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Abstract

The objective of this pharmacodynamic study was to longitudinally assess the activity of calcineurin during the first 2 years
after lung transplantation. From March 2004 to October 2008, 107 patients were prospectively enrolled and their follow-up
was performed until 2009. Calcineurin activity was measured in peripheral blood mononuclear cells. We report that
calcineurin activity was linked to both acute and chronic rejection. An optimal activity for calcineurin with two thresholds
was defined, and we found that the risk of rejection was higher when the enzyme activity was above the upper threshold of
102 pmol/mg/min or below the lower threshold of 12 pmol/mg/min. In addition, we report that the occurrence of
malignancies and viral infections was significantly higher in patients displaying very low levels of calcineurin activity. Taken
together, these findings suggest that the measurement of calcineurin activity may provide useful information for the
management of the prevention therapy of patients receiving lung transplantation.
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Introduction

Organ transplantation is the last alternative therapeutic option
for selected patients with end-stage disease of a given organ. The
survival of transplanted organs has markedly improved over the
past few decades due to the use of immunosuppressive treatments.
However, organ survival remains limited by the onset of chronic
rejection and devastating adverse drug events. This is particularly
true with lung transplantation. Despite increasing improvement in
patient care, lung transplantation has the poorest outcomes mainly
because of the development of chronic rejection in response to
immunologic, ischemic and infectious injury [1-8]. Chronic
rejection, which presents as a bronchiolitis obliterans syndrome
BOS), is defined as a progressive airflow obstruction and
a deterioration of graft function. It accounts for more than 30%
of all mortality after the third year following lung transplantation
[8,9]. Moreover, by promoting factor perivascular and peribron-
chial infiltration of activated lymphocytes into graft tissue, acute
rejection remains an important risk factor for the development of
BOS [10].

The standard for rejection prevention in lung transplantation
consists of an immunosuppressive regimen which includes
a calcineurin (CN) inhibitor (CNI) such as cyclosporine (CsA)
and tacrolimus [11]. The CNI prophylactic dose is adjusted
according to the whole blood concentration of the drug to avoid

PLOS ONE | www.plosone.org

the occurrence of dose-dependent toxicities. However, the optimal
balance of immunosuppression is difficult to achieve following
transplantation. Inadequate immunosuppression may lead to
transplant rejection and, on the other hand, excessive immuno-
suppression facilitates the development of severe complications
such as infection or malignancy. To date, there are no robust
biomarkers that allow the prediction of the extent of immunosup-
pression afforded by these treatments. This may be a partial
explanation for the frequent failure of the immunosuppressive
strategy after lung transplantation as illustrated by the facts that 50
to 60% of the patients develop acute rejection and up to 60% of
the recipients who survive 5 years after transplantation are affected
by BOS [8,9,12].

Different approaches have aimed at reducing the incidence and
severity of acute rejection. As a first attempt, we have developed
a pharmacodynamic approach for monitoring the extent of
immunosuppression following transplantation. This approach is
based on the activity of calcineurin, a calcium-calmodulin-
dependent phosphatase. Calcineurin activity reflects the combi-
nation of the degree of T lymphocyte activation and the inhibitory
effect of CNIs [13-17]. Calcineurin is a key factor involved during
the early phase of T lymphocyte activation. When CN 1is activated,
it dephosphorylates the nuclear factor of activated T cells (NFAT)
which then allows translocation of NFAT into the nucleus. This
leads to the synthesis of cytokines that are involved in T
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lymphocyte proliferation. It has been demonstrated clearly that T
cell activation is dependent upon sustained calcium/CN signaling
for maximal proliferation and cytokine production [18,19].
Therefore, the CN activity (CN-a) measured in peripheral blood
mononuclear cells (PBMCs) issued from allograft recipients
receiving CNIs may be considered to be an index of T cell
activation and a marker for graft-versus-host disease [20,21].

In this study, we measured CN-a during the first 24 months
after lung transplantation and we correlated the activities with the
occurrence of acute rejection, BOS and adverse events which are
known to be associated with over-immunosuppression, such as
malignancies and infections.

Materials and Methods

Ethics Statement

The CALCILUNG study was a prospective observational study
of lung transplant recipients. In accordance with French law, the
study protocol was approved by the ethics committee of Paris-
Broussais-HEGP. Patients enrolled in this study provided in-
formed written consents.

Patients

The study consisted of measuring CN-a during the first 24
months after lung transplantation. Patients were eligible if they
were programmed to receive an immunosuppressive treatment
consisting of the association of CsA, azathioprine and steroids.
Patients followed a typical care regimen for post-lung trans-
plantation patients, including surveillance fiberoptic bronchoscopy
and bronchoalveolar lavage, spirometry, systematic transbronchial
biopsies for acute rejection monitoring and blood sampling. The
first surveillance biopsy was generally scheduled 7 days after
transplantation. Subsequently, transbronchial biopsies were per-
formed during the post-transplantation evaluation tests that were
scheduled once a month up to the sixth month after lung
transplantation and then every three months up to the 24" month
after transplantation. Spirometry, generally, was checked once
a week up to the third month after lung transplantation, then once
a month up to the first year after transplantation and then every
three months. In general, the first CN-a assessment was performed
before transplantation during the pre-transplantation evaluation
tests. Post-transplantation CN-a measurements were performed at
least once a month during the first 6 months after transplantation
and then every three months. Sampling for CN-a measurements
was concomitant to the other monthly scheduled post-trans-
plantation evaluation tests. The transplantation characteristics of
the patients enrolled in this study are listed in Table 1.

