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Abstract

Rationale: Tissue-resident memory T cells (Try) play a critical role
in the defense against inhaled pathogens. The isolation and study of
human lung tissue-resident memory T cells and lung-resident
macrophages (M r) are limited by experimental constraints.

Obijectives: To characterize the spatial and functional
relationship between M and human lung tissue-resident
memory T cells using ex vivo lung perfusion (EVLP).

Methods: Tyy; and My were isolated using EVLP and
intraperfusate-labeled CD45 antibody. Cells isolated after 6 hours
of EVLP were analyzed using spectral flow cytometry. Spatial
relationships between CD3 " and CD68 " cells were explored with
multiplexed immunohistochemistry. Functional relationships
were determined by using coculture and T-cell-receptor complex
signal transduction.

Experimental mouse models have established
that after infection, the mouse lung contains
a large population of pathogen-specific
CD4" and CD8™ T cells, most of which are

tissue-resident T cells, do not recirculate, and
have a rapid effector response when
presented with a secondary challenge (1, 2).
Human studies have similarly shown that

Measurements and Main Results: Lungs from 8 research-
consenting organ donors underwent EVLP for 6 hours. We show that
human lung Try; and M colocalize within the human lung,
preferentially around the airways. Furthermore, we found that human
lung CD8™ Ty, are composed of two functionally distinct populations
on the basis of PD1 (programed cell death receptor 1) and ZNF683
(HOBIT) protein expression. We show that M;y provide costimulatory
signaling to PD1™ CD4" and CD8" lung Tgy;, augmenting the
effector cytokine production and degranulation of Tgyy.

Conclusions: EVLP provides an innovative technique to study
resident immune populations in humans. Human Mjy colocalize
with and provide costimulation signaling to Try, augmenting
their effector function.

Keywords: ex vivo lung perfusion; human lung immunology;
tissue-resident memory T cell; lung-resident macrophage; innate
and adaptive immune interaction

lungs are enriched with tissue-resident
memory T cells (Try) that are specific to
many inhaled pathogens, including influenza
(3, 4), respiratory syncytial virus (5, 6),
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At a Glance Commentary

Scientific Knowledge on the
Subject: Lungs contain a large
quantity of tissue-resident memory T
cells (Trpp), which reside at the
mucosal surface and are relatively
specific to common inhaled
pathogens, like influenza and
respiratory syncytial virus. Most of
our understanding about the biology
of lung Trys comes from murine
models; the study of maintenance and
function of human lung Tgy has been
limited by experimental constraints.

What This Study Adds to the
Field: Using ex vivo lung perfusion,
this translational investigation
establishes a novel means to isolate
and study Ty and lung-resident
macrophages (M;r) from human
lungs. This study found that human
lungs have a large population of Tgy
that colocalize with Mg, mainly
around the small airways. The
majority of CD4" and CD8" lung
Tra have increased cell-surface
expression of PD1 (programmed cell
death protein 1). These pD1M Trum
have increased effector functional
capacity when stimulated in the
presence of lung macrophages,
suggesting that M r colocalize with
and provide costimulatory signaling
to PD1™ lung Tpy.

Streptococcus pneumoniae, and
mycobacterial tuberculosis (7). Furthermore,
in humans, the presence of respiratory
syncytial virus—specific lung Ty is
associated with decreased severity of illness
on secondary exposure (6). Mouse models
have shown that this secondary response is
not reliant on antigen priming in the
secondary lymphoid organs, suggesting an in
situ response to inhaled pathogens (3).

The local factors that allow a rapid
effector response of Ty are not fully
elucidated. Lung-resident macrophages
(M), composed of both alveolar and
bronchial macrophages, are the most
abundant resident immune population in the
lung (8). My are vital for defense against
inhaled pathogens and play key roles in
tissue homeostasis, abrogating the
inflammatory response to apoptosis via

phagocytosis of cellular debris (9, 10). Given
their location at the site of first exposure to a
pathogen, alveolar and bronchial
macrophages would be ideal for providing a
costimulatory signal to Try after antigen
exposure. However, this has yet to be
reported.

Herein, we establish ex vivo lung
perfusion (EVLP) as an effective means for
isolating human lung Ty and M; y for
investigation. We show that Ty persist
within the lung throughout 6 hours of EVLP,
and by introducing a labeled CD45 antibody
into the perfusate, we can accurately
differentiate lymphocytes that are Ty from
those that are not. Furthermore, we show
that Tgy and Mg cocluster within the
human lung, predominantly around the
airways. We found that PD1 (programed cell
death receptor 1)™ CD4* and CD8" lung
Tras have an augmented effector and
cytotoxic response to T-cell-receptor
complex signaling when cocultured with
M, resulting in enhanced protein
expression of IFNy, TNFa (tumor necrosis
factor o), and LAMP1 (CD107a), suggesting
that My provide a costimulatory signal to
TCR-complex signaling. PD1°CD8" Tgy,
were composed mainly of ZNF683
(HOBIT)" TBET (T-box transcription factor
TBX21)™ cells with high granzyme B content
that was largely unaffected by TCR-complex
signaling. Some of the results of this study
have been previously reported in the form of
an abstract to the American Thoracic
Society (11).

