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Limited results about treatment with total lymphoid irradiation (TLI) in
lung transplant (LTx) recipients suffering from progressive bronchiolitis
obliterans syndrome (BOS) have been reported. We performed a retrospec-
tive analysis of all LTx recipients undergoing TLI for progressive BOS in
our center, focusing on long-term outcomes regarding overall survival and
lung allograft function. Treatment with TLI (2004-2017, n = 20, 1 BOS
stage 1, 6 BOS stage 2, and 13 BOS stage 3) resulted in significant attenua-
tion of the FEV;-decline in the majority of patients, mainly in those with a
rapid decline (P = 0.0005). This allowed bridging to redo-transplantation
in five patients. However, three patients progressed from BOS to RAS fol-
lowing prior TLI. Overall patient survival was 44% at 2 years post-TLI and
38% after 17 years. Generally, TLI was well tolerated, with limited side
effects and no serious adverse events. TLI may attenuate the decline in
FEV, of LTx recipients with rapid progressive BOS and could thus help to
bridge selected patients to redo-transplantation.
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Chronic lung allograft dysfunction (CLAD), affecting up
to 50% of lung transplant (LTx) recipients after five
years post-transplant, remains the leading cause of death
beyond the first year post-transplant [1]. At least two
distinct clinical phenotypes of CLAD have been identi-
fied: a less prevalent, but highly fatal, restrictive pheno-
type (restrictive allograft syndrome, RAS) and a more
common obstructive phenotype (bronchiolitis obliterans
syndrome, BOS) [2,3]. Currently, CLAD is defined as a
persistent decline (>20%) in measured FEV, value from
the baseline value, computed as the mean of the best 2
postoperative FEV, (taken >3 weeks
apart), for at least 3 months and in the absence of other
identifiable causes [2].

Since CLAD progression, either rapidly or more grad-
ually, may result in respiratory insufficiency, accurate
staging and clinical phenotyping should be performed as
soon as possible during the disease course, in order to
stratify for potential investigations and therapies, albeit
truly effective treatments are limited. At best, disease
progression can be attenuated, resulting in temporary
stabilization or minor improvement of lung allograft
function for a shorter (months) or longer (years) time,
yet full reversal of CLAD with FEV, recovery to >80% of
baseline is, per definition, never possible [2].

Total lymphoid irradiation (TLI) has been success-
fully used in the past as immunosuppressive salvage
treatment in renal, cardiac, and lung allograft rejection
[4]. Nevertheless, only limited experience of TLI in
CLAD, exclusively for progressive BOS, has been
reported to date. The current retrospective study evalu-
ates efficacy and safety of TLI in LTx recipients at our
center, and summarizes current literature on this sub-
ject. We focused on long-term outcomes regarding
overall survival and lung allograft function, identifying
patients with durable preservation of lung function,
who were bridged to redo-transplantation or progressed
to RAS after prior TLIL

measurements

Study population

Data were retrospectively collected for all TLI-treated
LTx recipients, transplanted between July 1991 and
December 2017 at the University Hospitals Leuven, with
follow-up until December 2018. All LTx recipients had
lifelong, 3-4 monthly post-transplant follow-up at our
institution. The local Ethics Committee approved the
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study, and all patients had provided written informed
consent at the time of listing for LTx to access their clin-
ical and biobanked data for research purposes (S51577).
Demographic data, including CLAD status, patient and
graft survival status, and time and cause of death, were
obtained from the patients’ electronic medical records.
Lung function (FEV,, FVC) before and after start of TLI
was assessed until redo-transplantation, death, or end of
follow-up. The rate of FEV,-decline (milliliters per
month), respectively, 6 and 3 months before versus after
TLI was analyzed. “Slow” decline was defined as average
monthly rate of FEV;-decline <100 ml/month and
“rapid” decline as FEV;-decline >100 ml/month (mea-
sured over 3 months prior to TLI).

