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Introduction

Summary

Alloreactive T cells that infiltrate the graft after lung transplantation (LTx)
play a role in chronic rejection. Chemokines such as thymus and activation-
regulated chemokine (TARC), macrophage-derived chemokine (MDC) and
monocyte chemotactic protein-1 (MCP-1) are produced locally in the lung
and attract T cells via chemokine receptor 4 (CCR4). In a TARC gradient, cells
expressing CCR4"" migrate more efficiently than CCR4"-expressing cells. In
this study, we compared the CCR4 expression of T cells in blood from 20 lung
transplant recipients to healthy controls. We then examined whether CCR4
expression is associated with the occurrence of chronic rejection. The CCR4**
expression was decreased on CD4 T cells from LTx patients (P < 0-:0001) when
compared to healthy controls. The analysis of CD4 T cell subsets showed that
this decrease was present on central memory, effector memory and terminally
differentiated T cells (P = 0-0007, P < 0-0001 and P = 0-05, respectively), while
a trend was found for naive CD4 T cells (P =0:06). Also, the expression of
CCR4" on regulatory T cells (Tw,) was decreased in LTx patients when com-
pared to healthy controls (P = 0-02). Interestingly, the CCR4"™ expression on
CD4 effector memory T cells was decreased in patients developing chronic
rejection sometimes more than a year before the clinical diagnosis when
compared to patients who did not (P=0-04). The analysis of CD8 T cell
subsets only showed the CCR4" expression to be increased significantly on
effector memory and terminally differentiated CD8 T cells (P = 0-02, P = 0-03,
respectively) in LTx patients, but no relation was found in chronic rejection.
In conclusion, the expression of CCR4 on T cell subsets was altered after LTx
and appears to be related to chronic rejection.
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CCL17), monocyte chemotactic protein-1 (MCP-1/CCL2)
and macrophage-derived chemokine (MDC/CCL22). TARC,
MCP-1 and MDC have all been studied in relation to the

Lung transplantation (LTx) is a final treatment option for
end-stage lung diseases, even though the success of LTx is
still restrained by occurrence of chronic rejection. The
pathogenesis of chronic rejection, also known as the bron-
chiolitis obliterans syndrome (BOS), is unclear. BOS is char-
acterized by the influx of leucocytes, including alloreactive T
cells, that leads to fibrosis and obliteration of the airways
[1,2].

In order to translocate T cells to transplanted lungs,
chemoattractive signals must be provided. The chemokine
receptor type 4 (CCR4) expressed on T cells ligates to a
number of locally produced chemokines in the lungs, such
as thymus and activation-regulated chemokine (TARC/
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development of BOS. Concentrations of TARC present in the
circulation 1 month after LTx were decreased in patients who
eventually developed BOS [3]. MCP-1 was elevated prior to
BOS [4], while high MDC levels in BALF at 6 months post-
transplantation were speculated to be predictive for BOS
development [5,6]. The up-regulation of these chemokines
at the site of inflammation might stimulate the migration of
leucocytes from the periphery into the allograft.

CCR4 is expressed on T cell subsets infiltrating the skin,
synovial fluid and on bronchial T cells. Less CCR4 expression
is seen on interstitial T cells and T cells in the tonsils. CCR4
expression was not observed in the intestine [7]. It has been
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shown that the CCR4 expression of infiltrating T cells varies
between different tissues. T cells infiltrating the skin have a
higher expression of CCR4 (CCR4*") than cells found within
the bronchial cavity or the synovial fluid (CCR4") [7]. Addi-
tionally, it was shown that cells expressing CCR4™ migrate
more efficiently towards a TARC gradient [7]. In lung trans-
plant patients, T cells with CCR4 expression have been
described to be present in the lungs at time of rejection [8].
Regulatory T cells (Tys) in BALF expressing CCR4 did not
influence the development of BOS. TARC may not be critical
for maintenance of T., in the allograft because it can
selectively recruit other T cells expressing CCR4 [9-11].

