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Rationale: The mechanisms underlying formation of lung lymphoid
follicles (LF) in chronic obstructive pulmonary disease (COPD) are
unknown. The chemokine receptor CXCR3 regulates immune re-
sponses in secondary lymphoid structures elsewhere in the body and
is highly expressed by Th1 lymphocytes in the airway in COPD.
Because chemokine receptors control inflammatory cell homing to
inflamed tissue, we reasoned that CXCR3 may contribute to LF
formation in COPD.
Objectives: We assessed the expression of CXCR3 and its ligands (IP-
10/CXCL10, Mig/CXCL9, and ITAC/CXCL11) by LF cells in never-
smokers, smokers without COPD, and subjects with COPD.
Methods: CXCR3, IP-10, Mig, and ITAC expression were assessed in
lung sections from 46 subjects (never-smokers, smokers without COPD
[S], and subjects with COPD in GOLD stages 1–4) by immunohisto-
chemistry.
Measurements and Main Results: CXCR3-expressing T cells (CD81 or
CD41) and B cells (CD201) were topographically distributed at the
follicle periphery and center, respectively. The percentage of immu-
nohistochemically identified CXCR31 cells increased progressively
while proceeding from S through GOLD 3–4 (P , 0.01 for GOLD 3–4
vs. S). Moreover, the number of CXCR31 follicular cells correlated
inversely with FEV1 (r 5 0.60). The CXCR3 ligands IP-10 and Mig were
expressed by several cell types in and around the follicle, including
CD681 dendritic cells/ macrophages, airway epithelial cells, endo-
thelial cells, and T and B cells.
Conclusions: These results suggest that LF form in the COPD lung by
recruitment and/or retention of CXCR3-expressing T and B lympho-
cytes, which are attracted to the region through production of
CXCR3 ligands IP-10 and Mig by lung structural and follicular cells.
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Chronic obstructive pulmonary disease (COPD) is an inflamma-
tory disease in which the cellular infiltrate is comprised primarily
of CD81/Tc1 and CD41/Th1 lymphocytes and macrophages (1–6).
This infiltrate, which persists long after cigarette smoking is ended
(7, 8), is diffusely distributed throughout the lung, including the
small airways, submucosal glands, lung parenchyma, and pulmo-
nary arteries (1, 3, 5, 9–11). In addition, T cells,B cells, macrophages,
and dendritic cells aggregate into organized lymphoid follicles in
close proximity to the airways and within the lung parenchyma
(12–14). It has been reported that the number of airways con-
taining lymphoid follicles increases in severe COPD (i.e., in

GOLD stages 3 and 4) when compared with subjects in GOLD
stages 0 to 2 (12).

Lung lymphoid follicles (LF) are known to participate in
adaptive humoral and T-cell–mediated responses to antigen (15).
However, the mechanisms that contribute to their formation in
COPD are poorly understood. Nonetheless, the basic processes
governing the targeting and recruitment of inflammatory cells into
tissues are now well understood (16, 17). Specifically, inflamma-
tory cell recruitment requires a multistep process in which
receptors expressed by inflammatory cells interact with comple-
mentary receptors expressed on endothelial cells of venules in the
target tissue. The first step—loose rolling and attachment of
inflammatory cells to the vessel wall—requires activation of
addressins on lymphocytes and selectins on endothelial cells. In
contrast, the second and third steps, firm cell attachment to the
vessel wall followed by diapedesis into inflamed tissue, are
mediated by G-protein—coupled chemokine receptors on the
surface of inflammatory cells, which are activated by their
cognate ligands produced in the target tissue. Receptor activation
in turn up-regulates and enhances the affinity of integrins
expressed by the inflammatory cell. Selectivity of recruitment of
T- and B-cell subsets to different secondary lymphoid tissues is
achieved by cell-type specific expression of discrete chemokine
receptors and expression of their ligands in the target tissue (16,
17).