Drug and Pharmacodynamic Monitoring

CsA and CN-a were both determined before the morning dose
of CsA, when it was given orally. The clinical outcome of the
patients was unknown to the biologist in charge of CN-a analyses
and the results of the analyses were not given to the personnel
(physicians and nurses) caring for the lung transplant patients. CsA
was routinely measured with a locally available immunoassay.
Mononuclear cells were isolated from the samples remaining by
a Ficoll gradient method and CN-a measurements were made
later. Briefly, 25 ug of proteins from mononuclear cells were
incubated at 37°C for 30 min in the presence of phosphorylated
RII peptide as a substrate of calcineurin. The dephosphorylation
of the substrate was quantified by using high-performance liquid
chromatography with ultraviolet detection as previously described
[20]. Technical validation of this assay showed a correlation
coeflicient of the linear regression curves (linearity) greater than

PLOS ONE | www.plosone.org

Calcineurin Activity in Lung Transplantation

Table 1. Basal characteriwstics of patients.
Total
(n=107)

Age (yr) 36*+12
Sex (M/F) 64(60)/43(40)
Initial disease

cystic fibrosis 64(60)

emphysema 19(18)

others 24(22)

Type of transplantation (single/bilateral) 16(15)/91(85)
CMV mismatch at transplantaion (D+/R-) 26(24)
EBV mismatch at transplantation (D+/R-) 7(7)
Primary graft dysfunction grade Il 15+4
Number of CN-a measurements/24 months 6+3
Time of follow-up (months) 41+16
Patients with acute rejection/6 months 77(72)
Patients with BOS grade = | 40(37)
Patients with malignancies 16(15)
Patients with bacterial infections

=1 episode 63(59)

=2 episodes 31(29)

=3 episodes 15(14)
Patients with viral infections

=1 episode 39(36)

=2 episodes 20(19)

=3 episodes 7(6.5)
Patients with fungal infections

=1 episode 31(29)

=2 episodes 9(8.4)

=3 episodes 2(1.9)
Data are summarized as frequencies and percentage for categorical variables
and as mean=*SD for continuous variables. A total of 670 peripheral blood
samples (mean of 6+3 samples per patient, range: 2-14) were obtained during
the first 24 months following transplantation. Yr: year; M: male; F: female; EBV:
empstein barr virus; CMV: cytomegalovirus; CN-a: calcineurin activity; BOS:
bronchiolitis obliterans syndrome.
doi:10.1371/journal.pone.0059634.t001

0.9971 and a variation coefficient (inter-assay variability) less than
10% [20]. The stability of CN-a under our conditions was
previously verified by performing pharmacokinetic and pharma-
codynamic measurements over a 10-hr time course in stable renal
transplant patients treated with CsA. A peak of inhibition of CN-
a occurred at approximately the same time as the peak of CsA in
whole blood, and the concentrations of both CN-a and CsA
gradually returned to baseline levels [20].

Diagnosis of Acute Rejection

Episodes of acute rejection were diagnosed on the basis of
pulmonary function tests and histological evaluation of transbron-
chial biopsies. Acute rejection was graded according to the ISHLT
criteria [22]. During the first six months following transplantation,
treatment of acute rejection with steroids was initiated in patients
with either an alteration or a 3-month stagnation of their
pulmonary function and/or in patients for whom a grade Al or
higher was assessed based on their transbronchial biopies. Very
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few acute rejections of grade higher than Al were diagnosed in
these patients.

Determination of Pulmonary Function

Pulmonary function was estimated from the spirometric data
FEV1, representing the forced expiratory volume in one second.
To assess the variation of pulmonary function versus time during
the first six months after transplantation, FEV1 ratios were
calculated from the ratio of the difference between two spirometric
values obtained approximately 1 month apart to the number of
days between two spirometric measurements. We expressed these
ratios in liters per second per day. Because we considered positive
FEV1 ratios as a normal evolution of pulmonary function, only
null and negative values of FEV1 ratios, which reveal a negative
alteration of pulmonary function were taken into account for the
study.

Diagnosis of Chronic Rejection/BOS

BOS was diagnosed and graded according to the ISHLT
criteria [23]. BOS was defined as a sustained decrease of at least
20 percent in the FEV1 spirometric data as compared to the
patient’s maximum values in the absence of other causes [23].
Azithromycin therapy was started in patients displaying a strong
reduction in FEFy5 ;5. In this study, we took into account the
occurrence of BOS of grade I or higher.

