Lung transplantation

ORIGINAL ARTICLE

Ibon Eguíluz-Gracia,1 Hans Henrik Lawaetz Schultz,2 Liv I B Sikkeland,3
Elena Danilova,1 Are M Holm,3 Cornelis J H Pronk,4 William W Agace,4
Martin Iversen,2 Claus Andersen,5 Frode L Jahnsen,1 Espen S Baekkevold1
▸ Additional material is
published online only. To view
please visit the journal online
(http://dx.doi.org/10.1136/
thoraxjnl-2016-208292).
1

Department of Pathology,
Center for Immune Regulation
(CIR), Oslo University HospitalRikshospitalet and University of
Oslo, Oslo, Norway
2
Department of Cardiology,
Unit of lung transplantation,
Rigshospitalet, Copenhagen,
Denmark
3
Department of Respiratory
Medicine, Institute for Clinical
Medicine, Oslo University
Hospital-Rikshospitalet and
University of Oslo, Oslo,
Norway
4
Immunology Section, Lund
University, Lund, Sweden
5
Department of Pathology,
Rigshospitalet, Copenhagen
University, Copenhagen,
Denmark University,
Copenhagen, Denmark
Correspondence to
Dr Espen S Baekkevold,
Department of Pathology,
Center for Immune Regulation
(CIR), Oslo University HospitalRikshospitalet and University of
Oslo, Oslo N-0027, Norway;
espen.s.bakkevold@rr-research.
no
Received 7 January 2016
Revised 25 May 2016
Accepted 26 May 2016
Published Online First
21 June 2016

ABSTRACT
Background Alveolar macrophages (AMFs) are critical
regulators of lung function, and may participate in graft
rejection following lung transplantation. Recent studies
in experimental animals suggest that most AMFs are
self-maintaining cells of embryonic origin, but knowledge
about the ontogeny and life span of human AMFs is
scarce.
Methods To follow the origin and longevity of AMFs
in patients with lung transplantation for more than
100 weeks, we obtained transbronchial biopsies from 10
gender-mismatched patients with lung transplantation.
These were subjected to combined in situ hybridisation
for X/Y chromosomes and immunoﬂuorescence staining
for macrophage markers. Moreover, development of
AMFs in humanised mice reconstituted with CD34+
umbilical cord-derived cells was assessed.
Results The number of donor-derived AMFs was
unchanged during the 2 year post-transplantation period.
A fraction of the AMFs proliferated locally, demonstrating
that at least a subset of human AMFs have the capacity
to self-renew. Lungs of humanised mice were found to
abundantly contain populations of human AMFs
expressing markers compatible with a monocyte origin.
Moreover, in patients with lung transplantation we
found that recipient monocytes seeded the alveoli early
after transplantation, and showed subsequent
phenotypical changes consistent with differentiation into
proliferating mature AMFs. This resulted in a stable
mixed chimerism between donor and recipient AMFs
throughout the 2-year period.
Conclusions The ﬁnding that human AMFs are
maintained in the lung parenchyma for several years
indicates that pulmonary macrophage transplantation
can be a feasible therapeutic option for patients with
diseases caused by dysfunctional AMFs. Moreover, in a
lung transplantation setting, long-term persistence of
donor AMFs may be important for the development of
chronic graft rejection.

▸ http://dx.doi.org/10.1136/
thoraxjnl-2016-208992
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Alveolar macrophages (AMFs) are the prototypical
macrophages (MFs) of the lungs, strategically positioned in the alveolar spaces and in the airway
lumen.1 AMFs are critically important to lung function, both as phagocytes and as regulators of
immune responses.2 Importantly, AMFs regulate
the surfactant layer coating the alveolar epithelium,
in part by clearing damaged and oxidised

Key messages
What is the key question?
▸ What is the ontogeny and life span of human
alveolar macrophages in vivo?

What is the bottom line?

▸ Alveolar macrophages are self-maintained for
several years in human lungs.