TLI protocol

All patients were similarly treated according to a stan-
dardized TLI protocol, consisting of a total dose of 8
Gray (Gy), administered in ten fractions of 0.8 Gy twice
a week, for five weeks, delivered on all major supra- and
infra-diaphragmatic perivascular lymph nodes, spleen,
and thymus, as previously described [5,6]. Per protocol,
patients stopped their cell-cycle inhibitor (azathioprine
or mycophenolate mofetil) upon initiation of TLI, which
was only restarted after completion of TLI, in the
absence of concurrent leukopenia (<4.0 x 10° cells/l).
During and after TLI all patients were seen at the outpa-
tient clinic, during scheduled annual check-ups, or (any)
unscheduled hospitalizations by their treating lung trans-
plant physicians. Patients were monitored for signs of
infection or suppression, especially
leukopenia. If infection occurred or white blood cell
count decreased below 3.0 x 10° cells/l, administration
of the next TLI-fraction was postponed until recovery.
Standardized post-transplant management and follow-up
were previously described [6,7].

bone marrow

Statistical analysis

All analyses were performed using GRAPHPAD PRIsM 8.0.2
(San Diego, CA, USA). Results are expressed as mean
(£standard deviation) or median (interquartile range),
wherever appropriate. Groups were compared using #-
test, Mann—Whitney test, and Wilcoxon signed rank
test, respectively, depending on normality distribution
and repeated measures. Fisher’s exact or chi-square test
was used to compare proportions, and Kaplan—Meier
curves and log-rank test were used for survival analyses.
All P-values are two-tailed, and P < 0.05 was considered
statistically significant.

217



Lebeer et al.

Study population

A total of 20 LTx recipients, all diagnosed with BOS,
had been referred for TLI at the treating physician’s dis-
cretion between 2004 and 2017 (Table 1). Six patients
(30%) were included in an earlier report on TLI, with a
maximum follow-up of 26 months at that time [6].
Median time of follow-up of the patients in the current
study was 5.9 (4.2-15.2) years.

Median time from transplantation to BOS was 3.3 (1.5—
5.4) years. Median time from BOS to start of TLI was
152.5 (74.5-276) days, with most patients being in BOS
stage 3 at the time of TLI (13/20, 65%) and the remaining
patients in BOS stage 2 (6/20, 30%) or BOS stage 1 (1/20,
5%). All patients (100%) received azithromycin prior to
TLIL, and median time from start of azithromycin to TLI
was 213 (72.5-928.3) days; additionally, 13/20 patients
(65%) were also treated with montelukast at the time of
TLI, with median time between start of montelukast and
TLI being 79 (34.5-168.5) days. Because of progressive
BOS (i.e., further FEV;-decline) despite treatment with
azithromycin + montelukast, all patients were referred
for subsequent TLIL. During later follow-up after TLI, 4/20
additional patients (20%) were initiated on montelukast
for BOS progression, after a median of 6.2 (4.9-7.3) years
following TLIL.

TLI safety and toxicity

Temporary discontinuation of TLI occurred in 5/20
patients (25%) due to leukopenia, 4/20 patients (20%)
experienced mild to moderate (toxicity grade 1-2) nau-
sea, anorexia or dysphagia during TLI. No hospital
admissions because of infection occurred during TLI
Two patients (10%) died during TLI (after, respectively,
5 and 7 out of 10 planned fractions) due to further
rapid decline of pulmonary function leading to fatal res-
piratory insufficiency, for which palliative care treat-
ment was given.

Lung allograft function

Pulmonary function study population

Pulmonary function was available in all patients prior
to TLI, whereas after TLI, this was the case in 16/20
patients (80%): two patients died during TLI (both with
rapid FEVi-decline) and two patients (one rapid and
one slow FEV,-decline) were unable to perform
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spirometry between cessation of TLI and subsequent
death, which occurred for both 4 months later due to
progressive respiratory insufficiency.

FEV; at start of TLI in these 4 patients without post-
TLI spirometry (3 in BOS stage 3 and 1 in BOS stage 2)
was significantly lower compared to FEV; of the 16
patients with consecutive post-TLI  spirometries:
094 + 0221 vs. 1.44 +0.681 (P =0.025). Mean
monthly rate of FEV,-decline during the 3 months before
TLI, however, was somewhat lower in these four patients
compared to the 16 other patients: 86.5 + 94.2 ml/
month vs. 245.6 £ 170.1 ml/month, (P = 0.096).

Pre-TLI versus post-TLI spirometry

In the 16 patients with consecutive spirometric data,
significant attenuation of the monthly rate of FEV,-de-
cline occurred after TLI (Fig. 1): 245.6 = 170.9 ml/
month during the 3-month interval pre-TLI wvs.
64.4 + 118.4/month during the 3 months post-TLI
(P = 0.0008); and 196.8 &+ 116 ml/month during the 6-
month interval pre-TLI vs. 59.0 £ 91.3 ml/month dur-
ing the 6 months post-TLI (P = 0.0020; Fig. 2).

