can produce cytokines that may limit viral replication and spread
in the epithelium (27, 31). Second, there is the response of central
memory cells that divide in response to antigen in local draining
lymph nodes and are recruited to the lung airways as full-fledged
effector T cells (24). These cells generate a prolonged supply of
new effector cells.

We have further modified this two-phase recall response to
propose that there is also an intermediate phase, in which non-
proliferating memory cells are recruited to the lung airways
during the first week of the infection. This idea is based on
studies showing that there is a rapid increase in the number of
effector memory T cells expressing high levels of CD11a between
Days 3 and 7 of infection (Figure 2). This recruitment is mediated
by inflammation in the lung, but is antigen-independent. For
example, when mice that have recovered from a prior Sendai
virus infection are challenged with influenza virus, Sendai-spe-
cific CD11ahi memory T cells are recruited to the lung airways
before the arrival of influenza virus–specific T cells. A key feature
of the three-phase response model is that these distinct phases
are integrated to produce a sustained response to the infection
in the lung airways. Although the first two phases of the re-
sponses are nonrenewing (i.e., do not involve T cell expansion),
they nevertheless engage the pathogen at the site of infection
when viral loads are relatively low. Presumably, this reduces the
amount of virus encountered by T cells comprising the third phase
of the response. Because this latter phase involves proliferating
cells, it is able to mediate a sustained response to the infection.

THE MAINTENANCE OF MEMORY T CELLS IN THE
LUNG AIRWAYS

As we have discussed, it appears that resident lung-airway mem-
ory T cells are protective in the face of viral challenge. In terms
of vaccine development, it is therefore important to understand
how to establish and maintain this population. One hypothesis
is that effector cells entering the airways during the infection
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are important in establishing this pool. This would be consistent
with the large numbers of memory cells that are present in the
lung airways immediately after viral clearance and the subse-
quent decline in this number with time. However, recent data
suggest that infection is not required to draw effector cells into
the airways. For example, transgenic T cells that have been
activated in vitro and transferred to mice intravenously can be
subsequently recovered from the lung airways (18, 32). These
cells are recruited into the airways in the absence of any kind
of pulmonary infection. One possible explanation is that the
lung airways have a specific mechanism to continually recruit
effector T cells. An alternative possibility is that there is always
a low level of inflammation in the upper respiratory tract (per-
haps due to exposure to the environment) that acts to continually
recruit effector cells into the site. If this is the case, one might
expect the number of effector cells recruited into the airways
and the corresponding numbers of memory T cells established
to be higher after the strong inflammatory response of a virus
infection compared with resting conditions. This appears to be
the case. For example, the absolute number of effector cells that
migrate into the lung airways during a primary Sendai virus
infection is much greater than during a secondary Sendai virus
infection. Whereas both primary and secondary infections drive
strong T-cell responses and generate large numbers of effector
T cells, inflammation in the lung is greatly reduced in the second-
ary infection due to the presence of neutralizing antibody. Thus,
there is a correlation between the level of inflammation and the
numbers of cells recruited (39).

Although inflammatory processes can be evoked to explain
the recruitment of effector cells into peripheral sites, the situa-
tion is less clear with memory T cells. It is known that memory
T cell populations in secondary lymphoid organs are maintained
by a poorly understood process of homeostatic proliferation
driven by interleukin-7 and interleukin-15 (40–44). Interestingly,
bromodeoxyuridine incorporation rates of memory CD8� T cells
in the lung airways match precisely those of memory cells in
secondary lymphoid tissues. Yet we, and others (18, 32), have
shown that T cells don’t proliferate in the airways, presumably
due to the inhibitory effects of surfactants and the inappropriate
cytokine milieu. This suggests that bromodeoxyuridine-positive
memory cells in the airways initially acquire bromodeoxyuridine
during homeostasis-driven division in the secondary lymph nodes
and only subsequently traffic into the airways. Importantly, this
provides evidence for a process of continual recruitment of mem-
ory T cells to the lung airways.

