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Abstract

Rationale: Primary graft dysfunction (PGD) is the leading cause
of early morbidity and mortality after lung transplantation, but
the immunologic mechanisms are poorly understood. Innate
lymphoid cells (ILC) are a heterogeneous family of immune
cells regulating pathologic inflammation and beneficial tissue
repair. However, whether changes in donor-derived lung ILC
populations are associated with PGD development has never
been examined.

Objectives: To determine whether PGD in chronic obstructive
pulmonary disease or interstitial lung disease transplant recipients
is associated with alterations in ILC subset composition within
the allograft.

Methods:We performed a single-center cohort study of lung
transplantation patients with surgical biopsies of donor tissue taken
before, and immediately after, allograft reperfusion. Donor immune
cells from 18 patients were characterized phenotypically by flow
cytometry for single-cell resolution of distinct ILC subsets. Changes

in the percentage of ILC subsets with reperfusion or PGD (grade 3
within 72 h) were assessed.

Measurements and Main Results: Allograft reperfusion resulted
in significantly decreased frequencies of natural killer cells and a
trend toward reduced ILC populations, regardless of diagnosis
(interstitial lung disease or chronic obstructive pulmonary disease).
Seven patients developed PGD (38.9%), and PGD development was
associated with selective reduction of the ILC2 subset after
reperfusion. Conversely, patients without PGD exhibited
significantly higher ILC1 frequencies before reperfusion,
accompanied by elevated ILC2 frequencies after allograft reperfusion.

Conclusions: The composition of donor ILC subsets is altered after
allograft reperfusion and is associated with PGD development,
suggesting that ILCs may be involved in regulating lung injury in
lung transplant recipients.

Keywords: primary graft dysfunction; lung transplantation;
chronic obstructive pulmonary disease; interstitial lung disease;
innate immune cell

(Received in original form June 4, 2019; accepted in final form August 7, 2019 )

*These authors contributed equally to this work.
‡Present address: Celgene Avilomics Research, Cambridge, MA.
xPresent address: Department of Microbiology and Immunology, Baker Institute for Animal Health, Cornell University College of Veterinary Medicine,
Ithaca, NY.
kThese authors contributed equally to this work as co–senior authors.
¶J.D.C. is Associate Editor of AJRCCM. His participation complies with American Thoracic Society requirements for recusal from review and decisions for
authored works.

Supported by NIH grants AI074878, AI095466, AI095608, and AI102942 (D.A.), and AI134018 (L.A.M.) for research at Weill Cornell Medicine, NIH National
Institute of Allergy and Infectious Diseases Mucosal Immunology Studies Team (L.A.M. and D.A.), the Burroughs Wellcome Fund, (D.A.), the Crohn’s and
Colitis Foundation (D.A.), the Weill Cornell Medicine Pre-Career Award (L.A.M.), the Jill Roberts Institute (D.A.), Cure for IBD (D.A.), and the Rosanne H.
Silbermann Foundation (D.A.); research from the Penn Center for Translational Lung Biology is supported by NIH HL087115 (J.D.C.), HL081619 (J.D.C.),
HL096845 (J.D.C.), HL115354 (J.D.C.), HL114626 (J.D.C.), HL116656 (E.C.), HL135227 (E.C.), HL090021 (J.M.D.), and K23-HL121406 (J.M.D.), Robert
Wood Johnson grant AMFDP 70640 (E.C.), and the Thoracic Surgery Foundation for Research and Education Award (E.C.).

Author Contributions: L.A.M., S.A.S., and E.D.T.W. processed biopsy samples; L.A.M. performed flow cytometry experiments and analysis; E.C. collected
allograft biopsies from consented patients; J.M.D., M.K.P., E.C., and J.D.C. collected patient demographic and clinical information; J.M.D. and J.D.C.
performed statistical analyses; and L.A.M., J.M.D., D.A., and J.D.C. conceived of the study, designed experiments, analyzed data, and wrote the manuscript.

