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Abstract

We identify here a new class of lung tissue-resident memory CD4 T cells which exhibit tissue
tropism and retention independent of antigen or inflammation. Tissue-resident memory CD4 T
cells in the lung did not circulate or emigrate from the lung in parabiosis experiments, were
protected from in vivo antibody labeling, and expressed elevated levels CD69 and CD11a
compared to circulating memory populations. Importantly, influenza-specific lung-resident
memory CD4 T cells served as in situ protectors to respiratory viral challenge, mediating
enhanced viral clearance and survival to lethal influenza infection. By contrast, memory CD4 T
cells isolated from spleen recirculated among multiple tissues without retention, and failed to
mediate protection to influenza infection, despite their ability to expand and migrate to the lung.
Our results reveal tissue compartmentalization as a major determining factor for immune-mediated
protection in a key mucosal site, important for targeting local protective responses in vaccines and
immunotherapies.
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INTRODUCTION

Migration of activated T cells to peripheral tissue sites during infection promotes local
immune responses to clear pathogens. Following clearance, long-lived, pathogen-specific
memory T cells can take up residence and recirculate within multiple lymphoid and non-
lymphoid compartments, with significant populations in mucosal sites such as lung and
intestine (1-2). The presence of memory T cells in tissue sites has been associated with
increased protection to virus infections in mice (1-3); however, it has been difficult to
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establish whether in situ immunity is due to T cells resident in the tissue versus those rapidly
recruited from other sites. Defining the protective T cell subsets for specific compartments is
critical to the successful design of vaccines which target tissue sites.

Respiratory infection with influenza virus results in the generation and dissemination of
memory T cells into lung and lymphoid tissue sites as demonstrated in mouse models (4-5),
and in human peripheral blood and lungs (6-7). We recently showed that heterogeneous
populations of influenza-specific memory CD4 T cells in mice could direct rapid lung viral
clearance independent of CD8 T cells and B cells, although did not protect from morbidity
of infection (9-10). As circulating memory CD4 T cells reactive to pandemic influenza
strains have been identified in healthy humans (8), further insights into the nature of
protective memory CD4 T cells could be beneficial in optimizing this potent response.

In this study, we identify a population of influenza specific memory CD4 T cells in lung
which are non-circulating and exhibit lung-tropic migration independent of antigen-
specificity. We used parabiosis models to demonstrate irreversible retention of lung-tropic
memory CD4 T cells in the lung, and in vivo labeling to identify a non-circulating lung
resident polyclonal memory CD4 T cell population persisting after influenza infection--both
exhibiting elevated CD69 and CD11a expression. Mice with memory CD4 T cells
exclusively in the lung were protected from morbidity and mortality of influenza infection,
with spleen-derived memory CD4 T cells affording little protection and even exacerbating
mortality despite their diverse tissue residence and migration to the lung. Our results define
a new class of memory CD4 T cells resident in lung tissue and reveal tissue
compartmentalization as a major determining factor for protection in a key mucosal site,
with important implications for targeting site-specific immunity in vaccines and
immunotherapies.

MATERIALS AND METHODS

Mice

Reagents

BALB/c mice (8-16 weeks of age) (NCI Biological Testing Branch), RAG2~/~ (BALB/c)
mice (Taconic Farms, Germantown, NY), and Influenza Hemagglutinin (HA)-TCR
transgenic mice (11) on BALB/c (Thy1.2) or BALB/c(Thy1.1) backgrounds were
maintained under specific pathogen-free conditions at the University of Maryland, Columbia
University, and the University of Connecticut. Protocols were approved by the Institutional
Animal Care and use Committees of all institutions.

Fluorescently-conjugated antibodies specific for CD4, CD8, CD44, CD62L, CD69, CD90.1,
CD90.2, and CD11a were purchased from BD Pharmingen (San Diego, CA). Influenza HA
peptide (110-120, SFERFEIFPKE) was synthesized by the Biopolymer Laboratory
(University of Maryland, Baltimore).

Influenza virus infection

Mice were infected intransally with 100-500 TCIDsq Influenza virus (A/PR/8/34) for
sublethal infection and 5000 TCIDsgg PR8 Influenza (2LDsgg) for lethal infection as described
(9-10, 12). Morbidity was monitored by daily weighing and examination. Influenza virus
titers were determined by Tissue Culture Infectious Dose 50 assay (TCIDsgp) as described
(13).

J Immunol. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teijaro et al.

Page 3

Generation of influenza-specific memory CD4 T-cells

HA-specific memory CD4 T-cells were generated by adoptive transfer of in vitro, antigen-
primed HA-TCR CD4 T cells into BALB/c(Thy1.1) or RAG2 ™/~ mice as previously done
(4, 14-15). Polyclonal memory CD4 T-cells specific for influenza were recovered 4-8
weeks following intranasal infection of BALB/c mice and quantitated by ELISPOT as
described (9, 15).