Overall, the monthly rate of FEV;-decline decreased in
all, but one, patients (15/16, 93.7%) at 3 months post-
TLI. The latter patient (BOS 3) without attenuation of
the FEV,-decline following TLI subsequently died
124 days after TLI due to respiratory failure, secondary
to pulmonary infection with multiple organ failure.

Remarkably, an absolute increase in FEV; (respec-
tively, with +480 and +440 ml) was seen in 2/16
patients (12.5%) at 6 months post-TLI compared to
start of TLI (both BOS 3).

In contrast to the observed attenuation of the FEV,-
decline, no effect was seen regarding the monthly rate
of FVC-decline: 120 = 101 ml/month during 3 months
pre-TLI vs. 90 £+ 132 ml/month during 3 months post-
TLI (P =0.63); and 81.5 £ 52.7 ml/month during
6 months pre-TLI vs. 71.7 £ 59.1 ml/month during
6 months post-TLI (P = 0.63), respectively.

Slow versus rapid FEV-decline and response to TLI

Four patients (25%) were slow decliners and 12/16
(75%) were rapid decliners pre-TLI. Notably, attenua-
tion of the monthly rate of FEV;-decline at 3 months
after TLI occurred exclusively in rapid decliners
(309.9 £ 146.9 ml/month pre-TLI vs. 65.5 £ 132.8 ml/
month post-TLI, P = 0.0005), whereas this effect was
absent in slow decliners (52.5 = 27.2 ml/month pre-TLI
vs. 61.0 £ 73.2 ml/month post-TLI, P = 0.87; Fig. 3).
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Table 1. Patient demographics.

TLI for BOS
n =20 (2004-2017)

LTx indication, n

COPD 9 (45%)
Pulmonary vascular disease/ 5 (25%)
Eisenmenger’s syndrome

Obliterative bronchiolitis 3 (15%)
Cystic fibrosis 2 (10%)
Interstitial lung disease 1 (5%)

Sex m/f, n 6/14

Type of LTx, n
Bilateral lung 16 (80%)
Heart-lung 4 (20%)

Total time of follow-up after 5.9 (4.2-15.2)
LTx, year

Time from LTx to BOS 3.3 (1.5-5.4)

diagnosis, year

Time from start of
azithromycin (100%) to start
of TLI, day

Time from start of
montelukast (65%) to start
of TLI, day

Time from BOS diagnosis to
start of TLI, day

FEV; at start of TLI, |

BOS stage at start of TLI, n

213 (72.5-928.3)

79 (34.5-168.5)

152.5 (74.5-276)

1.14 (0.94-1.69)

BOS 1 1 (5%)
BOS 2 6 (30%)
BOS 3 13 (65%)

Blood leukocyte count at start of TLI (n = 20)
Total cell number, x10*9/I 7.7 (5.6-12.1)
Neutrophils, % 66.0 (59.4-84.1)
Lymphocytes, % 20.7 (8.2-26.4)

Monocytes, % 7.6 (5.2-9.4)
Eosinophils, % 1.2 (1.0-4.1)
Basophils, % 0.3 (0.1-0.6)
Anti-HLA antibodies at start of TLI, n
Unknown 10 (50%)
Negative 7 (35%)
Positive 3 (15%)
Bronchoalveolar lavage cells at start of TLI (n = 15/20)
Total cell number, x10*3/ml 92 (56-181)
Macrophages, % 69.5 (26-85)
Lymphocytes, % 8.6 (1.5-22.2)
Neutrophils, % 5.5 (2-70)
Eosinophils, % 1.5 (0-4.6)

Transbronchial biopsies at start of TLI (n = 14/20), n

AOBO 10 (71%)
AOB1 2 (14%)
AXB3 1 (7%)
A2BO 1 (7%)
Current status, n

Alive 7 (35%)
Dead 13 (65%)
Retransplanted after TLI 5 (25%)
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Table 1. Continued.

TLI for BOS
n =20 (2004-2017)

365 (134.5-437.0)

Time from start of TLI to
death, day

Time from start of TLI to redo-
transplantation, day

586 (147.5-2372)

BOS, bronchiolitis obliterans syndrome; HLA, human leuko-
cyte antigen; TLI, total lymphoid irradiation.

Summary of patients’ demographics of the lung transplant
(LTx) recipients treated with TLI for progressive BOS in our
center. Results are presented as absolute values (percentage)
or median (interquartile range), where appropriate.

