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The	respiratory	tract	is	a	primary	site	of	infection	and	exposure	to	environmental	antigens	and	an	important	
site	of	memory	T	cell	localization.	We	analyzed	the	migration	and	retention	of	naive	and	activated	CD8+	T	
cells	within	the	noninflamed	lungs	and	quantitated	the	partitioning	of	adoptively	transferred	T	cells	between	
the	pulmonary	vascular	and	interstitial	compartments.	Activated	but	not	naive	T	cells	were	retained	within	
the	lungs	for	a	prolonged	period.	Effector	CD8+	T	cells	preferentially	egressed	from	the	pulmonary	vascular	
compartment	into	the	noninflamed	pulmonary	interstitium.	T	cell	retention	within	the	lung	vasculature	was	
leukocyte	function	antigen-1	dependent,	while	the	egress	of	effector	T	cells	from	the	vascular	to	the	intersti-
tium	functions	through	a	pertussis	toxin–sensitive	(PTX-sensitive)	mechanism	driven	in	part	by	constitu-
tive	CC	chemokine	ligand	5	expression	in	the	lungs.	These	results	document	a	novel	mechanism	of	adhesion	
receptor–	and	pulmonary	chemokine–dependent	regulation	of	the	migration	of	activated	CD8+	T	cells	into	an	
important	nonlymphoid	peripheral	site	(i.e.,	the	normal/noninflamed	lung).

Introduction
Naive and central memory T cells continuously circulate from the 
blood to secondary lymphoid tissues (1, 2) whereas effector and 
memory effector T cells preferentially home to peripheral tissues in 
search of antigen (3, 4). The entry of lymphocytes into lymphoid 
tissues is a well-orchestrated, nonrandom process that involves the 
interaction of the circulating lymphocytes with high endothelial 
venules and is regulated by both adhesion and chemoattractant 
receptor/ligand interactions (5). Recently, extensive studies were 
performed to dissect the mechanism of T cell homing to LNs (6), the 
skin, and the gut (7), but much less is known about normal/homeo-
static T cell migration to nonlymphoid tissues such as lungs.

Unlike most tissues, the lungs are perfused by a dual circula-
tion: the bronchial circulation, which supplies blood to the larg-
er conducting airways, and the pulmonary circulation, which 
perfuses the bulk of the pulmonary interstitium and branches 
into alveolar capillaries. The nature and type of T cell interac-
tion with the alveolar capillary endothelium and the contribu-
tion of this interaction to T cell transmigration into the lung 
interstitium are largely unknown. The potential importance of 
T cell migration to the lungs for the host response to infection 
is suggested by the recent finding that after systemic viral infec-
tion, the lungs are a major site of localization of effector/mem-
ory CD8+ T cells following virus clearance (8).

Early studies on the fate of activated cloned CD8+ T cells after 
adoptive transfer into normal recipient mice indicated that these 
differentiated effector T cells are retained in the noninflamed 

lungs for a prolonged period — possibly due to physical trapping 
of these large blast cells within the pulmonary circulation. The 
homing and retention of adoptively transferred T cells in the 
lungs after systemic or pulmonary infection/inflammation (9–11),  
migration of memory CD8+ T cells during respiratory virus infec-
tion, and CD8+-dependent allergen-induced airway inflammation 
to the lung airways have been well documented (8, 12, 13). Adhe-
sion molecules such as selectins (14), ICAM-1 and -2 (15), and leu-
kocyte function antigen-1 (LFA-1) (16) are believed to be involved 
in T cell retention within the lungs. In these studies, the scope of 
the kinetic analysis of T cell retention in the lungs was limited by 
the necessity of sacrificing recipient mice, and the localization of 
T cells within intravascular versus extravascular compartments 
was not fully determined.

We have previously shown that adoptive transfer of influenza 
HA–specific effector CD8+ T cells into HA-expressing recipients 
results in the development of lethal pulmonary injury over 3–5 
days after cell transfer (17). Since in this model, the target antigen 
(HA) is expressed selectively on alveolar type 2 cells, it has been 
hypothesized that the transferred T cells must migrate from the 
vascular compartment of the noninflamed lungs into the intersti-
tium and induce the injury process.

In this report, we examine the migration, the kinetics of retention 
in the normal lungs, and the fate of adoptively transferred naive and 
activated CD8+ T cells by whole-body dual modality imaging and 
then examine the mechanism of T cell retention within the normal 
pulmonary vasculature and interstitium. To analyze the localization 
process, we developed a new flow cytometry-based method to quan-
titate cell partitioning between lung compartments. We demonstrate 
that effector CD8+ T cells selectively localize and retain within the 
pulmonary vasculature and subsequently actively transmigrate into 
the pulmonary interstitium. T cell retention within the vascular com-
partment is dependent on LFA-1 expression by T cells while pulmo-
nary RANTES (CC chemokine ligand 5 [CCL5]) expression contrib-
utes to the active T cell transmigration into the interstitium through 
a pertussis toxin–sensitive (PTX-sensitive) signaling mechanism.

Nonstandard	abbreviations	used: APC, allophycocyanin; CCL5, CC chemokine 
ligand 5; CCR6, CC chemokine receptor 6; CFSE, carboxyfluorescein diacetate, suc-
cinimidyl ester; CMTMR, CellTracker Orange (5-(and-6)-(((4-chloromethyl)benzoyl)
amino)tetramethylrhodamine); CXCR2, CXC chemokine receptor 2; 111In, 111Indium; 
LFA-1, leukocyte function antigen-1; MCP-1, monocyte chemoattractant protein-1; 
PTX, pertussis toxin; ROI, region of interest; VLA-4, very late antigen-4.
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Results
Analysis of transferred CD8+ T cell retention in lung and subsequent 
migration by dual modality imaging. We employed dual modality 
whole-body γ-camera/x-ray imaging (18) to analyze in real time 
the retention time in the lungs and the subsequent migration of 
111Indium-labeled (111In-labeled) CD8+ T cells after i.v. adoptive 
transfer into normal recipients. In this analysis, the dominant 

sites of radioactivity localization over time are displayed pictori-
ally by false color red, which represents the γ-camera data acquisi-
tion, with pixel count (red intensity) superimposed on the x-ray 
image. As described below, at 1 minute after cell transfer, approxi-
mately 80% of the radioactivity is localized to the lungs, with the 
remaining radioactivity dispersed throughout the circulation. As 
Figure 1A demonstrates, naive splenic CD8+ T cells are initially 

Figure 1
Activated CD8+ T cells but not naive T cells are retained within lungs after adoptive transfer in an antigen-independent manner. (A) Dual modal-
ity image (merged image combining γ-ray and x-ray images) following adoptive transfer of 111In-labeled naive, early-activated, or effector CD8+ 
T cells into WT (non-Tg) recipient mice (top view, prone mouse). In the merged RGB images shown, the red channel indicates γ-counts. (B) 
Distribution of 111In-labeled CD8+ T cells at the indicated time points after transfer. Data is represented as percentage of radioactivity in ROI 
defined for the lungs, with the fraction of transferred cells/radioactivity localized to the lungs (∼80%) at 1 minute defined as 100%. Results are 
representative of 6 independent experiments. (C) Dual modality image and (D) quantitation following adoptive transfer of 111In-labeled effector 
CTLs into HA-transgenic (HA-Tg) and WT mice.
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retained in the lungs, but within 7–10 minutes (data not shown), 
these cells begin to leave the lungs and migrate preferentially to 
the spleen. By 4 hours after transfer, more than 60% of the 111In-
labeled naive CD8+ T cells have left the lungs and localized pri-
marily to the spleen (Figure 1A).