Methods

Human Lungs and EVLP

We obtained human donor lungs (N = 8,
Table 1) declined for transplantation from
the organ-procurement organization serving
our region (Center for Organ Recovery and
Education). This process was approved by
the University of Pittsburgh Center for
Organ Research Involving Decedents. The
technique of normothermic EVLP has been
described previously and can be found in the
online supplement (see METHODS and Figure
El in the online supplement; see also Figure
1A) (12). Lung biopsy specimens, BAL fluid,
and perfusate were sampled as outlined in
Figure 1B. BAL was performed with a
disposable bronchoscope in the lateral
segment of the left or right lower lobe. Fifty
milliliters of sterile phosphate-buffered saline
(PBS) was injected after wedging the
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bronchoscope, and the return fluid was used
for the analysis. Fifteen milliliters of perfusate
was removed from the circuit at each study
time point. Supernatant was obtained from
both perfusate and BAL samples after
centrifugation for 5 minutes at 1,500
rotations/min. At 0 hours, a lung biopsy
specimen was obtained from the lingula,
right middle lobe, or left lower lobe using an
Endo GIA Ultra surgical stapler (Covidien)
with a 60-mm articulating reload; at 6 hours,
the biopsy specimen was obtained by manual
excision after removal of the lung from the
perfusion circuit. Lung biopsies were divided,
half underwent fixation with zinc-buffered
formaldehyde for immunohistochemistry
(IHC), and the remainder underwent
mechanical and enzymatic digestion to
obtain a single-cell suspension.

Labeling of Passenger Lymphocytes
After 5 hours and 40 minutes of EVLP, 500
ul of conjugated antihuman CD45 antibody
expanded in 20 ml of PBS was injected into
the perfusate in the cannula sutured to the
pulmonary artery (Figures E1A and E1B).
This antibody was allowed to circulate in the
perfusate for 20 minutes, and then the lungs
were removed from the perfusate return
cannula, allowing active removal of the
remaining perfusate in the lung by the
draining cannula. Multiparameter flow
cytometry was used to differentiate T cells
(Figure 1C), myeloid cells (Figure 1D), B
cells, and CD56 " lymphocytes (Figure E2) in
communication with the perfusate (labeled)
and those not in communication with the
perfusate (protected).

Isolation of Single-Cell Suspensions
and Supernatant

Supernatant from BAL and perfusate
samples was stored immediately in a —80
freezer. Lung biopsy specimens were
mechanically digested in the presence of
enzymatic digestion media (RPMI + 10%
fetal bovine serum [FBS], 100 mg/ml of
collagenase D, 10 mg/ml of DNase, 100 mg/
ml of trypsin inhibitor, and
penicillin-streptomycin-1-glutamine) using
scissors and then using gentleMACS
Dissociator (Miltenyi Biotec). Each sample
was then incubated in a warm shaker for 1.5
hours, followed by a repeated use of
gentleMACS Dissociator, and then passed
through a metal strainer: a 100-pm strainer
and a 70-pm strainer. Samples were washed
with complete RPMI (RPMI + 10% FBS and
penicillin-streptomycin-1-glutamine) and
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immediately stained and analyzed for flow
cytometry using the protocol below or
reexpanded in freeze media and stored in
liquid nitrogen.

Flow Cytometry and Cell Sorting
Single-cell suspensions were stained in 200 pl
of fluorescence-activated cell sorter (FACS)
buffer (PBS + 1% FBS) at a concentration of
1 X 10° cells per tube. Five microliters of
Human Trustain FcX (catalog number
422302; BioLegend) was added to each tube
for 10 minutes before staining. Cell-surface
staining was performed for 30-60 minutes
while covered at room temperature in FACS
buffer. Cells were then fixed with eBioscience
Intracellular Fixation and Permeabilization
Buffer Set (Invitrogen) for 1 hour on ice.
Intracellular staining was performed in the
presence of permeabilization buffer at room
temperature for 30-60 minutes. Flow
cytometry was performed on a Cytek Aurora
spectral flow cytometer (Cytek Biosciences).
The gating strategy for the differentiation of
T-cell phenotypes has been previously
reported (13) (Figure E2). To obtain a broad
comparison between labeled and protected
cells of myeloid lineage, we started with live
CD45" cells that were lineage (CD3, CD56,
CD19) negative. From this population, we
identified alveolar macrophages, neutrophils,
and lung dendritic cells on the basis of
previously described gating techniques
(14-16) and compared cell-surface markers
broadly among all labeled and protected cells

Table 1. Lung Donor Demographics

within that group. Cell sorting was
performed on live cells using a BD FACSAria
(BD Biosciences) flow cytometer. Alveolar
macrophages were defined as live,
CD45"CD14"CD206™ singlets. To allow
controlled T-cell-receptor complex
stimulation, T cells were sorted on the basis
of CD4 and CD8, and not CD3, positivity.
Table E1 provides a full list of all antibodies
used for multiparameter flow cytometry.

In Vitro Tgy Stimulation and
Cytometric Bead Array

TrM stimulation was performed in 96-well
plates, with 50,000-100,000 sorted Try per
well. Trys were cultured for 5-6 hours at
37°C with 5% carbon dioxide as follows: Trys
with media alone (RPMI + 10% FBS, and
penicillin-streptomycin-L-glutamine), Ty
with 1 pl/ml of monoclonal CD3, Ty, with 1
pl/ml of monoclonal CD3 plus M; at a ratio
of 1:1, and Ty with CD2, CD3, and CD28
beads. All samples were incubated in the
presence of 0.4 pl of GolgiStop (BD
Biosciences), 0.4 pl of GolgiPlug (BD
Biosciences), and 1 pl of CD107a. The gating
strategy for cytokine production was based
on clear demarcations noted on our positive
and negative controls: CD2/3/28 stimulation
and no CD2/3/28 stimulation, respectively.
Supernatant from BAL fluid and perfusate at
0, 3, and 6 hours of EVLP were tested for
cytokine content using the BD Cytometric
Bead Array Human Th1/Th2 Cytokine Kit
(catalog number 550749; BD Biosciences).