In the 12 rapid decliners, the greatest reduction in
monthly rate of FEV;-decline (3 months pre-TLI vs.
3 months post-TLI) was seen in those patients with the
shortest interval between start of azithromycin and TLI
[r=—-0.63 (=0.89 to —0.071), P = 0.031]. No associa-
tions whatsoever were seen between either the magni-
tude of change in monthly rate of FEV,-decline and
post-transplant time of TLI initiation, nor with time to
start of montelukast, time interval between montelukast
and TLI time to CLAD onset, CLAD stage at TLI, FEV,
(Liters) at TLI, time interval between CLAD onset and
TLI, nor with total leukocyte numbers or differential
cell numbers in blood or bronchoalveolar lavage at start
of TLIL

Blood parameters

Blood leukocyte numbers and differential cell counts at
start of TLI are summarized in Table 1. Three months
post-TLI (results available in 18/20 patients), a signifi-
cant decrease in total blood leukocyte number [5.7
(3.6-8.8) x 107 cells/l, P = 0.0058] and increase in %
monocytes [10.3 (8.0-14.7), P = 0.0046] were seen,
whereas % neutrophils, lymphocytes, eosinophils, and
basophils were similar (all P > 0.05).

The occurrence of anti-HLA antibodies at start of
TLI and during later follow-up is summarized in Fig. 4.
Anti-HLA antibodies were overall identified in 6/20
(30%) patients and were donor-specific (DSA) in all
these cases. None of the 3 patients with DSA at start of
TLI cleared their DSA after TLI, yet follow-up in these
patients was short (respectively, 127, 541, and 384 days
after TLI). Of the six patients who developed DSA, 3
(50%) have died, while three patients are currently alive
(one after redo-transplantation).
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Bronchoalveolar parameters

Bronchoalveolar lavage (BAL) was performed in 15/20
(75%) patients within 3 months (mean 45 + 23 days)
prior to TLI (rapid FEV;-decline n =12 and slow
FEV,-decline n = 3); lavage cell numbers are summa-
rized in Table 1. BAL cultures revealed Pseudomonas
aeruginosa in two patients (both with rapid FEV,-de-
cline), which was lege artis treated, on average 27 days
prior to TLI; BAL cultures were negative for microbes
in the other patients. No BAL was performed shortly
after TLI in any of the TLI-treated patients, making it
impossible to assess evolution of BAL cellularity with
TLIL

No significant differences were seen regarding BAL
total cell numbers, % macrophages, lymphocytes, neu-
trophils or eosinophils between patients with a rapid
FEV;-decline pre-TLI (n = 12) and those with a slow
decline (n = 3) (all P > 0.05).

Of the 15 patients in whom BAL was performed, 14
had concurrent transbronchial biopsies taken (Table 1):
The majority demonstrated no rejection (n = 10,
A0BO), two showed AOB1 grade rejection, one disclosed
AxB3, and 1 had A2B0 (which was the only biopsy trea-
ted with pulse steroids, despite which FEV; further
decreased, leading to initiation of TLI).

ANOVA P < 0.001

Biopsies of patients with a slow FEV;-decline pre-TLI
(n = 3) demonstrated AOBO (n =2) or AOB1 (n=1),
while those with a rapid FEV;-decline pre-TLI (n = 11)
mostly demonstrated AOBO (n = 8) and A0OB1, AxB3 or
A2BO0 in the other three patients, respectively. Histologic
rejection grade as a binary parameter was neither associ-
ated with the rate of FEV1-decline, nor with response
to TLI. Finding on biopsies are therefore unlike to
explain the observed difference in FEV; evolution in
rapid versus slow decliners prior to TLI, nor response
to TLIL

Outcome

BOS to RAS progression

Interestingly, 3/16 (18%) patients with consecutive
spirometries after TLI progressed from BOS to RAS,
after a median of 407 (292-3008) days following BOS
onset and 65 (36-2468) days after TLI (respectively, two
patients with BOS stage 2 and 1 with BOS stage 3 at
TLL; two with rapid FEV;-decline and 1 with slow
FEV;-decline pre-TLI).

