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Introduction: Lung transplantation often results in primary and/or chronic
dysfunctions that are related to early perioperative innate allo-responses
where myeloid subsets play a major role. Corticosteroids are administered
upon surgery as a standard-of-care but their action on the different myeloid
cell subsets in that context is not known.

Methods: To address this issue, we used a cross-circulatory platform perfusing
an extracorporeal lung coupled to cell mapping in the pig model, that enabled us
to study the recruited cells in the allogeneic lung over 10 hours.

Results: Myeloid cells, i.e. granulocytes and monocytic cells including classical
CD14P°* and non-classical/intermediate CD16P°* cells, were the dominantly
recruited subsets, with the latter upregulating the membrane expression of
MHC class Il and CD80/86 molecules. Whereas corticosteroids did not reduce
the different cell subset recruitment, they potently dampened the MHC class |l
and CD80/86 expression on monocytic cells and not on alveolar macrophages.
Besides, corticosteroids induced a temporary and partial anti-inflammatory gene
profile depending on cytokines and monocyte/macrophage subsets.

Discussion: This work documents the baseline effects of the standard-of-care
corticosteroid treatment for early innate allo-responses. These insights will
enable further optimization and improvement of lung transplantation outcomes.
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1 Introduction

Allogeneic lung transplantation (LT) is the ultimate therapeutic
option for end-stage respiratory diseases. However, the median
survival time is only approximately six years due to frequent
complications, i.e. primary graft dysfunction (PGD), chronic
allograft lung dysfunction, infections, and the secondary effects of
immunosuppressive drugs (1). A shift of paradigm is required to
improve the LT outcome and reduce the burden of long-term
immunosuppressive drug treatments.

It has recently been proposed that the control of the innate
immune responses during LT, through targeting myeloid cells, could
result in tolerance induction and prolonged graft survival (2, 3). The
innate immune responses in LT are induced by the ischemia-
reperfusion process that inevitably occurs upon reoxygenation of the
explanted lung and is responsible for a complex sterile inflammatory
cascade driven by polymorphonuclear cells (PMNs), resident alveolar
macrophages (AMs) and monocytic cell subsets of hematopoietic
origin (4). Monocytic cells (MoCs) encompass monocytes,
monocyte-derived macrophages, and dendritic cells (DCs), that are
characterized by different activation, tissue-location, and differentiation
statuses (5). Monocytes are distinguished into classical (CD14P*) and
non-classical/intermediate (CD16P*°) monocytes in humans (6), with
similar counterparts in mice (7) and in other mammals such as pigs (8).
In mouse models these subsets have been shown to play distinct roles
in the innate response to ischemia-reperfusion upon LT in an
allogeneic context: in the first hours post-LT, the donor non-classical
monocytes initiate the PMN recruitment, and the recipient classical
monocytes promote the PMN extravasation which is necessary to
PGD, both through IL-1 signaling (4). Experimental data also support
that the combination of ischemia-reperfusion and innate allogeneic
recognition signaling activates the recipient monocytes that
differentiate either into pulmonary macrophages or inflammatory
DCs and trigger allogeneic T and B cell responses leading to chronic
rejection (9, 10). At the clinical level, the severity of ischemia-
reperfusion injury is related to PGD development in the first three
days post-LT (11) and PGD has been associated with later rejection and
chronic lung allograft dysfunction (12). Altogether, the current
knowledge supports that the innate myeloid response that occurs in
the first hours post-LT is the driving mechanism that, through
uncontrolled amplification, leads to PGD.

In the clinic of LT, methylprednisolone (i.e. corticosteroids, CS)
is the cornerstone of early immunosuppressive therapy.
Methylprednisolone is given intraoperatively as a bolus before
reperfusion (13, 14), however, its effects on the detrimental early
innate myeloid responses described above are not known. Indeed,
while the inhibitory effects of CS on adaptative immunity,

Abbreviations: LT, Lung transplantation; EVLP, ex vivo lung perfusion; CS,
corticosteroids; AMs, alveolar macrophages; MoCs, monocytic cells; DCs,
dendritic cells; PMNSs, polymorphonuclear neutrophils; EVLP, ex vivo lung
prefusion; PGD, primary graft defect; CFSE, carboxyfluorescein succinimidyl
ester; RT, reverse transcription; PA, pulmonary artery; PV, pulmonary vein;
sw, swine; hu, human; BAL, broncho-alveolar lavage; UT, untreated; CST,
CS-treated; ISC, isotype control; scRNA-seq, single cell RNA-seq; HES,

hematoxylin-eosin-saffron.