Considerable knowledge exists about the mechanisms that
mediate CD41 and CD81 T-cell recruitment into the airways in
subjects with COPD (2, 4, 18, 19). Specifically, the majority of
CD41 and CD81 T cells in the airways of subjects with COPD are
of the Th1/Tc1 phenotype and primarily express the chemokine
receptor CXCR3 and, to a lesser extent, CCR5. In contrast, the
chemokine/chemokine receptors contributing to lung lymphoid
follicle formation in COPD are unstudied. CXCR3 is expressed
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The chemokine receptor CXCR3 regulates immune
responses in secondary lymphoid structures and is highly
expressed by Th1 lymphocytes in the airway in chronic
obstructive pulmonary disease (COPD). In contrast, the
mechanisms underlying formation of lung lymphoid fol-
licles in COPD are unknown.

What This Study Adds to the Field

We report that the chemokine receptor CXCR3 and its
ligands Mig/CXCL9 and IP-10/CXCL10 are highly
expressed by cells in and around lymphoid follicles in
COPD. These findings suggest that CXCR3 contributes
to follicle formation in COPD.
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by T cells and B cells in secondary lymphoid structures in other
parts of the body, where it plays an important role in type I
cellular and humoral immune responses (20–22). We hypothe-
sized that recruitment and possibly retention of T cells and B
cells to LF is mediated by CXCR3 expression in response to
production of its cognate ligands by cells in close proximity to the
follicle.

In the present study, we examined the expression of CXCR3
and its ligands by lymphoid follicle cells in the COPD lung and
examined the effects of cigarette smoking on lymphoid follicle
CXCR3 expression by comparing results obtained in subjects with
COPD with smokers without COPD and never-smokers. Finally,
because specific chemokine receptors mediate T-cell recruitment
into lymphoid follicles in other parts of the body, we examined LF
expression of CCR9 and CCR10, the chemokine receptors that
mediate T-cell recruitment into lymphoid follicles in the skin (i.e.,
CCR9) and gut (i.e., CCR10) (23–26).

The results of the present study indicate that the number of
CXCR31 T and B cells in lymphoid follicles increases in COPD
but not in smokers without COPD. Moreover, the CXCR3 ligands
IP-10/CXCL10 and Mig/CXCL9 are expressed by lung follicular
cells and the overlying airway epithelium. Finally, LF do not
express the chemokine receptors expressed in lymphoid follicles
in the skin and gut (i.e., CCR9 and CCR10).

METHODS

Study Population

Lung tissue was obtained from 27 subjects with COPD and 19 non-
COPD subjects. In 33 subjects, tissue samples were obtained during
thoracotomy for the purpose of lung cancer resection, lung volume
reduction surgery, or lung transplantation. In 13 subjects, samples
were obtained by the region’s lung transplant organization, Gift of
Life, Inc.

Pulmonary Function

Severity of COPD was assessed according to the Global Initiative for
Obstructive Lung Disease (GOLD) score based on their preoperative
postbronchodilatory spirometry results (27). Measurements of FEV1, FVC,
and FEV1/FVC were obtained using a spirometer that met American
Thoracic Society standards. Lung function tests were not available for
lungs provided by the Gift of Life (n 5 13). In these subjects, obstructive
lung disease was excluded based on a life-long nonsmoking history or, in
the case of smokers, age , 45 years.

Immunohistochemistry

Lungs were fixed in 4% formalin, embedded in paraffin, and cut into
serial sections 5 mm thick. Sections were heated at 608C for 40 minutes
and deparaffinized by passage through xylene (3 3 10 minutes) followed
by serial ethanol for hydration. Antigen retrieval was performed by
heating in citrate or EDTA buffer, depending on the antigen/antibody
combination being studied (see Table E1 in the online supplement for
details). Sections were treated with 3% hydrogen peroxide in methanol
for 20 minutes to quench endogenous peroxidase and blocked with 2.5%
normal horse serum for 1 hour. Serial sections were stained for 1 hour at
room temperature for CXCR3, CD4, CD8, CD20, CD68, Mig, IP-10,
ITAC, CCR9, or CCR10. For each antigen, the intensity and specificity of
staining was optimized relative to an appropriate IgG isotype control by
varying antibody concentration and incubation period (Table E1). After
PBS wash, slides were incubated with horseradish peroxidase polymer–
conjugated antimouse IgG (ImPress kit; Vector Labs, Burlingame, CA)
for 30 minutes and with DAB substrate for 3 to 5 minutes (Dako,
Glostrup, Denmark) or with NovaRED substrate for 5 to 7 minutes
(Vector Labs). Slides were then stained with hematoxylin, dehydrated,
and mounted.