IHC and Imaging Analysis

Multiplexed THC for CD3 and CD68 was
performed on 5-pum sections of formalin-
fixed, paraffin-embedded lung biopsy
specimens obtained at 0 and time 6 hours of
EVLP (see online supplement). Random
sections of airway and the surrounding
parenchyma were identified at 20X
magnification using a Nikon Eclipse 55i
microscope and captured as red—green-blue
(RGB) images with a Nikon DS-Fil camera.
As RGB images do not contain distinct color
channels that facilitate digital image analysis,
an unsupervised classification algorithm was
developed to perform image color
segmentation into CD3 (brown), CD68
(red), or nucleus (blue) bins. A Gaussian
mixture model (17) was used for pixel
classification because it segments the
nonspherical RGB clusters more accurately
than does K-means clustering. The
classification algorithm was trained on a
random sample of pixel RGB values from the
entire data set and was subsequently used to
determine the probability that a given pixel
represents Tryy (brown, CD3), My (red,
CD68), or nuclei (blue). The color-
segmented images were then prepared for
digital analysis using an empirically derived
image-processing sequence that consists of
binary erosion, dilation, and hole filling
(SciPy multidimensional image processing
library). The centroids of the Trys, Mg, and
nuclei were identified using the region props
module from scikit-image. These centroids

Reason Lungs

Sample Not Used
ID Age Sex BMI Clinically
EV19-001 49 F 40 Poor-quality
NOS
EV19-002 46 F 31 Not offered by
OPO
EV19-003 41 M 22 Poor perfusion
distribution
EV19-004 57 M 25 Initially low
Pa02
EV19-006 63 M 26 DCD
EV20-001 53 M 37 Not offered by
OPO
EV20-004 61 F 19 Poor-quality
NOS
EV20-005 55 F 31 Not offered by
OPO

Labeled Labeled Labeled
Weight Cold CcD4* cD8* Myeloid
Pag /Fio, Change Ischemia Compliance T Cells T Cells Cells
(T07T6) (9) (min) at T6 (dyn) (%) (%) (%)
543/547 NA 180 21 2 12 —
585/507 +433 600 35 1 16 —
461/592 +107 240 62 11 5 —
NA/498 +627 60 115 1 2 1
507/540 +188 60 96 3 7 13
NA/600 +196 420 210 0 1 40
387/490 +380 1,020 70 19 12 8
460/448 +607 120 51 15 29 5

Definition of abbreviations: BMI = body mass index; DCD = donor after cardiac death; ID = identifier; NA = not available; NOS = not otherwise

specified; OPO = organ procurement organization; TO = O-hour time point; T6 = 6-hour time point.
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Figure 1. Ex vivo lung perfusion (EVLP) to isolate tissue-resident memory T cells (Tgy) and
lung-resident macrophages (M, g). Experimental model of isolating human lung Try and Mg
using 6 hours of EVLP and an intraperfusate-labeled CD45 (CD45ip) antibody: (A) human lungs
before (left) and after (right) 6 hours of EVLP. (B) Study timeframe showing timing of sample
collection and labeled antibody administration 20 minutes before the 6-hour time point (T6) of
EVLP. (C) Representative flow-cytometric plot of live CD3* lymphocytes taken from lung biopsy
specimens at the 0-hour time point (TO; left) where no CD45ip antibody is present and at T6
(after 20 min of intraperfusate antibody circulation). T cells in communication with the perfusate
are positive for the antibody (black rectangles), defined as “labeled” T cells, whereas the
majority of CD4" and CD8" T cells are protected from intraperfusate labeling (red dashed
ovals) and labeled “protected.” (D) Representative flow-cytometric plot of live, CD45", Lin~
singlets taken from lung biopsy specimens at TO (left) and T6 (right). Those cells positive for
CD45ip antibody are identified as labeled myeloid cells, and those absent of CD45ip antibody
are identified as protected myeloid cells. Lin~ = CD3, CD19, and CD56 lineage—-negative.
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approximate the location and density of the
relevant cell populations.

The R package “spatstat” (R Foundation
for Statistical Computing) was then used to
determine the probability of spatial clustering
among the centroids of Ty, M r, and nuclei
(18). Specifically, the inhomogeneous cross-
type pair-correlation function (PCF) for a
multiple-point pattern was used. This allows
for robust cross-type spatial-clustering
analysis of an inhomogeneous distribution
that is expected for cells in the complex lung
architecture. The PCFs were calculated to a
radius of 50 mm between each pair of
centroids. PCF values greater than 1 indicate
statistically significant clustering between the
paired centroids at the given radius. Thus,
the area under the curve) values greater than
1 were calculated and used as a summary
statistic to quantify spatial clustering, as
previously described (19, 20).

Statistics

Statistical analyses were performed with
GraphPad Prism (GraphPad Software, Inc.),
R, and Python (Python Software
Foundation). Because of the small sample
size, we assumed that protein expression did
not follow a normal distribution and used a
paired Wilcoxon signed-rank test to assess
for statistical significance of differential cell-
surface and intracellular protein expression.
A paired Wilcoxon signed-rank test was
similarly used for all additional comparisons
unless otherwise specified in the figure
legends. Univariate linear regression was
used to analyze the relationship between
T-cell cytokine production and donor and
experimental parameters. For all analyses, a
two-tailed P value of <0.05 was the
threshold used to determine statistical
significance. Adobe Illustrator Creative
Cloud 2017 was used for all graphics; unless
otherwise specified in figure legend, error
bars included in figures represent the mean
and SD.