Statistical Analysis

The values are expressed as the means=SD or the medians and
percentiles. For the evaluation of the relationship between CN-
a and acute rejection, CN-a values were censored when patients
received a first IV bolus of steroids. Kernel smoothing curves were
generated and the dispersion of extreme CN-a values was
determined. For the evaluation of the relationship between CN-
a and pulmonary function, we compared the rates of negative
altered FEV1 at different CN-a levels. The survival without BOS,
overall survival and the occurrence of adverse events were
estimated by the Kaplan-Meier method. Other potentially
associated risk factors of BOS occurrence were evaluated by using
a stepwise logistic regression model.

Analyses were performed by using SAS 9.2 and Graphpad
Prism softwares. Two-tailed P<<0.05 were deemed significant. In
case of multiple group comparisons, p-values were adjusted by the
Bonferroni method.

Results

From March 2004 to October 2008, 107 patients who received
lung transplants were examined for CN-a monitoring. The initial
clinical-biological characteristics of these patients are shown in
Table 1. Patients were followed until 2009. A total of 670 blood
samples (mean of 6*3 samples per patient, range: 2—-14) were
obtained during the first 24 months following transplantation. We
compared the levels of CN-a prior to transplantation in patients
with or without cystic fibrosis (CF) since this was the main initial
end-stage lung disease that led to lung transplantation in this
cohort of patients. There was no difference in the average pre-
transplantation CN-a between patients with cystic fibrosis and the
other patients (Fig. 1A).

Calcineurin Activity and Acute Rejection

The relationship between CN-a and acute rejection was assessed
during the first six months after transplantation since acute
rejection mainly occurred during that period of time. Of the 107
lung-transplant recipients, 30 (28%) were free of any episode of
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Figure 1. Calcineurin activity and acute rejection. (A) Calcineurin
activity (CN-a) was measured before lung transplantation in 52 of the
107 patients enrolled in the participating center. The results are
presented as box plots and 10-90 percentile whiskers. We compared
CN-a expression prior to transplantation in patients with or without
cystic fibrosis (CF) since it is the main initial end-stage lung disease that
led to lung transplantation in this cohort of patients and a similar
dispersion of the CN-a values was found in CF+ and CF- patients
(p=0.77, Mann-Whitney test). Subsequently, a relationship between
extreme values of calcineurin activity and acute rejection was
investigated. (B) Comparison across time of the median CN-a levels in
patients displaying or not acute rejection: Kernel smoothing curves
were generated. The 2 groups of patients displayed similar profiles of
CN-a which consist of a phase of enzyme inhibition within the first 10
weeks after transplantation followed by a phase in which enzyme
activity is restored. The phase of CN-a inhibition tended to be faster and
more marked in patients who had developed acute rejection as
compared to patients who were free of acute rejection. Similarly, the
increase of enzyme activity to baseline levels tended to be faster and
more pronounced in patients who had developed acute rejection.
doi:10.1371/journal.pone.0059634.g001

acute rejection during the first 6 months after transplantation
whereas 75 patients (71%) received a first rescue therapy by
intravenous bolus (IV) of steroids following a diagnosis of acute
rejection based either on their transbronchial biopsies for 68 of
them (64%) or on their pulmonary function for 7 of them (7%).
Furthermore, 2 patients (2%) were not rescued although an
episode of acute rejection was diagnosed. The first episode of acute
rejection occurred at a median time of 8 days (extreme values, 5—
192 days). A large dispersion of CN-a values was observed, and
since no reproducible pattern in CN-a could be discerned, we
chose to express the CN-a data using their quartile range. For the
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patients enrolled in the study, the median of CN-a was 31 pmol/
mg/min with values of 9, 12, 14, 17, 62, 84, 102 and 121 pmol/
mg/min for the 10", 15™, 20", 25", 75™, 80™, 85™ and 90™
percentiles, respectively (Table 2). We compared the median CN-
a levels for the 2 groups of patients (with or without acute
rejection) across time, and we generated Kernel smoothing curves
(Fig. 1B). Although the 2 groups of patients displayed similar
profiles of CN-a consisting of a phase of enzyme inhibition within
the first 10 weeks after transplantation followed by a phase of
restoration of enzyme activity, it appeared that the phase of CN-
a inhibition tended to be faster and more marked in patients who
developed acute rejection as compared to patients who did not
develop acute rejection. Similarly, the increase of enzyme activity,
almost to baseline levels, tended to be faster and more pronounced
in patients who had developed acute rejection (Fig. 1B). We
examined the dispersion of CN-a values in the 2 groups of patients
by counting the number of values below the 10" to the 25™
percentiles and above the 75™ to the 90™ percentiles (Table 2).
We found that the number of CN-a values below the 10*-25%
percentiles was much higher in the group of patients who had
developed acute rejection during the first 10 weeks after trans-
plantation as compared to those that did not develop acute
rejection [for example, 7 patients (15%) and 19 patients (40%) with
acute rejection vs 2 patients (6%) and 6 patients (17%) free of acute
rejection below the 10™ and 25" percentiles respectively,
Table 2]. Similarly, the number of CN-a values above the
75"-90™ percentiles was higher in the group of patients who had
developed acute rejection during the phase of enzyme activity
restoration between 13 to 28 weeks after transplantation [9
patients (35%) and 5 patients (19%) with acute rejection vs 19
patients (30%) and 7 patients (10%) free of acute rejection above
the 75™ and 90" percentiles respectively, Table 2].