We then examined the lung retention and ultimate localiza-
tion of several CD8+ T cell populations in different activation/
differentiation states. These included polyclonal naive CD8+ T 
cells harvested 48 hours after in vitro activation (early-activated 
T cells), 2 sources of fully differentiated antigen-specific cytolytic 
effector CD8+ T cells — activated memory/effector T cells from 
influenza HA–immune donors harvested after 5–7 days of in 

vitro stimulation with specific antigen and a cloned 
population of  influenza HA–specific CD8+ CTLs 
maintained in continuous culture. The latter 2 T 
cell populations were employed because both CD8+ 
T cell sources had been previously demonstrated to 
induce lethal pulmonary injury after adoptive trans-
fer into HA-expressing recipients (10, 17). In pre-
liminary studies, both the heterogeneous effector 
and the clonal effector T cells exhibited comparable 
lung retention and subsequent localization (data 
not  shown). For convenience, as well  as  to mini-
mize activation-associated heterogeneity, the cloned 
CD8+ T cell population was employed as the source 
of differentiated effector CD8+ T cells in the studies 
described here.	The expression of cell surface activa-
tion/differentiation markers by naive and effector 
CD8+ T cells is summarized in Supplemental Table 1  
(supplemental material available online with this 
article; doi:10.1172/JCI24482DS1).

Activated CD8+ T cells demonstrated a distinctly 
different pattern of lung retention and subsequent 
localization than naive CD8+ T cells. After adoptive 
transfer, early-activated CD8+ T cells were retained for 
up to 4 hours before initiating egress from the lungs 
(Figure 1A). Unlike naive CD8+ T cells, after egress 
from the lungs, the early-activated T cells localized 
predominantly,  if not exclusively, to the anatomic 
distribution of the liver by 19–47 hours after trans-
fer. A companion analysis of the lung retention time/
localization of the terminally differentiated effector 
CD8+ T cells revealed that these cells were retained 
in the lungs for an extended period similar to that of 
the early-activated CD8+ T cells. However, the effector 
CD8+ T cells were retained in the lungs even longer 
than the early-activated T cells before their egress and 
localization to the liver (Figure 1, A and B). We cal-
culated the percentage of radioactivity/labeled cells 
retained in the lungs over time (Figure 1, B and D) by 
assigning a value of 100% to the fraction of radioactiv-
ity present in the lungs at 1 minute after cell transfer.

We quantitated  the  retention and  rate of T cell 
egress from the lungs by defining an anatomic region 
of interest (ROI) on the merged γ-camera/x-ray imag-
es, then determining the radioactivity (pixel counts) 
contained within that ROI. This quantitative kinetic 
analysis of lung retention and subsequent localization 
is shown in Figure 1B. The accuracy of quantitation 
obtained by ROI analysis was confirmed in prelimi-

nary studies by excision of individual organs and direct counting 
of the excised organs by the γ-camera detector (data not shown). 
Radioactivity/cell localization estimates defined by ROI differed 
from direct organ counting by 10% or less.

The prolonged retention in the lungs of both the early-activat-
ed and the antigen-specific effector CD8+ T cells suggested that 
the migration to and retention of activated T cells in the lungs 
was  independent of  specific antigen recognition. To  further 
establish this point, we analyzed the homing of the HA-specific 
CD8+ CTLs after adoptive transfer into WT mice and HA-trans-
genic mice (which express the influenza HA–transgene selectively 
in lung alveolar type II cells). As Figure 1, C and D, demonstrates, 

Figure 2
Effector CD8+ T cells migrate into the interstitium of noninflamed lungs. (A) Kinetic 
analysis of intravascular versus extravascular compartmentalization of effector CD8+ 
T cells in lungs. We injected 4 × 106 CFSE-labeled CD8+ T cells into recipient mice. 
Anti–CD8α-APC mAbs were injected at 5 minutes or 1, 2, 3, or 6 hours after transfer; 
then lungs were harvested 10 minutes later. The percentage of CFSE-labeled cells 
is shown; the percentage of CFSE-labeled interstitial T cells from total percentage 
of emigrated CFSE-labeled T cells is shown in parentheses. Ab first indicates that 
anti–CD8α-APC mAbs were injected 2 minutes prior to T cell transfer. (B) Data from 
A is expressed as the percentage of transferred CD8+ T cells in the intravascular or 
extravascular compartment.
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the localization and retention time of the activated effector T 
cells in lungs of WT and HA-transgenic mice was identical, and 
the subsequent localization of the cells to the liver after egress 
from lungs was indistinguishable.

Activated effector CD8+ T cells preferentially transmigrate into the 
lung interstitium.  Dual  modality  imaging  confirmed  earlier 
reports (15, 19) demonstrating that activated T cells are retained 
in lungs for an extended period after i.v. adoptive transfer. This 
prolonged retention could reflect nonspecific “trapping” of 
activated T cells within pulmonary alveolar capillaries, but the 
effector CTLs must also gain access to the interstitium/alveo-
lar surface in order to initiate injury in the HA-transgenic mice 
— thus further implying migration of the effector T cells from 
the vasculature into the interstitial compartment.

To quantitate both the extent and kinetics of activated T cell 
partitioning between the alveolar capillaries and alveolar inter-
stitium in situ in normal lungs, we developed a multicolor flow 
cytometry–based strategy. In brief, carboxyfluorescein diacetate, 
succinimidyl ester–labeled (CFSE-labeled) CD8+ CTLs were inject-
ed i.v. into recipients, and at different times after cell transfer, 
recipient mice received a single i.v. injection of anti-CD8α mAbs 
labeled with the fluorochrome allophycocyanin (APC). Shortly 
after mAb administration (∼10 minutes, to allow mAb equilibra-
tion within the vascular compartment and binding to intravascu-
lar T cells), lungs were harvested and lung fragments subjected to 
an enzymatic digestion in the presence of unlabeled anti-CD8α 
mAbs. Unlabeled mAbs were included during lung digestion to 
prevent staining of transferred cells localized to the interstitium 
by labeled Abs present in the pulmonary circulation of the excised 
lungs. To ensure that the i.v. mAb dose administered would label 
all transferred T cells residing within the lung vascular compart-
ment, we carried out control experiments in which recipient mice 
first received i.v. anti-CD8α mAb-APC followed by adoptive trans-
fer of CFSE+ CTLs with harvesting of the lungs 10 minutes later. 
Under these conditions, more than 95% of the transferred CFSE+ 
T cells stained with anti-CD8α mAbs (Figure 2A). At 15 min-

Figure 3
Effector CD8+ T cells but not early-activated CD8+ T cells transmi-
grate to the lung interstitium. (A) Effector CTLs and early-activated (48 
hours) CD8+ T cells (labeled with CFSE and CMTMR, respectively) 
were injected into WT recipient mice. Anti–CD8α-APC mAbs were 
injected at 6 hours after transfer; lungs were harvested 10 minutes 
later. The percentages of CFSE and CMTMR-labeled cells from indi-
vidual recipients are shown in dot plots. (B and C) Analysis of T cell 
partitioning between pulmonary vascular and interstitial compartments. 
The numbers in parentheses reflect the percentages of CFSE-labeled 
(effector CD8+ T cells) or CMTMR-labeled (early-activated CD8+ T 
cells) cells from individual recipients that emigrated into the interstitium 
from the total number of CFSE- or CMTMR-labeled cells remaining 
within the lungs. Results represent the mean ± SEM of 4 recipients in 
a total of 4 independent experiments.

