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Polarized Alloantigen Presentation by Airway
Epithelial Cells Contributes to Direct CD81

T Cell Activation in the Airway
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Our study provides a novel compartment for T cell activation after lung transplantation. This data may serve as a platform for the development of
novel mechanisms of immunosuppression and may explain the efficacy of inhaled cyclosporine.

Activated T lymphocytes are abundant in the airway during lung
allograft rejection. Based on respiratory viral studies, it is the current
paradigm that T cells cannot divide in the airway, and that their
accumulation in the lumen of the respiratory tract is the exclusive
result of recruitment from other sites, such as mediastinal lymph
nodes. Here, we show that CD81 T cell activation and proliferation
can occur in the airway after orthotopic lung transplantation. We
also demonstrate that airway epithelium expresses major histocom-
patibility class I predominantly on the apical surface, both in vitro
and in vivo, and initiates CD81 T cell responses in a polarized fashion,
favoring luminal activation. Our data identify a unique site for CD81

T cell activation after lung transplantation, and suggest that atten-
uating these responses may provide a clinically relevant target.
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CD81 T lymphocytes are the predominant T cell subset in
acutely rejecting pulmonary allografts and, unlike the case for
other organs, lung rejection can occur independently of CD41 T
lymphocytes (1). CD81 T cells also play a critical role in the clear-
ance of respiratory viral infections and after recovery the airway
contains T cells in a higher state of activation than the lung
parenchyma (2–4). Such anatomic compartmentalization has
been proposed to maintain responsiveness to viral reinfection
by the airborne route (5). It is the currently accepted paradigm
that CD81 T cell proliferation and acquisition of antiviral
effector function cannot occur in the airway. Rather, CD81 T
cells are recruited to this site after activation in regional
secondary lymphoid organs (5–7). Similar to virus infection

models, CD81 T cells are abundant in the airway during ep-
isodes of acute lung allograft rejection (8).

We have previously shown that vascular endothelium can
activate alloreactive CD81 T cells (9). Airway epithelial cells
(AECs) are an integral and large component of lungs but their
role in regulating CD81 T cell responses after pulmonary trans-
plantation has not been explored. To this end, our group has
recently demonstrated that, unlike in other organs, lung allograft
rejection can occur independent of secondary lymphoid organs (10).
Furthermore, we have also shown that CD41 T cell–independent
lung rejection does not require the presence of donor-derived
hematopoietic cells, raising the possibility that antigen presentation
by graft-resident nonhematopoietic cells may contribute to the
activation of alloreactive T cells after lung transplantation (1).

In this article, we describe that primary cultures of differen-
tiated mouse AECs can directly activate alloreactive CD81 T
cells. Surprisingly, T cell proliferation occurs after apical, but
not basal, presentation of alloantigen. Similar to AEC primary
cultures, major histocompatibility (MHC) class I molecules are
expressed on the apical surface of epithelium in lung allografts
and proliferative responses of alloreactive CD81 T cells can be
initiated in the airway. These studies identify the donor airway
as a novel compartment for CD81 T cell activation, and provide
a mechanistic explanation for the recently reported efficacy of
inhalational immunosuppression (11).

MATERIALS AND METHODS

Mice

Male inbred C57BL/6 (B6) (H-2Kb), B6 nude, and CBA/Ca (H-2Kk)
mice were purchased from the Jackson Laboratories (Bar Harbor,
ME). BM3 mice (T cell receptor [TCR] transgenic H-2Kk anti–H-2Kb

on a CBA/Ca background) were provided by N. Jones (University of
Oxford, United Kingdom) (9), and B6 CD11c-EYFP mice were pro-
vided by M. Nussenzweig (Rockefeller University, New York). All
studies were approved by the Institutional Animal Studies Committee
of Washington University in St. Louis, MO.