Results

EVLP Effectively Isolates Human-
Lung T Cells with a Try Phenotype
We set out to establish whether EVLP could
be used to effectively isolate human lung Ty
and M for study. Explanted human lungs
from research-consenting organ donors
underwent EVLP for 6 hours (Figure 1A and
Table 1). At 5 hours and 40 minutes, a
CD45-conjugated antibody was administered
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Figure 2. Protected T cells have increased canonical markers of tissue residency and include CD4" regulatory T cells. (A) Subset composition
of representative samples using flow cytometry to identify the phenotype on the basis of CCR7 and CD45RA cell-surface expression as TEM
(CCR7~CD45RA™), TCM (CCR7*CD45RA ™), naive T cells (CCR7*, CD45RA™), and TEMRA (CCR7~CD45RA™) from lung biopsy specimens
taken at 6 hours of ex vivo lung perfusion. (B) Compiled data showing paired proportion of TEM for both CD8" (top) and CD4* (bottom) T cells

1234 American Journal of Respiratory and Critical Care Medicine Volume 203 Number 10 | May 15 2021



into the perfusate and allowed to circulate
for 20 minutes before lung biopsy (Figures
1A and 1B and E1A and E1B). By
comparing in vitro with ex vivo CD45
labeling, we were able to differentiate
immune cells protected from the circulation,
herein referred to as “protected” cells, from
those in active communication with the
circulation, herein referred to as “labeled”
cells. The persistence of labeled lymphocytes
varied between lungs, with percentages as
high as 29% for labeled CD8 " T cells and
19% for labeled CD4™ T cells (Table 1).
Among these eight EVLP lungs, preliminary
univariate analysis shows that the
proportion of labeled CD4" and CD8" T
cells did not correlate with cold ischemia
time before EVLP, donor body mass index
(BMI), donor age, or pulmonary edema (as
measured by weight increase over 6 h).
Protected CD8™ T cells were composed
of a higher proportion of effector memory T
cells (Tgp; CCR7 - CD45RA ™ ); both
protected and labeled CD4™ T cells were
composed predominantly of Ty and central
memory T cells (CCR7"CD45RA ™), with
very few naive cells (CCR7"CD45RA™) in
either group (Figures 2A and 2B). Lung Try
showed significantly increased expression of
the canonical cell-surface markers of tissue
residency, CD103 and CD69 (Figures
2C-2H). In addition, CD8" Tgy showed
increased expression of core residency marker
integrin a 1 (CD49a) and the
immunomodulatory immunoglobulin
superfamily member 2 protein, CD101
(Figures E3A and E3B) (21, 22). Protected
CD4" T cells had a higher proportion of
regulatory T cells, defined as
CD127°CD25 " FOXP3™ cells (Figures 21 and
2]). There was a non-statistically significant
trend toward an increased proportion of PD1
positivity among protected CD4 " and CD8*
T cells when compared with labeled cells
(Figure E3C). These findings provide
compelling evidence that EVLP is an effective
means of isolating human Tgys and that after

6 hours of EVLP, the majority of retained T
cells are tissue-resident T cells.

To validate that the alveolar
compartment was protected from
intraperfusate labeling and to identify the
phenotype of lymphocytes egressing from
the ex vivo lung or lung-draining lymphatics,
we performed flow cytometry from cells
obtained from BAL fluid and perfusate at 0
and time 6 hours of EVLP. Intraperfusate
CD45 labeling successfully differentiated the
perfusate and alveolar compartments of the
EVLP circuit with almost no cross-
contamination (Figure 3A). CD8" T cells
obtained from the perfusate had a higher
proportion of naive and terminally
differentiated effector T cells
(CD45RA™ CCR77) and a reduced
proportion of Ty than those obtained at
either time point from the BAL fluid
(Figures 3B and 3C). CD4™" T cells from the
perfusate had a higher proportion of naive
and central memory T cells and a lower
proportion of Tgy than those obtained from
the BAL fluid (Figures 3D and 3E). The
perfusate was devoid of
CD8"CD69"CD103 " cells but had small
populations of CD69"CD103 ™~ and
CD69~CD103™ cells compared with cells
obtained from the BAL fluid (Figures 3F and
3G). Most CD4™" T cells from the BAL fluid
expressed CD69, as did a small population
of those obtained from the perfusate. Similar
to CD8™ T cells, the perfusate was devoid of
CD69"CD103" CD4" T cells but had small
populations of CD69"CD103 ™~ and
CD69~CD103" cells (Figures 3H and 3I).

Over the course of 6 hours of EVLP,
there was a non-statistically significant trend
toward an increased proportion of CD8" T
cells expressing CD69 at 6 hours but no
change in the proportion of CD4 " T cells
expressing CD69 (Figure E4A). There was no
change in the proportion of either CD4 " or
CD8" T cells expressing MHC Class II
(HLADR) (Figure E4B) or TNF receptor
superfamily 7 (CD27) (Figure E4C). The

proportion of regulatory T cells

(CD4 " CD127°CD25"FOXP3 ") did not
change over the course of EVLP (Figure
E4D). Together, these data suggest that
EVLP enriches for a tissue-resident
population of T cells, particularly among
CD8" T cells, and that lung Tgy do not
appear to upregulate markers of activation
throughout the EVLP process.