The finding that high levels of TARC in early post-
transplant were associated with freedom of BOS led us to
speculate that this chemokine may attract CCR4™ T cells,
which are not involved in (or prevent) the pathogenesis of
BOS. In this study, we explored the relationship between
systemic TARC levels and the expression of CCR4 on T cells.
In addition, we examined whether CCR4 expression on T
cell subsets, including its relation with BOS, was affected by
lung transplantation.

Materials and methods

Patients and controls

Included in this study were 20 LTx patients who survived
more than 3 months and who received transplants between
September 2003 and March 2008 at the Heart Lung Center
in Utrecht, the Netherlands. Five patients developed BOS
during follow-up. BOS was defined as a decline in forced
expiratory volume in 1 s (FEV,) from post-operative baseline
at two distinctive time-points, of more than 20% in the
absence of infection or other aetiologies. Standard immuno-
suppressive therapy consisted of basiliximab, tacrolimus,
mycophenolate-mofetil and prednisone. Furthermore, blood
obtained at one time-point from 11 healthy controls was
included in the measurements.

The study design was approved by the Medical Ethical
Committee. Informed consent was obtained from each
patient.

Sampling

The blood samples from these 20 patients, taken at approxi-
mately 5 months after LTx (range 4-2-6-1 months), were
used in a cross-sectional study. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from 40 ml of heparin-
ized whole blood by Ficoll Paque Plus (GE Healthcare,
Uppsala, Sweden). No absolute cell counts were performed
on fresh blood. All samples were frozen and preserved in
liquid nitrogen until measurement. During a longitudinal
study including 10 patients, samples were collected once
prior to LTx and monthly up to 12 months after LTx,
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Fig. 1. Gating strategy. CD3" lymphocytes were selected on sidewards
scatter (SSC) and CD3" expression. T cells were divided for both
CD4" and CD8" expression. Both subtypes were typed further for
CD27 and CD45RO expression. CD27"CD45RO" are naive,
CD27*CD45RO" are central memory, CD27-CD45RO" are effector
memory and CD27"CD45RO" are terminally differentiated T cells.
All subtypes were analysed for CCR4" and CCR4"™" expression.

as described above. In parallel, serum samples were also
collected.

Flow cytometry

Cryopreserved PBMCs were thawed rapidly in a 37°C water
bath and added to a medium containing 10% fetal calf serum
(FCS); the cells were then centrifuged and resuspended in
phosphate-buffered saline (PBS). Two million PBMCs were
incubated with either relevant antibodies or isotype controls
for 30 min on ice in the dark, which was then followed by
washing and measurement.

Data acquisition and analysis were performed on a BD
fluorescence activated cell sorter (FACS) Canto II with
8-colour detection (BD Bioscience, San Jose, CA, USA). Each
recipient sample measured had approximately 450 000
events (range 70 000-900 000 events) in the lymphocyte
gate, which was defined by CD45* and side-scatter (SSC) and
analysed with FACS prva software (BD Bioscience).

Antibodies and gating strategy

Lymphocytes were identified with a scatter dot of CD45™ and
sidewards scatter. Within this lymphocyte gate, both CD4
and CD8 T cells were distinguished with CD4™ and CD8".
CD45RO-Pe Cy7 (Becton Dickinson) and CD27-peridinin
chlorophyll (PerCP) (BioLegend, San Diego, CA, USA) were
used to discriminate the naive T cells (N), central memory T
cells (CM), effector memory T cells (EM) and terminally
differentiated T cells (TD) (Fig. 1). Ty were defined on
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CD4*CD25"and CD127 expression by the use of CD25"and
CD127". For their CCR4* and CCR4™ expression, all sub-
types were analysed with CCR4-PerCP Cy5-5 (BioLegend).