Lung and Bone Marrow Transplantation

Lung transplants were performed as previously described (8). For bone
marrow transplantation lethally irradiated B6 mice were reconstituted
with T cell–depleted CBA/Ca bone marrow (9). Bone marrow chi-
meras are designated as recipient genotype (donor genotype), and used
at least 3 months after irradiation.

AEC Cultures

B6 mouse differentiated AECs were established as previously de-
scribed (12). To obtain polarized cultures, polycarbonate and polyester
porous (0.4- and 3.0-mM pores) supported membranes (Transwell and
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Transwell Clear; Corning-Costar, Corning, NY) were coated with type
I rat tail collagen, and cells were grown on the membranes until
confluent. AECs were activated in vitro for 48 hours with 100 U/ml of
IFN-g before the addition of T cells.

Adoptive Transfers

BM3 CD81 T cells (107), isolated from spleens and lymph nodes as
previously described (9), were transferred intratracheally or intrave-
nously. For some experiments, recipients were treated with FTY-720
(Fingolimod) (0.5 mg/kg; Cayman Chemical Co., Ann Arbor, MI), as
previously described (13).

Flow Cytometry

Bronchoalveolar lavage fluid and lung tissue were prepared for flow
cytometric analysis as previously described (8). Staining was per-
formed with fluorochrome-labeled anti-CD90.2 (clone 30-H12),
anti-CD8 (clone 53–6.7), or biotinylated anti-BM3 clonotypic anti-
body (Ti98; N. Jones), followed by a fluorochrome-conjugated
streptavidin. Antibodies and their respective isotype controls were
obtained from eBioscience (San Diego, CA), except Ep-CAM
(CD326, clone G8.8), which was obtained from Biolegend (San
Diego, CA). AECs were defined as CD3261CD452. Intracellular
staining was performed with anti–IFN-g (clone XMG1.2) and the
respective isotype control (BD Pharmingen, Bedford, MA). Intra-
tracheal CFSE (carboxyfluorescein succinimidyl ester) administra-
tion was performed using 100 ml of 0.2 mM solution, similar to
previously described methods (14). Gating strategy for identification
of adoptively transferred BM3 T cells is shown in Figure E1 in the
online supplement.

Immunofluorescence

Sections of cryopreserved lungs and AECs were fixed and immuno-
stained as previously described (12) by rat anti-mouse MHC class I or
isotype control antibody (1:100; BMA Biomedicals AG, August,
Switzerland). Photomicroscopy was performed using a Zeiss LSM
510 META laser scanning confocal instrument (Zeiss, Thornwood,
NY).

Two-Photon Imaging

Imaging of T cells, labeled with the red dye, 5-(and-6)-([(4-chloromethyl)-
benzoyl]amino)tetramethylrhodamine, or the blue dye, 7-amino-
4-chloromethylcoumarin, in lung explants was performed using
a custom-built, video-rate, two-photon microscope (10). Lung images
containing 11–13 cells were analyzed based on a previously described
approach using an improved analysis tool in T cell Analyzer Software
(TCA; John Dempster, University of Strathclyde, Glasgow, Scotland).

Neighbors were defined as cells within a centroid-to-centroid distance less
than 25 mm in three-dimensional space.

Statistical Analysis

Statistical analysis was performed using Student’s t test for airway
versus lung-resident proliferating cells and two-way ANOVA for cluster
analysis by two-photon imaging, with a P value of 0.05 considered
significant. All data are representative of at least three separate
experiments.