Differential Compartmentalization of
Alveolar Macrophages and Lung
Dendritic Cells

We next sought to compare the phenotypic
differences between perfusate-labeled and
protected cells of myeloid origin. This was
accomplished by gating for live, CD45*
singlets that were lineage (CD3, CD19,
CD56) negative (Figure 4A). As expected, the
proportion of alveolar macrophages, defined
as those cells with surface expression for both
Fc-vy receptor 1 (CD64) and the mannose
receptor (CD206), was much higher in the
protected compartment than in the labeled
compartment (Figure 4B). However, we
found that the proportion of lung dendritic
cells, defined as CD206°CD11c* HLADR "
cells, was consistently higher in the labeled
population than in the protected population
(Figure 4C). We then compared different
populations of CD64 " cells on the basis of
their expression of CD206 and sialoadhesin
(CD169), which was based on prior studies
using these markers to differentiate distinct
populations of interstitial and alveolar
macrophages (23). Although there was no
statistically significant difference among
these distinct populations, there was a trend
toward increased CD169 " CD206 ~ myeloid
cells among the labeled population and
increased CD169* " CD206> ™ cells among
the protected population (Figure 4D).
Protected cells of myeloid lineage, when
compared with labeled cells, showed a trend
toward an increased proportion positive for
HLADR, PDL1 (programmed death-ligand
1), CD68, and CD1c (Figures ESA-E5F).

Figure 2. (Continued). (*P=0.01 and N = 8 for each, with only 7 samples that had enough labeled CD4" T-cell samples for inclusion). (C)
Representative flow-cytometric plots of canonical tissue-residency cell-surface markers CD69 and CD103 from protected (left) and labeled
(right) CD8™ T cells obtained from lung biopsy specimens at 6 hours. (D) Paired frequency of CD103 expression at 6 hours (*P=0.02, N=8).
(E) Paired frequency of CD69 expression at 6 hours (*P=0.02, N=8). (F) Representative samples of CD69 and CD103 expression from
protected (left) and labeled (right) CD4" T cells taken from lung biopsy specimens at 6 hours. (G) Paired frequency of CD103 expression at 6
hours (P=0.03 and N = 8, with one unpaired sample). (H) Paired frequency of CD69 expression of CD4" T cells taken from lung biopsy
specimens at 6 hours (*P= 0.03, N= 8, with one unpaired sample). (/) Representative flow-cytometric plot identifying protected (top) and
labeled (bottom) CD4* regulatory T cells from lung biopsies taken at 6 hours of ex vivo lung perfusion. (J) Paired frequency of protected and
labeled CD4™" regulatory T cells as a proportion of total protected and labeled CD4™ T cells, respectively (*P=0.02 and N=8, with one
unpaired sample). ns = no statistically significant difference; TCM = central memory T cells; TEM = effector memory T cells; TEMRA = terminally

differentiated effector T cells.
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Figure 3. Differential phenotype of BAL-fluid and perfusate compartments. (A) Representative histograms displaying intraperfusate CD45
labeling by sample location and time for CD8" T cells (far left), CD4™ T cells (middle), and alveolar macrophages (far right, defined as
lineage-negative CD14*CD206™). (B and D) Representative flow-cytometric plots of CD8™ (B) and CD4™ (D) T-cell phenotypes based on
CD45RA and CCRY7 expression for samples obtained from perfusate at the 6-hour time point (T6; far left), from BAL fluid at the O-hour time point
(TO; middle), and from BAL fluid at T6é (far right). (C and E) Cumulative proportions of phenotypes for CD8" (C) and CD4* (E) T cells (bars
represent means with SDs shown; N = 8; with *P<0.05, **P<0.001, and ***P<0.0001 by Kruskal-Wallis test). (F and H) Representative
flow-cytometric plots of canonical tissue-resident memory T-cell markers CD69 and CD103 for CD8™ (F) and CD4" (H) T cells obtained from
perfusate at 6 hours (far left), BAL fluid at O hours (middle), and BAL fluid at 6 hours (far right). (G and /) Cumulative proportions of CD69 and
CD103 expression from CD8™" (G) and CD4™" (/) T-cell phenotypes (bars represent means with SDs shown; N = 8; *P<0.05, **P<0.001, and
**P<0.0001 by Kruskal-Wallis test). + = positive; — = negative; CD45ip = intraperfusate-labeled CD45; max = maximum; ns = no statistically
significant difference; TCM = central memory T cells; TEM = effector memory T cells; TEMRA = terminally differentiated effector T cells.
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Figure 3. (Continued).

Together, these results suggest a differential
compartmentalization of lung cells of
myeloid lineage, with alveolar macrophages
being protected from perfusate and dendritic
cells and CD169 " CD206  macrophages
being preferentially in communication with
the perfusate. Finally, intraperfusate labeling
identified a population of ex vivo CD45-
unlabeled CD3~CD20™" (B cells) and CD56™"
(natural killer) lymphocytes after 6 hours of
EVLP, presumably tissue-resident B cells and
natural killer cells (Figure E2).

Lung Try Cocluster with M, g
Preferentially around the Airways

To investigate the spatial relationship
between lung Ty and My g, we performed
multiplexed THC on lung biopsy specimens
taken at 0 and 6 hours of EVLP. At 0 hours,
we found large clusters of CD3 " and CD68 ™
cells, mainly around the airways but
occasionally within the parenchyma; after 6
hours of EVLP, the clusters of cells around
the airways persisted (Figure 5A). At both 0
and 6 hours, monocytes were more prevalent
than T cells everywhere in the lung, but to a
much lesser degree around the airways
(Figure 5B); CD3™ cells were present in near
equal proportion to CD68™ cells around the
airways (Figure 5C). Using a machine-
learning algorithm, centroids of CD3" and
CD68" from THC were generated, and
spatial relationships among cell types were
compared with those of all cells (labeled
nuclei) using a PCF (Figures 6A-6C). We
found that CD3" and CD68 ™" cells
coclustered around the airways and
parenchyma at all time points, but to a
stronger degree after 6 hours of EVLP, with
all airway and parenchyma sections meeting
the algorithm’s threshold for coclustering
(Figure 6D). These results suggest that Try

and M y cocluster around both the airways
and parenchyma of human lungs.