Ultimately, two RAS patients died of respiratory
insufficiency (respectively, 40 and 373 days post-TLI)
RAS patient underwent redo-LTx

and one later

Figure 1 Evolution of FEV, in lung
transplant recipients treated with TLI

for progressive BOS. Evolution of
FEV, over time before and after start
of TLI in lung transplant (LTx)
recipients with progressive BOS
(upper panel). anova P-value indicates
significant decline from 6 months
pre-TLI to start of TLI (TO). Later,
attenuation of the FEV;-decline is
seen, although FEV; at 3, 6, and

12 months after start of TLI overall
remained significantly lower (P < 0.5)
compared to FEV; at start of TLI (T0).
Lower panel depicts the individual
trajectories of each included patients’

FEV, over time before and after TLI.
BOS, bronchiolitis obliterans
syndrome; TLI, total lymphoid
irradiation.
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6 months pre- vs. post- TLI (n = 15)

P=0.002
05- 0.00

0.4+
0.3
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0.0 ®
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~

Time
59.0+91.3
ml/month

Rate of FEV, -decline (I/month)

196.8+116.0
mi/month

TLI for BOS after lung transplantation

3 months pre- vs. post- TLI (n = 16)

0.7 P =0.0008
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Figure 2 Rate of FEV;-decline over time pre- and post-TLI in all lung transplant recipients treated with TLI for progressive BOS. Significant reduc-
tion in the monthly rate of FEV;-decline over 6 and 3 months interval before/after start of TLI was seen in lung transplant (LTx) recipients treated
with TLI for progressive BOS (P = 0.002 and P = 0.008, respectively). BOS, bronchiolitis obliterans syndrome, TLI, total lymphoid irradiation.

3 months pre- vs. post- TLI (n = 16)
rapid vs. slow decliners

P =0.0005 P=0.87

Rate of FEV, -decline (L/month)

I I I I
> )
«"‘Q\ «"’Q\ "9\6“ °>°$
o«“ s °«° 8
é‘\ o& 6‘\ \o&
&:b «Q\ &2’ &Q
Time

Figure 3 Rate of FEV-decline over time pre- and post-TLI in rapid
versus slow decliners. Significant reduction in the rate of FEV,-decline
over 3-month interval before/after start of TLI was seen in lung trans-
plant (LTx) recipients with rapid FEV;-decline (=100 ml/month) pre-
TLI (P = 0.0005), but not in patients with slow FEV,-decline

(P = 0.87). BOS, bronchiolitis obliterans syndrome; TLI, total lym-
phoid irradiation.

10.8 years post-TLI and is currently still alive 2.4 years
after redo-LTx.

In these three patients evolving from BOS to RAS,
anti-HLA antibodies/DSA were unknown both at TLI
and during later follow-up in one patient, unknown at
TLI but positive during later follow-up in one patient

Transplant International 2020; 33: 216-228
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(DR + DQ); and negative at TLI but positive during
later follow-up in 1 patient (DQ), which may suggest
that the occurrence of DSA plays a role in the patho-
genesis of transition from BOS to RAS.

Allograft and patient survival

A total of 5/20 patients (25%) underwent redo-trans-
plantation following TLI, after a median of 586 (147.5—
2372) days post-TLI. Currently, 4/5 (80%) redo-trans-
plant patients are alive, with a median time of follow-
up after redo-transplantation of 4.8 (1.7-11.2) vyears,
whereas one patient died 10.5 years after redo-trans-
plantation due to recurrence of BOS.

Overall, freedom from graft loss (i.e., death or redo-
transplantation) at 2 years post-TLI was 27% and over-
all patient survival (not censored at redo-transplanta-
tion) was 44% at 2 years post-TLL; and 38% after
17 years (Fig. 5).

In this retrospective case series, we demonstrated favor-
able effects of salvage TLI treatment for progressive
BOS, resulting in attenuation of the FEV;-decline in
some patients, mainly in rapid decliners. This helped
bridging to redo-transplantation in a substantial pro-
portion of patients, with acceptable long-term out-
comes. Some patients, however, later progressed from
BOS to RAS, in which DSA may be involved.

The rate of FEV,-decline in BOS is variable, yet
patients presenting with a FEV; (or FVC)-decline of
>10% within the first 6 months after CLAD onset or
with a FEV;-decline of >100 ml/month during follow-
up (so-called “rapid” decliners) appear to have a partic-
ularly poor survival [7-9]. Similar findings are reported
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Anit-HLA Abs Anit-HLA Abs Anit-HLA Abs
start TLI (n) after TLI (n) type
73 DQ, DQ, A+B+DR
L. b s
Positive i1 30% DQ
W27 DQ, DR+DQ
Unknown 4
Negative 6 50%

Blue = TLI prior to 2010
Red = TLI after 2010

% of total cohort

Figure 4 Anti-HLA antibodies in the cohort of lung transplant recipients treated with TLI for progressive BOS. The occurrence of anti-HLA anti-
bodies (including type of anti-HLA antibodies) in the cohort of TLI-treated patients at start of TLI and during follow-up after TLI. Blue numbers

indicate patients treated before 2010, red numbers patients treated after 2010, at which moment systematic anti-HLA assessment using Lumi-
nex was introduced in our center. All anti-HLA antibodies were donor-specific.