Calcineurin Activity and Pulmonary Function

We next examined whether extreme CN-a values were
associated with an alteration in pulmonary function during the
first 6 months following transplantation. A higher per cent of
altered FEV1 ratios was found in patients displaying CN-a values
out of the range of 17-62 pmol/mg/min corresponding to the
25" and 75™ percentiles as compared to patients displaying values
of CN-a within this range [42 (48%) vs 27 (34%), respectively,
Table 3]. A similar finding was observed for patients having CN-
a values out of the range of 12-102 pmol/mg/min corresponding
to the 15™ and 85" percentiles as compared to patients displaying
CN-a values within this range [26 (49%) vs 43 (38%), respectively,
Table 3]. On the basis of these results, we chose to compare the
long-term outcomes of patients who displayed CN-a values within
the range of 12-102 pmol/mg/min versus patients who exhibited
at least one CN-a value outside this range during the first 24
months after transplantation.

Adverse Events Related to Over-immunosuppression
Because low CN-a levels might reflect an over-immunosup-
pression, we compared the onset of events known to be
associated with over-immunosuppression, such as malignancies
and infections, between patients displaying or not CN-a levels
below the lower threshold of 12 pmol/mg/min during the first
24 months after transplantation. Of the 107 lung-transplant
recipients in this study, 1 patient, who displayed an Epstein-Barr
virus-induced lymphoma before any CN-a measurement was
made, was not considered for the evaluation of the relationship
between CN-a and malignancies. The occurrence of malignan-
cies was significantly higher in patients displaying at least one
CN-a value below 12 pmol/mg/min as compared to patients
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with higher CN-a values (28% vs 6%, p=0.0218, Log-rank test,
Fig. 2A). The assessment of the relationship between CN-a and
infections was performed on the 107 patients enrolled in the
study by separating the infections of bacterial, viral and fungal
origin. The occurrence of bacterial and fungal infections was
similar in the 2 groups of patients (Fig. 2B,C) whereas that of
viral origin was significantly higher in patients displaying at least
one CN-a value below 12 pmol/mg/min as compared to
patients with higher CN-a levels (15% vs 0%, p=0.0109,
Log-rank test, Fig. 2D). This finding was restricted to patients
with at least 3 episodes of viral infection (Fig. 2D).

Calcineurin Activity and BOS/chronic Rejection

CN-a was monitored the first 24 months after transplantation.
We tested for the presence of a relationship between CN-a and
the occurrence of BOS. Of the 107 lung-transplant recipients
that were studied, 2 patients, who displayed a bronchopulmonary
carcinoma and for whom pulmonary function tests were not
performed, were not included in this analysis. The median time
of follow-up for the patients was of 32.3 months with extreme
values of 4-60 months, and that of the occurrence of BOS was
of 19 months with a range of 4-53 months. BOS was diagnosed
in 14 patients (13%), 35 patients (33%) and 41 patients (38%)
12 months, 36 months and 60 months after transplantation,
respectively. Although not statistically significant, the survival
without BOS was longer in patients who displayed CN-a levels
within the range of 12-102 pmol/mg/min as compared to
patients who exhibited at least one CN-a value outside this
range (76% vs 43%, p=0.4717, Log-rank test, Fig. 3A).
Interestingly, very few patients displayed CN-a values within the
range of 12-102 pmol/mg/min throughout the 24-month
period of monitoring of CN-a [13 patients (12%) with CN-
a values within the range vs 92 patients (88%) with at least one
CN-a value out of the range, Fig. 3A]. This distribution of
values between the two groups of patients (within vs outside of
the range 12-102 pmol/mg/min) made it very difficult to
determine whether a statistically significant difference in BOS-
free survival exists for the groups.

In addition and because BOS was diagnosed mostly after sixth
months after transplantation, we restricted the analysis of a re-
lationship between CN-a and BOS to CN-a data obtained
between 6 and 24 months after transplantation. Due to the
absence of data or the occurrence of BOS before the 6™ month
after transplantation, 26 patients were not considered in this
analysis. With these restrictions, the patients were distributed more
evenly between the 2 groups [28 patients (35%) with CN-a values
within the range of 12-102 pmol/mg/min vs 51 patients (65%)
with at least one CN-a value outside of the range, Fig. 3B]. BOS-
free survival was found to be significantly higher in patients who
displayed CN-a levels within the range of 12-102 pmol/mg/min
as compared to patients who exhibited at least one CN-a value
outside this range from the 6" month to the 24" month following
transplantation (80% vs 40%, p=0.0118, Log-rank test, Fig. 3B).
In addition, we have determined whether known risk factors of
BOS were involved in the association of CN-a values with BOS
during this 18-month period of CN-a monitoring. The association
between BOS and CN-a was not significantly accounted for by the
following potential risk factors: acute rejection, CMV infection,
primary graft dysfunction grade III, anti-HLA antibodies, gastro-
oesophageal reflux. In a logistic regression model taking into
account the other risk factors, the CN-a range was the only
variable significantly associated with BOS (odds ratio 5.7, 95% CI
[1.7-19.2], p=0.045).
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Table 2. Dispersion of the values of calcineurin activity.
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1 to 10 weeks after transplantation