Why read on?
▸ Long-term persistence of donor macrophages
may be important for the development of
chronic graft rejection in patients with lung
transplantation.

surfactant, and ensure low surface tension and
prevent alveolar collapse.1 3
Like MFs residing in other tissues, including the
skin, liver and gut, AMFs are functionally tailored
to the highly diverse local tissue requirements,4 and
this has sparked a great interest in deﬁning the
ontogeny and differentiation of MFs. AMFs have
classically been assigned to the mononuclear phagocyte system,5 which comprises tissue-resident
MFs derived from circulating monocytes that seed
the tissues and continuously differentiate into MFs
locally.6 Indeed, following AMF-depletion in
experimental mice, such cells are rapidly reconstituted by blood monocytes that locally differentiate
and proliferate.7 However, more recent studies
using genetic fate-mapping approaches have found
that murine AMFs arise from embryonic precursors
that are self-maintained with little contribution
from haematopoietic cells.8–11 The ontogeny and
life span of human AMFs, on the other hand, is
largely unresolved. However, an early study of cell
smears and lung lavage from lungs of patients
receiving myeloablative conditioning and haematopoietic stem cell transplantation (HSCT) to treat
haematological disorders, indicated that the majority of pulmonary MFs were derived from the
donor bone marrow 80 days post transplantation.12
Pulmonary alveolar proteinosis is a lifethreatening respiratory insufﬁciency resulting from
the insufﬁcient clearance of surfactant by AMFs,
and direct transplantation of MFs into the lungs
has recently been suggested as a possible treatment
modality for this disease,13 14 but more knowledge
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Long-term persistence of human donor alveolar
macrophages in lung transplant recipients

Lung transplantation

MATERIALS AND METHODS
Patients and tissue material
We obtained transbronchial biopsies as per protocol from 10
lung transplant recipients with organs from gender-mismatched
donors. The recipients comprised seven male patients, and
ranged in age from 41 years to 60 years. Type of transplantation, donor and recipient characteristics as well as histological
grading is summarised in table 1.
The patients included were speciﬁcally selected as gendermismatched patients transplanted from 2010 to 2011 with no
evidence of rejection, according to the International Society for
Heart and Lung Transplantation criteria on grading of rejection.
Gender-mismatched patients in the same period with evidence
of one or more acute cellular rejection requiring treatment, or
patients with respiratory infection were excluded. All patients
received induction with Thymoglobulin (ATG) in a dose of
1.5 mg/kg once daily for 3 days, and standard immunosuppression consisted of ciclosporin, azathioprine and low dose prednisolone as described in table 1. Surveillance bronchoscopy with
transbronchial biopsies and bronchoalveolar lavage (BAL) ﬂuid
samples were performed at 2 weeks, 4 weeks, 6 weeks, 13
weeks, 26 weeks, 52 weeks, 78 weeks and 104 weeks after
transplantation for detection of rejection or infection. This was
performed in general anaesthesia with patients on ventilator and
tubed with a laryngeal mask. All biopsies contained representative amounts of alveolar tissue, as assessed by histological examination (see online supplementary ﬁgure S1A). Additionally ﬁve
open biopsies from patients with non-small cell lung cancer

(three male, 50–71 years) undergoing thoracic surgery were collected. The tissue specimens were obtained distally from the
tumour-affected area. All biopsies were ﬁxed in formalin and
embedded in parafﬁn according to standard protocols.

Analysis of chimerism
Analysis was performed as described.15 Brieﬂy, tissue sections
(4 μm) were cut, mounted on Superfrost slides (Thermo
Scientiﬁc) and dried overnight at 56°C. Sections were then
dewaxed in xylene, and rehydrated in 70% ethanol, followed by
20 min cooking in 20 mM citrate buffer ( pH 6) to denature the
DNA. The specimens were subsequently incubated overnight at
room temperature with 250 ng chromosome enumeration probe
X/Y DNA probes (Abbott Molecular), followed by stringency
washing in saline-sodium citrate/formamide according to the
manufacturer’s instructions. The sections were then sequentially
incubated with primary and secondary antibodies for 1 hour at
37°C, counterstained for 10 min at RT with Hoechst DNA stain
to visualise nuclei and mounted with polyvinyl alcohol. The
antibodies for immunoﬂuorescence staining are listed in online
supplementary tables S1 and S2. Irrelevant isotype-matched and
concentration-matched antibodies were used for control staining. Images were acquired with a Fluoview FV1000 confocal
microscope (Olympus). To quantify the cellular chimerism, a
minimum of 50 AMFs within at least 6 microscopic ﬁelds
(0.045 mm2) with identiﬁable chromosomal conﬁguration per
section of lung parenchyma, were counted and scored as either
of donor or recipient origin. The median number of cells per
ﬁeld was multiplied by 2222 to estimate cells/cm2. A summary
of cell counts is given in online supplementary table S3.