Enzyme-linked immunosorbent assay (ELISA)

As described previously [12], serum TARC levels were mea-
sured in duplicate. Ninety-six-well ELISA-plates (Becton
Dickinson, Franklin Lakes, NJ, USA) were coated with a
murine monoclonal capturing antibody directed against
anti-human TARC (MAB364; R&D Systems, Abingdon,
UK). Diluted human serum (1:2) was added and standard
concentrations (range: 4000 to 16 pg/ml) were prepared with
recombinant human TARC (364-DN; R7D Systems) in PBS
containing 1% bovine serum albumin (BSA). Goat poly-
clonal biotinylated anti-human TARC antibody (BAF364,
R&D Systems) was used as the detecting antibody. According
to the manufacturer’s manual, horseradish peroxidise
(HRP)-streptavidin conjugate (Zymed, San Francisco, CA,
USA) and substrate [3,3",5,5 -tetramethylbenzidine (TMB)
substrate; Pierce, Rockford, IL, USA] were used. A Thermo
Labsystems Multiskan RC plate reader measured optical
densities at 450 nm. The minimal detectable concentration
of TARC was 16 pg/ml.

Statistics

A P-value below or equal to 0-05 was considered significant.
The differences of CCR4 expression between LTx patients
and healthy controls were analysed using the Mann-
Whitney rank-sum test (MW). Correlations were tested
using Spearman’s rank correlation and were significant
when the P-value was below or equal to 0-05 and the R-value
was greater than (—) 0-4.

Results

Twenty LTx patients were included in this study, five of
whom developed BOS. Patient characteristics are displayed
in Table 1. A total of three patients died during follow-up.
Two of these patients died as result of BOS, and one patient
due to heart failure. None of the patients with cystic fibrosis
(CF) in this study developed BOS. The distribution of
primary disease was significantly different (P=0-018)
between the groups with and without BOS. No CF patients
who eventually developed BOS were included in the group.
The non-BOS group consisted mainly of patients with CF
and only one patient with emphysema. The age of the non-
BOS group was slightly younger than the BOS group (44
years versus 56 years). This was probably associated with the
presence of CF patients, who are often transplanted at a
younger age, in the non-BOS group. Overall, the differences
between both groups did not contribute to the outcome,
BOS development. As shown previously for our cohort, the
development of BOS was not correlated with human leuco-
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Table 1. Patient characteristics.

BOS Non-BOS

Total number 5 15
Deceased 2 (40%) 1 (7%)
Age, years (range) 56-2 (48-62) 43-8 (19-63)
Follow-up time
Months (range) 35-8 (9-65) 42:6 (29-66)
Gender

Male 2 (40%) 10 (66%)

Female 3 (60%) 5 (34%)
Primary disease

Cystic fibrosis 0 (0%) 8 (53%)

Emphysema 3 (60%) 1 (7%)

Fibrotic disease 2 (40%) 6 (40%)
BOS onset

Months (range) 24 (9-41) n.a.
BOS grade

I 2 (40%)

11 2 (40%)

11 1 (40%)

BOS: bronchiolitis obliterans syndrome; n.a.: not available.

cyte antigen (HLA) antibodies because they are scarcely
present at both pre- and post-transplant [13].

CCR4 expression differs after transplantation on T cells
(subsets) from healthy controls

To examine whether CCR4 expression on T cells and T cell
subsets was altered due to LTx, blood from 20 LTx patients,
taken approximately 5 months after LTx, was analysed and
compared to results found in 11 healthy controls. As shown
in Fig. 2a, CD4" T cells from LTx patients have a decreased
expression of CCR4™ (P < 0-:0001, MW) when compared to
healthy controls (HC). CCR4* expression was not different
between these groups. This decrease in CCR4 expression was
present in patient groups developing BOS or not (P = 0-002
and P < 0-0001, respectively, data not shown). For CD8" T
cells, no differences were observed in CCR4 expression
between LTx patients and HC, as shown in Fig. 2b.