13 to 28 weeks after transplantation

Patients free of acute rejection
number of CN-a determinations
number of CN-a :

- <10" percentile (9 pmol/mg/min)

- =15 percentile (12 pmol/mg/min)
- =20 percentile (14 pmol/mg/min)
- =25 percentile (17 pmol/mg/min)
- =75 percentile (62 pmol/mg/min)
- =80*" percentile (84 pmol/mg/min)
- 285" percentile (102 pmol/mg/min)
- =90* percentile (121 pmol/mg/min)
Patients with acute rejection
number of CN-a determinations
number of CN-a :

- =10 percentile (9 pmol/mg/min)

- =15 percentile (12 pmol/mg/min)
- =<20'" percentile (14 pmol/mg/min)
- =25 percentile (17 pmol/mg/min)
- 275" percentile (62 pmol/mg/min)
- =80 percentile (84 pmol/mg/min)
- =85 percentile (102 pmol/mg/min)

- =90 percentile (121 pmol/mg/min)

35

48

7(15)
10(21)
14(29)
19(40)
5(10)
4(8)
4(8)
2(4)

68

7(10)
11(16)
14(21)
18(26)
19(30)
14(21)
11(16)
7(10)

26

14)
2(8)
2(8)
2(8)
9(35)
8(31)
5(19)
5(19)

doi:10.1371/journal.pone.0059634.t002

Since CN-a levels lower than 12 and higher than 102 pmol/
mg/min suggested two putatively different mechanisms by which
BOS developed, we next separated these threshold values to
determine whether the groups had similar, significant decreases in
survival without BOS. A significant reduction in BOS-free survival
was found in patients who displayed CN-a levels higher than

Table 3. Calcineurin activity and pulmonary function.

102 pmol/mg/min (40

Data are summarized as frequencies and percentage. A total of 103 measurements of calcineurin activity (CN-a) were performed in the group of patients free of acute
rejection and of 74 in the group of patients with acute rejection before the occurrence of this event.

% vs 80%, p=0.037, Log-rank test,

Fig. 3C), whereas a reduction in BOS-free survival in the limit

of statistical significance

was found in patients who displayed CN-

a levels lower than 12 pmol/mg/min (49% vs 80%, p=0.0574,

Log-rank test, Fig. 3C).

range of CN-a levels

number of determinations

number of altered FEV1-ratio

25th - 75th percentile (17-62 pmol/mg/min)
25th-75th in
25th-75th out

20th-80th percentile (14-84 pmol/mg/min)
20th-80th in
20th-80th out

15th-85th percentile (12-102 pmol/mg/min)
15th-85th in
15th-85th out

10th-90th percentile (9-121 pmol/mg/min)
10th-90th in
10th-90 out

79
87

96
70

13
53

125
41

27(34)
42(48)

36(38)
33(47)

43(38)
26(49)

52(42)
17(41)

doi:10.1371/journal.pone.0059634.t003
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Data are summarized as frequencies and percentage. The relationship between calcineurin Activity (CN-a) and the forced expiratory volume in one second (FEV1) ratio
was studied from A total of 166 values collected from 87 patients (mean of 2+1 data per patient, range : 1-5).
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Figure 2. Calcineurin activity and adverse events related to over-immunosuppression. The onset of events known to be related to over-
immunosuppression, such as malignancies and infections, was compared between patients displaying or not low CN-a levels by the Kaplan and Meier
method. (A) CN-a and malignancies: the occurrence of malignancies was significantly higher in patients displaying at least one CN-a value below
12 pmol/mg/min during the first 24 months after transplantation as compared to patients with higher CN-a values (28% vs 6%, p =0.0218, Log-rank
test). The examination of the relationship between CN-a and infections was performed by separating the infections of bacterial, viral and fungal
origin. (B) CN-a and bacterial infections: the occurrence of 3 episodes of bacterial infections was similar in the 2 groups of patients (18% vs 25%,
p =0.85, Log-rank test). (C) CN-a and fungal infections: the occurrence of 3 episodes of fungal infections was similar in the 2 groups of patients (3.5%
vs 0%, p=0.21, Log-rank test). (D) CN-a and viral infections: the occurrence of 3 episodes of viral infections was significantly higher in patients
displaying at least one CN-a value below 12 pmol/mg/min during the first 24 months after transplantation compared to patients with higher CN-

a values (15% vs 0%, p=0.01, Log-rank test).
doi:10.1371/journal.pone.0059634.g002

Calcineurin Activity and Overall Survival

Of the 107 patients enrolled in the study, 25 patients (23%) died
during follow-up. At this time of the evaluation, no significant
difference was found in the overall survival between the 2 groups
of patients exhibiting CN-a levels within or outside of the range of
12-102 pmol/mg/min (Fig. 3D). This relationship should be re-
assessed after a longer period of follow-up.