Figure 4
Regulation of the retention time within the lungs but not 
transmigration into the interstitium by LFA-1. (A) Pre-
treated with anti–LFA-1 mAbs, CFSE-labeled effector 
CD8+ T cells were mixed with CMTMR-labeled–nontreat-
ed effector CD8+ T cells and injected into WT recipient 
mice. Anti–CD8α-APC mAbs were injected at 6 hours 
after transfer; lungs were harvested 10 minutes later. The 
percentages of labeled CD8+ T cells from individual mice 
are shown in dot plots, the percentages of interstitial cells 
in parentheses. Results are representative of 6 recipients 
from a total of 6 independent experiments. (B) CMTMR-
labeled LFA-1–/– activated CD8+ T cells were mixed with 
equal numbers of CFSE-labeled activated (LFA-1+/+)  
CD8+ T cells and injected into WT recipient mice. The 
percentages of labeled CD8+ T cells from LFA-1–/–  
and LFA-1+/+ donors localized to the lungs over time are 
shown. CD8+ T cells were activated by plate-bound anti-
CD3/CD28 Abs. Results are representative of 4 recipient 
mice in a total of 4 independent experiments.
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utes after transfer of labeled T cells, essentially all T cells (CFSE+ 
CD8α-APC+) were intravascular. By 1 hour after cell transfer, the 
labeled cells began to migrate into the interstitium — with 22% of 
cells exhibiting a CFSE+ CD8a-APC– phenotype. Over the ensu-
ing 2–6 hours, the cell migration from the vascular compartment 
into the interstitium progressively increased, with approximately 
70% of the transferred cells migrating into the interstitium by 
6 hours after transfer. As previously reported (17), there was no 
incremental loss of CFSE staining intensity due to cell division 
by the transferred effector CD8+ T cells  in situ, as these cells 
were transferred into HA WT recipients. The kinetics of effector 
CD8+ CTL transmigration into the interstitium is summarized in  
Figure 2B. As predicted from the imaging analysis (Figure 1B), 
the total number of CFSE+ effector CD8+ T cells present in the 
lungs decreased over time after cell transfer. The kinetics of total 
effector cell transit out of the lungs (Supplemental Figure 1) par-
alleled the decline in radioactivity determined by ROI analysis 
using 111In-labeled T cells (Figure 1B). In companion studies, we 
also analyzed the distribution of CFSE-labeled T cells to other 
organs at times up to 6–7 hours after cell transfer (liver, 1–5%; 
blood, < 1%; kidney, < 0.4%; spleen and bone marrow, < 0.1%; LNs, 
0%) and confirmed that the transferred effector CD8+ T cells were 
retained preferentially in the lungs up to 6–7 hours after transfer 
(Supplemental Figure 2).

Effector CTLs but not early-activated CD8+ T cells transmigrate from 
the alveolar capillaries to the alveolar interstitium. In order to directly 
compare the lung-retention time of early-activated and effec-
tor T cells as well as the partitioning of the cells between the 

vascular and interstitial compartments in the same recipient 
mice, we used a dual-labeling strategy. In preliminary studies, 
we established that T cell labeling did not affect T cell migra-
tion to and retention in the lungs (data not shown). As Figure 
3A demonstrates, 6 hours after transfer, the localization ratio 
of CFSE-labeled effector to CellTracker Orange (5-(and-6)-(((4-
chloromethyl)benzoyl)amino)tetramethylrhodamine)–labeled 
(CMTMR-labeled) early-activated CD8+ T cells recovered from 
the lungs increased to 2.03 ± 0.2 (n = 3, P < 0.01). This finding 
was consistent with the dual-modality kinetic analysis of lung-
retention time (Figure 1B) and suggested that effector CTLs 
were retained in the lungs longer than early-activated CD8+ T 
cells. More importantly, at 6 hours, 65% or more of the effector 
T cells exhibited a CD8α-APC negative phenotype indicative of 
migration from the vascular compartment into the interstitium  
(Figure 3B), while a substantially smaller number of early-acti-
vated CD8+ T cells (14%) were able to migrate into the intersti-
tium (Figure 3C). Identical results were obtained when the dye 
labeling was reversed between 2 different populations of ana-
lyzed T cells (data not shown). These results suggest that only 
CD8+ T cell effectors efficiently transmigrate into the intersti-
tium of noninflamed lungs. Therefore, the decline in the num-
ber of early-activated CD8+ T cells in the lungs over time reflects 
the migration of these intravascular T cells out of the pulmo-
nary circulation directly into the systemic circulation whereas 
effector CD8+ T cells preferentially migrate into the interstitium, 
then leave the interstitial compartment, reenter the circulation, 
and finally localize to the liver.

Figure 5
Migration of effector CD8+ T cells into the lung 
interstitium is PTX-sensitive. PTX-pretreated 
effector CD8+ T cells or nontreated effector CD8+ T 
cells were labeled with CFSE and CMTMR, mixed 
equally, and injected into WT recipient mice. Anti–
CD8α-APC mAbs were injected at indicated time 
points after transfer, and lungs were harvested 10 
minutes later. The percentages of total labeled, 
PTX-treated or control T cells retained in the lungs 
over time from individual recipient are indicated. 
The percentages of cells localized to the intersti-
tium (CFSE+/CD8α-APC–, CMTMR+/CD8α-APC–) 
are shown in parentheses. Results represent the 
mean ± SEM from 3 to 9 recipient mice for each 
time point. In control experiments, cells were 
treated with mutant PTX (PT9K 129G, provided by 
E. Hewlett, University of Virginia, Charlottesville, 
Virginia, USA).
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LFA-1 controls the retention of activated CD8+ T cells within the pulmo-
nary vascular bed. At present, little information is available on the 
factors that control activated T cell migration to and retention 
in noninflamed peripheral sites such as the alveolar capillary 
bed and the associated alveolar interstitium. Integrins are likely 
candidates to play an important role in this process. In particu-
lar, the β2 integrin, LFA-1, has been implicated in regulating T 
cell migration both to lymphoid tissues and sites of inflamma-
tion (20). We examined the impact of in vitro pretreatment of 
the effector CTLs with blocking anti–LFA-1 mAbs on the pul-
monary retention and egress of these cells into the interstitium 
after adoptive transfer into normal mice.

LFA-1 blockade reduced T cell accumulation in the lungs by 
approximately 30% (i.e., a localization ratio of anti–LFA-1–treated to 
untreated cells of 0.7 ± 0.1) (Figure 4A and Supplemental Figure 3).  
Importantly, LFA-1 blockade had no effect on T cell partitioning 
between the vascular and interstitial compartments (Figure 4A 
and Supplemental Figure 4). These results suggest that the LFA-1 
expressed at high levels (Supplemental Table 1) on these activated 
CD8+ T cells had little or no role in T cell transmigration and func-
tions primarily within the vascular compartment to promote the T 

cell–vascular endothelial cell interaction and the retention of the 
activated T cells within the alveolar capillary bed.

Since LFA-1 blockade only partially reduced effector CD8+ T cell 
retention time in the lungs (in part due to the combined effects 
of blocking antibody dissociation and de novo LFA-1 synthe-
sis during the analysis period in vivo; data not shown) and since 
early-activated CD8+ T cells also exhibited a prolonged pulmonary 
retention time, we next tested whether a deficiency in LFA-1 would 
likewise decrease the retention time of early-activated CD8+ T cells. 
For this determination, we used in vitro–activated CD8+ T cells 
from LFA-1–deficient (LFA-1–/–) and LFA-1+/+	littermates 48 hours 
after in vitro stimulation with anti-CD3/CD28 Abs. Since LFA-1 
signaling contributes to optimum T cell activation by CD3/CD28 
crosslinking (21), we examined these activated T cells for expres-
sion levels of activation- associated markers (i.e., CD62L, CD44, 
and CD69) prior to adoptive transfer. No significant difference 
in the level of cell-surface expression of these markers was noted 
between LFA-1–/– and control WT T cells (data not shown).