There is additional evidence for a process of continual recruit-
ment of memory T cells into the lung airways. As discussed
previously here, an interesting characteristic of lung airway mem-
ory CD4� and CD8� T cells established by respiratory virus
infections is the fact that the majority of cells express low levels
of LFA-1 (CD11a/CD18). This feature distinguishes lung airway
memory cells from other memory T cell populations in the ani-
mal, including those in the lung parenchyma and pleural cavity.
We believe that this low level of LFA-1 expression may be due
to the downregulation of the molecule after recruitment into
the airways. Thus, high expression levels of LFA-1 may serve
as a natural marker of cells that have been recently recruited
into the airways. Because 20% of CD4� and CD8� memory
T cells in the lung airways are LFA-1hi, this suggests that effector
memory cell populations in the lung airways are maintained by
a dynamic process of continual recruitment of new cells. We are
actively investigating this possibility.

Downregulation of LFA-1 on lung airway memory T cells
may have several important functional consequences. LFA-1
undergoes a conformational change after TCR ligation or expo-
sure to specific cytokines or chemokines into an active form with

increased ligand-binding affinity and lateral mobility (45–47).
This promotes receptor clustering and the firm adhesion of mi-
grating effector memory cells to the endothelial wall before
extravasation into inflammatory sites (48, 49). Therefore, LFA-1
downregulation in the lung airways could serve to trap memory
cells within the airways. Consistent with this, effector/memory
cells that have entered the lung airways cannot re-enter the
circulation (32). In addition, downregulation of LFA-1 may allow
other adhesion molecules, such as very late antigen–1, to enhance
localization of memory cells to the airway matrix (50). An alter-
native possibility is that LFA-1 downregulation may serve to
limit lymphocyte effector functions, such as cytolytic activity,
and so reduce lung immunopathology.

FUTURE DIRECTIONS AND THERAPEUTIC IMPLICATIONS

Recent studies have shown that memory T cells within the lung
airways have unique phenotypic and functional features, likely
reflecting the need to protect the tissue from damage. In addition,
these memory T cells are able to significantly reduce lung viral
loads following infection, potentially protecting mice from lethal
infection. Thus, it will be important to clarify the mechanisms
underlying the generation and maintenance of this T cell pool.
A key question is whether recruitment is stochastic, or whether
discrete peripheral memory cell subsets selectively populate the
lung airways. Identifying the contributing subset will allow us
to measure its decay, an important consideration in measuring
vaccine efficacy. In addition, functional comparisons between
the cells in the lung airways and those in the periphery should
clarify the constraints imposed on T cell function by the airway
environment.

It is unclear by which effector mechanisms airway memory
T cells control viral replication and mediate protection. As we
have stated previously here, lung airway CD8� T cells appear
to have reduced cytolytic activity in comparison with effector
cells of other sites. It is possible, however, that cytokine produc-
tion by antigen-specific memory T cells helps initiate an antiviral
state within the lung. Alveolar macrophages mediate suppressive
functions in the uninfected lung and IFN-� produced by stimu-
lated T cells is likely to activate antiviral activities in these cells.
Similarly, T cell–derived granulocyte macrophage-colony stimu-
lating factor is likely to stimulate maturation, differentiation,
and trafficking of respiratory tract dendritic cells, thus enhancing
antigen presentation to virus-specific central memory and naive
T cells. Finally, effector T cells are potent producers of inflam-
matory chemokines, such as regulated on activation, normal T cell
expressed and secreted, and their production by lung airway mem-
ory cells may be vital in the early recruitment of many antiviral
immune cells, including immature dendritic cells, natural killer
cells, and activated and effector memory T cells.

We have also described the early recruitment of nonprolifer-
ating memory T cells into the lung and lung airways. These cells
include significant numbers of antigen-specific cells in mice that
have recovered from a prior infection, and so may exert addi-
tional control on viral replication supplementing resident airway
T cell activity before the arrival of T cells generated by antigen-
driven proliferation. Currently, little is known of their origin,
their mode of recruitment during inflammation, or their exact
function during infection. It is important to investigate this aspect
of the immune response in order to understand why protective
memory T cell immune responses to respiratory virus infection
wane over time.

In summary, a successful T cell vaccine should generate T cells
capable of participating in all three phases of the memory T cell
response; namely, airway resident memory T cells, nonproliferat-
ing memory T cells recruited early by inflammatory signals, and
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central memory T cells able to proliferate rapidly differentiate
and mediate viral clearance. To do this, we clearly need to better
understand the generation and maintenance requirements of
each subpopulation. This knowledge will likely help guide vac-
cine formulation, adjuvant selection, and route of delivery.
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