Humanised mice
Umbilical cord blood was collected and mononuclear cells were
isolated using Lymphoprep (Axis-Shield PoC) and subsequently
CD34-enriched by means of MACS CD34 Microbead Kit
(Miltenyi Biotec) according to the manufacturer’s instructions.
NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice (NSG) mice were
acquired from The Jackson Laboratory. NSG mice 8–12 weeks
of age were sublethally irradiated (3.75 Gy) up to 24 hours

Table 1 Clinical characteristics of the included individuals
Donor

Recipient

Sex

Age
(years)

Weight
(kg)

Height
(cm)

Smoker

Cause of death

Sex

Age
(years)

Underlying
disease

CMARS

Type
of Tx

Maintenance therapy

F

35

80

170

Yes

M

50

IPF

0

D

Ciclosporin-MMF-Prednisolon

F
F
F

34
52
58

57
70
73

174
170
170

No
No
No

M
M
M

58
55
58

IPF
IPF
Sarcoidosis

0.11
0.33
0

D
D
D

Tacrolimus-Azathioprin-Prednisolon
Tacrolimus-Azathioprin-Prednisolon
Ciclosporin-MMF-Prednisolon

F

47

65

170

No

M

59

IPF

0.43

D

F
M
M

37
19
54

75
75
62

170
180
172

ND
ND
Yes

M
F
F

43
49
41

Sarcoidosis
A1ATD
Emphysema

0.375
0.285
0.36

D
D
S

Tacrolimus-Everolimus-MMFPrednisolon
Ciclosporin-MMF-Prednisolon
Tacrolimus-MMF-Prednisolon
Ciclosporin-MMF-Prednisolon

F
M

33
45

65
85

170
175

ND
ND

Cerebral
haemorrhage
Other
Trauma
Cerebral
haemorrhage
Cerebral
haemorrhage
Trauma
Trauma
Cerebral
haemorrhage
Other
Cerebral
haemorrhage

M
F

60
56

IPF
Emphysema

0.375
0.428

D
S

Ciclosporin-MMF-Prednisolon
Ciclosporin-MMF-Prednisolon

A1ATD, α-1-antitrypsin deficit; CMARS, cumulative mean average rejection score; D, double; F, female; IPF, idiopathic pulmonary fibrosis; M, male; MMF, mycophenolate mofetil; ND,
not determined; S, single; Tx, transplantation.
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about the longevity and progenitors of human AMFs is needed
to determine the therapeutic potential of such treatment in
humans. Moreover, determination of the lifetime of AMFs is
important to establish their potential to activate allogeneic
T cells at late time points after transplantation when immunosuppression is reduced. In this study, we performed a direct temporal analysis of the turnover of AMFs in human lung
transplants followed for more than 100 weeks. In addition, we
analysed the development of AMFs in humanised mice reconstituted with CD34+ umbilical cord-derived cells.

Lung transplantation

Data analysis
All assessments were based on repeated analysis of 10 patients
receiving lung transplants, and data in bar graphs represent
median values of all measurements. GraphPad Prism V.5.0
(GraphPad Software, La Jolla, California, USA) was used for
data processing.

RESULTS
To directly determine the longevity of human AMFs in vivo, we
analysed the abundance of donor-derived AMFs in transplanted
lungs of patients receiving grafts from gender-mismatched

donors. Transbronchial biopsies obtained at 2 weeks, 13 weeks,
26 weeks, 52 weeks and 104 weeks post transplantation were
analysed by ﬂuorescent in situ hybridisation (FISH) with X/Y
probes followed by immunoﬂuorescence staining for the well
established monocyte-marker and MF-marker macrosialin/
CD68. Examination by confocal microscopy provided clear
identiﬁcation of AMFs as large CD68+ cells conﬁned to the
alveolar lumen surrounded by the autoﬂuorescent connective
tissue (ﬁgure 1A, B). In about half of the CD68+ cells, nuclear
staining of both sex chromosomes could be detected (ﬁgure 1A,
B, see online supplementary ﬁgure S1B and table S3), thus
enabling discrimination of donor-derived or recipient-derived
AMFs. Figure 1D shows that donor AMFs were maintained in
all patients during the 2-year follow-up period. Between 2
weeks and 26 weeks post transplantation the interindividual variation of cell densities was larger than at week 52 and week
104, but, importantly, there was no striking reduction in the
abundance of donor-derived AMFs during the 2-year period.
In parallel, we observed a rapid accumulation of recipientderived CD68+ cells in the alveoli, and already at 2 weeks post
transplantation 50–60% of alveolar CD68+ cells were from the