As Figure 4B indicates, the retention of LFA-1–/– CD8+ T cells in 
the lungs was reduced by up to 65% compared with WT cells with 
the localization ratio of approximately 0.35 ± 0.1 for the LFA-1–/–  

Figure 6
RANTES/CCR5-dependent transmigration of activated effector CD8+ T cells to alveolar interstitium. (A) Naive, early-activated, and effector 
CD8+ T cells were analyzed for expression of chemokine receptors. Results show the percentages (± SEM) of chemokine receptor expression 
for naive (white bars), early-activated (gray bars), and effector (black bars) CD8+ T cells from total expression of β-actin as a control. (B) WT 
recipients were injected with 1 of the following: polyclonal goat anti-RANTES Ab, polyclonal goat Ig, or PBS. After 1 hour, equal numbers of 
PTX-treated and nontreated effector CD8+ T cells labeled with CMTMR and CFSE were injected into recipient mice. After 4 hours, anti–CD8α-
APC mAbs were injected, and 10 minutes later, lungs were harvested. Counterplots represent cells gated on CFSE+ and CMTMR+ T cells. The 
percentages of emigrated T cells in vascular (CFSE+/CD8-APC+, CMTMR+/CD8-APC+) and interstitial (CFSE+/CD8-APC–, CMTMR+/CD8-APC–) 
compartments from individual mice are shown. The percentage of emigrated interstitial labeled cells is shown in parentheses. The results are 
representative of 6 independent experiments. (C) Percentage of interstitial PTX-treated and control CD8+ T cells in the indicated recipients.  
*P < 0.05, **P < 0.001 between the percentages of interstitial nontreated T cells in nontreated mice and all other groups. (D) Effector CD8+ T cells 
from CCR5–/– mice and CCR5+/+ littermates were labeled with CFSE and CMTMR, respectively, mixed in ratio 1:1, and injected i.v. into recipi-
ent mice. After 7 hours, anti–CD8α-APC mAbs were injected, and 10 minutes later, lungs were harvested. Flow cytometry plots represent cells 
gated on CD45+ dye-labeled (CD45+/CFSE+ or CD45+/CMTMR+) cells. The percentages of lung-resident transferred CD8+ T cells in vascular 
(CFSE+/CD8-APC+, CMTMR+/CD8-APC+) and interstitial (CFSE+/CD8-APC–, CMTMR+/CD8-APC–) compartments are shown.
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cells at each time point examined. This finding supports the view 
that LFA-1 plays an important role in activated CD8+ T cell migra-
tion to and retention within the pulmonary vascular compart-
ment. It should be noted however, that the absence of LFA-1 on 
T lymphocytes did not completely abolish retention of activated 
CD8+ cells within lung compartments. Thus, it is likely that other 
adhesion molecules may also contribute to T cell localization and 
retention in the normal noninflamed lungs. Blockade of very late 
antigen-4 (VLA-4; expressed at high levels on activated CD8+ T 
cells; Supplemental Table 1) had no effect on T cell–retention time 
(16), and T cell–retention time in normal lungs was likewise unaf-
fected by CD44 blockade (data not shown).

Migration of effector CTLs into the alveolar interstitium is PTX sensi-
tive. Migration of naive as well as activated lymphocytes is regu-
lated by adhesion receptors and chemokines that involve Gαi	
protein–coupled	signaling pathways. To explore the potential 
role of a Gαi	protein–coupled signaling event in initiating migra-
tion of effector T cells into the alveolar interstitium, we exam-
ined the impact of T cell treatment with the selective Gαi pro-
tein–coupled	receptor inhibitor, PTX. In preliminary studies, we 
demonstrated that the PTX treatment did not affect the initial 
distribution of the transferred cells into other organs (Supple-
mental Figure 2); therefore, after transfer, equivalent numbers 
of nontreated and PTX-treated CD8+ T cells localized within the 
lungs. As shown in Figure 5, after PTX pretreatment, most effec-
tor CD8+ T cells (CMTMR+ CD8α-APC+) were retained within the 
vasculature. Even as late as 7 hours after transfer, a time point at 
which more than 70% of the untreated CTLs (CFSE+ CD8α-APC–)  
transmigrate  into the  interstitium, the majority of  the PTX-
treated T cells failed to localize in the interstitium (Figure 5). 
This suggests that, rather than being merely physically trapped 
within the alveolar capillaries and passively migrating into the 
interstitium space, the activated CD8+ T cells actively transmi-
grate into the alveolar interstitium involving a PTX-sensitive Gαi 
protein–coupled	signaling event.

Activation of LFA-1 has been reported to be essential for the 
initiation of firm adhesion and the subsequent migration of leu-
kocytes out of the vascular compartment into the interstitium; 
it occurs through a Gαi protein–coupled receptor–mediated cas-
cade (22). It is therefore noteworthy that PTX treatment of effec-
tor CD8+ T cells in vitro did not alter either the total number of 
effector T cells within the lungs (Supplemental Figure 2) or the 
cell-retention time within the pulmonary vascular compartment, 
as the localization/retention ratio of PTX-treated and control T 
cells was essentially equivalent (Figure 5). This finding implies 
that activation of LFA-1 though Gαi protein–coupled PTX-sensi-
tive signaling pathways may not be crucial for localization and 
retention of activated effector CD8+ T cells within the alveolar 
capillary network. Rather, PTX pretreatment preferentially inhib-
ited the T cell transmigration from the vascular compartment 
into the alveolar interstitium.

Regulation of transmigration of activated effector CD8+ T cells into the 
alveolar interstitium by RANTES and CC chemokine receptor 5.	The 
finding that early-activated T cells and effector CTLs differed in 
transmigration capacity offered us the opportunity to explore 
whether  this  difference  might  be  linked  to  the  differential 
expression of 1 or more chemokine receptors for constitutively 
expressed lung chemokines. To evaluate this possibility, we iso-
lated mRNA from early-activated and effector CD8+ T cells along 
with RNA from freshly isolated naive CD8+ T cells and subjected 

the RNA to expression array analysis. As summarized in Figure 6A,  
both the early-activated and fully differentiated effector T cell 
populations  expressed  comparable  levels  of  mRNA  for  CXC 
chemokine receptor 2 (CXCR2) and CC chemokine receptor 6 
(CCR6) relative to the β-actin control. In contrast, only the effec-
tor CTL population expressed high levels of mRNA encoding the 
CCR2, CCR5, and CXCR3 receptors. Elevated cell surface CCR5 
expression at the protein level was confirmed for CTL effectors 
(Supplemental Figure 5).

This finding raises the possibility that 1 or more chemokine 
ligands for these receptors may be controlling the transmigra-
tion process. Chemokine expression within the lung parenchyma 
has been examined in numerous murine models of pulmonary 
inflammation where a diverse array of chemokines has been 
reported to be upregulated in response to lung inflammation/
injury (23, 24). In normal/noninflamed lungs, a limited array 
of constitutively expressed chemokines could serve as ligands 
for the chemokine receptors expressed in effector CD8+ T cells.  
RANTES/CCL5 serves as a ligand for CCR5, CCR3, and CCR1 
(25) and has been reported to be a dominant if not exclusive che-
mokine constitutively expressed within the normal lungs (22) on 
airway epithelium and at lower levels on vascular endothelium 
(see Supplemental Figure 6).