RESULTS

T-Cell Proliferation in the Lung

Although T cell activation after organ transplantation results in
extremely rapid proliferative responses, alloreactive T cells
constitute only a small portion of lymphocytes in an unprimed
wild-type animal (15). Thus, to analyze rigorously the allor-
eactive responses after lung transplantation we decided to use
the BM3 T cell receptor transgenic system (background CBA/
Ca; H-2KK) where all CD81 T cells recognize direct alloantigen
presentation of a single allogeneic MHC class I molecule
derived from the C57BL/6 strain (H-2Kb) (9). We thus adop-
tively transferred CFSE-labeled BM3 CD81 T cells into CBA/
Ca (H-2Kk) recipients of B6 (H-2Kb) lung allografts, and
analyzed proliferative responses 1, 2, and 4 days later using
the clonotypic anti-BM3 TCR antibody (TI-98) to detect the
adoptively transferred cells (Figure E1). Although little pro-
liferation was seen 1 day after transfer, a marked proliferative
response of the BM3 T cells was detected by Day 2, and
proliferation of virtually all transferred cells was observed by
Day 4 (Figure 1A). Interestingly, 2 days after transfer, T cells in
the airway had significantly more advanced division profiles
compared with those in the lung parenchyma (82.7 6 5.2%
versus 37.2 6 3.7% proliferation, respectively; P 5 0.002; n 5

6). This finding suggests that proliferation was occurring in the
airway, but may also represent preferential migration of acti-
vated cells to the airway from secondary lymphoid tissue, as
previously described for T cell responses to viral or nominal
antigen (2, 16). We then attempted to evaluate the mediastinal
lymph nodes and spleen for the presence and proliferation of
adoptively transferred BM3 T cells. In stark contrast to the lung
or airway, BM31 T cells were undetectable in these structures
after intravenous adoptive transfer. Although this suggests that
the majority of alloreactive T cells home to the lung allograft, it

Figure 1. Intra-airway CD81 T cell proliferation. (A) Rep-

resentative carboxyfluorescein succinimidyl ester (CFSE)
plot of intravenous adoptively transferred BM3 CD81 T

cells in the airway (shaded gray) and lung parenchyma (solid

line) of CBA/Ca recipients of B6 lungs. (B) Representative
CFSE plot of FTY-720 (Fingolimod)–treated recipient. (C )

Representative BRDU (5-bromo-2-deoxyuridine) incorpora-

tion histogram of bronchoalveolar lavage (BAL) (33.8 6

3.7%), lung parenchyma (18.7 6 5.1%), and mediastinal
lymph node (11.2 6 3.5%) of B6 to BM3 transplant

recipient (n 5 3). (D) Proliferative plots of CD81 T cells,

labeled via intratracheal CFSE administration, after alloge-

neic or syngeneic transplantation (n 5 3).
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does not rule out the possibility that BM3 T cells receive their
activation signal during the transient migration through second-
ary lymphoid organs before their homing to the lung. To
evaluate more stringently the role of secondary lymphatic tissue
in T cell priming we treated recipient mice with perioperative
FTY-720, a structural analog of sphingosine, which prevents T
cell egress from lymphatic tissue (13). Consistent with our
previous report that alloreactive T cells can be primed in lung
grafts independent of secondary lymphoid organs (10), treat-
ment with FTY-720 resulted in proliferative profiles in both the
airway and lung parenchyma comparable to those seen in
untreated recipients (Figure 1B).

To confirm these findings in a complementary model, we
analyzed proliferative responses of CD81 T cells in BM3 re-

cipients of B6 lung grafts. Consistent with our observation of
CFSE diminution, we noted significantly higher rates of DNA
synthesis (after a 3-h BRDU [5-bromo-2-deoxyuridine] pulse) in
the airway compared with lung parenchyma or mediastinal lymph
nodes (33.8 6 3.7% versus 18.7 6 5.1% versus 11.2 6 3.5%,
respectively; Figure 1C). Minimal DNA synthesis was noted in
syngeneic lung graft recipients (data not shown). Such data support
the results of our adoptive transfer system. However, neither
method could rule out the possibility that T cells proliferated
within the pulmonary parenchyma before migration to the airway.
To investigate this further, we labeled airway cells in situ by
administering CFSE intratracheally 2 days after transplantation of
B6 lungs into BM3 recipients. Unlike syngeneic controls, diminu-
tion of CD81 T cell CFSE in the airway of allograft recipients