in BOS after hematopoietic stem cell transplantation
(HSCT) [10]. Treatment options for BOS are limited
[11]. However, given the supposed role of immune-me-
diated allograft damage in BOS onset and progression,
salvage therapies targeting the immune system are often
considered, such as extracorporeal photopheresis (ECP)
or TLIL

Although results of ECP in BOS vary greatly between
studies, overall around two-thirds of patients may
demonstrate either slowing or cessation of disease pro-
gression, and increase in FEV; was observed in 12-25%
of subjects receiving ECP [12]. However, ECP is less
likely to attenuate BOS progression in rapid decliners
(FEV,-decline >100 ml/month pre-ECP), in BOS
patients with low airway neutrophilia, and in patients
with RAS [8]. Obvious reasons for ECP being less effi-
cacious in rapid decliners may be that ECP: (i) requires
some time (usually some weeks) to be logistically orga-
nized (i.e., need for central intravenous line and treat-
ment-slots); and (ii) needs some time (again several
weeks) before its indirect immunomodulatory effects
(supposedly through T-cell apoptosis, antigen-present-
ing cell, and regulatory T-cell activation) may become
evident. As such, precious time—and thus lung func-
tion—is lost. Although significant adverse events are
rare, ECP remains a technically complicated and costly
procedure, therefore not available in every center (in-
cluding ours). A much less costly rescue treatment for
progressive BOS may be montelukast [7], yet rapid
decliners also seemed to benefit less from this therapy,
most likely because it again takes some time to attain
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the anti-inflammatory and anti-fibrotic effects of mon-
telukast.

Another salvage therapy for progressive BOS is TLI,
directly delivering targeted irradiation to lymphoid tis-
sue, which can be rapidly initiated in most centers (i.e.,
<2 weeks following treatment decision in our center).
TLI was first used to treat Hodgkin’s disease and is
nowadays still used in the context of nonmyeloablative
conditioning prior to allogeneic HSCT [13]. In the 80s
and 90s, TLI emerged as treatment for cardiac [4,14—
17] and renal allograft rejection [18,19]. Yet, because of
concerns about long-term radiation-related side effects,
such as myelodysplasia and leukemia, and because
newer immunosuppressive treatments became available,
TLI was reserved as ultimate salvage therapy in this set-
ting. More recently, regained interest for TLI in BOS
arose, given the devastating disease progression leading
to respiratory insufficiency and death in most BOS
patients (Table 2).

The effects of TLI in BOS have been reported in a
limited number of case series, summarized in Table 2.
In what follows, we will describe the main findings of
these series, focusing on evolution of pulmonary func-
tion and—for the first time—specifically on responders
versus nonresponders to TLIL. Already in 1998, Diamond
et al. reported on 11 BOS patients (all double lung
transplant), of which 4/11 patients (36%) demonstrated
a beneficial response with TLI (i.e., 40% FEV;-decline
during 3 months pre-TLI vs. 1% FEV, improvement
during 3 months post-TLI), which was durably sus-
tained after 24-72 weeks. The other seven patients failed
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to respond within 8 weeks post-TLI. These nonrespon-
ders had either lower FEV, at start of TLI (i.e., five
cases with mean FEV,; of 1.0 vs. 1.531 in the four
responders), or active pulmonary infection with Nocar-
dia or Aspergillus, worsening during TLI (two cases)
[20].

In 2005, Fisher et al. reported on 37 BOS patients (sin-
gle and double lung transplant). A total of 27/37 patients
(73%) completed at least 8 out of 10 planned TLI-frac-
tions (vs. 90% in our series because of two deaths during
TLI). Bone marrow suppression was the major side effect
responsible for not completing scheduled treatment [5].
In almost all cases, however, this was a numerical,
asymptomatic toxicity. Severe, but nonlethal, infection
occurred in two patients (5%). In the patients who com-
pleted >8/10 fractions, significant attenuation of the
monthly rate of FEV-decline was seen [122.7 ml/month
pre-TLI to 25.1 ml/month post-TLI (P = 0.004)], with a
mean (95% CI) net change in rate of FEV,-decline of
97.5 (48.2-146.7) ml/month. Remarkably, FEV; im-
proved in about 50% of patients after TLI. Interestingly,
the most pronounced effect of TLI on attenuation of the

TLI for BOS after lung transplantation

FEV;-decline appeared to occur in both patients with the
most rapid BOS progression prior to TLI (i.e., FEV;-de-
cline >600 and >400 ml/month, respectively). Moreover,
all 12 patients with a FEV;-decline >100 ml/month pre-
TLI demonstrated a reduction to <100 ml/month post-
TLIL, similar to our results.