To explore the potential role of RANTES in the regulation of 
effector CTL transmigration from the pulmonary vascular com-
partment into the pulmonary interstitium, we examined the 
impact of the RANTES blockade in vivo on the T cell egress from 
the vascular to the interstitium compartments in adoptive trans-
fer following the administration of polyclonal anti-RANTES Abs 
into recipients. As an internal positive control, we used PTX-
treated effector CD8+ T cells to compare the effects of RANTES 
blockade with the effects of blockade of G protein–coupled sig-
naling pathway in the same recipient mice. CFSE-labeled/non-
treated and CMTMR-labeled/PTX-treated effector CD8+ T cells 
were transferred into anti-RANTES–treated or either polyclonal 
goat Ig or PBS-treated recipient mice. As Figure 6B and Supple-
mental Figure 7 demonstrate, anti-RANTES Ab administration 
did not affect the effector CTL retention within the lungs but 
reduced effector T cell transmigration from the vascular to the 
interstitium by up to 40% compared with control-treated recipi-
ents. As exemplified in Figure 6B, only 25% of the lung-associat-
ed T cells localized within alveolar interstitium in anti-RANTES  
Ab-treated recipients while 35% of T cells migrated  into the 
interstitium in polyclonal goat Ig-treated recipients (Figure 6B). 
It is noteworthy that, in the same experiment, PTX-pretreated 
effector T cells showed a similar degree of  interstitial trans-
migration whether transferred into anti-RANTES or control 
recipients (Figure 6B and as summarized in Figure 6C). Taken 
together, these results suggest that RANTES plays an important 
role in effector CD8+ T cell transmigration from alveolar capil-
laries into the pulmonary interstitium.

To assess the role of CCR5 receptor in the CD8+ T cell trans-
migration into the interstitium, we generated activated effector 
CD8+ T cells in vitro from both CCR5–/– mice and CCR5+/+ litter-
mates and analyzed the partitioning of these populations between 
pulmonary vascular and interstitial compartments in the same 
recipient mice. As Figure 6D demonstrates, CCR5–/– CD8+ T cells 
showed approximately 50% reduction in the transmigration into 
the interstitium compared with WT CD8+ T cells. Interestingly, 
neither anti-RANTES Ab administration nor CCR5 deficiency 
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completely reproduced the PTX-effect, suggesting that other che-
mokines/chemokine receptors may also be involved in the trans-
migration of the effector CD8+ cells from pulmonary vascular into 
the interstitium compartments.

Discussion
The orchestration and implementation of an effective immune 
response is dependent on the T cell’s ability to reach the site of 
inflammation, recognize antigen, and orchestrate effector func-
tions. The pattern of circulation of both naive and effector/mem-
ory T cells is largely dictated by the regulated expression and func-
tion of adhesion molecules and chemokine receptors on T cells 
that interact with their specific ligands expressed on endothelial 
cells of vessel walls and in the target tissues. Although effector 
CD8+ T cells enter the lungs during both chronic and acute infec-
tions, the factors governing CD8+ T cell traffic to either the normal 
or infected lungs are not well defined. Also, to date there has been 
no information evaluating whether the activated CD8+ T cells that 
are transiently retained in the lungs reside in the vascular compart-
ment or in the interstitium.

It has been previously shown that naive T cells are unable to 
enter the lungs and that only activated and memory T cells can 
do so (8, 26). More importantly, naive T cells fail to accumulate in 
the lungs even during an ongoing respiratory infection, suggesting 
that these cells lack the combinatorial code of adhesion molecules 
and/or chemokine receptors that would permit their entry into the 
infected lungs (9). This implies that the circulating naive T cells 
would rapidly transit through the pulmonary microcirculation 
without being retained in the lungs. The significantly shorter tran-
sit time for the naive CD8+ T cells supports this view. Our data are 
also consistent with the migration kinetics reported for adoptively 
transferred naive CD4+ T cells through normal lungs (19), which, 
like the naive CD8+ T cells, transit the lungs with similar kinet-
ics and migrate preferentially to the spleen, suggesting that both 
naive CD4+ and CD8+ T cells may have similar homing patterns.

In contrast, after naive T cells have been activated by TCR 
engagement,  they  are  retained  in  the  lungs  for  an  extended 
period, but the pattern of retention is dictated by the activa-
tion/differentiation stage of CD8+ T cells. Thus, T lymphoblasts 
harvested after short-term stimulation (48 hours) of their TCRs 
are retained in the lungs but remain primarily  intravascular. 
However, fully differentiated CTLs are retained in the lungs for 
a longer time and efficiently egress from the vascular compart-
ment into the pulmonary interstitium. As discussed below, these 
distinct patterns of activated CD8+ T cell migration/retention 
within normal noninflamed lungs are in part controlled by spe-
cific adhesion receptor/ligand and chemokine receptor/chemo-
kine interactions in lung compartments.

One of the unresolved questions concerning activated T cell 
homing is whether the presence of cognate antigen drives effec-
tor T cell recruitment/retention at sites of inflammation. Recent-
ly, it was reported that, while antigen was necessary to activate 
CD8+ T cells, the migration of activated T cells to the lungs was 
independent of the antigen presence in the lungs in a virus infec-
tion model (26). However, in that study, the effect of pulmonary 
viral infection on cytokine/chemokine production on the activa-
tion of the pulmonary vascular endothelium and the impact of 
the presence or absence of antigen on the residence time of the 
recruited CD8+ T cells were not addressed. We explored this issue 
by employing a transgenic model where a CTL target antigen, 

influenza HA, was expressed in the lungs in the absence of virus 
infection–induced inflammation. Our results using this model 
as well as previous results (16) suggest that the initial migration 
and retention of activated CD8+ T cells in the lung is independent 
of both specific antigen recognition and inflammation-induced 
chemotactic mediators. However, as reported (17), once the effec-
tor CD8+ T cells have entered the interstitium, T cell encounters 
with specific antigens result in inflammatory mediator release 
and marked lung inflammation/injury (with additional antigen-
dependent effector CD8+ T cell recruitment) by 48–72 hours after 
T cell transfer. In contrast, in WT recipients of effector CD8+ T 
cells, no corresponding release of inflammatory mediators (from 
T cells or alveolar type II cells) is detected (17) even after high-dose 
T cell transfer, and subsequent recruitment of effector CD8+ T 
cells into the normal lungs is observed.

Although numerous studies have shown the preferential migra-
tion to and prolonged retention of activated T cells within the 
inflamed lungs, few studies have documented the partitioning of 
the activated T cells between the pulmonary circulation and the 
interstitium, and to date, the localization of activated CD8+ T cells 
within the noninflamed lungs has been unexplored. Our data sug-
gest, we believe for the first time, that CD8+ T cells actively migrate 
from the vascular compartment into the pulmonary interstitium 
as a normal consequence of the cell transit through the pulmonary 
microcirculation. We found that upwards of 70% of the transferred 
effector CTLs egressed into the interstitium by 7 hours after trans-
fer. Furthermore, the finding that, after leaving the lungs, fully 
activated CD8 + T cells were preferentially retained in the liver not 
only supports earlier data implicating the liver as the ultimate site 
of activated effector CD8+ T cell migration (19, 27) but also sug-
gests an undefined pathway of CD8+ T cell migration from the 
pulmonary interstitium to the liver.

Leukocyte trafficking/transmigration within the postcapillary 
venules is a well-regulated process requiring rolling, firm adhesion, 
and subsequent transmigration. In contrast, pulmonary microcir-
culation is an extensive network of alveolar capillaries that must 
maintain close proximity to the external environment in order to 
carry out gas exchange. Available evidence suggests that the ini-
tial capture and rolling events necessary for leukocyte retention 
and transmigration in the peripheral are not necessary to retain 
leukocytes within the alveolar microcirculation. This difference is 
generally attributed to the narrow diameter of the alveolar capil-
laries, which is typically smaller than the average diameter of the 
leukocytes (28). However, selectins as well as LFA-1 are involved in 
firm adhesion of T cells within the lungs (29).