Calcineurin Activity and Cyclosporine Blood Levels

We next investigated whether CsA blood levels could explain
the modification in CN-a that we have observed. However, as
shown in Figure 4, we did not find any significant correlation
between CN-a and CsA blood levels, as also observed in other
types of transplantation [20,21,24].

PLOS ONE | www.plosone.org

Discussion

The activity of calcineurin measured in the PBMCs of allograft
recipients who received inhibitors of calcineurin has been shown to
be an index of T cell activation and a marker for graft-versus-host
disease [20,21]. It was thought that a high CN-a reflected poor
immunosuppression whereas a low CN-a reflected potent immu-
nosuppression. Therefore, our working hypothesis, for the present
study, was that the level of CN-a can predict the degree of
immunosuppression after lung transplantation, and, thus, be useful
for predicting both the occurrence of rejection, related to an
inadequate immunosuppression, and the development of severe
complications, related to excessively potent immunosuppression.
However, we report here that patients who displayed extreme CN-
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Figure 3. Calcineurin activity, BOS and overall survival. BOS-free survival was estimated at 5 years after transplantation by the Kaplan and
Meier method. (A) Calcineurin activity (CN-a) monitoring during the first 24 months after transplantation: although not statistically significant, the
survival without BOS was higher in patients who displayed CN-a levels within the range of 12-102 pmol/mg/min as compared to patients who
exhibited at least one CN-a value outside this range of 12-102 pmol/mg/min during the first 24 months following transplantation (76% vs 43%,
p=0.4717, Log-rank test). (B) CN-a monitoring from the 6™ month to the 24™ month after transplantation: the survival without BOS was significantly
higher in patients who displayed CN-a levels within the range of 12-102 pmol/mg/min as compared to that of patients who exhibited at least one
CN-a value outside this range from the 6™ month to the 24™ months following transplantation (80% vs 40%, p=0.0118, Log-rank test). (C) CN-
a monitoring from the 6™ to the 24™ month after transplantation: the threshold values were further separated in 2 groups : <12 pmol/mg/min,
>102 pmol/mg/min. The BOS-free survival in patients from each of these groups was compared to that from patients who displayed CN-a levels
within the range of 12-102 pmol/mg/min. A significant reduction of the survival without BOS was found in patients who displayed CN-a levels higher
than 102 pmol/mg/min (40% vs 80%, p=0.037, Log-rank test), whereas a reduction in BOS-free survival in the limit of statistical significance was
found in patients who displayed CN-a levels lower than 12 pmol/mg/min (49% vs 80%, p =0.0574, Log-rank test). (D) Calcineurin activity and overall
survival: no significant difference was found in the overall survival between the 2 groups of patients exhibiting calcineurin activity levels within or
outside of the range of 12-102 pmol/mg/min.

doi:10.1371/journal.pone.0059634.9003

a values, either high or low values, were mainly those patients who
developed acute rejection and had an altered pulmonary function.
These observations led us to define an optimal activity for CN
between two thresholds, 12 and 102 pmol/mg/min. Patients who
had CN-a values within this range had a significantly higher
survival without BOS. Furthermore, the occurrence of malignan-
cies and viral infections was significantly lower in patients who
exhibited CN-a values higher than 12 pmol/mg/min.

PLOS ONE | www.plosone.org

With the introduction of more potent immunosuppressive
agents and newer combinations during the last ten years, patient
and graft survivals have dramatically increased following most
types of solid organ transplantation. However the incidence of
post-transplantation infections and cancer also has increased. It
was thought that potent immunosuppression, as reflected by the
occurrence of adverse events, was protective against immunogenic
stimulation. However, despite a modern immunosuppressive
regimen, lung transplantation is characterized by both poor
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Figure 4. Calcineurin activity and cyclosporine blood levels.
The relationship between calcineurin activity (CN-a) and the levels of
cyclosporine (CsA) in blood was investigated. No correlation was found
between CN-a and the level of CsA in blood.
doi:10.1371/journal.pone.0059634.9g004

patient and graft survivals as well as devastating adverse events.
The results of the present study may provide a partial explanation
for the disappointing long-term outcomes in lung transplant
patients. Indeed, we observed extreme CN-a values, below
12 pmol/mg/min or higher than 102 pmol/mg/min, more
frequently in the present cohort of lung transplant patients than
in other types of transplant patients that we have examined such as
hematopoietic stem cell transplant patients [20] or heart transplant
patients (unpublished data). In addition, we established a relation-
ship between CN-a and the occurrence of both acute and chronic
rejection. This relationship was non-monotonic in that both very
low and very high CN-a levels were associated with the onset of
acute rejection. As expected, very high CN-a could reflect poor
immunosuppression that is not sufficient to counteract the
immunogenic activation of T lymphocytes.