These findings corroborated those of a prior report
by the same group on 12 BOS patients (most of which
were therefore likely also included in the study of
Fisher) [21]. In this study by Charon et al. in 2000 (in-
cluding mostly single lung recipients), the FEV,-decline
was significantly (P = 0.05) reduced at a median time
of 497 (range 70-869) days following TLI (21). In retro-
spect, 4/12 (33%) patients in this study demonstrated a
sustained increase in FEV| post-TLI.

More recently, at least four other series of TLI in
BOS (mostly including patients treated with azithromy-
cin) reported similar findings, demonstrating reduction
of the rate of FEV,-decline or even stabilization of FEV,
following TLI in the majority of patients (Table 2)
[5,22-24]. In the largest series to date, including 45
BOS patients [24], median FEV;-decline decreased from
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Figure 5 Graft loss and overall

survival in lung transplant recipients

treated with TLI for progressive BOS. n=20 12

Kaplan—-Meier survival curves
depicting freedom from graft loss
(death or redo-transplantation),
which was 27% at 2 years after TLI
(upper panel), and overall patient
survival (not censored for redo-
transplantation), which was 44% at
2 years post-TLI and 38% after

17 years (lower panel). A total of five
patients (25%) underwent redo-
transplantation following TLI (median
time between TLI and redo-
transplantation was 586 (147.5—

25

Overall survival after TLI (%)

Time since TLI (days)

2372) days). Currently, four of these 0 — T T
five (80%) redo-transplant patients S & \@" \b{@ \Q;f’m@“ ‘fp" @'ﬁ%@ﬁﬁe@ ‘s\" &599 Qbf’%\@%&\"éb@ &e"é@ éb"«.b@
are still alive, with a median follow- _

: ' n=2014 8 7 3
up time after redo-transplantation of
4.8 (1.7-11.2) years. Time since TLI (days)
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174.7 £ 132.9 ml/month pre-TLI to 105.3 + 146.7 ml/
month post-TLI, resulting in a net median change in rate
of FEVi-decline of 69.4 ml/month (P = 0.018). Again
FEV; improved in several patients post-TLI, and rapid
decliners pre-TLI appeared to demonstrate a more pro-
nounced attenuation of the FEV,-decline with TLI [24].

Finally, in two patients with refractory BOS following
allogeneic HSCT, who received TLI, respectively, 30 and
26 months after HSCT, FEV, stabilized at
6 months post-TLI or significantly improved in the
other patient, which effect was sustained at 10 months
post-TLI [25]. In all published series, including ours,
TLI was generally well tolerated, with main cause of
preemptive cessation of radiotherapy being bone mar-
row suppression, mostly asymptomatic, rather than res-
piratory infections [22-24].

In most studies to date, including ours, there are thus
patients with rapid progressive BOS demonstrating a
spectacular response to TLI. For instance, in our study,
two patients with a FEV,-decline >450 ml/month pre-
TLI (i.e., 663 and 493 ml/month, respectively) were
among the top responders, with their monthly rate of
FEV;-decline plunging to 50 and 20 ml/month at
3 months post-TLI, respectively. It is unclear why TLI
has such an important effect in these patients, but they
may represent a subtype of BOS wherein there is a very
active immune response directed toward the allograft,
which is abruptly tempered by lymphoid tissue irradia-
tion. The exact mechanism of action of TLI in these
rapid progressive BOS patients is unclear; however, it
may be similar to that in refractory acute cellular allo-
graft rejection, in whom TLI may reverse intractable cel-
lular rejection, as previously demonstrated in a small
series of heart-lung and lung transplant recipients [26].

Importantly, TLI may buy these rapid decliners pre-
cious time and hence help to bridge them to possible
redo-transplantation, which up to now had only been
reported in four cases, including two of our own previ-
ous study [6]. Our current data show that patients
undergoing redo-transplantation following TLI (n =5
in our present series) may have a very good long-term
outcome, with survival up to at least 10 years after
redo-transplantation [i.e., median follow-up time 4.8
(1.7-11.2) years in our series].