Homing and Parabiosis Experiments

For in vivo homing assays, HA-specific memory CD4 T cells (Thy1.1*) were isolated from
spleens and lungs of RAG2~/~ hosts, transferred (2x10%/mouse) into BALB/c recipient
mice, and recipient tissues were recovered 7 and 21 days later. For parabiosis experiments,
BALBI/c recipients of 2x106 lung or spleen HA-specific memory CD4 T cells were
surgically conjoined seven days post-transfer to BALB/c mouse partners as described (16),
and tissues were harvested from mouse pairs 8-21 days later.

In vivo antibody labeling and flow cytometry

Statistics

For in vivo antibody labeling, naive or flu-immune BALB/c mice were injected
intravenously with 2.5 pg PE-Cy5-conjugated anti-CD4 antibody (clone RM4-5), and after
10 minutes, peripheral blood was obtained and lungs perfused with PBS/500units heparin,
and cells isolated. Cells were surface or intracellularly stained with fluorochrome-
conjugated antibodies as described (15), and analyzed using an LSRII or FACScanto flow
cytometer (BD, San Jose CA) with FACSDiva (BD) or FlowJo software (Tree Star, Inc.,
Ashland, OR).

Results are expressed as the mean value from individual groups +/— SEM unless otherwise
designated, indicated by error bars. Significance between experimental groups was
determined by two-tailed student T tests, assuming a normal distribution for all groups.

RESULTS AND DISCUSSION

Lung memory CD4 T cells exhibit tissue-specific tropism

Influenza infection resulted in generation of polyclonal influenza-specific memory CD4 T
cells in lung and spleen, with lung memory CD4 T cells exhibiting a slightly higher
proportion of IFN-y producers and decreased IL-2 producers compared to spleen memory
CDAT cells (Fig. 1A). To dissect the role of tissue location in the distinct functions of
spleen and lung memory CD4 T cells, we generated memory CD4 T cells expressing the
same TCR clonotype by adoptive transfer of in vitro-primed influenza HA-specific TCR-
transgenic CD4 T cells into lymphocyte-deficient or intact mouse hosts (4, 14, 17). Similar
to polyclonal populations, HA-specific memory CD4 T cells in the lung had a lower
proportion of IL-2 producers and a similar frequency of IFN-y producers compared to spleen
memory CD4 T cells (Fig. 1B). These results indicate tissue-specific influences on the
function of resident memory populations, independent of antigen specificity.

We hypothesized that the tissue location of memory CD4 T cells would influence their
intrinsic homing capacities. Lung- and spleen-derived HA-specific memory CD4 T cells
isolated as above were transferred into unmanipulated BALB/c congenic hosts, and their
resultant distribution into different tissues of recipient mice was assessed 1-3 weeks later.
Spleen-derived memory CD4 T cells dispersed into multiple tissues of recipient mice,
including spleen, lung, liver and lymph nodes (Fig. 1C), with the majority of spleen-derived
cells recovered from the spleen, followed by reduced, yet significant numbers in the lung
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(Fig. 1D). By contrast, lung-derived memory CD4 T cells distributed almost exclusively in
the lungs of recipient mice and not significantly into other sites such as spleen, lymph node
or liver (Fig. 1C). Notably, all of the lung-derived memory CD4 T cells were recovered
from the lungs of recipient mice three weeks post-transfer (Fig. 1D), demonstrating lung
tissue-tropism of this subset. Lung memory CD4 T cells localized predominantly in the
tissue parenchyma with much lower numbers in the airways as quantified in bronchiolar
lavage (BAL) fluid (Supplemental Fig. 1A). Together, these results demonstrate that lung-
resident memory CD4 T cells are distinct in function and migration from spleen-derived
counterparts, and possess internal “zip codes” enabling them to home to their tissue of
residence.