Several antibodies have been used to assess CXCR3 immunoreac-
tivity in human tissues (2, 28, 29). In preliminary studies in lung tissue

from five subjects with COPD, we compared two widely used anti-
CXCR3 antibodies (clone 49,801.111 [R&D Systems, Minneapolis, MN]
and clone 1C6 [BD Biosciences, San Diego, CA]). Both antibodies
showed a high degree of specific staining compared with isotype control
antibodies. In serial sections, the percentage of follicular cells staining
positively with the 49,801.111 and 1C6 antibodies was similar (P . 0.25).
Accordingly, only the 49,801.111 clone was used in the remaining
subjects, and the results reported are with this antibody.

Lymphoid follicles were identified in hematoxylin-stained sections at
100 to 2003 magnification as an aggregate of contiguous mononuclear
cells. Follicles were photographed for analysis using a digital camera at
maximum resolution (3,840 3 3,072 pixels) (Nikon E-600 microscope,
Digital Eclipse DXM-1200 camera, Nikon ACT-1 software; Nikon, Tokyo,
Japan). Image postprocessing was performed using Adobe Photoshop CS2
(Adobe Software, San Jose, CA)to optimize contrast, color saturation, and
sharpness. In sections containing multiple follicles, a minimum of two
follicles were photographed.

Follicle boundaries were delineated by tracing the perimeter and
calculating the area using Image J software (NIH, Bethesda, MD) (Fig-
ure 1). Follicle cell number was determined from measurements of follicle
area using the following equation: cell number 5 18,563.4 3 follicle area
in mm2 (r 5 0.99). A data set of eight lymphoid follicles having a 10-fold
range of area was used to derive this equation.

Cells staining for CXCR3 on their membrane were counted using
the crosshair tool in Image J, which keeps a running count of positive cells
identified by mouse click. For CXCR31 cells, counting was performed
by two independent observers. Counts of the two observers for the
same follicles were highly correlated and yielded similar results (r .

0.95).

Immunofluorescence Microscopy

In subsequent experiments, the identity of CXCR31 cells was confirmed
by double labeling with immunofluorescent antibodies against CD20 (a
B-cell antigen), CD8, or CD4 using a commercially available Mouse on
Mouse labeling kit (Vector Labs). After antigen retrieval, formalin-fixed
tissue sections were incubated with avidin-biotin blocking reagent and
reacted with anti-CXCR3 antibody (clone 49,801.111). Biotinylated
antimouse IgG antibody was added, followed by Cy5-conjugated strep-
tavidin. Tissues were incubated again with avidin-biotin blocking reagent
and reacted with CD8, CD4, or CD20 antibody. Biotinylated antimouse
IgG antibody was then added, followed by fluorescein-conjugated avidin.
Tissue sections were cover-slipped with mounting material containing
49,69-diamidine-2-phenylindole dilactate (DAPI) to label cell nuclei
(Vectashield, Vector Labs) and stored in the dark at 48C. Follicles were
photographed using a Nikon E-800 fluorescent microscope with attached
Retiga EXi digital camera (Qimaging Inc, Surrey, BC, Canada) and
processed in Photoshop CS2.

Statistics

Statistical analysis was performed using SigmaStat (Systat Software,
Chicago, IL). Group data are expressed as mean 6 SEM. Statistical
significance of differences in group mean values was determined on
normally distributed data by one-way ANOVA and on nonnormally

Figure 1. Lung lymphoid folli-
cle. Follicle boundary (i.e., pe-

rimeter) was traced freehand to

delineate follicular cells. Original
magnification: 2003.
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distributed data by Kruskal-Wallis one-way ANOVA on ranks. Post-
hoc, pair-wise comparisons were performed using Dunn’s Method and
unpaired t test. A P value , 0.05 was considered significant.