Figure 2. Intratracheal CD81

T cell administration. (A) Rep-

resentative proliferative profiles

of BM3 CD81 T cells 2, 4, 7,
and 10 days (n 5 3) after intra-

tracheal administration into

CBA/Ca recipients of B6 lung

grafts. (B) Proliferation and
IFN-g production by BM3 T

cells delivered intratracheally

into B6 (left panel ) or CBA

(right panel ) grafts. (C ) Repre-
sentative plot demonstrating

proliferation and lymphocyte

function-associated antigen 1
(LFA-1) down-regulation in

BM3 CD81 T cells 10 days after

intratracheal adoptive transfer

into FTY-720 treated CBA/Ca
recipient of a B6 lung graft

(n 5 4). (D) Two separate

sections demonstrating two-

photon imaging of the alveolar
space of B6 CD11c-

EYFP1/CBA/Ca graft showing

BM3 T cells (5-(and-6)-
([(4-chloromethyl)benzoyl]-

amino)tetramethylrhodamine

[CMTMR], red), OT-I T cells (7-

amino-4-chloromethylcoumarin
[CMAC], blue), CD11c-EYFP1

cells (green), and collagen fibers

(second harmonic signal, blue)

(left graph). The yellow arrows
point to multiple red BM3 T

cells clustering around a green

CD11c1 alveolar macrophage.

Red T cells directly overlying
a green macrophage appear

yellow. Red arrow points to

two BM3 T cells clustering
within the airway next to air-

way epithelial cells (AECs), as

seen by the blue second har-

monic signal of supporting col-

lagen fibers in the alveolar space. White arrowhead points to a solitary OT-I T cell in the alveolar space. The row below represents higher magnification
of clustering with individual BM3 T cells outlined by white dashed lines. (E ) Neighboring distribution analysis (top graph) was performed on 21

representative z-stacks from two independent experiments evaluating clustering of BM3 (red bars) and OT-I (blue bars) T cells. The median number

of neighbors was 0 for OT-I and 2.75 for BM3 T cells (bottom graph). The analysis is based on evaluation of 103 OT-I and 91 BM3 T cells. (F )

Proliferation and IFN-g production by BM3 CD81 T cells after intratracheal administration into CBA/Ca recipients of B6(CBA) lung grafts (n 5 6). (G)
Major histocompatibility (MHC) class I expression on AECs in untransplanted B6 control mice (green) or transplanted lungs (black) (n 5 6). (H )

Proliferation of BM3 CD81 T cells 10 days after intratracheal administration into B6 nude recipients (n 5 5).
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supports the notion that proliferation was occurring in this
compartment (Figure 1D). Furthermore, the rapid proliferative
responses seen by CFSE diminution were corroborated by the high
levels of BRDU (5-bromo-2-deoxyuridine) incorporation by intra-
airway BM3 CD81 T cells (Figure 1C).

Intra-Airway T-Cell Activation

Intratracheal instillation of T cells, followed by their removal by
bronchoalveolar lavage, has been described as a reliable
method to study their behavior in the airway (14). We next
set out to evaluate the fate of BM3 CD81 T cells after
intratracheal transfer at the time of transplantation. When
transferred into the airway of CBA/Ca recipients of B6 lungs,
the majority of these cells underwent progressive division, albeit
at a lower rate than cells injected intravenously (Figure 2A).
Furthermore, BM3 CD81 T cells transferred intratracheally
into CBA/Ca recipients of B6 lung grafts up-regulated CD69
(data not shown), and, unlike those transferred into syngeneic
controls, had the capacity to produce IFN-g (Figure 2B). Flow
cytometric evaluation of mediastinal lymph nodes 2, 4, 7, and 10
days after intratracheal adoptive transfer revealed a small
population (�5,000 cells) of BM3 CD81 T cells on Day 2.
After that time point, the adoptively transferred cells were
undetectable in the mediastinal lymph nodes. Because this
finding raised the possibility that intratracheally transferred
cells receive the signal to proliferate in secondary lymphoid