Correspondence and requests for reprints should be addressed to Laurel A. Monticelli, Ph.D., Weill Cornell Medicine, Cornell University, New York, NY 10021.
E-mail: lam2031@med.cornell.edu.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

Am J Respir Crit Care Med Vol 201, Iss 1, pp 63–72, Jan 1, 2020

Copyright © 2020 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201906-1113OC on August 8, 2019

Internet address: www.atsjournals.org

Monticelli, Diamond, Saenz, et al.: Innate Lymphoid Cells Correlate with PGD 63

http://crossmark.crossref.org/dialog/?doi=10.1164/rccm.201906-1113OC&domain=pdf
mailto:lam2031@med.cornell.edu
http://www.atsjournals.org
http://dx.doi.org/10.1164/rccm.201906-1113OC
http://www.atsjournals.org


Primary graft dysfunction (PGD), a form of
acute lung injury affecting lung transplant
recipients, remains the most important
cause of early morbidity and mortality after
lung transplant. PGD is believed to
predominantly result from severe
ischemia–reperfusion injury occurring at
the time of the transplant procedure and is
characterized by alveolar inflammation and
diffuse alveolar damage (1). Although
numerous clinical risk factors are proposed
to contribute to PGD development (2–4),
studies using in vivo animal models have
also demonstrated an immunologic basis
for disease pathogenesis (5). The immune
response is characteristically biphasic,
consisting of resident donor cells regulating
the early phase of lung injury until an influx
of recipient host cells mediate the later
phase of tissue damage (6, 7). Previous
studies have implicated critical roles for
donor-derived resident neutrophils,
alveolar macrophages, and conventional
adaptive lymphocytes in the initial
pathogenesis of lung ischemic–reperfusion
injury (6–12). However, whether other
immune cell subsets may contribute to
disease pathogenesis, or conversely may
help protect against lung injury, is poorly
characterized.

Innate lymphoid cells (ILCs) are an
emerging family of immune cells that have

been implicated in promoting host
metabolism, immunity, inflammation, and
tissue repair at multiple barrier surfaces
(13–15). Commonly referred to as the
innate counterpart to the CD41 helper
T–cell lineage, the ILC family shares
morphological, developmental, and
functional similarities with CD41 T cells,
but lacks antigen receptors (13, 16–18).
However, unlike other innate lymphocytes,
such as natural killer (NK) cells, ILCs do
not possess cytotoxic function and instead
exert their functionality through robust
production of cytokines and growth factors.
Based on transcription factor expression
and cytokine profile, human ILCs fall into
three main subsets: group 1 (ILC1s),
group 2 (ILC2s), and group 3 (ILC3s).
Importantly, alterations in the
accumulation or functionality of different
ILC subsets have been associated with
multiple inflammatory diseases of the
respiratory system, including asthma,
chronic obstructive pulmonary disease
(COPD), and interstitial lung disease (ILD)
(13, 19–24). Murine models have
demonstrated a critical role for ILC2s in
driving pathogenesis of lung inflammation,
primarily via IL-5 and IL-13 (25–31).
Critically however, ILCs are not always
detrimental to the host. Under conditions
of severe lung injury, we have demonstrated
in murine models that ILC2s are crucial for
promoting airway epithelial repair and
restoring lung tissue homeostasis through
the growth factor amphiregulin (32). Thus,
ILCs appear to be important players in the
balance between pathologic inflammation
versus beneficial tissue repair in the lung,
raising the possibility that these immune
cells may be involved in PGD development.
We therefore performed a cohort study to
1) evaluate whether the subset composition
of lung-resident ILCs changes with allograft
reperfusion and 2) evaluate the association
between changes in donor ILC populations
and the development of PGD after lung
transplantation.

Methods

Subject Selection and Study Design
A single-center cohort study was chosen to
minimize the time elapsed between surgical
biopsy removal and subsequent tissue
processing for isolation of live immune cells.
Subjects underwent lung transplantation at
the University of Pennsylvania between

April 2013 and April 2014 as part of the
ongoing multicenter, prospective Lung
Transplant Outcomes Group cohort study
(see Figure E1 in the online supplement for
flowchart of patient enrollment). Patients
with available surgical biopsies from the
allograft before and immediately after
reperfusion were eligible for inclusion.
Clinical information regarding donor,
recipient, and perioperative characteristics
and events were prospectively recorded
on standardized case report forms, as
previously described (3, 33). The Penn
institutional review board approved the
study, and all study subjects provided
written consent.