It was then determined whether this decrease in CCR4™
expression on CD4" T cells contributed to a specific T cell
subset, or whether all subsets contributed equally. This
analysis also examined subsets of CD8" T cells and Tie. As
shown in Fig. 3, CCR4 expression was examined on naive N,
CM, effector memory EM and terminally differentiated
TD CD4" and CD8" T cells. The CCR4™ expression was
decreased on CM, EM and TD effector CD4" T cells
(P=0-0007, P<0-0001 and P =0-05, respectively, MW) in
lung transplant recipients compared to HC. Meanwhile, a
trend was found for naive CD4" T cells (P =0-06, MW),
which indicated that all CD4* T cell subsets contributed to
decreased CCR4"™ expression on patient CD4" T cells.
Although CCR4" expression on CD4" T cell subsets was not
different between patients and controls, it was increased on
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Fig. 3. CCR4" (left y-axis) and CCR4™ (right y-axis) expression was affected at 5 months after lung transplantation (LTx). For CD4" T cell subsets,
CCR4" expression did not differ between healthy controls and LTx patients; however, CCR4™" expression (right y-axis) was decreased in LTx patients
for all subtypes (P =0-0007 CM, P =0-0001 effector memory T cells (EM), P = 0-05 terminally differentiated T cells (TD), and a trend was found for
naive P =0-06). In CD8" T cells, CCR4" expression (left y-axis) was increased in LTx patients when compared to healthy controls on effector
memory and terminally differentiated effector T cells (P = 0-02 and P = 0-03, respectively).
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Fig. 4. CCR4" expression (left y-axis) on regulatory T cells (T,cg) was
decreased 5 months after lung transplantation (LTx) in LTx patients
when compared to healthy controls (P = 0-02). CCR4™ expression
(right y-axis) was not affected.

EM CD8* T cells and TD CD8" T cells of LTx patients
(P =0-02 and P = 0-03 respectively, MW). There was no dif-
ference between CCR4*" expression in patients and controls
on CD8" T cell subsets.

Analysis of Ty (CD4"CD25*CD1277) showed a signifi-
cant decrease in CCR4" expression on T cells from LTx
patients when compared to HC (P = 0-02, MW), as shown in
Fig. 4. CCR4™ expression was not different between patients
and controls.

Correlation between CCR4 expression, TARC and BOS

To study the correlation between the CCR4 receptor and its
ligand TARC, a longitudinally sampled patient cohort was
analysed for both CCR4 expression on CD4" T cells and
serum TARC concentration, in order to circumvent the
influences of immune suppressives. Blood samples from 10
patients were analysed. These samples were taken during the
first 12 months (range 9—12, on average 10-6 months) after
LTx, which resulted in a total of 61 samples (6-1 samples per
patient). Serum TARC was measured at the same time-
points. CCR4* or CCR4" expression on lymphocytes, CD4*
T cells, CD4"CD25" T cells or T, was not correlated with the
levels of TARC in the serum samples of LTx patients (data
not shown). In order to investigate a possible role of T cell
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migration via CCR4 and TARC in the development of BOS,
the level of CCR4 expression in patients with BOS was com-
pared to the levels in patients without BOS. There was no
difference in CCR4" expression levels on lymphocytes, CD4*
and CD8" T cells, their subsets and T, between patients
with or without BOS. However, CCR4"™ expression levels on
CD4" EM T cells was decreased for patients with BOS when
compared to patients without BOS (P =0-04), as shown in
Fig. 5. CCR4"™ expression in other investigated cells, such as
lymphocytes, CD4" and CD8" T cells, their subsets and T,
did not differ between patients with and without BOS.

Discussion

The reported association between high serum concentra-
tions of TARC 1 month after LTx and freedom from BOS
thereafter stimulated the analysis of whether expression of its
ligand CCR4 was also related to BOS. In this study, lung
transplantation was shown to affect CCR4 expression on
specific T cell subsets 5 months after LTx. A decrease in
CCR4"" expression on CD4* T cells from LTx patients was
present in all CD4" subsets. The finding that a higher per-
centage of CM CD4 T cells express CCR4"™ in the circulation
of patients remaining BOS-free when compared to those
who develop BOS suggested that CCR4™ expression and
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Fig. 5. CCR4™ expression (right y-axis) on CD4" effector memory

T cells was decreased 5 months after lung transplantation (LTx) in
patients developing bronchiolitis obliterans syndrome (BOS) when
compared to patients without BOS (P =0-04). CCR4" expression (left
y-axis) was not affected.
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TARC production are somehow linked during the pathogen-
esis of chronic rejection.