Frontiers in Immunology

10.3389/fimmu.2023.1281546

particularly on T-cells are well described, their effect on the
innate myeloid cells appears complex and may depend on subsets
and their differentiation and activation stage (15). Furthermore,
most knowledge about the CS effects was obtained from in vitro
cultured monocytes or macrophages (15, 16) and may not
recapitulate the in vivo response, in particular in the context of
innate allo-responses of LT. It is therefore of prime importance to
dissect the effects of current treatments given at the surgical time on
the innate allo-responses during the first hours post-LT, to develop
needed improvements.

The pig animal model is relevant to the study of human LT due
to the anatomical, physiological, and immunological similarities
between pigs and humans, which are much closer than between
rodents and humans (17). Furthermore, rodents are not considered
reliable preclinical models when examining immunomodulatory
drugs in transplantation (18). We recently established a cross-
circulation platform of extracorporeal donor lung coupled to cell
mapping in the pig (19). We showed that this model presents
several advantages over classical LT to study the cellular and
molecular events occurring upon ischemia-reperfusion and the
first encounter between donor and recipient cells. Indeed in that
model (Supplemental Figure 1), an extracorporeal donor lung is
connected to the circulation of a perfusing pig via the superior vena
cava, through a rapid and easy procedure that is ethically friendly,
which permits a tight control of the vascular flow and the
ventilation and thus leads to a high degree of experimental
repeatability leading to robust results across experiments.
Furthermore, a longitudinal sampling can be easily performed
from an accessible extracorporeal lung at different times. Finally,
an intravenous injection of CFSE that labels the whole leukocyte
compartment of the perfusing pig allows to distinguish the pig
donor cells from the perfusing pig cells and to take into account the
regulatory systemic signaling of a complete host, which would not
be the case with a classical ex vivo lung perfusion (EVLP) using
whole blood. Thanks to this model, we showed that PMNs and
MoCs are the dominantly recruited populations from the pig host in
the first 10 h and that the recruited MoCs upregulate the MHC class
IT and CD80/86 antigen-presentation molecules at their cell surface
(19). Here we used this cross-circulatory platform to study the effect
of a CS pulse -similar to the one given upon surgery- on the innate
allogeneic cell activation, and in particular on AMs and recruited
classical (CD14P°%) and non-classical/intermediate (CD16P°%)
MoCs, the latter upregulating MHC class II and CD80/86 upon
reperfusion. We uncovered that CS did not modify the innate cell
recruitment, they dampened the expression of MHC class II and
CD80/86 on MoCs and not on AMs, and partially and temporally
reduced inflammatory cytokine gene expression depending on
cytokine genes and monocyte/macrophage subsets.

2 Materials and methods

2.1 Animals

Large-White pigs (ten donor pigs and ten perfusing pigs) were
hosted in the Animal Genetics and Integrative Biology unit (GABI-
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INRAE, France). We used matched pairs of male donors and female
recipients (i.e. perfusing pigs) from different siblings. Pigs were 3 - 5
months old, with a mean weight of 50.8 + 4.4 kg in the untreated
(UT) group and 49.9 + 1.8 kg in the CS treated (CST) group.

2.2 Donor lung harvest and
lung cannulation

The lung harvest from donor pigs (n = 10) was performed in the
Animal Surgery and Medical Imaging Platform (CIMA-MIMA2-
BREED-INRAE, Jouy en Josas, France) as described in a previous
study (19). The ischemic durations undergone by the donor lungs
are provided in Supplemental Table 1 for the UT and CST groups
(warm ischemia duration: 88 + 5.7 min for UT and 79.6 + 11.8 min
for CST group, cold ischemia duration: 107.6 + 18.6 min for UT and
100.2 + 12.85 min for CST group).