PGD Definition
PGD cases were defined using the
International Society for Heart and Lung
Transplantation guidelines, with PGD
defined as the presence of diffuse
parenchymal infiltrates with aPaO2

:FIO2
ratio

less than 200 at any time in the first 72
hours after allograft reperfusion (3, 34–36).
Of note, all patients that had PGD grade 3
at 72 hours also had grade 3 PGD present
within the first 24 hours. Furthermore, all
patients except for one had grade 3 PGD on
Postoperative Day 0.

Sample Collection and Cell Isolation
Lung tissue biopsy samples were obtained
from the allograft at two time points: 1) after
procurement but before implantation, and
2) in situ from the recipient immediately
after allograft reperfusion. All biopsies were
obtained from the periphery of the lung,
including visceral pleura, routinely in the
right middle lobe or left lingula. Central
airways were not sampled. Sampling was
performed according to a standardized
protocol and conducted exclusively by a
single surgeon. Tissue biopsies from the
allograft measured approximately 0.5 mm
in width and 3–4 mm in length. Tissues
contained an average of three rows of
surgical staples.

After excision, tissue was immediately
placed into 50-ml conical tubes, filled with
sterile RPMI media, and stored for 2–6
hours at 48C before processing. This short
timeframe ensured maximal cell survival.
Single-cell suspensions were prepared by
mincing tissue into small pieces with
scissors and incubating for 1 hour with
2 mg $ml21 collagenase D (Roche) and
20 mg $ml21 DNase I (Roche) in sterile
RPMI at 378C with shaking at 200 rpm.

At a Glance Commentary

Scientific Knowledge on the
Subject: Primary graft dysfunction
(PGD) is the leading cause of early
morbidity and mortality after lung
transplantation, but the immunologic
mechanisms are poorly understood.
Innate lymphoid cells (ILCs) are a
heterogeneous family of immune cells
regulating pathologic inflammation
and beneficial tissue repair. However,
whether changes in donor-derived lung
ILC populations are associated with
PGD development has never been
examined.

What This Study Adds to the Field:
The composition of donor ILC subsets
is altered after allograft reperfusion and
is associated with PGD development,
suggesting that ILCs may be involved
in regulating lung injury in lung
transplant recipients.
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Digested tissue was then pressed through
70-mm cell strainers (BD Falcon). Samples
were underlaid with Ficoll-Paque (GE
Healthcare) and centrifuged at 2,000 rpm
for 20 minutes at room temperature with
the brake off. The interface layer was
removed with a pipette. Samples usually did
not contain red blood cells. If red blood
cells did remain, cells were lysed with ACK
buffer (Gibco). For sample storage, cells
were stored in 1 ml of freezing media (90%
fetal bovine serum, 10% DMSO) and frozen
in a Nalgene Mr. Frosty container (Thermo
Scientific) at 2808C. At 48–96 hours after
freezing, cryovials were moved to liquid
nitrogen for long-term storage (maximum
of 4 yr) until analysis.

Flow Cytometry
Samples were treated as a single cohort to
ensure maximal consistency. All samples
were thawed, stained with flurochrome-
conjugated antibodies, and acquired over
consecutive days on one flow cytometer
analyzer with identical laser voltage and
compensation settings maintained each day

of acquisition. No significant laser drift was
observed between days of acquisition.

Sample cryovials were quick-thawed in
a 378C incubator. Each sample was washed
with sterile RPMI media, passed through a
70-mm filter (Miltenyi Biosciences), and
centrifuged at 1,600 rpm for 5 minutes
at 48C. Cell pellets were resuspended in
FACS Buffer (2% fetal bovine serum in
phosphate-buffered saline). Single-cell
suspensions were stained with the following
monoclonal fluorescently conjugated
antibodies for 1 hour at 48C in the dark.
Antibodies were from eBioscience and used
at 1:100 dilution unless specified otherwise.
Viability dye was Live/Dead Fixable Aqua,
dilution 1:600 (Invitrogen). Anti-human
CD3e (OKT3), CD4 (OKT4), CD5
(UCHT2), CD14 (61D3), CD16 (CB16),
CD19 (HIB19), CD56 (B159), CD25
(BC96), CD45 (HI30), CD127 (dilution
1:50; eBioRDR5), CRTH2 (BM16, dilution
1:50; BD Biosciences), and FceR1a
(AER-37) were used. After surface staining,
samples were fixed for 30 minutes with 2%
paraformaldehyde (freshly diluted in
phosphate-buffered saline from 16%