Figure 1 Detection of donor-derived
and recipient-derived alveolar
macrophages in transplanted lungs.
Combined X/Y-ﬂuorescent in situ
hybridisation (FISH) and
immunoﬂuorescence staining for CD68
on transbronchial biopsies taken
2 weeks (A) and 2 years (B) after
transplantation from a female patient
receiving a male donor graft. Yellow
and white arrowheads indicate
donor-derived and recipient-derived
alveolar macrophages, respectively.
Images are representative of
10 patients analysed. (C)
Immunoﬂuorescence staining of
transbronchial biopsies using
irrelevant isotype-matched and
concentration-matched primary
antibodies as indicated, and Hoechst
DNA stain (original magniﬁcation
600×). Compiled abundance estimates
of donor-derived and recipient-derived
alveolar macrophages over time in
gender-mismatched patients with lung
transplantation in (D) and (E),
respectively. (F) Percentages of
donor-derived alveolar macrophages at
the time points analysed. The x axis
indicates weeks after transplantation.
Filled dots in (D–F) indicate female
recipients.
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before intravenous injection of 105 human CD34+ cells. Lungs
were harvested 10 weeks after reconstitution, ﬁxed in formalin
and processed as described above. Lungs from severe combined immunodeﬁciency (SCID) mice 8–12 weeks of age
were obtained from Taconic, and ﬁxed in a similar way to be
used as controls. For immunoﬂuorescence staining, sections
were heat-treated in 10 mM Citrate pH 6 buffer, and stained
with the antibodies listed in online supplementary tables S1
and S2.

Lung transplantation
mice in which human CD34+ cord blood cells were adoptively
transferred to NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice. The
lung parenchyma of successfully reconstituted mice (n=6) was
examined for the presence of human AMFs 10 weeks post transfer, by using species-speciﬁc antibodies that showed no reactivity
in the lungs of control mice (not shown). Co-staining for human
(h)CD45 and hCD68 showed robust populations of luminal
hCD45+hCD68+ cells in the lungs of all mice analysed (ﬁgure
2B). Furthermore, hCD68+ luminal cells coexpressed hCD11c
(ﬁgure 2B), which is shown to be expressed by mature AMFs,1 2
and were weakly positive for hCD14 (not shown), which is in
line with previous reports showing that AMFs exhibit low
expression of this marker.1 To further substantiate that the
luminal hCD45+hCD68+hCD11c+ cells were derived from
monocytes, we assessed their expression of hDC-SIGN. We
found that the vast majority of luminal hCD68+ cells were
hDC-SIGN+, thus further supporting that AMFs in humanised
mice are derived from circulating monocytes (ﬁgure 2B).
A hallmark of mouse AMFs is their ability for local selfmaintenance and repopulation following depletion through proliferation.11 19 We thus analysed the proliferative status of AMFs
in the transplanted lungs by staining for the proliferation marker
Ki67-antigen. We consistently detected a subset of AMFs expressing Ki67 (ﬁgure 3A) at all time points analysed. Although the
fraction of proliferating AMFs was variable between patients, a
stable median of 2% was found at 2 weeks, 26 weeks and
104 weeks (ﬁgure 3B), which is in the range of previously published data for human AMFs in healthy individuals.20 The variable number of Ki67+ AMFs observed did not correlate with the
underlying disease or type of maintenance therapy (not shown).
Importantly, both donor-derived and recipient-derived AMFs
expressed Ki67, as assessed by combined CD68, Ki67 and X/
Y-FISH analysis (ﬁgure 3C, D). Unfortunately, the low number of
donor-derived Ki67+ AMFs did not allow accurate estimates of
the fraction of proliferating donor cells. When determining the
abundance of AMFs (both recipient and donor), we found this to
be quite stable through the 2-year period, with a median range of
13 500–22 800 AMFs/cm2. To compare this with the steady-state
situation, we determined the abundance of AMFs in unaffected