LFA-1 is expressed on all leukocytes and has been implicated as 
an important accessory molecule for homing to the lungs (19). 
The results reported here confirm and extend earlier observations 
(e.g., ref. 16). Specifically, we observed a critical role for LFA-1 in 
the prolonged residence of T lymphoblasts within the pulmonary 
compartment. Thus, our findings suggest that the retention of 
activated T cells within the lungs is not simply passive trapping 
of T lymphoblasts within pulmonary microcirculation but rather 
an active LFA-1–dependent process of cell retention within the 
pulmonary microvasculature. However, as noted above, while we 
were unable to assign a role for several other adhesion receptors 
(e.g., VLA-4 and CD44) in the retention of activated CD8+ T cells 
within the normal lungs, other as yet undefined	adhesion recep-
tor/ligand pairs probably also contribute to this process.	Further-
more, although LFA-1 likely plays a dominant role in the reten-
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tion of activated CD8+ T cells within the pulmonary vasculature, it 
appears to have minimal impact on activated CD8+ T cell transmi-
gration into the pulmonary interstitium. In addition, our results 
suggest that the egress of activated T cells out of the lungs and 
the ultimate homing of the cells to the liver are not dependent on 
LFA-1 expression/upregulation.

Chemokines are involved in the regulation of homeostatic recir-
culation of naive lymphocytes as well as in homing of antigen-
experienced T cells into nonlymphoid tissues (7). Currently, the 
best understood pathways of tissue-specific migration of naive T 
cells are in the LNs and Peyer patches (2, 30) and in certain non-
lymphoid tissues such as skin and intestine (1). However, the role 
of chemokines in regulating activated T cell–trafficking pathways 
to other noninflamed peripheral sites such as lungs, liver, and kid-
ney has not been investigated.

To define the mechanism by which activated effector CD8+ T 
cells preferentially transmigrate into the pulmonary interstitium 
and to determine the contribution of chemokines and chemokine 
receptors in this process, we blocked Gαi-heterotrimeric G pro-
tein–coupled receptor signaling in T cells with PTX. PTX treat-
ment of the T cells prior to transfer did not affect T cell retention 
time within the lungs but markedly inhibited T cell egress from 
the vascular compartment into the interstitium. Since chemo-
kine-dependent and chemokine receptor–mediated signaling 
occur via a PTX-sensitive pathway (31), this finding provides ini-
tial evidence suggesting a role for chemokine-dependent signal-
ing in T cell transmigration.

There have been a number of studies analyzing chemokine pro-
duction in the respiratory tract in response to pulmonary infec-
tion or inflammation, with the upregulation or induction of the 
chemokines  RANTES,  macrophage  inflammatory  protein-1α 
(MIP-1α), MIP-1β, IFN-γ–inducible protein-10 (IP-10), and mono-
cyte chemoattractant protein-1 (MCP-1). This upregulation repre-
sents a prominent feature of the pulmonary chemokine response 
throughout the course of infection (32). However, only RANTES 
has been reported to be constitutively expressed at significant lev-
els in the normal lungs (32). RANTES/CCL5 is a C-C chemokine 
that binds CCR1, CCR3, and CCR5 and promotes the migration of 
monocytes, activated T cells, and eosinophils (25). RANTES is con-
stitutively produced by a variety of cell types, including airway epi-
thelial cells (33),	and is readily detectable on airway epithelial cells 
and at lower levels on vascular endothelia of normal lungs.	Since 
the chemokine ligands for 2 of the chemokine receptors exclusively 
expressed on effector CTLs (i.e., Mig, IP for CXCR3, and MCP-4,  
MCP-5 for CCR2) have not been reported to be constitutively 
expressed within normal lungs, the CCR5 ligand RANTES was the 
most likely candidate chemokine to orchestrate the T cell trans-
migration process. Indeed, we observed that the administration of 
polyclonal Abs to RANTES partially inhibited CD8+ T cell transmi-
gration into the normal lung interstitium. This finding implicate 
RANTES as a likely regulator of activated T cell homing and migra-
tion from the pulmonary vascular compartment into the intersti-
tium. Although RANTES is unlikely to be the sole stimulus for T 
cell transmigration, we have to date been unable to identify other 
chemotactic stimuli (e.g., MCP-1, LTB4, etc.) that are expressed in 
the normal/noninflamed lungs and for which appropriate recep-
tors are expressed on activated CD8+ T cells.

T cells isolated from the intestines, skin, liver, and lung prefer-
entially express CCR5 and CXCR3, suggesting that these recep-
tors provide homing capacity for these cells to nonlymphoid tis-

sues or that they may contribute to T cell retention within tissues 
(34). Skin lymphocytes are enriched in CLA expression; intestinal 
T cells express α4β7 whereas lung T cells have high LFA-1 levels. 
Thus, the unique combination of adhesion receptor/ligand inter-
actions directs homing of activated T cells into different tissues, 
and chemokine/chemokine receptor interactions provide a sig-
nal for migration within the peripheral site. For effector CD8+ 
T cell homing to the normal lung and migration into the nonin-
flamed interstitium, this adhesion/chemokine receptor combi-
nation appears to be LFA-1high/CCR5+. The inability of PTX to 
inhibit LFA-1–dependent retention of activated T cells within the 
pulmonary vasculature was unexpected and may simply reflect 
the simultaneous elevated display of LFA-1 by the T cells and 
its ligand (ICAM-1) by the noninflamed pulmonary capillaries. 
However, we cannot exclude the possibility of a PTX-insensitive 
mechanism of LFA-1 activation (35) accounting for this result, 
as the LFA-1 expressed by the activated CD8+ T cells can undergo 
divalent cation–dependent increased binding to ICAM-1 (data 
not shown). Trafficking studies with activated CD8+ T cells from 
CCR5–/– mice also suggest that migration of activated CD8+ T 
cells to the normal pulmonary interstitium requires, at least in 
part, CCR5-dependent signaling.

Recent evidence suggests that upon systemic infection, effec-
tor/memory CD8+ T cells are widely disseminated into a number 
of peripheral sites, including the lungs (3). Our observations sug-
gest that the trafficking of effector CD8+ T cells to peripheral 
tissues may be an active process that is partially dependent on 
LFA-1 expression by T cells for migration to and retention in the 
pulmonary microvasculature and CCL5/CCR5-dependent sig-
naling for T cell transmigration into the noninflamed pulmo-
nary interstitium. It will be interesting to investigate whether or 
not the small fraction of effector T cells which are retained in the 
pulmonary interstitium (i.e., do not transit from the lungs to the 
liver after i.v. transfer) may be the source of peripheral memory 
CD8+ T cells found in this site.

In conclusion, we have described in this report a novel mecha-
nism for the peripheral homing and retention of effector CD8+ T 
cells in the respiratory tract that is not dependent on inflamma-
tion/infection of the respiratory tract and would function inde-
pendently of the initial site of infection. Since the respiratory tract 
is the major portal of entry of microorganisms in the body, such a 
mechanism may ensure that adequate numbers of memory T cells 
are available in the lungs after vaccination or infection at a distal 
site to respond to subsequent infection of the respiratory tract.

Methods
Mice. HA-transgenic mice (10), LFA-1–/– mice (20) on BALB/c background, 
CCR5–/– and CCR5+/+ littermates (36), and BALB/c mice (Jackson Labora-
tory) were used in this study. Animals were bred and maintained under 
specific pathogen-free conditions and used at 8–12 weeks of age. The plan 
for these studies was reviewed and approved by the Institutional Animal 
Care and Use Committee of the University of Virginia Medical Center.