M, Provide Costimulatory Signaling
to Both CD4* and CD8* Lung Tgu

On the basis of our findings that CD3" and
CD68™ cells colocalize predominantly
around the airways, we next set out to
determine whether M; r impacted the
effector function of Try;. We isolated live
Try (defined as live CD45"CD14~

CD206 CD4/CD8"CD69 " cells) and My
(defined as live CD45" CD14"CD206™" cells)
from biopsy specimens taken at 6 hours
(Figure E6). Try were stimulated with
monoclonal CD3 in the absence and
presence of My at a 1:1 ratio. Regardless of
the experimental condition, CD4 " and
CD8" Ty could be separated into PD1"
and PD1" populations; PD1'° CD8™" Try
had increased expression of both the
transcription factors HOBIT and TBET
(Figure 7A). CD8" Tgy PD1IMHOBIT"
(PD1") and HOBIT/TBET"PD1"
(HOBIT™) populations were functionally
distinct, with HOBIT/TBET™ showing high
baseline granzyme B content that did not
change with stimulation plus a poor effector
response to stimulation and PD1" showing
preferential production of effector cytokines
with stimulation and lower granzyme B
content (Figures 7B-7D).

PD1" Try cultured in the presence of
Mg produced increased amounts of [FNvy
and TNFa and had increased cell-surface
expression of CD107a when compared with
stimulated with monoclonal CD3 alone.
There was no difference in IL2, IL10, or
granzyme B expression among groups
(Figure 7E). cD4* PDIM Trv produced
increased amounts of TNFa and had
increased surface expression of CD107a when

Snyder, Sembrat, Noda, et al.: Human Lung-Resident Macrophages

stimulated in the presence of My, with no
difference in IL2 or granzyme B and a
non-statistically significant increase in IFNy
(Figure 7F). Together, these findings suggest
that M i provide a costimulatory signal to
PD1" lung Try, after TCR-complex
signaling.

To determine whether in vitro testing
correlated with ex vivo cytokine production,
we performed cytometric bead array on BAL
supernatant and perfusate. We found that
perfusate and BAL fluid had increasing
concentrations of IL-10 over time and that
TNFo had an initial rise at 3 hours followed
by a trend toward downward concentration
by 6 hours (Figure E7). Il-17 was increased in
the perfusate over time, and there were
negligible amounts of IFNy found in either
the BAL fluid or perfusate. This discordance
between potential Tgry; cytokine production
and actual cytokine content of the EVLP
system suggests that injury induced by the
EVLP system does not elicit an effector
response in Try.

Finally, we set out to identify
preliminary evidence as to whether T-cell
functional signatures were associated with
any donor demographic or experimental
parameters on univariate analysis. We
compared the cytokine production and
CD107a cell-surface expression of CD8" and
CD4" Try after stimulation with
monoclonal CD3 in the presence of Mjr
with donor demographics and surrogate
measures of lung injury. We found no
relationship between donor BMI and T-cell
function or degranulation (as measured by
CD107a positivity; Figure E8A). We used
reduced lung compliance at the end of 6
hours of EVLP as a surrogate of lung injury
invoked either during ischemia time or by
the process of EVLP. Decreased lung
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Figure 4. Differential compartmentalization of alveolar macrophages (Alv Mac) and lung
dendritic cells. (A) Representative flow-cytometric plot isolating cells with a myeloid lineage
(LIN). (B) Representative flow-cytometric plot identifying Alv Mac (defined as LIN™,
CD64"CD206") from lung biopsy specimens taken at 6 hours on the basis of the presence
(right) or absence (left) of intraperfusate CD45 labeling (CD45ip). (C) Paired comparison of the
proportion of Alv Mac from each cellular compartment (P=0.06, n=5). (D) Representative

compliance was associated with a trend of
increasing surface expression of CD107a,
suggesting increased lysosomal
degranulation with injury (Figure E8B).
However, IL2 production did increase with
increased lung compliance. There were no
differences in cytokine production of CD4 "
Try based on donor age, sex, or BML
Similarly, there were no effects of
experimental parameters of EVLP on
cytokine production of CD4 " Tryy.

Discussion

Human lung Tgy; are instrumental in
providing a rapid effector response to
previously encountered inhaled pathogens
and play a critical role in tumor
immunosurveillance (24, 25). However, lung
Try also have the capacity to produce
pathologic inflammation; for example,
exposing mice to house dust mites leads to
an accumulation of airway-centered, house
dust mite—specific CD4 ™ Try that is
associated with increased airway resistance
(26). Humans with asthma have been shown
to have increased proportion of CD103™ T
cells found in their BAL fluid (27, 28). Given
the abundance of My, their adaptation to
the local environment, and their vital role in
maintaining lung homeostasis, it would seem
reasonable that M r play some role in
guiding either the pro- or the
antiinflammatory response of Trys (9, 10).
Here, we present compelling evidence that
M g colocalize with Ty predominantly
around the airways and that M; r enhance
the effector response of lung Try by
providin%_costimulatory signaling. We show
that PD1™ lung Try, are well poised to
provide a rapid effector response on TCR-
complex signal transduction in the presence
of M.