RESULTS

Study Population

The demographic characteristics, smoking history, and pulmo-
nary function data of the study subjects are shown in Table 1.
Gender ratio was similar across groups. FEV1 % predicted,
FEV1/FVC, and DLCO/VA % predicted were significantly differ-
ent across the several GOLD groups (P , 0.001 for each para-
meter) as expected. Cigarette pack-years and age were greater in
GOLD 1–2 and 3–4 than in smokers without COPD (S) (P < 0.01
for each comparison).

Most of the subjects in all GOLD stages had stopped smok-
ing at the time of lung resection. For example, 70% of smokers
without COPD (S), 50% of subjects in GOLD 1–2, and 100% of
subjects in GOLD 3–4 were exsmokers.

Lymphoid Follicle Number Increases in Smokers and Subjects

with COPD

Lymphoid follicles were more frequent in smokers or exsmokers
compared with never-smokers. For example, follicle number per
unit area of tissue (follicles/cm2) was 0.4 6 0.1 in never-smokers,
1.2 6 0.2 in smokers without COPD, 2.0 6 0.6 in GOLD 1–2,
and 4.9 6 1.1 in GOLD 3–4 (P , 0.015 for the comparison of
each GOLD group to never-smokers).

Expression of CXCR3 and its Ligands by Follicular Cells

Lymphoid follicles demonstrated a characteristic topographical
arrangement of cells (Figure 2). CD201 B cells, which com-
prised the majority of cells, were localized to the center of the
follicle. The smaller numbers of CD41 and CD81 T cells were
located primarily at the periphery of the follicle (Figure 2).

CXCR31 cells were highly prevalent within the follicle and
widely distributed in the B- and T-cell areas, suggesting that all
three major inflammatory cell types expressed the receptor (Fig-
ure 2). This was confirmed by fluorescent double-labeling, which
demonstrated that CXCR31 cells also stained positively for
CD20 and CD8 (Figures 3 and 4). CXCR31/CD201 double-
positive cells were detected in B-cell areas (Figure 3), whereas
CXCR31/CD81 double-positive cells were detected in the peri-
phery of the follicle (Figure 4). Similar results were obtained for
CXCR3/CD4 (data not shown).

IP-10 and Mig immunoreactivity were present in a high percent-
age of large, irregularly shaped CD681 dendritic/macrophage cells
and smaller mononuclear cells that resembled B and T lymphocytes
(Figure 5). Mig immunoreactivity, and to a lesser extent IP-10 and
ITAC immunoreactivity, were also seen in the overlying airway
epithelium and high endothelial venules (see Figure E3).

In contrast to CXCR3, no cells positive for CCR9 or CCR10
were seen in lung follicles, although isolated stained cells were

present in Peyer’s patches and tonsillar tissue used as positive
controls (Figures E1 and E2).

CXCR3 Expression in LF is Increased in Subjects with COPD

The percentage of CXCR31 cells within lung follicles varied
across the four groups (P , 0.001 by ANOVA) (Figures 6 and 7).
Specifically, the percentage of CXCR31 cells was 33 6 6% in
never-smokers (NS), 45 6 8% in smokers without COPD (S), 54 6

5% in GOLD 1–2, and 73 6 6% in GOLD 3–4 (Figure 7). The
percentage of CXCR31 cells tended to be greater in smokers
without COPD (S) than in never-smokers (NS) (i.e., 44 vs. 32%),
but differences did not reach statistical significance (P . 0.2). In
contrast, the percentage of CXCR31 cells increased significantly
with increasingly severe COPD. For example, CXCR31 cells were
significantly greater in GOLD 3–4 than in subjects in GOLD 1–2
and smokers without COPD (S) (P , 0.02 for both comparisons).
The smoking histories were similar in subjects in GOLD 3–4 and
GOLD 1–2 (P . 0.2).

In agreement with the above results of CXCR31 cells with
increasing GOLD score, the percentage of CXCR31 cells
correlated inversely with FEV1 (r 5 0.60; Figure 8).

DISCUSSION

In humans, LF are induced by chronic inflammation or infection
(30–35), and the number of LF is increased in advanced COPD
(12–14). However, the cellular and molecular mechanisms
that contribute to the formation of LF in COPD are not well
understood.