Data on long-term outcomes after TLI, including graft
and patient survival, have unfortunately not been consis-
tently reported to date, hampering comparison of out-
comes between series. While most studies mainly focused
on FEV; as outcome parameter, there is only a single
study reporting 58.6% survival after 2 years [23]. In our
series, overall patient survival at 2 years post-TLI was

either
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44%, yet with one patient surviving up to 13 years after
TLI without redo-transplantation. However, given the
low number of cases and lack of general guidelines or
recommendations on redo-transplantation, we cannot
make a firm statement regarding the timing and selection
criteria of eligible candidates for redo-transplantation
following TLI, nor on the appropriate timing of surgery,
yet it seems wise to postpone redo-transplantation until
after recovery of TLI-induced leukopenia.

In future years, immunophenotyping may perhaps
provide further insights into the involved mechanisms
and thus help to identify patients more likely to
respond to TLI In a prospective study of 26 progressive
BOS patients (despite at least 6-week azithromycin)
treated with TLI between 2012 and 2014, a total num-
ber of circulating B cells, naive B cells, plasmablasts,
switched memory B cells, and naive CD8" T cells were
inversely associated with patient survival after TLI (i.e.,
better survival in patients with lower pre-TLI cell num-
bers, which 1is contra-intuitive to what would be
expected from the immunosuppressive effects of TLI),
while no relation with DSA was seen [27]. In our series,
we found no association between DSA, circulating, or
local leukocyte numbers (including lymphocytes) on the
one hand, and the attenuation of the rate of FEV,-de-
cline with TLI on the other hand, yet lymphocyte subset
analysis was not performed. We noticed, however, a sig-
nificant decrease in total blood leukocyte numbers and
increase in % blood monocytes after TLI, but the exact
importance of these finding remains to be elucidated.

Interestingly, immunomodulation and induction of
immune tolerance with TLI, most likely via apoptotic
lymphocyte depletion and upregulation of regulatory
natural killer T cells [28], has been described in several
preclinical animal models [29-35]. Similar findings in
human heart transplantation were described, with pro-
found depression of CD4" and to a lesser extent CD8"
lymphocyte numbers after TLI, allowing for prolonged
(up to 8 years) immunosuppressant-free survival [36].
Using a tolerance-induction regimen containing TLI,
immunosuppressive drug withdrawal and subsequent
long-term (up to 14 years) graft survival was also
achieved in renal allograft recipients [37—40]. Finally, a
combination regimen including TLI could desensitize
kidney recipients pre-transplant (i.e., reduce anti-HLA
antibody levels) and reverse antibody-mediated rejection
post-transplant, most likely through inhibition of B-cell
proliferation [19]. Besides this, several studies have
reported on the beneficial effects of TLI in therapy-re-
sistant chronic graft-versus-host disease following HSCT
[41].
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Long-term complications of TLI in adults are mostly
limited in severity and asymptomatic [4,42]. Neverthe-
less, delayed TLI treatment because of abnormal blood
count (65%) and infections (20%) was reported in a
significant proportion of BOS patients [24]. Impor-
tantly, to our knowledge, there have been no cases of
post-transplant lymphoproliferative disorder reported in
patients who received TLI for acute allograft rejection
or BOS, including our current series.

Inevitable limitations of our study are inherent to its
single-center, retrospective design, such as low patient
numbers, absence of controls, and large study-period
spanning 13 years, during which different prophylactic
and therapeutic strategies have been applied. Indeed,
only a limited number of BOS patients were referred
for TLI at the treating physician’s discretion in our cen-
ter between 2004 and 2017 (20 patients, or on average
1.5 patient/year). Some other BOS patients refused/did
not consent for TLI, because they were afraid of the
possible side effects and opted for symptomatic treat-
ment. Others were considered not to be eligible candi-
dates because of recurrent respiratory infections or
because of developing other comorbidities during the
course of their follow-up (i.e., malignancy and cardio-
vascular problems) precluding them from TLI treat-
ment. In retrospect, it is however impossible to identify
these individuals in our current database, because these
reasons for not starting TLI were not recorded at that
time. Also, interaction of TLI with other drugs, such as
azithromycin or montelukast, cannot be fully excluded.
Ideally, a randomized, preferably multicenter, trial
should be performed to assess efficacy and safety of TLI
in BOS. Following initial stabilization after TLI, some
patients may later progress to RAS, the reason for which
remains unclear and needs further investigation in a lar-
ger cohort.

In conclusion, we report on our experience of TLI
for progressive BOS, demonstrating that TLI may be an
acceptable salvage treatment attenuating disease progres-
sion in some patients, particularly in rapid decliners, in
whom it may be worthwhile considering using this ther-
apeutic strategy to help to bridge to redo-transplanta-
tion.
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