On the contrary, the presence of a low threshold was very
surprising since very low CN-a levels should have been associated
with a strong protection against lymphocyte activation. In fact, the
patients with very low CN-a levels were, indeed, strongly
immunosuppressed since they developed a higher rate of both
malignant diseases and viral infections as compared to patients
with higher CN-a levels. Nevertheless, their CN-a levels did not
reflect their immunologic potency towards the graft. This finding is
consistent with the recently reported activation of a negative
feedback loop, via endogeneous CN inhibitors, calcipressins,
which down-regulate the CN/NFAT signaling pathway when it
is activated [25-28]. Although the calcipressin family has been
extensively investigated in brain, heart and endothelial cells, a very
limited number of studies has been reported concerning the
immune system. Additionally, the impact of calcipressins on the
effects of immunosuppressive agents in the context of trans-
plantation has never been assessed. Therefore, we anticipate that
low CN-a levels displayed by lung transplant patients developing
a rejection are associated first with a lymphocyte activation
subsequently followed by a strong endogenous down-regulation of
the calcineurin/NFAT signaling pathway.

Taken together, these findings on the relationships between
CN-a and acute rejection, pulmonary function and the occurrence
of adverse events related to over-immunosuppression led us to
define an optimal activity for CN between two thresholds, 12 and
102 pmol/mg/min, and to assess, retrospectively, whether
patients who displayed CN-a values between these two thresholds
had a significantly higher rate of survival without BOS/chronic
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rejection. Lung transplantation is the type of organ transplantation
that gives the poorest outcomes, with 45% of the recipients dying
within 5 years, mainly due to the development of chronic rejection
in response to immunologic, ischemic and infectious injury.
Unfortunately, once the clinical signs of BOS/chronic rejection
appear, it is usually too late to reverse it. We report here that
patients who displayed CN-a values within the range of 12—
102 pmol/mg/min had a significantly higher rate of survival
without BOS/chronic rejection. In addition, this association of
BOS/chronic rejection and CN-a values was not explained by the
known risk factors of BOS such as acute rejection, CMV infection,
primary graft dysfunction grade III, anti-HLA antibodies or
gastro-oesophageal reflux. In a logistic regression model taking
into account the other risk factors, the CN-a range was the only
variable significantly associated with BOS/chronic rejection.
Therefore, CN-a may constitute an additional risk factor of
BOS. Currently, overall survival is not significantly associated with
CN-a values. However, we have to take into account that, in our
study, the median time of occurrence of BOS was 19 months and
that it has been shown that the median survival after the onset of
BOS is 30 months [29]. Therefore, the overall survival according
to CN-a values need to be re-assessed after a longer period of
follow-up.

The degree of CN inhibition up to 12 hours after treatment with
CsA has been shown to vary directly with the blood levels of CsA
[30]. However, this relationship might not persist after several
months of treatment with CsA because of the potential contribu-
tion of lymphocyte stimulation to the drug effect upon the target.
Indeed, we report here that blood levels of CsA and trough levels
of CN-a are not correlated. This observation is in agreement with
previous findings in hematopoietic stem-cell transplant-, in liver
transplant- and in kidney transplant-patients [20,21,24,31,32].
However, the absence of correlation between CN-a levels and CsA
whole blood concentrations does not mean that the latter is not
a predictor of patient outcome.

There are advantages and limitations to using CN-a as a bio-
marker. First, interpretation by clinicians of CN-a values, which
appear to display a considerable dispersion, may prove to be
difficult. Second, other markers, such as the degree of T-cell
activation in blood [33], in broncho-alveolar fluid [34,35] or
increased T-cell pro-inflammatory cytokine production in the graft
[36], have been associated with acute rejection. However, as
compared to these studies, the main objective of our study was to
identify and characterize a rejection marker that is the most
directly related to the degree of immunosuppression produced by
an anticalcineurin drug such as CsA. Indeed, only this type of
marker aids in determining therapeutic options. Consequently, we
believe that our observations can help clinicians in their use of
CsA. Our findings suggest that CsA should be administered with
much more caution during episodes of acute rejection than might
have been thought previously. In particular, monitoring of CN-
a sequentially after transplantation might be helpful for facilitating
the optimization of multidrug immunosuppressant regimens
including those employing CsA. The targeting of CN-a levels
between the 25™ and 75™ percentiles, that is between 17 and
62 pmol/mg/min, can be proposed as a desirable therapeutic
range in order to avoid values of CN-a outside the range of 12—
102 pmol/mg/min that is associated with poor outcome. Indeed,
the dose of CsA should be increased for patients with suspected
acute rejection and CN-a levels over 62 pmol/mg/min but not for
those patients with CN-a levels below 17 pmol/mg/min. In the
latter case, a switch to another class of immunosuppressant can be
recommended. Recommendations of this type can be made only
when the most specific biomarkers are used and not when general
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biomarkers, only, are available. However, our data are still
preliminary and need to be confirmed through a prospective
validation cohort. Further investigation of calcineurin levels need
to be carried before considering calcineurin levels as a biomarker.