The present study addressed this issue by examining expres-
sion of the chemokine receptor CXCR3, which mediates type I
(Th1/Tc1) cell responses in secondary lymphoid structures in
other parts of the body (20, 22, 36, 37). Lung lymphoid follicle
cells were studied in subjects with COPD (GOLD stages 1–4),
chronic smokers without COPD and never-smokers. Standard
immunohistochemical techniques were used to examine expres-
sion of CXCR3 by follicular T cells (CD41 and CD81 cells), B
cells (CD201), and dendritic cells/macrophages (CD681 cells).

Our results are in agreement with those of other researchers
who have demonstrated that the number of LF is increased in
chronic cigarette smokers (32) and even more so in subjects with
advanced COPD (12, 13, 32). Our results also confirm prior
studies that have demonstrated that LF are comprised primarily
of B cells, with a smaller number of CD41 and CD81 T cells
topographically arranged at the periphery (14, 15, 31).

In this study, we demonstrate for the first time that a majority
of T and B cells in lung follicles express CXCR3 and that the
percentage of CXCR3-expressing cells is greater in subjects with
COPD than in chronic smokers without COPD. Moreover, within
the COPD population, the percentage of CXCR31 cells increases
with increasing GOLD score and decreasing FEV1.

Cigarette smoking contributes to the formation of LF and the
development of COPD (14, 32, 39). In our study, CXCR31 cells
tended to increase in smokers compared with never-smokers.
However, we believe that the increased percentage of CXCR31

cells in LF in COPD reflects factors in addition to cigarette
smoking per se for the following two reasons: (1) CXCR31 cells
were greater in GOLD 3–4 than in GOLD 1–2 despite a similar
smoking history; and (2) most subjects in the several GOLD
stages were exsmokers including 100% of subjects in GOLD 3–4,
the group with the highest percentage of CXCR31 cells. Rather,
we think it likely that CXCR31 T and B cells in LF reflect the
contribution of additional pathogenetic mechanisms to the de-
velopment of COPD. For example, viral infection and/or immune
responses to autoantigen(s) have been implicated in the patho-
genesis of the inflammatory response characteristic of COPD (18,

TABLE 1. SUBJECT CHARACTERISTICS

Subject Groups NS S G1-2 G3-4 P Value

Gender, male/female 5/4 5/5 7/4 8/8 0.90

Age, year 51 6 6 47 6 5 61 6 2 59 6 2 0.02

Smoking history, pack-year — 28 6 5 45 6 4 54 6 6 0.01

FEV1, % predicted — 91 6 5 72 6 4 28 6 3 ,0.001

FEV1/FVC, % — 78 6 4 62 6 2 36 6 3 ,0.001

DLCO/VA, % predicted — 85 6 9 83 6 5 51 6 6 ,0.001

Definition of abbreviations: G5Global lnitiative for Obstructive Lung Disease

score (subjects with COPD); NS5never-smokers; S5smokers without COPD.
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40–42). Immune responses to both types of antigens involve
CXCR31 Th1 lymphocytes (31, 43, 44).

In this study, we also demonstrate for the first time that several
cell types within and close to the lymphoid follicles express the
cognate CXCR3 ligands IP-10/CXCL10 and Mig/CXCL9. Spe-
cifically, T and B lymphocytes, CD681 dendritic cells/macro-
phages, endothelial cells, and the airway epithelial cells overlying
follicles expressed IP-10 or Mig. Production of these CXCR3
ligands by cells in and around the follicle is the likely mechanism
for recruitment and possibly retention of CXCR3-expressing T
and B cells, as has been reported in other secondary lymphoid
structures (22, 45).

The present study suggests that CCR9 and CCR10, the re-
spective chemokine receptors that recruit T and B cells to secon-
dary lymphoid structures in the gut and skin, are not expressed in
LF (23–25).