Figure 2 Human monocytes develop into alveolar macrophages in vivo. (A) Immunoﬂuorescence staining for CD68, DC-SIGN and calprotectin on
transbronchial biopsies from gender-mismatched patients with lung transplantation 2 weeks (upper row) and 2 years (lower row) after the
transplantation. White arrowheads indicate CD68+calprotectin+ monocytes with variable expression of DC-SIGN. Yellow arrowheads indicate CD68
+DC-SIGN+calprotectin-alveolar macrophages. Images are representative of 10 patients analysed. (B) Immunoﬂuorescence staining for human (h)
CD68, hCD45, hCD11c and hDC-SIGN on lung biopsies obtained from humanised mice 10 weeks after adoptive transfer. Images are representative
of six mice analysed (original magniﬁcation 600×).
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recipient (ﬁgure 1E, F). The abundance of recipient CD68+
cells also showed considerable interindividual variation, but
there was no striking difference between the number of recipient CD68+ cells at 2 weeks and the later time points. The interindividual variation observed did not correlate with the
underlying disease or medication used for maintenance therapy
(not shown). The rapid increase of recipient-derived CD68+
cells strongly suggested that blood monocytes were recruited to
the transplanted lungs. We have recently demonstrated that
monocytes under steady-state conditions constantly migrate to
the human gut and differentiate into mature MFs (A Bujko et al,
in preparation), and we have deﬁned three stages of differentiation based on their expression of the antimicrobial protein calprotectin (S100A8/A9) and the MF marker DC-SIGN/
CD20916 17). Monocytes that enter the intestinal mucosa
express calprotectin, but not DC-SIGN. However, monocytes
rapidly induce the expression of DC-SIGN and become calprotecin+DC-SIGN+ intermediates, which further differentiate
into calprotecin-DC-SIGN+ mature MFs (A Bujko et al in preparation). By examining samples at 2 weeks post transplantation,
we found many CD68+ cells that coexpressed calprotectin and
variable levels of DC-SIGN intermingled with larger CD68
+DC-SIGN+calprotectin-AMFs (ﬁgure 2A). However, at
2 years post transplantation, the alveoli contained only the latter
population, and calprotectin+ monocytes were undetectable
(ﬁgure 2A). To examine whether this change in phenotype was
related to the transplantation procedure or immunosuppressive
treatment, we phenotyped AMFs under steady-state conditions
by examining unaffected lung tissue from patients with lung
cancer (n=5). Similar to the 2-year samples, we found that virtually all AMFs at steady state were uniformly large, CD68
+DC-SIGN+calprotectin- cells (data not shown). Together,
these ﬁndings were compatible with a situation in which a large
number of circulating monocytes seed the lungs within the 1st
weeks after transplantation, and differentiate into long-lived
AMFs, thus maintaining the abundance of AMFs with minor
subsequent contribution from circulating monocytes.
To further substantiate the ﬁnding that monocytes were able
to differentiate into AMFs in vivo, we generated humanised

Lung transplantation

lung tissue obtained from patients with lung cancer (n=5). A
median of 49 100 AMFs/cm2 (IQR 30 000 AMFs/cm2) were
found in this material. Taking into account that we only counted
about half of the AMFs (those with two identiﬁable sex chromosomes) the AMF numbers in our transplantation material were
similar to the steady-state situation.