paraformaldehyde) and resuspended in
FACS Buffer. Immediately before
acquisition, samples were filtered through
sterile 40-mm filter-capped 5-ml tubes (BD
Falcon). Samples were acquired in their
entirety on a custom configuration five-
laser BD Fortessa flow cytometer (BD
Biosciences) and analyzed using FlowJo
software (v9.2; Tree Star).

Exclusion Criteria and Statistical
Analysis
The following exclusion criteria were
applied. Any samples with viability of 30%
or lower (determined by flow cytometric
staining of viability dye [Live/Dead Fixable
Aqua; Invitrogen]) were excluded from all
analyses. Any samples with fewer than 50
total ILCs (determined as the number of live,
CD451, lineage negative [Lin2], CD1271

cells) were excluded for ILC analysis but
were used for NK or CD4 T–cell analyses.
Depending on the cell type analyzed, group
sizes ranged from 3 to 18. Exact number
of transplant recipients analyzed (n) is
specified in each legend. Only matched pre-
and postreperfusion allograft biopsies from
the same donor were used for all analyses. If
either the pre- or the postreperfusion
biopsy met exclusion criteria as defined
previously here, then both biopsies from
that subject were excluded. Donor,
recipient, and perioperative demographics
were compared using Student’s t test or chi-
square analysis, as appropriate. The impact
of allograft reperfusion on ILC population
numbers was evaluated using the Wilcoxon
matched-pairs signed-rank test to account
for repeated measures within an individual.
The association of changes in ILC levels
with allograft reperfusion and PGD were
evaluated using rank sum tests given the
small sample sizes and nonnormality of the
data. We also evaluated changes in ILC
population levels within the two most
common transplant indications, COPD
and ILD. A P value less than 0.05 was
considered statistically significant. STATA
version 14.2 was used for all analyses
(STATA Corp.), and Prism 7 (GraphPad
Software) was used for generating graphs.

Results

To examine whether changes in donor-
derived ILC populations correlate with
incidence of PGD after lung transplantation,
we performed a single-center cohort study

Table 1. Subject Demographics of Lung Transplant Patients as Defined by PGD
Grade 3 Status

Covariate PGD (n= l) Non-PGD (n= 11) P Value

Donor variables
Sex, M, n (%) 4 (57) 7 (64) 0.8
Age, mean, yr 33.4 38.6 0.5
Race, n (%) 0.3

White 5 (71) 10 (91)
African American 2 (29) 1 (9)

Any smoking, yes, n (%) 4 (57) 8 (73) 0.5
Recipient variables
Sex, M, n (%) 4 (57) 7 (64) 0.8
Age, mean, yr 61.3 61.3 0.9
BMI, mean 26.1 25.8 0.9
Pulmonary diagnosis, n (%) 0.5

Chronic obstructive
pulmonary disease

3 (43) 6 (55)

Interstitial lung disease 3 (43) 5 (45)
Chronic rejection 1 (14) 0 (0)

PASP, mean 33.3 30.5 0.6
Race, n (%) 0.02

White 4 (57) 11 (100)
African American 3 (43) 0

Operative variables
Ischemic time, min, mean 367 271 0.1
Transplant type, single, n (%) 4 (57) 7 (64) 0.8
Cardiopulmonary bypass use,

yes, n (%)
3 (43) 5 (45) 0.9

Definition of abbreviations: BMI = body mass index; PASP=pulmonary artery systolic pressure;
PGD=primary graft dysfunction.
Percentages may not exactly equal 100% because of rounding.
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of lung transplantation patients with small
surgical biopsies of donor tissue taken
before, and immediately after, allograft
reperfusion (see Figure E1 for flowchart of
patient enrollment). The incidence of grade
3 PGD in this cohort was 38.9% (n= 7/18).
The overall demographics of the cohort are
presented in Table 1. The proportion of
African American recipients was
significantly higher in the patients with
PGD compared with those without PGD
(P= 0.02). There were no other significant
differences noted between the PGD
versus non-PGD groups in donor,
recipient, or intraoperative characteristics
(Tables 1 and E1).