organs, before migration back to the airway, we treated intra-
tracheal transplant recipients of BM3 CD81 T cells with FTY
720 and documented similar levels of proliferation (74.3 6 5%
versus 68.1 6 17% for treated and untreated animals, respec-
tively; P 5 0.72). Furthermore, lymphocyte function-associated
antigen 1 (LFA-1) is down-regulated on airway-resident BM3
CD81 T cells that have undergone proliferation (Figure 2C)
(14). Thus, although different kinetics of proliferation between
intravenously (Figure 1A) and intratracheally (Figure 2A)
transferred cells suggest that transmigration of T lymphocytes
through the lung parenchyma may lower their threshold for
activation, collectively, these data support the notion that
division of alloreactive T cells can occur in the airway (10).

Two-photon microscopy has significantly broadened our
understanding of cellular immunity, and detection of T cell
clustering using this method has been described as a sensitive
readout for lymphocyte priming that temporally precedes other
stages of T cell activation, such as proliferation (10, 17). We
next used two-photon imaging of whole-lung explants to
evaluate the behavior of intratracheally administered T cells.
We transplanted B6 CD11c-EYFP lungs into CBA/Ca recipients,
injected 5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetrame-
thylrhodamine–labeled BM3 and control 7-amino-4-chloro-
methylcoumarin–labeled OT-I CD81 T cells intratracheally at
the time of transplantation, and then quantitatively assessed T
cell clustering by comparing the neighboring distribution of
adoptively transferred cells 2 days later (Figure 2D). The BM3

Figure 3. Polarized antigen presentation by AECs. (A) AECs

grown in vitro are free of CD451 or CD11c1 hematopoietic
cells. (B) Proliferation of BM3 CD81 T cells after 5 days of

coculture with the apical (top panel ) or basal surface (bottom

panel ) of differentiated B6 AECs, as depicted by a diagram of

polarized AEC-T cell cocultures (left) and CFSE proliferation
plots (right) (n > 4). (C ) MHC class I expression on B6 AECs

in vitro as depicted by light microscopy (left panels) and

confocal microscopy of a single cell (right panel ). (D) MHC
class I expression on transplanted B6 lungs in vivo as imaged

by confocal microscopy (left panel ), and in magnified detail

for a single cell (right panel ).
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neighboring distribution was significantly different from that
observed for OT-I cells (P 5 0.004), with BM3 T cells having up
to six neighbors within 25 mm and a higher median number of
neighbors (2.75 for BM3 and 0 for OT-I; Figure 2E). Whereas,
similar to T cell priming in secondary lymphoid organs,
clustering precedes proliferative responses in the airway, the
kinetics of progression of clustering to proliferation differs in
this compartment (Figures 2A and 2D) (17). Combined with the
well established finding that the strength of TCR stimulation
directly correlates with the rate of cell cycle progression (18),
these findings suggest that the slower kinetics of proliferation
after intratracheal transfer might be due to lower levels of TCR
engagement in the airway compared with other sites of T cell
activation, such as lung parenchyma or secondary lymphoid
organs (10, 17). Notably, two-photon imaging revealed that
some BM3 T cells clustered around CD11c1 alveolar macro-
phages, whereas some clustered independently of CD11c1 cells
(Figure 2D). This raised the possibility that, in addition to
hematopoietic cells, nonhematopoietic cells, such as AECs, can
activate CD81 T cells in the airway. To evaluate this further, we
adoptively transferred BM3 CD81 T cells intratracheally to
CBA/Ca recipients of lung grafts derived from B6(CBA/Ca)
bone marrow chimeras, thereby limiting alloantigen presenta-
tion to nonhematopoietic cells (9). Here, we also observed
proliferation and IFN-g production by BM3 T cells, albeit at
a lower rate than after B6/CBA/Ca transplantation (26.4 6

10.7% versus 68.1 6 17% proliferation, respectively; P 5 0.01;
Figure 2F). Thus, contrary to viral immune responses (5, 14,
16, 19), our data collectively show that T cell priming can
occur in the airway after lung transplantation, and that luminal
alloantigen presentation by epithelial cells is sufficient to
initiate T cell activation.