111In labeling and dual modality imaging. On day 5 following stimula-
tion  with  irradiated  syngeneic  splenocytes  that  were  infected  with  
A/Japan/305/57 influenza, cloned influenza HA–specific CD8+ CTLs 
(used as a defined source of differentiated effector CD8+ CTLs)	separated 
from stimulators by density gradient centrifugation (17). In preliminary 
studies, splenocytes from influenza HA–immune donors were stimulated 
in vitro with A/Japan/305/57-infected splenocytes, harvested at days 5–7 
of culture, and after CD8+ T cell purification, used as a source of dif-
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ferentiated effector CTLs. Purified effector CD8+ T cells were adoptively 
transferred into HA-transgenic and control recipients (17), then analyzed 
by cytotoxicity in vitro. Isolated splenic naive CD8+ T cells were analyzed 
directly or stimulated with 5 µg/ml plate-bound anti-CD3/CD28 Abs 
(BD Biosciences — Pharmingen) for 48 hours (early-activated CD8+ T 
cells). These early-activated CD8+ T cells and cloned HA-specific CTLs 
were analyzed for cell surface expression of CD25, CD69, CD44, L-selec-
tin, CCR5, LFA-1, and VLA-4 (all Abs and isotypes from BD Biosciences 
— Pharmingen) by flow cytometry. For labeling with 111In, 5 × 106 CD8+ 
T cells were resuspended in 100 ml HBSS containing 50 µg tropolone 
(Sigma-Aldrich) and 200 µCi 111In (PerkinElmer) and incubated for 15 
minutes at room temperature, washed, resuspended in 300 µl RPMI and 
injected i.v. in mice following administration of ketamine (125 µg/g body 
weight; Ketalar; Parke Davis) and xylazine (12.5 µg/g body weight; Phoe-
nix Scientific). The efficiency of 111In uptake by the cells ranged from 
25 to 30% in multiple experiments. Cell viability after 111In labeling was 
always greater than 95%. Dual modality whole-body imaging was done 
at indicated time points following cell transfers using a charge coupled 
device–based x-ray detector and γ-camera. The x- and γ-ray detectors were 
both designed and built with spatial resolution that is appropriate for 
small animal research (0.05 mm and 1.8 mm pixel sizes). Following image 
acquisition, the Interactive Data Language imaging software (version 5.6; 
Research Systems Inc.) was used to merge the x-ray and γ-ray images to 
obtain a single coregistered image containing both structural (x-ray) and 
functional (γ-ray) information. Quantitative analysis of radioactivity in 
the lungs was done on the merged images by defining the ROI, using the 
rib cage as a reference to identify the lungs.

Chemokine receptor gene expression. Total RNA from naive, early-activated, 
and effector CD8+ T cells was extracted by TRIzol reagent kit (Invitrogen 
Corp.), and chemokine receptor gene expression was determined using the 
mouse chemokine receptor GEarray kit (SuperArray).

In vivo trafficking experiments. To study the kinetics of CD8+ T cell parti-
tioning between vascular and interstitium compartments, 4 × 106 CFSE-
labeled activated effector CTLs were used in adoptive transfer. The homing 
of different populations of CD8+ T cells was compared directly in individ-
ual mice using differently fluorescent dyes. In brief, different CD8+ T cell 
populations were incubated with either 0.1 µM CFSE (Invitrogen Corp.) in 
PBS or 7 µM 5 CMTMR (Invitrogen Corp.) in RPMI at 37°C for 20 min-
utes, then washed twice with 1 % FBS in PBS or with RPMI, respectively. 
Labeled cells were mixed in a ratio of 1:1, and 12 × 106 labeled cells were 
injected i.v. into recipient mice. We injected 20 µg anti-CD8α-APC mAbs 
(clone 5H10; CALTAG Laboratories) i.v. at different time points; 10 min-
utes later, mice were sacrificed, and lungs were harvested and digested with 
125 U/ml collagenase type XI, 60 U/ml hyaluronidase type I-s, and 60 U/ml 
DNAse1 (all Sigma-Aldrich) in the presence of saturating amounts of unla-
beled anti-CD8α mAbs (60 µg/ml) at 37°C for 30 minutes. The percent-

ages of CFSE and CMTMR-labeled cells in the total population of gated 
live lymphocytes in different organs were determined by flow cytometry on 
a FACSCalibur (BD) with WimMDI software, version 2.8 (Joseph Trotter, 
Scripps Research Institute). The localization ratio from the percentages 
of CFSE and CMTMR-labeled cells in each organ was calculated. If the 
ratios in injected populations were not exactly 1, a correction coefficient 
was applied to normalized localization ratios.

To analyze the role of LFA-1 in the retention of activated CD8+ T cells 
within lungs, the combinations of LFA-1–/– and LFA-1+/+ CD8+ T cells 
activated for 48 hours by anti-CD3/CD28 mAbs or effector CD8+ T cells 
pretreated with 300 µg of anti–LFA-1 mAbs (TIB-217; ATCC) for 30 min-
utes on ice and nontreated effector CTLs were used for adoptive transfer. 
To block the Gαi function, activated effector CTLs were preincubated 
with 200 ng/ml of PTX (Sigma-Aldrich) at 37°C for 2 hours, washed, 
mixed with nontreated effector T cells, and used for adoptive transfer. 
To assess the RANTES implication in the migration of activated CD8+ 
T cells to the lungs interstitium, 50 µg of polyclonal goat anti-RANTES 
Abs or either polyclonal goat Ig (both Santa Cruz Biotechnology Inc.) 
or PBS was injected i.v. followed by adoptive transfer of CD8+ T cells 
1 hour later. To generate effector CD8+ T cells, splenocytes and cells 
from peripheral LNs from both CCR5–/– mice and CCR5+/+ littermates 
were obtained. Pooled cell suspensions (5 × 106 cells/ml) were stimu-
lated with 5 µg/ml plate-bound anti-CD3/CD28 Abs for 5 days and then 
kept in media containing murine IL-2 (10 IU/ml) for the next 9 days. 
On day 14, CD8+ T cells were purified (purity > 95%) and restimulated  
(2 × 105 cells/ml) with plate-bound anti-CD3/CD28 Abs. Activated CD8+ 
T cells were collected on day 5 after restimulation and used for adoptive 
transfer experiments.

Statistics. All data represent means ± SEM. The localization ratio was 
compared with the theoretical ratio by paired 2-tailed Student’s t test. 
Statistical significance was set at P < 0.05.

Acknowledgments
We thank Barbara Small and Shawn Gill for excellent technical 
help and Alexander Stolin for his advice on dual modality image 
technology. This work was supported by USPHS grants HL-33391, 
AI-15608, HL-71875 (to T.J. Braciale), and HL-54136 (to K. Ley) 
and by generous support of the Falk Foundation.

Received for publication January 18, 2005, and accepted in revised 
form September 27, 2005.

Address correspondence to: Thomas J. Braciale, Carter Immunol-
ogy Center, University of Virginia, PO Box 801386, Charlottesville, 
Virginia 22908, USA. Phone: (434) 924-1219; Fax: (434) 924-1221; 
E-mail: tjb2r@virginia.edu.

  1. Butcher, E.C., and Picker, L.J. 1996. Lymphocyte 
homing and homeostasis. Science. 272:60–66.

  2. Weninger, W., Crowley, M.A., Manjunath, N., and 
Von Andrian, U.H. 2001. Migratory properties of 
naive, effector, and memory CD8(+) T-cells. J. Exp. 
Med. 194:953–966.

  3. Masopust, D., Vezys, V., Marzo, A.L., and Lefran-
cois, L. 2001. Preferential  localization of  effec-
tor memory cells in nonlymphoid tissue. Science. 
291:2413–2417.