2.3 Recipient conditioning and
cross-circulation

The overall cross-circulation procedure is depicted in
Supplemental Figure 1. Recipient pigs (n = 10) were anesthetized
as described (19). Septotryl® (0.08 ml/kg) (Vetoquinol) was
injected i.m. before catheterization. In the CST group, 20 mg/kg
methylprednisolone (Mylan, Canonsburg, USA) was administered
iv. 1 h prior to the start of cross circulation. After a 25,000 U
heparin bolus, the recipient pig was maintained on a continuous
heparin infusion (100 U/Kg/h). The superior vena cava was
cannulated in the recipient pig with a 20 F double lumen cannula
as described (19). Carboxyfluorescein succinimidyl ester (CFSE, 25
mg, Sigma-Aldrich, Saint-Louis, MS, USA) was administered i.v. in
the perfusing pig, diluted in 4 ml DMSO + 40 pl heparin, 30 min
before the initiation of cross-circulation. Donor lungs were placed
in dorsal position on XVIVO® chambers (XVIVO Perfusion) and
the trachea was cannulated with a 7.5 mm diameter cuffed
endotracheal tube (Mallinckrodt, Staines-upon-Thames, UK) and
connected to a respirator. The vascular tubing was spliced to
connect the recipient pig to the dedicated circuit, marking the
start of cross-circulation. Sedation was kept for 10 h by permanent
administration of 2 mg/kg/h propofol (Proposure®, Axience,
Pantin, France) with 0.6% isofluorane and analgesia was achieved
by i.v. administration of 0.2 mg/kg nalbuphine every 3 hours.

2.4 Extracorporeal haemodynamic and
lung function monitoring

We collected blood samples from the PA and PV cannula
hourly to perform the hemo-gas analyses using an Istat® kit. The
static compliance (Tidal Volume/(plate pressure - positive end
expiratory pressure)), APCO2 (arterial PCO2 - venous PCO2)
and APO2/FIO2 (venous PO2 - arterial PO2/FIO2) were
measured every 1 h. The transpulmonary pressure (PA - PV) and
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the pulmonary vascular resistance were calculated (PA pressure —
left atrial pressure) x 80/flow rate.

2.5 Blood sample collection

We collected blood samples by venipuncture of the auricular
vein or directly from the extracorporeal circuit. Blood counts and
biochemical profiling from plasma were performed on an MS4.5
analyzer and an M-Scan II analyzer (Melet Schloesing Laboratoires,
Cergy-Pontoise, France).

2.6 Lung biopsies

Lung biopsies for cell dissociation (about 2 g) were sampled
from the cranial and caudal lobes using a surgical stapler (Endo
GIA™ universal stapling system, Medtronic, Minneapolis, USA)
and were immediately immerged in cold hypothermic preservation
media (HypoThermosol® FRS, Stemcell Technologies Inc,
Vancouver, Canada). For histology, biopsies were fixed in cold
phosphate-buffered 4% paraformaldehyde for 24 h and
subsequently paraffin-embedded.

2.7 Lung cell extractions

Lung tissue (2 g) was finely chopped and incubated at 37°C for
45 minutes under rotation in RPMI 1640 supplemented with 100
IU/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine and
10% inactivated fetal calf serum (FCS) (Invitrogen, Paisley, UK),
containing 3 mg/ml collagenase D, 0.25 mg/ml DNase I (Sigma-
Aldrich) and 0.7 mg/ml dispase II (Gibco®, ThermoFisher
Scientific, St Aubin, France). The cell preparation was
subsequently filtered on a nylon mesh (1 mm diameter) followed
by successive passages through cell strainers (500 pm, 100 pm,
40 pm). Erythrocytes were eliminated with erythrocyte lysis
buffer (10 mM NaHCO3, 155 mM NH4Cl, and 10 mM EDTA). The
cells were washed in PBS, counted and 10® cells were processed to
cell surface staining. For subsequent use (cell sorting), the
remaining cells were frozen in 10% DMSO + 90% FCS using a
Mister Frosty freezing container (Nalgene, Rochester, NY, USA)
and finally kept in liquid N2.

2.8 Cell surface staining and flow
cytometry strategy

We performed the cell surface staining in RPMI supplemented
with 10 mM Hepes, and 5% horse and swine serum respectively
(Gibco, Life Technologies Europe, Bleiswijk, Netherlands). We
used swine-specific primary antibodies (Abs) and conjugated
secondary Abs that are listed in Supplemental Table 2. We used
isotype controls (mouse IgGl, IgG2b, and IgG2a) at the same
concentration as the tested mAbs, based on the fluorescence
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minus one method (20). In some cases, a directly PE-conjugated
mAb (anti-CD163-PE and anti-CD3-PE), of the same IgG1 isotype
as a primary Ab, was used as a third step, and in these cases, an
additional saturation step was done with an excess of mouse IgGl
(50 pg/ml). A DAPI staining (Sigma-Aldrich) excluded dead
cells. Results were acquired on BD LSR Fortessa' " Cell Analyzer
(BD-Biosciences). The FACS data were analyzed with the FlowJo
software (version 10.7.1; Tree Star, Ashland, OR, USA). The gating
strategy is shown in Supplemental Figure 2 which originates from
our recent paper (19).