Compared with conventional
lymphocytes and myeloid cells, ILCs are a
rare cellular population in the respiratory
tract, and extreme care must be taken to
ensure stringent flow cytometric staining
and analysis, especially in small-sized
samples. To ensure scientific rigor, we took
several approaches. First, to achieve
maximal cell viability, we designed the study

to allow for a minimal time lapse between
surgical biopsy removal and subsequent
tissue processing (maximum 6 h from time
of removal to start of tissue digestion).
Second, we designed a 16-antibody flow
cytometric staining panel with multiple
negative or positive cell surface markers
to allow for detailed single-cell resolution
of all known ILC subsets without
contamination of other immune cell
populations (Figure 1 and Figure E2).
Third, we imposed strict exclusion criteria
that ensured all biopsies analyzed had
met viability and ILC yield thresholds
(see METHODS). Taken together, these
approaches ensured generation of
scientifically robust data from these
small-sized, minimally invasive biopsies
from the donor allograft.

To characterize the immune cell
composition within the allograft, the
surgically removed biopsy tissue was
enzymatically digested, hematopoietic cells
were enriched using Ficoll purification,
and single-cell suspensions were frozen

until the full cohort of samples was collected
(collection spanned 12 mo). Samples
were then thawed and stained with
flurochrome-conjugated antibodies for
phenotypic characterization by flow
cytometry.

Immune cell populations were
phenotypically characterized using the
following gating strategy. Total events were
first subjected to size discrimination by
forward and side scatter gating to focus on
lymphocyte and myeloid cells while
excluding large-sized epithelial or stromal
cells (Figure 1A). Next, we employed
doublet discrimination by forward versus
side scatter height and width to ensure only
single cells would be analyzed (Figure 1B).
Use of a viability dye excluded dead cells
(Figure 1C), and a hematopoietic marker,
CD45 (Figure 1D), further eliminated any
residual epithelial or stromal cells from
analysis. Cells in the ILC family are defined
as Lin2, lacking expression of classical
surface markers associated with
granulocytes, dendritic cells, macrophages,
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Figure 1. Flow cytometric identification of innate lymphocyte subsets in human lung tissue allograft biopsies. Shown is a flow cytometric analysis of a
representative lung allograft biopsy. Total events were gated by (A) forward and side scatter gating (FSC and SSC), (B) doublet discrimination for single
cells, (C) live cells, and (D) hematopoietic cells (CD45). (E) A combination of lineage marker antibodies (CD3, CD5, Cd19 FceR1, CD11b, CD11c, CD14,
and CD16) identified the lineage negative fraction (pink box). (F) Natural killer (NK) cells were identified as CD561CD1272 (purple box). (F) Total innate
lymphoid cells (ILCs) were identified as lineage negative CD1271 (blue box) and then split into ILC1, ILC2, and ILC3 subsets. (G) ILC2s were defined as
CRTH21 (green box). (H) ILC1s were defined as CRTH22CD1171NKp441/2 (red box). (H) ILC3s were defined as CRTH22CD1171NKp441/2 (teal
box). Data are representative of n =18 lung transplant recipient patients (36 total samples; 1 prereperfusion and 1 postreperfusion allograft biopsy
taken for each lung transplant recipient).
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and conventional B and T lymphocytes
(17). Therefore, we next used a
combination of lineage marker antibodies
(CD3, CD5, CD19, FceR1, CD11b, CD11c,
CD14, and CD16) to identify the Lin2

fraction where the ILCs reside (Figure 1E,
pink box). Total ILCs were then positively
identified by expression of CD127 (IL-7Ra;
Figure 1F, blue box). Classical NK cells
were identified by CD561 CD1272

(Figure 1F, purple box). To divide the
CD1271 total ILC population into the three
main ILC subsets, first the ILC2 population
was identified by CRTH2 expression (23,
37–39) (Figure 1G, green box). ILC1s were
then defined by lack of expression for

CRTH2 and CD117 (c-kit), and a portion
expressed the cytoxicity-activating receptor,
NKp44 (Figure 1H, red box) (19, 39–41).
Lastly, ILC3s were defined as CRTH22

CD1171 cells, and a portion expressed
NKp44 (39–42) (Figure 1H, teal box).