Existing evidence suggests a two-way
communication between T cells and
macrophages. Effector CD8™ T cells assist in
memory-macrophage formation after
respiratory viral infection via IFNy
production (29). T-cell diapedesis is
facilitated by macrophage nitric oxide
production in lung cancers (30). Trm
formation in the lung can be facilitated by
priming from IL-10-producing monocytes
via transforming growth factor 3 signaling
(31). However, the means by which M; g
modulate the effector response of Tgy in
human lungs remains incompletely
characterized. In the pancreas, B7-H (PDL1)

American Journal of Respiratory and Critical Care Medicine Volume 203 Number 10 | May 15 2021



B C
Time 0 hours Time 6 hours
501 O CD68/Total cells ** "
W CD3/Total cells o " w
2 40 is o 275 75
3 © g
O . o
T 30 - ns 8
o O
o )
t o © © 8 5.0 5.0 /
i%) 20 L INS) ™ o
3 " o </
1™ c
X 104 o 825 " 2.5
o| [ ) = 7T
" = T e S ———— ap—— 1 F=—== ——3
0 T T T T T T T T ><
Airway |Parenchyma Airway |Parenchyma 0.0 0.0
Time 0 hours Time 6 hours Airway Parenchyma Airway  Parenchyma

Figure 5. Tissue-resident memory T cells are abundant in the lung and are mainly airway centered. Multiplexed immunohistochemistry of CD3 (brown) and
CD68 (red) was performed on sections of lung obtained at the O-hour time point (TO) and at the 6-hour time point (T6) of ex vivo lung perfusion (EVLP).

(A) Representative immunohistochemistry of the airway (top row) and lung parenchyma (bottom row) at TO (left column) and after T6 of EVLP (right column).
(B) Cumulative data showing the proportion of CD3* and CD68™ cells of all nucleated cells by time of lung biopsy and area captured on imaging. “Airway”
refers to small airways, and “parenchyma” refers to the adjacent lung parenchyma section devoid of airway or blood vessels. The median value per lung is
included in each graph, with 8 lungs included (*P= 0.02 and **P = 0.008). (C) Cumulative data of CD68/CD3 ratio by anatomic location for TO (left) and T6 (right)
of EVLP. The median value of each lung is included, 8 lungs were included in the analysis, the orphaned parenchyma dot at O hours is due to the lack of an
identifiable airway in one biopsy specimen at O hours, and the red dashed line equals a ratio of 1. Scale bars, 100 wm. ns = no statistically significant difference.

Figure 4. (Continued). flow-cytometric plot identifying dendritic cells (defined as LIN CD206°, HLADR"CD11c™) from lung biopsy specimens tak-
en at 6 hours on the basis of the presence (right) or absence (left) of CD45ip. (E) Paired comparison of the proportion of Alv Mac from each cellular
compartment (P=0.06, n=5). (F) Representative flow-cytometric plots of macrophage phenotypes based on CD169 and CD206 expression for pro-
tected (left) and labeled (right) CD64™ cells obtained from lung biopsy specimens at 6 hours. (G) Cumulative data (n=5). ++ = strongly positive;

+ = weakly positive; — = negative; FSC-A = forward scatter area; FSC-H = forward scatter height; SSC = side scatter; SSC-A = side scatter area.
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Figure 6. Tissue-resident memory T cells and lung-resident macrophages colocalize within the lung, predominantly around the airways. (A)
Representative multiplexed immunohistochemistry showing CD3 (brown) and CD68 (red) cells colocalizing around the airways. (B) Image
converted to centroids (dots) using a machine-learning algorithm; yellow dashed lines outline the border of the airway. (C) Representative graph
showing PCF (y-axis) across distances between centroids (x-axis) in micrometers for all cellular spatial relationships in one image; deviations
above the Poisson distribution suggest colocalization at that radius (for reference, the diameter of a T cell is roughly 7 um [49], and the diameter
of a macrophage is variable but is on average 21 um [50]). (D) Cumulative data comparing proximity between CD68* cells and either nuclei or
CD3™ cells within and around the small airways (top row) and lung parenchyma (bottom row) at TO (left column) and T6 (right column) of ex vivo
lung perfusion; for reference, an AUC value of 50 um would represent a random Poisson distribution (*£P= 0.02 and **P = 0.008; median value of
3-6 random airway and parenchyma sections included from 8 lungs; no TO airway identified for one sample). Scale bar, 50 um. AUC = area
under the curve; PCF = pair-correlation function; TO = O-hour time point; T6 = 6-hour time point.

expressed on macrophages interacts with to circulating lymphocytes via CD28 pathways include both direct signaling via
PD1 on pancreatic CD8" Ty to modulate ligation (32). However, lung Try; have CD40-CD40L interaction (33) and