2.9 Cell sorting of AMs, CD14™ and
CD16™ MoCs

Lung cells were thawed from frozen stocks and reacted with
anti-CD14, CD16, and CD172A mAbs followed by conjugated
goat anti-mouse isotype-specific Abs (Supplemental Table 2). The
anti-IgG1 conjugate was saturated by an excess of mouse IgGl
(50 pg/ml) and cells were labeled with anti-CD163-PE (IgGl)
(Supplemental Table 2). The cell subsets were sorted (“purity”
mode) by flow cytometry on the Imagerie-Gif Cytometry facility
(I12BC, Gif sur Yvette, France) using the MoFlo ASTRIOS sorter
(Beckman-Coulter, Paris, France) and the Summit 5.2 software.
AMs were sorted as CFSE™#SSC™CD163"/CD172A" from total
live lung cells (see (19) for their characterization). The MoCs were
sorted as CESEP**SSC°CD172ACD14P*CD16 (named CD147*")
and CFSEP**SSC'°CD172A™CD14'°CD16™ cells (named CD16").

2.10 RNA extraction, reverse-transcription,
and RT-qPCR

Total mRNA from sorted CD14F, CD16P%, and AMs as well
as RNA from total lung cells used as a calibrator were extracted
using the Arcturus (PicoPureTM RNA kit-ThermoFisher Scientific)
and quantified by Qubit " RNA high sensitivity kit (InvitrogenTM,
Fisher Scientific SAS, Illkirch, France). RNA was reverse-
transcribed using random primers and the Multiscribe reverse
transcriptase (Applied Biosystem, ThermoFisher Scientific), using
equal starting quantities of RNA from test and calibrator RNA (8 to
50 ng). Quantitative real-time PCR was carried out with 300 nM
primers in a final reaction volume of 25 pl of 1 X SYBR Green PCR
Master Mix (Applied Biosystem, ThermoFisher Scientific). The
primers were designed using the primer express software (v2.0)
and are reported in Supplemental Table 3. PCR cycling conditions
were 95°C for 30 sec, linked to 40 cycles of 95°C for 5 sec and 60°C
for 30 sec. Real-time qPCR data were collected by the Bio-Rad CFX
Maestro system (Bio-Rad Laboratories Inc, Marne-la-Coquette,
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France) and expression of the different genes relative to RPS24
and normalized to the internal calibrator (arbitrary units) were
calculated by the 27**“" method.

2.11 May—-Grunwald—Giemsa staining
and histology

Sorted cells were spun onto microscope slides by
cytocentrifugation and stained with May-Grunwald-Giemsa
stain. Images were acquired with a Leica Leitz DMRB microscope
equipped with a 63 oil-immersion objective (numerical aperture
1.3), an ExiAquaTM imaging camera, and the QCapture software
(QImaging, Surrey, Canada). Formalin-fixed paraffin-embedded
lung tissues from a UT and CST experiment at 0 h, 6 h, and 10 h
were cut every 50 um to produce three 5 pum tissue slices per sample
that were stained with hematoxylin-eosin-saffron (HES). The slides
were imaged with a slide scanner (Pannoramic SCAN II, v3.0.2,
3DHistech, Medipixel Ltd, Budapest, Hungary) and were observed
by an external pathologist and a veterinarian in a blinded manner.
Five randomly-selected high power fields per slide (7x10* um? area)
were observed from 3 slides per sample originating from 2 pigs per
group (leading to 6 slide results per timing in each group) and the
airway and alveolar polymorphonuclear cells were quantified.