Representative flow cytometric analysis
of pre- and postreperfusion biopsies from
two patients diagnosed with either of
the two primary indications for lung
transplantation (ILD [Figure 2A] or COPD
[Figure 2B]) revealed that NK cells and all
three ILC subsets could be identified both
before and after graft reperfusion.
Interestingly, analysis of these two
representative patients suggested

substantial variability in the cell number,
subset frequencies, and activation status
(determined by NKp44 expression) of the
ILC1, ILC2, and ILC3 populations before
and after graft reperfusion (Figure 2).
Notably, although there was substantial
variation in the total ILC yield across all
donor allografts (events ranged from 68
to 1,884), there was no significant
difference between patients with ILD and
those with COPD (data not shown),
suggesting that variation in cell yield may
be an inherent feature of using small-sized
allograft biopsies and appears unrelated
to the disease diagnosis of the transplant
recipient.

Using this high-resolution flow
cytometric gating strategy, we quantified the
frequencies of immune cell populations in
18 patients to evaluate the impact of
allograft reperfusion. Interestingly, although
frequencies of conventional CD41 T cells
did not appear to change after graft
reperfusion in either patients with ILD or
those with COPD (Figures 3A–3C), we
observed a significant decrease in CD561

NK cells after graft reperfusion (0.3 vs. 0.14,
P= 0.009; Figures 3D–3F). Collectively
these results suggest that the effects
of allograft reperfusion may more
strongly influence the innate immune
system rather than the adaptive immune
compartment.

Next, we evaluated the differences in
ILC subset composition pre- and post-
transplant to determine the effect of
allograft reperfusion. Analysis of the
frequency of total ILCs (Lin2 CD1271) as a
proportion of all CD451 hematopoietic
cells revealed an apparent, but
non–statistically significant, reduction in
ILCs (Figure 4A) after reperfusion that was
observed in both transplant recipients with
ILD (Figure 4B) and those with COPD
(Figure 4C). Particularly in transplant
recipients with ILD, the decrease in ILC
frequency after graft reperfusion appeared
to be largely driven by a reduction in the
ILC2 subset (Figures 4D and 4E), which
was not observed in patients with COPD
(Figure 4F). Next, to determine whether the
other ILC subsets were affected during graft
reperfusion, we quantified the frequencies
of ILC1 and ILC3 populations and
evaluated their activation status by
expression of the NCR (natural cytotoxicity
receptor), NKp44. There was substantial
variability in the proportion of both NCR1

and NCR2 ILC1s across all patients
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Figure 2. Single-cell resolution of innate immune cell subsets in pre- and postreperfusion lung
allograft biopsies in transplant patients. (A–F) Representative flow cytometric gating of innate
lymphoid cell (ILC) subsets from lung allograft biopsies taken before or after reperfusion from patients
diagnosed with interstitial lung disease (ILD) (A–C) or chronic obstructive pulmonary disease (COPD)
(D–F). (A and D) Natural killer (NK) cells were identified as CD561CD1272 (purple box). (A and D) Total
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(teal box). Data are representative of one prereperfusion and one postreperfusion allograft biopsy
taken for each lung transplant recipient; n=15 recipients. N/D=not detected.
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(Figures 4G and 4J), and there appeared to
be no significant effect of graft reperfusion
on cell frequencies in transplant recipients
with either ILD (Figures 4H and 4I) or
COPD (Figures 4K and 4L). Furthermore,
although examination of ILC3s revealed no
statistically significant impact on the NCR1

subset in either patients with ILD or those
with COPD (Figures 4M–4O), NCR2 ILC3
frequencies increased slightly after
reperfusion (Figure 4P), with this change
largely restricted to patients with ILD
(Figure 4Q), but not patients with COPD
(Figure 4R). Collectively, these results
suggest that reperfusion may selectively
alter the subset composition of donor ILCs
within the graft.