DISCUSSION
Our ﬁndings strongly suggest that human AMFs are long-lived
and self-maintained cells in vivo. This notion is based on the
following observations: We found no signiﬁcant reduction in
the number of donor AMFs when analysing transbronchial
samples at multiple time points for 2 years after transplantation.
Moreover, a fraction of these cells were positive for the proliferation marker Ki67, demonstrating that AMFs have the capacity to proliferate locally. Although our data do not allow us to
distinguish whether AMF maintenance is a result of longevity or
local proliferation, the study clearly indicates that the human
AMF compartment under steady-state conditions is largely independent of recruitment of cells from the circulation. At 2 weeks
after transplantation, we found the abundance of donor-derived
AMFs to be signiﬁcantly lower than the total numbers of AMFs
observed in normal lung tissue. However, several studies have
shown that transplantation-related ischaemia and reperfusion
cause lung injury with signiﬁcant apoptotic cell death in the
alveoli.21 22 Moreover, studies of lung transplantation in pigs
reveal a large fraction of apoptotic caspase-3+ AMFs in the
grafts 24 hours after transplantation (Helge Scott, personal communication). The immunosuppressive treatment given at the
time of transplantation may also impact on the number of
AMFs. Together, these factors may have considerable effect on
the numbers of AMFs in the graft and to a large extent explain
the lower number of donor-derived AMFs observed at 2 weeks.
Interestingly, the reduced number of donor AMFs was fully
1010

compensated by a rapid increase in CD68+ recipient cells. In
fact, the abundance of donor-derived and recipient-derived
AMFs together was quite stable through the 2-year posttransplantation period, and similar to that found in normal lung
tissue. This suggests that the abundance of AMFs is tightly regulated, and that sudden depletion of resident AMFs triggers rapid
replacement by circulating monocytes. Factors responsible for
increased monocyte recruitment after transplantation are not
resolved. However, analysis of factors in BAL ﬂuid obtained
from donor lungs after ischaemia reperfusion revealed an early
induction of inﬂammatory cytokines including interferon (IFN)-γ
and interleukin 18,23 which have been shown to induce expression of the monocyte chemoattractant CCL2/MCP-1 in MFs.24
Our results suggested that recruited monocytes matured into
AMFs and together with resident AMFs re-established a stable
mixed chimerism where both resident and monocyte-derived
AMFs are self-maintained by low-level proliferation. As there
are no markers to distinguish embryonic and (monocyte-derived
MFs in humans, we were unable to determine the origin of
donor AMFs in our study. However, although studies in experimental mice have shown that AMFs are yolk sac-derived, these
cells are partially replaced by monocytes within 1 year.10 Thus,
when taking into account the obvious difference between
humans and laboratory mice in terms of life span, living environment and likelihood of encountering respiratory infections, it
is reasonable to assume that the donor AMFs in the transplanted
lungs were of haematopoietic origin. Our results thus indicate
that monocytes emigrating to the alveoli develop into selfmaintained AMFs with a potential life span of several years.
This notion was further strengthened by showing that circulating monocytes potentially could differentiate into proliferating
AMFs that fully compensated for the initial loss of donor AMFs
following transplantation. This is consistent with recent studies in
mice demonstrating that monocytes may compensate for the loss
Eguíluz-Gracia I, et al. Thorax 2016;71:1006–1011. doi:10.1136/thoraxjnl-2016-208292
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Figure 3 Both donor-derived and
recipient-derived alveolar macrophages
proliferate in situ. (A)
Immunoﬂuorescence staining for CD68
and Ki-67 of transbronchial biopsy
obtained 2 weeks after transplantation.
The arrow heads indicate proliferating
alveolar macrophages (original
magniﬁcation 600×). (B) Compiled
proportions of proliferating alveolar
macrophages over time in
gender-mismatched patients with lung
transplantation. The x axis indicates
weeks after transplantation. Combined
X/Y-ﬂuorescent in situ hybridisation
(FISH) and immunoﬂuorescence
staining for CD68 and Ki-67 of a
transbronchial biopsy 26 weeks after
transplantation from a male patient
receiving a female graft. Yellow
arrowheads indicate donor- and
recipient-derived proliferating alveolar
macrophages in (C) and (D),
respectively (original magniﬁcation
600×). Filled dots in (A) and (B)
indicate female recipients.

Lung transplantation

Acknowledgements The authors thank Sara Halmøy Bakke, Kjersti Thorvaldsen
Hagen and Aaste Aursjø for their excellent technical assistance.
Contributors IE-G performed all the analysis of human specimens; FLJ and ESB
designed the study and wrote the manuscript; ED, CJHP and WWA generated the
humanised mice; LIBS, AMH, HHLS, MI and CA selected and recruited the patients
included in the study.

3
4
5
6
7

8
9

10

11

12
13
14
15

16

17

18

19

20

21

22

23

Funding This work was partly supported by the Research Council of Norway through
its Centers of Excellence funding scheme, project number 179573 and grants from the
South Eastern Norway Regional Health Authority, project number 1012105.