Lung memory CD4 T cells are specifically retained in the lung

The homing tropism of lung memory CD4 T cells could arise through recirculation and
migration back to the lung, and/or specific retention in the lung. We used a parabiosis model
(16) to examine the recirculation and/or retention properties of spleen and lung memory
CD4 T cells. Host mice of spleen- or lung-derived memory CD4 T cells (Thy1.1%)
containing HA-specific memory CD4 T cells in multiple tissues or only in lungs,
respectively, were surgically conjoined to a second BALB/c mouse as described (16), to
create host and parabiont partner mice with shared circulations. After eight days conjoined,
T cell populations in multiple tissues of host and parabiont partner mice were recovered and
analyzed. In mouse pairs containing spleen-derived memory CD4 T cells, we detected
significant frequencies of HA-specific memory T cells in spleen, lung, and liver, but not
lymph nodes (Fig. 2A and data not shown), with the highest overall numbers recovered from
spleen and lung (data not shown). In striking contrast, mouse pairs containing lung-derived
memory CD4 T cells had memory CD4 T cells exclusively in the lungs of host mice, with
no dispersion into additional tissues or lung-draining lymph nodes of host or parabiont
partner mice (Fig. 2A, B). Lung-derived memory CD4 T cells further remained in the lungs
of the original host mice in long-term parabiosis experiments of three weeks duration
(Supplementary Fig. 1B), when spleen-derived memory CD4 T cells had completely
dispersed and were not detected in any tissues of host or partner mice (data not shown).
These results demonstrate a powerful and specific retention of lung memory CD4 T cells in
the lung, independent of antigen and inflammation. These homing and retention properties
of lung memory CD4 T cells are distinct from lung memory CD8 T cells, which migrate to
multiple lymphoid and non-lymphoid tissue sites (10, 18) and recirculate in vivo in
parabiosis studies (16), similar to our findings with spleen-derived memory CD4 T cells.
Our results therefore define a new class of tissue-resident memory CD4 T cells retained
within a specific compartment.

Distinct phenotypes of circulating and tissue-resident memory CD4 T cell populations

In addition to differences in CD62L expression with lung being predominantly CD62Llo
and spleen heterogeneous for CD62L expression (data not shown and (4)), lung-retained
HA-specific memory CD4 T cells expressed the activation marker CD69 and high levels of
the integrin LFA-1 (CD11a), whereas spleen memory CD4 T cells did not express CD69 and
had reduced levels of CD11a (Fig. 3A). We investigated whether subsets with different
migratory capacities could be identified within endogenous lung CD4 T cells consisting of
naive and memory subsets (4, 19). We adapted an in vivo antibody labeling approach which
can distinguish between T cells in the lung interstitium and those accessible to the
circulation (20). Administration of fluorescent anti-CD4 antibody to influenza-immune
BALB/c mice resulted in >96% of blood T cells labeled (Fig. 3B, left), whereas in the
perfused lung, 70% of CD4 T cells were labeled, with 20-30% protected from in vivo
labeling (Fig. 3B top). Unlabeled lung T cells exhibited an effector-memory phenotype
(CD44hi/CD62Llo) (data not shown) with a high proportion of CD11a"/CD69" cells (Fig.

J Immunol. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teijaro et al.

Page 5

3B, lower), similar to the phenotype of HA-specific lung resident memory CD4 T cells (Fig.
3A). By contrast, in vivo-labeled lung CD4 T cells were predominantly naive (70% CD44lo/
CD62Lhi; data not shown), and had reduced levels of CD11a and CD69 compared to the
protected population (Fig. 3B, right). These results establish that the lung resident CD69"/
CD11aM memory CD4 T cell subset is represented among polyclonal populations of lung
CD4 T cells. This CD69"/CD11a phenotype is also associated with memory CD4 and
CD8 T cells in intestine and skin (21-22), suggesting similar signatures for tissue-resident T
cells in other mucosal and non-lymphoid sites.

Enhanced protection from influenza virus challenge by lung-retentive memory CD4 T cells

The distinct migration/retention properties of lung and spleen memory CD4 T cells enabled
a novel investigation of protection by tissue-resident versus circulating memory subsets. We
challenged mouse recipients of spleen or lung-derived memory CD4 T cells (“spleen-
memory” and “lung-memory” recipients, respectively) intranasally with influenza PR8
(H1INZ1) virus (HA specificity of HA-TCR T cells), and monitored protection by weight loss
morbidity and lung viral loads as described (10). Following sublethal infection, naive mice
and spleen-memory recipients exhibited profound and progressive weight loss of 25% by 5-
6 days post-infection, whereas lung-memaory recipients experienced only moderate weight
loss (10%) for the entire course of infection (Fig. 4A). Importantly, lung-memory recipients
exhibited more rapid and enhanced lung viral clearance compared to infected naive and
spleen-memory recipients, with complete clearance by day 8 post-infection (Fig 4B). Lung-
memory recipients were also fully protected from lethal influenza challenge compared to
naive mice (60% lethality at day 12 post-infection), and spleen-memory recipients which
experienced accelerated death at day 7 post-infection (Fig. 4C). Following infection, lung-
derived memory CD4 T cells maintained a biased distribution in the lung, whereas spleen-
derived memory CD4 T cells were present in high frequencies in both the lung and spleen of
recipient mice (Fig. 4D). These findings indicate that lung memory CD4 T cells serve as
optimal in situ protectors to influenza challenge, contrasting spleen memory CD4 T cells
which exhibit low protective capacities yet extensive expansion.