We next assessed whether there is an
association between changes in ILC
populations and the development of PGD
after transplantation. Although the rarity of
ILCs limited the total number of allografts
that could be examined, and this varied by
ILC subset, we were able to identify patients
with PGD (n= 3–5) and patients without

PGD (n= 3–11) that could be assessed for
changes in ILC population dynamics.
Notably, the proportion of NCR2 ILC1s
was higher in the prereperfusion biopsies of
patients without PGD compared with those
with PGD (52.85 vs. 24.75; P= 0.01;
Figure 5A). However, we did not observe
significant changes in the proportion of
NCR1 ILC1s, nor were there alterations in
the frequencies of NCR2 and NCR1 ILC3s
(data not shown). Strikingly, examination
of ILC2 frequencies revealed a significant
reduction in ILC2s after graft reperfusion in
patients with PGD (6.7 vs. 2.3; Figure 5B),
suggesting that ILC2 frequencies may be
associated with protection from PGD.
Supporting this, patients without PGD
exhibited moderately increased ILC2
frequencies after graft reperfusion (3.3 vs.
4.9) (Figure 5B). Taken together, these
results suggest that changes in the
subset composition of donor-derived ILCs
within the allograft, particularly the
presence of ILC2s, may be linked to the
incidence of PGD.

Discussion

In this cohort study, we demonstrate, for the
first time, that lung-resident ILCs can be
isolated from small-sized biopsies of the
donor allograft and that high-resolution
flow cytometric analysis can reveal dynamic
ILC population changes after graft
reperfusion. Notably, we found that
alterations in the relative abundance
of selective ILC1 and ILC2 subsets
correlate with PGD development after
transplantation. These findings provide
preliminary evidence for novel immune
pathways that may be effective targets for
improved therapeutic strategies to prevent
PGD development in lung transplant
recipients.

ILCs are a rare immune cell family, and
technological limitations have been a
significant hurdle in examining the potential
involvement of these cells in human disease.
Here, for the first time, we demonstrate the
feasibility of live cell isolation and high-
resolution flow cytometric phenotyping of
ILC populations from small biopsy
specimens. Previously, studies correlating
changes in ILC populations with adult
human lung diseases have been based
almost exclusively on blood, and only rarely
on BAL fluid or sputum (19, 20, 22–24, 43).
Typically, lung tissue is not examined,
raising concerns that conclusions drawn
may not be biologically relevant to the
immunological changes occurring at the
tissue site of inflammation. Furthermore,
many of these previous studies had very few
ILCs recorded on flow plots or used flow
cytometric gating strategies that potentially
include T-cell contamination (39, 43–48).
In addition, although our group has
previously identified robust numbers of
ILCs in tissue samples from previously
healthy lung donors (32) and those
diagnosed with COPD or idiopathic
pulmonary disease (49), those specimens
were large-sized tissue explants. It has long
been assumed by the research community
that the rarity of ILCs precludes the ability
to study ILC dynamics in small-sized tissue
samples. Our success here represents a
significant technological advance that
should serve to encourage other groups to
examine tissue-resident ILCs from small
biopsy samples in future studies.
Intriguingly, it should be noted that we did
not isolate equal numbers of all ILC subsets
from every allograft. This variability may
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simply represent the technical limitations of
working with such small samples; however,
it may also indicate a selective loss of
distinct ILC subpopulations within the
transplanted lung that potentially correlates
with important clinical outcomes,
including, but not limited to, PGD.

The unique design of this cohort study
allowed us to be the first to track dynamic
changes in ILC subset composition by
examining donor grafts before and
immediately after reperfusion. We identified
marked changes in certain populations of
innate cells in the setting of allograft
reperfusion, notably the steep decline of NK
cells and ILC2s in patients with ILD.
Although it is possible that circulating cells

may contribute to these population changes,
ILC2s are rare in blood by volume, and we
observed very little blood in the biopsies,
suggesting that the fluctuating NK and ILC
frequencies after reperfusion are indicative
of lung tissue–resident populations and not
circulating cells. The rapid changes we
observed in innate cells, but not adaptive
CD41 T cells, highlight how highly
sensitive these particular donor immune
cells are to the tissue environment after
transplantation.