Because some degree of ischemia–reperfusion injury is un-
avoidable after organ transplantation, we next set out to
evaluate the role of such injury on T cell responses. Indeed,
36 hours after transplantation, MHC class I was up-regulated on
AECs of transplanted B6 lungs compared with untransplanted
controls (Figure 2G). Consistent with this finding, little pro-
liferation of adoptively transferred BM3 CD81 T cells was
detectable 10 days after intratracheal transfer into untrans-
planted B6nu/nu recipients (3.9 6 0.9%), which was significantly
lower than the proliferation observed in the transplant re-
cipients (68.1 6 17%; P 5 0.002; Figure 2H).

AECs Express MHC Class I Apically and Induce Polarized CD81

T Cell Responses

Next, we set out to evaluate further the alloantigen presentation
by airway nonhematopoietic cells. Here, we took advantage of
our previously established method for the isolation and in vitro
culture of primary mouse AECs (12). When cultured at an air–
liquid interface, these preparations develop apical–basolateral
orientation resembling AECs in vivo, and are free of contam-
inating CD451 or CD11c1 hematopoietic cells by flow cytom-
etry (Figure 3A). Coculture of BM3 CD81 T cells on the apical
surface of B6 AECs, which corresponds to the airway lumen,
results in their robust proliferation. Alternatively, CD81 T cells
do not divide when exposed to the basal surface of the AECs
(Figure 3B). Immunohistochemical staining of AECs demon-
strated that MHC class I was primarily expressed apically
(Figure 3C). Notably, this observation closely mirrored MHC
class I expression patterns on AECs in vivo (Figure 3D).
Collectively, our results identify a previously unrecognized
polarized expression of MHC molecules on AECs, which
contributes to their ability to initiate alloreactive CD81 T cell
responses in the airway.

DISCUSSION

Based on viral studies, a paradigm has been formulated that T
cell activation cannot occur within the airway (3, 14). Rather,
after viral infection T cell priming depends on their encounter
of antigen either in draining lymphoid tissue or pulmonary
parenchyma, with subsequent recruitment of these activated
T cells to the airway (4, 6, 20). In contrast to this model, we
now show that the airway provides a suitable environment for
alloreactive CD81 T cell activation, and that AECs are
sufficient to prime such responses. Potential reasons for dif-
ferences in airway responses between alloreactive and virus-
specific CD81 T lymphocytes include larger numbers of cells
expressing allo–MHC class I when compared with profes-
sional bone marrow–derived antigen-presenting cells, such as
CD8a1 dendritic cells, that can elicit efficient virus-specific
immune responses (21). It is possible that activation of CD81

T lymphocytes by CD8a1 dendritic cells is dependent on
antigen presentation in secondary lymphoid organs. Here
we show however, that nonhematopoietic cells are sufficient
to initiate CD81 T cell–mediated alloimmune responses
independently of bone marrow–derived antigen-presenting
cells, and may thus facilitate local antigen presentation in the
airway (9). Such intra-airway proliferation may be further
facilitated by antigen-presenting cell activation associated with
ischemia–reperfusion injury inherent to organ transplantation.

Our findings set airway epithelium apart from nonhemato-
poietic cells of other mucosal surfaces, such as uterine and
intestinal epithelium, where MHC expression is restricted to the
basolateral surface (22, 23). It has been hypothesized that
basolateral expression of MHC facilitates antigen presentation
to T lymphocytes transported by the bloodstream (23). It is
possible that apical epithelial expression of MHC regulates the
survival of virus-specific T cells, which are maintained in the
airway for prolonged periods after resolution of infection. Such
polarized expression, however, may inadvertently favor luminal
proliferation of alloreactive T cells in the setting of lung
transplantation. Our results provide a rationale for targeting
intra-airway T cell activation after lung transplantation (11).
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