The difference in expression of CCR4™ on CD4* T cells
between LTx patients and healthy controls was reflected in all
four subsets. It is unknown whether the decreased CCR4
expression affects the tissue-specific homing and chemotaxis
of CD4" T cells from LTx patients, although it has been
suggested that small numbers of CCR4 molecules per cell
may be insufficient to allow adhesion to endothelial cells
under shear [7]. Furthermore, there is no information avail-
able indicating whether there is a difference in cytokine
profile between CCR4" versus CCR4™ CD4* T cells. In CD8*
T cells, only the EM and TD subsets were different between
LTx patients and HC, which indicated that the immune sup-
pressive regimen did not specifically change CCR4 expres-
sion on all T cells. This difference in expression on T cell
subsets between healthy controls and LTx patients might
partly reflect the alloresponse. Furthermore, it is important
to consider the T cells’ developmental stage after LTx. The
expression of CCR4 in early stadia did not correlate with its
functionality. In the later stadia of T helper type 2 (Th2)
differentiation, this correlation was present [14]. The CCR4*
expression on T, was decreased in LTx patients when com-
pared to healthy controls (P = 0-02). The response of T, was
potent and efficient, but was less specific to gradients of
TARC and MDC. This CCR4 expression was not restricted to
Treg» as was CCR8. Blood-borne T preferentially express
both CCR4 and CCRS, but as mature dendritic cells (DCs)
produce TARC and MDC and almost no CCR8 chemokines,
the main route of T, attraction is via CCR4 [15]. This
supports the hypothesis that decreased levels of TARC pro-
duced by mature DC in the lungs at time of inflammation
would result in reduced attraction of T, thereby contrib-
uting to ongoing inflammation leading to BOS development
[3].

TARC not only functioned as a chemoattractant for CCR4
expressing Th2 cells but its production by immature DCs
also polarized Th2 development from CD4" CM cells. Th2
cells shed CD30 upon activation. In several studies, associa-
tions were found between circulating concentrations of
soluble CD30 and BOS occurrence after lung transplantation
[16-19]. In our study, no correlation was found between
serum concentrations of TARC, sCD30 and expression of
CCR4 on peripheral T cells in a longitudinal analysis (data
not shown). Although the immune suppressive regimen used
after transplantation pointed mainly to T cell suppression, it
has been described that TARC levels are also suppressed by
immune suppressive regimens [20]. Therefore, it is possible
that a relationship between CCR4 expression and TARC con-
centrations was affected by the medication prescribed after
LTx. In addition, TARC and CCR4 expression on T cells are
both measured in the periphery, which does not reflect the
ongoing situation at the local inflammation within the lungs.
Unfortunately, we did not have BAL or biopsies available
from the patients investigated to determine local concentra-
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tions of TARC. In the lung, TARC is expressed by DCs and
activated airway epithelial cells (AEC) [21], and both cell
types are targeted by alloresponses. It can be expected that
higher levels of locally produced TARC is present in lungs
remaining free from BOS versus those suffering from apop-
tosis of AEC, a process which takes place during chronic
allograft rejection leading to BOS [2]. A comparison between
patients who eventually did or did not develop BOS showed
that a higher expression level of CCR4 on EM CD4" T cells
was related to freedom from BOS after LTx. Thus, it was
speculated that sufficient TARC production by lung AEC or
DCs attracted benign EM TH2 CD4*, which expressed high
levels of CCR4 towards the site of inflammation. It is
unknown, however, why this difference between BOS and
non-BOS patients was present specifically in the EM but not
in other subsets of T cells.

In conclusion, expression of CCR4 on T cell subsets was
altered after ITx and appeared to be related to chronic
rejection. Patients developing BOS showed a lower percent-
age in CCR4" CM T cells than patients remaining free from
BOS. Although the difference found cannot be used to iden-
tify reliably patients at risk for developing BOS, the differ-
ence was present more than a year before FEV, decline. The
presence of these cells, in combination with high production
of TARC, may reflect a process of local inflammation in the
lung, not causing fibrosis and obliteration of the airways.
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