In summary, we have shown that a relationship exists between
CN-a and both acute and chronic rejection in lung transplant
patients. Further, we have defined an optimal activity for
calcineurin between two thresholds : the risk of rejection was
higher when the enzyme activity was above the upper threshold of
102 pmol/mg/min or below the lower threshold of 12 pmol/mg/
min. In addition, we report that the occurrence of malignancies

References

1. American Thoracic Society (1998) International guidelines for the selection of
lung transplant candidates. Am J Respir Crit Care Med 158: 335-339.

2. Lin HM, Kauffman HM, McBride MA, Davies DB, Rosendale JD, et al. (1998)
Center-specific graft and patient survival rates: 1997 United Network for Organ
Sharing (UNOS) report. JAMA 280: 1153-1160.

3. Bando K, Paradis IL, Similo S, Konishi H, Komatsu K, et al. (1995) Obliterative
bronchiolitis after lung and heart-lung transplantation: an analysis of risk factors
and management. ] Thorac Cardiovasc Surg 110: 4-13.

4. Sharples LD, Tamm M, McNeil K, Higenbottam TW, Stewart S, et al. (1996)
Development of bronchiolitis obliterans syndrome in recipients of heart-lung
transplantation — early risk factors. Transplantation 61: 560-566.

5. Trulock EP (1993) Management of lung transplant rejection. Chest 103: 1566
1576.

6. Yousem SA (1993) Lymphocytic bronchitis/bronchiolitis in lung allograft
recipients. Am J Surg Pathol 17: 491-496.

7. Yousem SA, Duncan SR, Griffith BP (1992) Intersticial and airspace granulation
tissue reactions in lung transplant recipients. Am J Surg Pathol 16: 877-884.

8. Estenne M, Hertz MI (2002) Bronchiolitis obliterans after human lung
transplantation. Am J Respir Crit Care Med 166: 440-444.

9. Al-Githmi I, Batawil N, Shigemura N, Hsin M, Lee TW, et al. (2006)
Bronchiolitis obliterans following lung transplantation. Eur J Cardiothorac Surg
30: 846-851.

10. Sharples LD, McNeil K, Stewart S, Wallork J (2002) Risk factors for
bronchiolitis obliterans: a systematic review of recent publications. J Heart
Lung Transplant 21: 271-281.

11. Arcasoy SM, Kotloff RM (1999) Lung transplantation. N E J M 340: 1081
1091.

12. Martinu T, Chan DF, Palmer SM (2009) Acute rejection and humoral
sensitization in lung transplant recipients. Proc Am Thorac Soc 6: 54-65.

13. Batiuk TD, Kung L, Halloran PF (1997) Evidence that calcineurin is rate-
limiting for primary human lymphocyte activation. J Clin Invest 100: 1894
1901.

14. Graef IA, Chen F, Chen L, Kuo A, Crabtree GR (2001) Signal transduced by
Ca(2+)/calcineurin and NFATc3/c4 pattern the developing vasculature. Cell
105: 863-875.

15. Beals CR, Sheridan CM, Turck CW, Gardner P, Crabtree GR (1997) Nuclear
export of NF-ATc enhanced by glycogen synthase kinase-3. Science 275: 1930~
1934.

16. Okamura H, Aramburu J, Garcia-Rodriguez C, Viola JPB, Raghavan A, et al.
(2000) Concerted dephosphorylation of the transcription factor NFATT induces
a conformational switch that regulates transcriptional activity. Mol Cell 6: 539~
550.

17. Timmerman LA, Clipstone NA, Ho SN, Northrop JP, Crabtree GR (1996)
Rapid shuttling of NF-AT in discrimination of Ca2+ signals and immunosup-
pression. Nature 383: 837-840.

18. Huppa JB, Gleimer M, Sumen C, Davis MM (2003) Continuous T cell receptor
signaling required for synapse maintenance and full effector potential. Nature
Immunol 4: 749-755.

19. Feske S, Okamura H, Hogan PG, Rao A (2003) Ca2+/calcineurin signaling in
cells of the immune system. Biochem Biophysic Res Com 31: 1117-1132.

20. Sanquer S, Schwarzinger M, Maury S, Yakouben K, Rafi H, et al. (2004)
Calcineurin activity as a functional index of immunosuppression after allogeneic
stem-cell transplantation. Transplantation 77: 854-858.

PLOS ONE | www.plosone.org

Calcineurin Activity in Lung Transplantation

and viral infections was significantly higher in patients displaying
CN-a below the lower threshold. Based upon these findings, CN-
a appears as a potential predictive biomarker that could lead to
new guidelines for the management of lung transplant patients.
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