Our results reveal a novel class of tissue-resident memory CD4 T cells in a key mucosal site
that are specifically retained in lung tissue and mediate efficacious protection to respiratory
virus infection. These findings indicate that the protective capacity of T cell memory to
infections in peripheral sites is intricately linked to their tissue compartmentalization, and
quantitative measurements of circulating antigen-specific T cell responses as typically
assessed (23) may not reflect the quality of local tissue-specific immune responses. We
propose that targeting the generation and maintenance of these tissue-resident memory
populations will be critical for vaccines and immunotherapies to promote or regulate
compartment-specific immune responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

HA hemagglutinin
APC antigen presenting cells
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Figure 1. Lung memory CD4 T cells exhibit distinct migration tropism compared to spleen
memory CD4 T cells

(A) Influenza-specific IL-2 and IFN-y production by polyclonal influenza-specific lung and
spleen memory CD4 T cells determined by ELISPOT. Results are expressed as mean spots
+/— SD from triplicate wells, representative of 3 experiments. (B) Cytokine production by
HA-specific memory CD4 T cells isolated from spleen or lungs of RAG2~/~ adoptive hosts
(see methods) following stimulation with HA peptide and APC. Intracellular cytokine
staining is shown gated on CD4%6.5" cells, representative of 3 experiments with 4 mice/
group. (C) In vivo migration of lung and spleen HA-specific memory CD4 T cells into
specific tissues 7 days after transfer into BALB/c(Thy 1.1) recipients. Plots show frequency
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of CD4*Thy1.2* HA-specific memory CD4 T-cells in each site, representative of 3
experiments (5-9 mice/group). (D) Percent distribution of HA-specific memory CD4 T cells
recovered from each tissue (7 and 21 days post-transfer) calculated as follows:

# Thy 1.2*memory CD4 T cells in a specific tissue

x 100
# Thy 1.2"memory CD4 T cells from all tissues

% distribution=

Histograms represent averages+s.d. from three independent experiments (57 mice/group).
Significance indicated as *** for p <0.005.
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Figure 2. Irreversible tissue retention of lung memory CD4 T cells

Host mice containing Thy1.1* lung or spleen-derived HA-specific memory CD4 T cells as
in Fig. 1C were surgically conjoined to syngeneic BALB/c partner mice in parabiosis
experiments (see methods). (A) Frequency of spleen and lung-derived CD4*Thy1.1* HA-
specific memory CD4 T-cells (of total CD4 T cells) in tissues of host and parabiont partner
mice after 8 days conjoined. (B) Percent distribution of HA-specific memory CD4 T cells
recovered from host and partner mouse tissues calculated as in Fig. 1D. Results are
compiled from eight parabiotic mouse pairs/group and representative of 2 independent
experiments. Significant differences between lung and spleen memory migration are
indicated by *** (p <0.005).
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Figure 3. Distinct phenotype of tissue-resident versus circulating memory CD4 T cells

(A) Cell surface CD11a and CD69 expression by lung- and spleen-derived HA-specific
memory CD4 T cells gated on live CD4*CD44MNCD62L'° T cells, and are representative of 4
independent experiments. (B) In vivo labeling delineates resident and circulating polyclonal
lung memory CD4 T cell subsets. BALB/c mice previously infected with influenza (4-6
weeks post-infection) were injected intravenously with fluorescently labeled anti-CD4
antibody, and blood and lung tissue were harvested. Upper: Proportion of CD3¢*CD8a~ y5~
T cells stained by or protected from in vivo administered antibody. Lower: CD11a and CD69
expression by the labeled or protected cell populations, representative of 4 independent
experiments.
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Figure 4. Lung memory CD4 T cells mediate enhanced protection to influenza challenge
compared to spleen memory CD4 T cells

BALB/c mice and recipients of lung- or spleen-derived HA-specific memory CD4 T cells
(108/mouse) were challenged with PR8 influenza virus. (A) Daily weight loss following sub-
lethal influenza infection, compiled from 6 independent experiments with n=20-25 per
group. (B) Kinetic analysis of influenza viral titers in the lungs of naive mice or mice
receiving spleen- or lung-derived memory CD4 T cells as in A. Results are expressed as
mean TCIDsgq from 4-9 mice per group, representative of 2—4 experiments at each time-
point. (C) Lung memory CD4 T cells protect from lethal challenge. Graph shows survival of
naive BALB/c mice or mouse recipients of spleen- or lung-derived memory CD4 T cells
infected with 2LDsg of PR8 influenza virus from two independent experiments with 8-10
mice/group. (D) Numbers of lung- and spleen-derived HA-specific memory CD4 T cells
recovered from recipient spleen and lungs 6 days post-infection, expressed as the average
from 5 mice/group, representative of six experiments. Significance for all sections indicated
by *** for p <0.0005, ** for p < 0.005, * for p < 0.05, and #, for p = 0.06.
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