24

Competing interests None declared.

25

Ethics approval Norwegian Regional Committee for Medical Research Ethics, The
National Committee on Health Research Ethics in Denmark and the Lund/Malmö
Animal Ethics Committee.

26

Provenance and peer review Not commissioned; externally peer reviewed.

27

REFERENCES
1
2

Hussell T, Bell TJ. Alveolar macrophages: plasticity in a tissue-speciﬁc context.
Nat Rev Immunol 2014;14:81–93.
Guilliams M, Lambrecht BN, Hammad H. Division of labor between lung dendritic
cells and macrophages in the defense against pulmonary infections. Mucosal
Immunol 2013;6:464–73.

Eguíluz-Gracia I, et al. Thorax 2016;71:1006–1011. doi:10.1136/thoraxjnl-2016-208292

28

29

Whitsett JA, Wert SE, Weaver TE. Diseases of pulmonary surfactant homeostasis.
Ann Rev Pathol 2015;10:371–93.
Sieweke MH, Allen JE. Beyond stem cells: self-renewal of differentiated
macrophages. Science 2013;342:1242974.
van oud Alblas AB, van Furth R. Origin, Kinetics, and characteristics of pulmonary
macrophages in the normal steady state. J Exp Med 1979;149:1504–18.
Geissmann F, Manz MG, Jung S, et al. Development of monocytes, macrophages,
and dendritic cells. Science 2010;327:656–61.
Landsman L, Jung S. Lung macrophages serve as obligatory intermediate
between blood monocytes and alveolar macrophages. J Immunol
2007;179:3488–94.
Schulz C, Gomez Perdiguero E, Chorro L, et al. A lineage of myeloid cells
independent of Myb and hematopoietic stem cells. Science 2012;336:86–90.
Yona S, Kim KW, Wolf Y, et al. Fate mapping reveals origins and dynamics
of monocytes and tissue macrophages under homeostasis. Immunity
2013;38:79–91.
Gomez Perdiguero E, Klapproth K, Schulz C, et al. Tissue-resident macrophages
riginate from yolk-sac-derived erythro-myeloid progenitors. Nature
2015;518:547–51.
Hashimoto D, Chow A, Noizat C, et al. Tissue-resident macrophages self-maintain
locally throughout adult life with minimal contribution from circulating monocytes.
Immunity 2013;38:792–804.
Thomas ED, Ramberg RE, Sale GE, et al. Direct evidence for a bone marrow origin
of the alveolar macrophage in man. Science 1976;192:1016–18.
Doerschuk CM. Pulmonary alveolar proteinosis and macrophage transplantation.
N Engl J Med 2015;372:1762–4.
Suzuki T, Arumugam P, Sakagami T, et al. Pulmonary macrophage transplantation
therapy. Nature 2014;514:450–4.
Haniffa M, Ginhoux F, Wang XN, et al. Differential rates of replacement of human
dermal dendritic cells and macrophages during hematopoietic stem cell
transplantation. J Exp Med 2009;206:371–85.
Ráki M, Tollefsen S, Molberg Ø, et al. A unique dendritic cell subset accumulates in
the celiac lesion and efﬁciently activates gluten-reactive T cells. Gastroenterology
2006;131:428–38.
Bain CC, Scott CL, Uronen-Hansson H, et al. Resident and pro-inﬂammatory
macrophages in the colon represent alternative context-dependent fates of the same
Ly6Chi monocyte precursors. Mucosal Immunol 2013;6:498–510.
Eguíluz-Gracia I, Bosco A, Dollner R, et al. Rapid recruitment of CD14+ monocytes
in experimentally induced allergic rhinitis in human subjects. J Allergy Clin Immunol
2016;137:1872–81.
Guilliams M, De Kleer I, Henri S, et al. Alveolar macrophages develop from fetal
monocytes that differentiate into long-lived cells in the ﬁrst week of life via
GM-CSF. J Exp Med 2013;210:1977–92.
Uebelhoer M, Bewig B, Sternberg K, et al. Alveolar macrophages from
bronchoalveolar lavage of patients with pulmonary histiocytosis X: determination of
phenotypic and functional changes. Lung 1995;173:187–95.
Fischer S, Cassivi SD, Xavier AM, et al. Cell death in human lung transplantation:
apoptosis induction in human lungs during ischemia and after transplantation.
Ann Surg 2000;231:424–31.
Fischer S, Maclean AA, Liu M, et al. Dynamic changes in apoptotic and necrotic cell
death correlate with severity of ischemia-reperfusion injury in lung transplantation.
Am J Respir Crit Care Med 2000;162:1932–9.
De Perrot M, Sekine Y, Fischer S, et al. Interleukin-8 release during early reperfusion
predicts graft function in human lung transplantation. Am J Respir Crit Care Med
2002;165:211–15.
Yoo JK, Kwon H, Khil LY, et al. IL-18 induces monocyte chemotactic protein-1
production in macrophages through the phosphatidylinositol 3-kinase/Akt and MEK/
ERK1/2 pathways. J Immunol 2005;175:8280–6.
Blériot C, Dupuis T, Jouvion G, et al. Liver-resident macrophage necroptosis
orchestrates type 1 microbicidal inﬂammation and type-2-mediated tissue repair
during bacterial infection. Immunity 2015;42:145–58.
Molawi K, Wolf Y, Kandalla PK, et al. Progressive replacement of embryo-derived
cardiac macrophages with age. J Exp Med 2014;211:2151–8.
Bain CC, Bravo-Blas A, Scott CL, et al. Constant replenishment from circulating
monocytes maintains the macrophage pool in the intestine of adult mice. Nat
Immunol 2014;15:929–37.
Janssen WJ, Barthel L, Muldrow A, et al. Fas determines differential fates of
resident and recruited macrophages during resolution of acute lung injury. Am J
Respir Crit Care Med 2011;184: 547–60.
Verleden GM, Raghu G, Meyer KC, et al. A new classiﬁcation system for chronic
lung allograft dysfunction. J Heart Lung Transplant 2014;33:127–33.