PGD remains the primary cause of
morbidity and mortality for lung transplant
patients, and there is an urgent need to
identify new therapeutic targets. Here, we
sought to address whether we could identify

changes in distinct donor-derived ILC
populations associated with incidence of
graft dysfunction after transplantation.
Notably, the proportion of ILC1s lacking
NKp44 expression (NCR2) was higher in
the prereperfusion biopsies of patients
without PGD compared with those with
PGD, suggesting that the presence of this
“less active” ILC1 population may be
associated with protection from
ischemia–reperfusion–induced graft
dysfunction. Relatively little is known about
the role of ILC1s in the respiratory tract,
but recent studies suggest that blood ILC1
frequencies correlate with severity of COPD
(19). In addition, studies of inflamed
intestinal tissue suggest that NCR2 ILC1s
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are a heterogeneous population capable of
producing IFNg (41, 50) and may in fact
contain NK/ILC progenitors (39). Further
studies are needed to determine how lung-
resident ILC1s may contribute to PGD
development. In contrast, the potential role
for ILC2s in lung tissue injury and repair is
more apparent. Murine models have
demonstrated ILC2s are essential for
regulating the balance between driving
pathologic inflammation (via IL-5 and
IL-13) in response to allergens (18, 26–28,
30, 31) or promoting host-protective airway
repair after severe lung injury (via
amphiregulin–epidermal growth factor
receptor interactions) (32). Here, we
identified dynamic changes in ILC2
frequencies before and after graft
reperfusion that correlated with PGD
status. The elevated ILC2s observed in
patients without PGD that are substantially
diminished after graft reperfusion in
patients with PGD suggest that reduced
frequency of these “tissue-protective” ILC2s
may potentially impair the ability of donor

lungs to repair and restore tissue
homeostasis after transplantation.

Intriguingly, all patients with PGD
grade 3 at 72 hours also had grade 3 PGD
present within the first 24 hours.
Furthermore, all patients except for one had
grade 3 PGD on Postoperative Day 0. Given
these data, it is possible that the rapid
alterations observed in ILC frequency before
and after transplantation may have both
immediate and longer-term effects as PGD
develops. Although it may seem surprising
that such early alterations in ILC
populations could have lasting
consequences, mechanistic animal studies
have shown that lung ILC2s in particular
serve dual roles, both as rapid “first
responders” as well as key “gatekeeper” cells
that initiate the broader immunological
cascade-controlling processes of tissue
inflammation versus repair. Cytokines
and growth factors produced by ILC2s can
have immediate, localized effects in the
tissue by driving inflammatory cell
recruitment (18, 26–28, 31), but they can

also cause longer-term consequences by
initiating adaptive immune responses (30)
or by promoting morphological changes in
lung tissue remodeling (32). Additional
larger cohort studies will be needed to
determine the precise mechanisms by
which the dysregulated ILC frequencies
observed in the graft may be contributing to
development of PGD. In addition, the
upstream factors that regulate ILC
responses in the lung tissue during
transplantation are unknown. In this study,
we did not observe significant differences
between the PGD versus non-PGD groups
in donor, recipient, or intraoperative
characteristics. There was a trend toward
increased ischemia time in patients that
went on to develop PGD, but larger cohort
studies have not found evidence to support
ischemia time as a risk determinant for
PGD (3). The question of whether lung ILC
responses during transplantation are
influenced by donor, recipient, or
intraoperative characteristics remains an
open area for future investigation.

In conclusion, this single-center cohort
study provides preliminary evidence to
support the hypothesis that changing ILC
dynamics, particularly the loss and gain
within the ILC2 subset, may be associated
with incidence of PGD. Further analysis in a
larger cohort will be necessary to examine
whether these cells play a mechanistic role in
lung injury or repair during graft rejection.
The ability to therapeutically manipulate
ILC2s and their production of tissue-
protective growth factors, such as
amphiregulin, may be a useful approach for
aiding in maintenance of tissue homeostasis
and protection against graft injury. n
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