their effector function (20). We found that relatively low CD28 expression, and paracrine effects of IL-12 release (34).
My rarely expressed PDL1, making this alveolar macrophages have diminished B7 Alternatively, this may represent an effect
interaction less likely to play a major role in expression when compared with whereby macrophages augment T-cell
modulation of lung Try;. B7-1 and B7-2 circulating monocytes (32). Further effector function by enhancing TCR
expression on circulating monocytes was investigation is required to determine the cross-linking by binding CD3 monoclonal
shown to provide costimulatory signaling means of cosignaling. A few candidate antibody to their Fc receptor (35).
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Figure 7. Lung-resident macrophages (M_g) provide costimulatory signaling to tissue-resident memory T cells (Try). CD69F, CD4™", and CD8*
T cells were isolated from lung biopsy specimens after 6 hours of ex vivo lung perfusion using an influx cell sorter and were cultured with media
alone (media), with monoclonal CD3 (CD3), with monoclonal CD3 plus Mg at an M g/Try ratio of 1:1 (CD3 + M_g), and with CD2/CD3/CD28
beads (beads). (A) Representative flow-cytometric plot of PD1 (programed cell death receptor 1) and HOBIT (left) and TBET (T-box transcription
factor TBX21) and HOBIT (right) expression of CD8" Try cultured in media. (B) Representative histogram (left; horizontal line denotes positive
gate) and paired cumulative frequency of intracellular GZMB (granzyme B) expression between PD1" and HOBIT" or TBET" CD8" Tam
(*P=0.02, includes samples from 7 lungs). (C) Representative flow-cytometric plot of TNFa (tumor necrosis factor a) and IFNy production
among HOBIT or TBET™ (left) and PD1" (right) CD8" Tgry isolated from lung biopsy specimens at 6 hours and cocultured with CD3 + M g.

(D) Composite data comparing the proportion of CD8" Try producing IFNwy (left) and TNFa (right) on the basis of expression of PD1 and either
HOBIT or TBET (*P=0.02, includes data from 7 lungs). (E) Representative comparison of cytokine production and LAMP1 expression for CD8*
PD1" lung Trw under different stimulation conditions displayed as concatenated files from a single lung (top; rectangle outlines positive cells)
and cumulative data (bottom; *P = 0.02; includes data from 7 lungs). (F) Representative comparison of cytokine production and LAMP1
expression for CD4" PD1" lung Try under different stimulation conditions displayed as concatenated files from a single lung (top; rectangle
outlines positive cells) and cumulative data (bottom; *P = 0.02; includes data from 7 lungs). max = maximum; ns = no statistically significant

difference.
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Figure 7. (Continued).

PD1 upregulation after chronic viral
infection is associated with T-cell exhaustion,
manifested as decreased capacity for
proliferation and cytokine production (36).
We found that PD1" lung Tpy conversely had
enhanced effector function. We suspect, as
previously reported (37), that PD1 expression
represents a core immunomodulatory
signature rather than exhaustion in Try. This
is consistent with studies showing that PD1
expression is associated with increased
inflammation in joints (38) and that PD1
helps mediate a transient amount of
exhaustion between infections, preventing
pathologic inflammation (39). The
transcription factors HOBIT and TBET are
associated with the differentiation and
regulation of cytotoxic effector function in
CD8" T cells (40-42). The role of HOBIT in
formation and maintenance of Ty, remains
unclear. An experimental mouse model
suggested that HOBIT plays a critical role in
formation of Try; (43). However, subsequent
studies showed that HOBIT-knockout mice
are still capable of generating fewer cytotoxic
Tra in the gut, manifested as decreased
experimental colitis (44). Our results suggest
that HOBIT expression is associated with a
cytotoxic population of Ty, which would be
consistent with a diminished extent of colitis
previously described.

Like all means of studying human Tgyy,
our findings are limited by experimental
constraints. Longer time on EVLP may
further enrich for protected immune

1242

populations; however, longer perfusion times
diminish tissue viability. Furthermore, the
mechanical stress of positive pressure
ventilation and reactions to blood-surrogate
perfusion may alter the resident immune
cells in currently unknown ways.
Stimulations of M;  and Tgy; were
performed on frozen cells, with potential
alteration of CD45 intraperfusate labeling.
To isolate Trp; and My g from these frozen
aliquots, we relied on surrogate markers of
tissue residency from cells after 6 hours of
EVLP; rare CD69 " passenger lymphocytes
may have contaminated this population. The
cytokine content of the BAL-fluid and
perfusate compartments of lungs after 6
hours of EVLP did not correlate with the
cytokine-production pattern found by
stimulation of T cells in the presence of My y.
There are many possible explanations for this
discrepancy that justify further investigation.
The most likely is that interactions of Try
and M| may require the presentation of a
“nonself” cognate antigen to stimulate an
effector response (45, 46). This possibility
implies that “danger” signaling in the
absence of a nonself peptide is insufficient
to stimulate this resident immune
network (47). The EVLP model provides a
unique methodology for studying these
complex interactions in human lungs, as
well as for investigating the response of
human resident immune populations to
various challenges, via either inhalations
or intraperfusate.

In this study, we found differential
compartmentalization between alveolar
macrophages and dendritic cells, which were
predominantly found in the protected and
labeled compartments, respectively. Our
functional analyses focused on the impact of
alveolar macrophages on the effector
function of lung Ty, which fails to address
the role that interstitial macrophages may
play in modulating the tissue-resident
adaptive immune response in the lung.
Interstitial macrophages remain
incompletely characterized in the human
lung (48), predominantly because of
experimental constraints and the more
readily available sampling of alveolar
macrophages. It is unclear whether
interstitial macrophages would be removed
from the circulation to the same degree as
alveolar macrophages, making intraperfusate
labeling a currently inadequate means of
characterizing the interstitial macrophage
population. However, we did find
CD169"CD206  macrophages to
preferentially occupy the labeled
compartment, suggesting that this
population is more closely localized to the
circulation. Future attempts to more
accurately characterize interstitial
macrophages with EVLP as a population
distinct from alveolar macrophages, will
likely require the development of an
intraperfusate labeling system that can
withstand fixation and paraffin embedding,
enabling spatial imaging analysis.
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