Previous studies indicate that in COPD most CD41 and CD81

cells in the airway wall and lung parenchyma express CXCR3 and
are of the Th1 phenotype (i.e., they express IFN-g rather than IL-
4) (2, 4, 18, 43). Moreover, lung T cells from subjects with COPD

Figure 3. CXCR3 is expressed by CD201 B cells. Sections were double-

labeled for CXCR3 (Cy5-streptavidin, red) and CD20 (fluorescein-

avidin, green). Cell nuclei were stained with DAPI (blue). The top row
shows lymphoid follicle cells viewed in the Cy5 channel (red) (left), the

FITC channel (green) (middle), or as an overlay of images 1 and 2

(right). The middle row shows insets at higher power. The bottom row

shows isotype controls. Original magnification: 600–1,0003.

Figure 4. CXCR3 is expressed by CD81 T cells. Sections were double-

labeled for CXCR3 (Cy5-streptavidin, red) and CD8 (fluorescein-avidin,

green). Cell nuclei were stained with DAPI (blue). The top row shows
lymphoid follicle cells viewed in the Cy5 channel (red) (left), the FITC

channel (green) (middle), or as an overlay of images 1 to 2 (right). The

middle row shows insets at higher power. The bottom row shows isotype

controls. Original magnification: 400–1,0003.

Figure 5. IP-10 and CD68 are expressed in lymphoid follicles. The top

row of images shows adjacent serial sections of a single lymphoid

follicle stained for CD68 and IP-10. The middle row shows insets at

higher power. The bottom row shows isotype controls. Black arrows
show IP-10 staining of stellate dendritic cells amid smaller mononuclear

cells in lymphoid follicle germinal center. Original magnification: 200–

4003.

Figure 2. Lymphoid follicle topography. A representative lymphoid

follicle (GOLD 1) was immunohistochemically stained for CD4, CD8,

CD20, or CXCR3 (brown stain). Serial sections show CD201 B cells
concentrated in the follicle center, CD41 and CD81 T cells localized at

the periphery, and CXCR31 cells diffusely distributed throughout the

follicle. Original magnification: 2003.
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produce greater amounts of IFN-g, IP-10, and Mig than T cells
from smokers without COPD, suggesting that CXCR3 or its
signaling pathway are up-regulated (43).

Although the present study indicates that CXCR3 expression
is enhanced in lymphoid follicle cells in COPD, it is unlikely that
the CXCR3 chemoreceptor is solely responsible for inflammatory
cell recruitment into these structures. For example, Th1 cells
generally coexpress CXCR3 and CCR5 (2, 20, 24, 38, 43, 46). In
fact, in lung homogenates, the numbers of CCR51, CXCR61, and
CXCR31 T cells are increased in COPD compared with smokers
(47). However, in that study, the population of CXCR31 cells
greatly exceeded (z10-fold excess) the CCR51 or CXCR61

populations, suggesting a predominant role for CXCR3 (47).
Overexpression of CXCR3 ligands by airway and alveolar

epithelial cells is believed to explain the increase in Th1/Tc1
cells in COPD (4, 18, 19, 43). In fact, IP-10, Mig, and ITAC are
up-regulated in COPD in small airway epithelial cells and whole
lung lysates (4, 47–49). IP-10, Mig, and ITAC concentrations in
sputum are increased in COPD compared with nonsmokers
(50). Moreover, airway and alveolar epithelial cells release IP-

10, Mig, and I-TAC in response to cytokines present in COPD
(i.e., IFN-g, TNF-a, and IL-1) and, in the case of IP-10, in
response to viral infection (51). Our data extend these findings
to LF and support the hypothesis that in COPD, CXCR3-
expressing T and B cells are recruited to and possibly retained
in LF in response to IP-10 and/or Mig produced by inflamma-
tory cells and structural cells inside and outside the follicle.

Previous studies on secondary lymphoid structures outside the
lung have elucidated several important immunological functions
of CXCR3 in addition to chemotaxis. These studies suggest that
CXCR31 cells likely contribute to humoral and cell-mediated
type I immune reactions to antigen in LF (21, 22, 39). For
example, in the presence of antigen, CXCR31 memory Th1/Tc1
cells (but not naive T cells) and CXCR31 memory B cells are
rapidly activated and produce cytokines and chemokines, which
amplify the immune response (20–22, 37). Exposure to antigen
also up-regulates CXCR3 expression in these cells (37, 38). In
addition, antibody production by memory B cells is markedly
impaired in Mig knockout mice, indicating that CXCR31 CD41 T
cells assist B cells in producing antibody (22). Moreover, antigen

Figure 6. Representative lym-
phoid follicles stained for

CXCR3. Follicle cells stained

for CXCR3 (brown stain) in

representative subjects from
never-smokers (NS), smokers

without COPD (S), and GOLD

4 groups. Isotype controls
shown for comparison.