1011

Thorax: first published as 10.1136/thoraxjnl-2016-208292 on 21 June 2016. Downloaded from http://thorax.bmj.com/ on January 8, 2023 by guest. Protected by copyright.

of Kupffer cells following Listeria monocytogenes infection and
subsequently integrate into the self-maintaining liver MF pool
when the infection is cleared.25 Moreover, cardiac MFs of
embryonic origin appear to be gradually replaced with age by
monocyte-derived MFs,26 and intestinal MFs are rapidly replaced
by monocyte-derived MFs after birth.27 Conversely, in experimental mice with an acute lung injury induced by instillation of
lipopolysaccharide (LPS) or inﬂuenza A virus,28 it was observed
that a large proportion of resident AMFs persisted throughout
the lung inﬂammation, whereas the accumulating monocytederived MFs progressively declined due to apoptosis following
resolution. Thus, the level of monocyte-independent AMF maintenance is highly dependent on the tissue environment and the
extent of cell depletion within the AMF niche. To this end, it is
important to note that the complete and very rapid turnover
(within 80 days) of AMFs reported by Thomas et al12 was
observed in subjects receiving total body irradiation as conditioning therapy prior to HSCT. As directly shown in mice, such treatment will largely deplete the existing AMF pool, and allow
repopulation of AMFs by circulating monocytes.2 Conversely, if
mice lungs are shielded during irradiation, the subsequent turnover of AMFs is very low, and monocytes recruited during acute
lung injury are not incorporated into the AMF compartment.28
Interestingly, however, the study by Thomas et al12 clearly shows
that a number of patients exhibited a signiﬁcant chimerism
within AMFs several weeks after receiving HSCT, indicating the
presence of persistent AMFs consistent with our study.
Our ﬁnding that human AMFs are maintained for years in
vivo, lends support to the rationale of direct transplantation of
monocytes-derived MFs into the lungs of patients with diseases
caused by dysfunctional AMFs.13 Moreover, the beneﬁts of lung
transplantation are often undermined by chronic graft rejection,
which limits the 5-year survival of transplanted recipients to
about 55% and is the primary cause of death after the 1st year.29
Our results have bearing on our understanding of the underlying
cellular mechanisms of graft rejection, as the long-lived donor
AMFs may activate allogeneic recipient-derived T cells long after
lung transplantation, when immunosuppression is reduced.