  4. Sallusto, F., Lenig, D., Forster, R., Lipp, M., and 
Lanzavecchia, A. 1999. Two subsets of memory T 
lymphocytes with distinct homing potentials and 
effector functions. Nature. 401:708–712.

  5. Springer, T.A. 1994. Traffic signals for lymphocyte 
recirculation and leukocyte emigration: the multi-
step paradigm. Cell. 76:301–314.

  6. Von Andrian, U.H., and Mempel, T.R. 2003. Hom-
ing and cellular traffic in lymph nodes. Nat. Rev. 
Immunol. 3:867–878.

  7. Campbell, D.J., Kim, C.H., and Butcher, E.C. 2003. Che-
mokines in the systemic organization of immunity.  
Immunol. Rev. 195:58–71.

  8. Ely, K.H., et al. 2003. Nonspecific recruitment 
of  memory  CD8+  T-cells  to  the  lung  airways 
during respiratory virus infections. J. Immunol. 
170:1423–1429.

  9. Cerwenka, A., Morgan, T.M., Harmsen, A.G., and 
Dutton, R.W. 1999. Migration kinetics and final des-
tination of type 1 and type 2 CD8 effector cells pre-
dict protection against pulmonary virus infection.  
J. Exp. Med. 189:423–434.

  10. Enelow, R.I., et al. 1996. A lung-specific neo-anti-
gen  elicits  specific  CD8+  T-cell  tolerance  with 

preserved  CD4+  T-cell  reactivity.  Implications 
for immune-mediated lung disease. J. Clin. Invest. 
98:914–922.

  11. Roman, E., et al. 2002. CD4 effector T-cell subsets 
in the response to influenza: heterogeneity, migra-
tion, and function. J. Exp. Med. 196:957–968.

  12. Miyahara, N., et al. 2004. Effector CD8+ T-cells 
mediate inflammation and airway hyper-respon-
siveness. Nat. Med. 10:865–869.

  13. Stock,  P.,  et  al.  2004.  CD8(+)  T-cells  regulate 
immune responses in a murine model of allergen-
induced sensitization and airway inflammation. 
Eur. J. Immunol. 34:1817–1827.

  14. Clark, J.G., et al. 2004. Trafficking of Th1 cells to 
lung: a role for selectins and a PSGL-1 independent 
ligand. Am. J. Respir. Cell Mol. Biol. 30:220–227.

  15. Lehmann, J.C., et al. 2003. Overlapping and selec-



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 115      Number 12      December 2005  3483

tive  roles  of  endothelial  intercellular  adhesion 
molecule-1 (ICAM-1) and ICAM-2 in lymphocyte 
trafficking. J. Immunol. 171:2588–2593.

  16. Thatte, J., Dabak, V., Williams, M.B., Braciale, T.J., 
and Ley, K. 2003. LFA-1 is required for retention 
of  effector  CD8  T-cells  in  mouse  lungs.  Blood. 
101:4916–4922.

  17. Small, B.A., et al. 2001. CD8(+) T-cell-mediated 
injury in vivo progresses in the absence of effector 
T-cells. J. Exp. Med. 194:1835–1846.

  18. Williams, M.B., et al. 1999. Multimodality imaging 
of small animals. RSNA Electronic J. [serial online]. 
Volume 3. http://ej.rsna.org.

  19. Dixon, A.E., et al. 2000. Adherence of adoptively 
transferred alloreactive Th1 cells in lung: partial 
dependence on LFA-1 and ICAM-1. Am. J. Physiol. 
Lung Cell. Mol. Physiol. 279:L583–L591.

 20. Berlin-Rufenach,  C.,  et  al.  1999.  Lymphocyte 
migration  in  lymphocyte  function-associ-
ated antigen (LFA)-1-deficient mice. J. Exp. Med. 
189:1467–1478.

  21. Perez,  O.D.,  et  al.  2003.  Leukocyte  functional 
antigen 1 lowers T-cell activation thresholds and 
signaling through cytohesin-1 and Jun-activating 
binding protein 1. Nat. Immunol. 4:1083–1092.

  22. Constantin, G., et al. 2000. Chemokines trigger 
immediate beta2  integrin affinity and mobility 
changes: differential regulation and roles in lym-
phocyte arrest under flow. Immunity. 13:759–769.

  23. Sarawar, S.R., et al. 2002. Chemokine induction 
and  leukocyte  trafficking  to  the  lungs  during 
murine gammaherpesvirus 68 (MHV-68) infection. 
Virology. 293:54–62.

  24. Vanderbilt, J.N., et al. 2003. CXC chemokines and 
their receptors are expressed in type II cells and 
upregulated following lung injury. Am. J. Respir. 
Cell Mol. Biol. 29:661–668.

  25. Zlotnik, A., and Yoshie, O. 2000. Chemokines: a new 
classification system and their role in immunity.  
Immunity. 12:121–127.

  26. Topham, D.J., Castrucci, M.R., Wingo, F.S., Belz, 
G.T., and Doherty, P.C. 2001. The role of antigen 
in the localization of naive, acutely activated, and 
memory CD8(+) T-cells to the lung during influ-
enza pneumonia. J. Immunol. 167:6983–6990.

  27. Huang, L., Soldevila, G., Leeker, M., Flavell, R., 
and Crispe, I.N. 1994. The liver eliminates T-cells 
undergoing antigen-triggered apoptosis in vivo. 
Immunity. 1:741–749.

  28. Doerschuk, C.M., Beyers, N., Coxson, H.O., Wiggs, 
B., and Hogg, J.C. 1993. Comparison of neutrophil 
and capillary diameters and their relation to neu-
trophil sequestration in the lung. J. Appl. Physiol. 
74:3040–3045.

  29. Li, X., Abdi, K., Rawn, J., Mackay, C.R., and Men-
tzer, S.J. 1996. LFA-1 and L-selectin regulation of 
recirculating lymphocyte tethering and rolling on 
lung microvascular endothelium. Am. J. Respir. Cell 

Mol. Biol. 14:398–406.
  30. Warnock, R.A., et al. 2000. The role of chemokines 

in the microenvironmental control of T versus B 
cell arrest in Peyer’s patch high endothelial venules. 
J. Exp. Med. 191:77–88.

  31. Milligan, G. 1995. Signal sorting by G-protein-
linked receptors. Adv. Pharmacol. 32:1–29.

  32. Thomsen, A.R., Nansen, A., Madsen, A.N., Bar-
tholdy, C., and Christensen, J.P. 2003. Regulation 
of T-cell migration during viral infection: role of 
adhesion  molecules  and  chemokines.  Immunol. 
Lett. 85:119–127.

  33. Richter, M., Cantin, A.M., Beaulieu, C., Cloutier, A., 
and Larivee, P. 2003. Zinc chelators inhibit eotaxin, 
RANTES, and MCP-1 production in stimulated 
human airway epithelium and fibroblasts. Am. J. 
Physiol. Lung Cell. Mol. Physiol. 285:L719–L729.

  34. Kunkel, E.J., et al. 2002. Expression of the che-
mokine receptors CCR4, CCR5, and CXCR3 by 
human  tissue-infiltrating  lymphocytes.  Am. J. 
Pathol. 160:347–355.

  35. Atarashi, K., Hirata, T., Matsumoto, M., Kanemitsu, 
N., and Miyasaka, M. 2005. Rolling of Th1 cells via 
P-selectin glycoprotein ligand-1 stimulates LFA-1- 
mediated  cell  binding  to  ICAM-1.  J. Immunol.  
174:1424–1432.

  36. Kuziel, W.A., et al. 2003. CCR5 deficiency is not 
protective in the early stages of atherogenesis in 
apoE knockout mice. Atherosclerosis. 167:25–32.