Figure 7. CXCR31 cells in lymphoid follicles—individual data. Scatter-

plot shows the percentage of CXCR31 follicular cells in individual
never-smokers (NS), smokers without chronic obstructive pulmonary

disease (COPD) (S), and subjects with COPD in GOLD stages 1 to 4.

Horizontal bars show group mean values. The percentage of CXCR31

cells increased significantly across all groups (P , 0.001) and with
increasing COPD severity (P 5 0.016 for G3–4 vs. S by post-hoc t test).

Figure 8. CXCR31 cells in lymphoid follicles correlate with FEV1.
Scatterplot showing individual results of percentage of CXCR31

follicular cells versus FEV1% predicted. Solid circles: smokers without

COPD; inverted open triangles: GOLD 1–2; solid triangles: GOLD 3–4.

FEV1 was inversely related (2nd order polynomial) to percentage of
CXCR31 cells (r 5 0.60).
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presentation as a result of physical contact between dendritic
cells and CD41 T cells is augmented by dendritic cell release of
IP-10 (22, 45).

Activation of CXCR3 in T cells induces pleiotropic responses
in addition to chemotaxis, which likely foster lymphoid follicle
growth and promote lung inflammation. For example, IP-10, Mig,
or I-TAC enhance proliferation of antigen-stimulated Th1 cells
and augment their production of IFN-g, thereby activating
dendritic cells and macrophages (28, 38, 52). Finally, IP-10 and
Mig released by lung CD41 and CD81 T cells stimulate alveolar
macrophage production of matrix metalloproteinase-12, which
digests lung elastin and has been linked to emphysema (40, 43).

Although the precise role of LF in COPD is unclear and is not
elucidated in the present study, follicles are known to mediate
humoral and cell-mediated adaptive immune responses (15, 31).
LF protect against infectious agents (e.g., influenza virus) but may
also contribute to lung damage in autoimmune diseases (e.g.,
rheumatoid lung disease) (15, 31). Recently, it has been suggested
that COPD is an autoimmune disease and that LF participate in
this process (14, 43, 53, 54). Lung T cells from emphysematous
subjects proliferate and release cytokine in the presence of elastin
fragments, and circulating antibodies against elastin fragments
are increased in proportion to the severity of emphysema (53).
Also, LF in COPD are comprised of an oligoclonal population of
immunoglobulin-secreting B cells (14). It has been suggested
that these oligoclonal B cells secrete autoantibodies directed
against epitopes on matrix proteins or tobacco smoke products
(14). Our results indicate that CXCR3 expression is increased in
proportion to the severity of COPD. Because previous studies
indicate that CXCR3 expression in immune cells is up-regulated
by exposure to antigen (37, 38), the findings of our study are
compatible with ongoing stimulation of LF cells by an autoan-
tigen and /or alloantigen in subjects with COPD.

The results of the present study and previous studies in animal
models in which CXCR3 is inhibited or knocked out suggest
a potential therapeutic role for CXCR3 antagonists alone or in
combination with CCR5 antagonists in COPD (44, 55–59). For
example, CXCR3 knockout mice demonstrate attenuated in-
flammatory responses to short-term cigarette smoke exposure
(56). Further, CXCR3/CCR5 double knockout mice demonstrate
impaired entry of antigen-specific CD8 cells into the lung during
influenza virus infection (44). Finally, small-molecule CXCR3/
CCR5 antagonists inhibit allograft inflammation and rejection in
animal models (55).

In conclusion, the present study indicates that the chemokine
receptor CXCR3 is highly expressed by CD41 and CD81 T cells
and CD201 B cells in lymphoid follicles of subjects with COPD
and that CXCR3 expression in lymphoid follicles increases with
worsening COPD.
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