2.12 Statistics

Data were analyzed with the GraphPad Prism 8.0 software. After
subjecting the data to a normality test, a paired parametric two-tailed t-
test was used to compare values between different time points, and an
unpaired parametric two-tailed t-test was used to compare values
between different treatments (UT and CST). When the data did not
pass the normal distribution test, a non-parametric paired Wilcoxon
signed rank test was used for analyzing differences between timing
(paired data), and a non-parametric Mann-Whitney test was used for
analyzing differences between UT and CST groups (unpaired data).
Mean =+ standard deviations were calculated.

2.13 Study approval

The animal experiments were conducted in accordance with EU
guidelines and French regulations (DIRECTIVE 2010/63/EU, 2010;
Code rural, 2018; Décret n°2013-118, 2013). The experiments
were approved by the COMETHEA ethic committee under the
APAFIS number authorization 25174-2020011414322379 and were
authorized by the French “Ministére de I'enseignement supérieur et
de la recherche”.
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FIGURE 1

The recruited monocytic cells in lung grafts include CD16P°* and
CD14P°* subsets. (A) The live CFSEP°SSSC-A' cells were selected as
we reported in (19). The CD172A" cells were gated and were further
split into CD14P°* and CD16P*° cells. The two subsets were sorted
by flow cytometry and stained with May-Grunwald Giemsa. The
represented gating strategy is shown on a pig cross-circulation
experiment at 10 h, depicted as a cross symbol in other figures. (B)
The expression of CD163, MHC class Il, and CD80/86 on the
CD16P°% and CD14P°* cells of the live CFSEP®SSC-A°CD172A" lung
cells is depicted (filled blue histogram) versus an IgG2a isotype
control (black line) at 6 h and 10 h post-reperfusion. The percent of
positive cells are indicated.

3 Results

3.1 Recruited and donor monocytic cells in
lung grafts include CD14"°° and CD16"°*
subsets with upregulation of MHC class Il
and CD80/86 expression in the CD16P°*
subset upon allogeneic reperfusion

Results from the mouse model of lung transplantation indicate
that the cell recruitment and activation that occur in the first hours
following LT, play key roles in the ischemia reperfusion injury and
PGD development (4). To study these early events in an animal
model of high translational value, i.e. the pig model, we used the
cross-circulation platform coupled with cell mapping that we
presented in the introduction (19). We monitored the recruitment
of the host immune cells that perfuse an extracorporeal allogeneic
lung over 10 h, a pertinent time frame based on the murine results
(4). In particular, we analyzed the composition of the recruited
MoCs cells in the CD14P°* (classical) and CD16P°° (non-classical/
intermediate) subsets. CFSE was injected intravenously into the
perfusing pig just before the cross-circulation initiation, resulting in

Frontiers in Immunology

10.3389/fimmu.2023.1281546

the CFSE labeling of most circulating host cells (see Material and
Methods, and (19)). Host MoCs cells in the graft were identified as
live CFSEP**SSC°CD172AM cells, as reported in (19) and shown in
Supplemental Figure 2, and they included 38.2 + 16.9% CD14"*
MoCs and 57.3 £ 5.4% CD16P* MoCs at 6 h post cross-circulation
initiation (Figure 1A, Supplemental Figure 3A). May-Griindwald
staining of these two subsets revealed a monocyte/macrophage
morphology with a bean shaped nucleus, relatively loose
chromatin, and large cytoplasm indicative of cell activation
(Figure 1A). These cells might be engaged in a macrophage
differentiation but our characterization method did not allow us
to conclude on their differentiation status. We therefore designate
the recruited CESEP®SSC'°CD172A" as MoCs. The recruited
CD16"° subset and not the CD14P* subset expressed high levels
of the scavenger molecule CD163, consistent with their non-
classical/intermediate identity (8, 21) (Figure 1B). The
proportions of the recruited CD14P° and CD16P°* subsets
remained stable over 10 h cross-circulation (Supplemental
Figure 3A).

At TO h, the CESE*#SSC°CD172AM cells, which correspond to
donor cells, also included CD14P°* (20.9 + 6.7%) and CD16"** (69.4
+ 5.7%) subsets (Supplemental Figure 3B, Supplemental Figure 4).
At 6 h and 10 h, the proportions of CD14P°* and CD16"** cells in
the CFSE™8SSC!°CD172AM cells were not modified when
compared to 0 h (Supplemental Figure 3B). Note that the
CFSE"*8$SC'°CD172A" cells during reperfusion may also
encompass some lowly CFSE-labeled cells originating from the
perfusing pig (19).

We found previously that the recruited MoCs during the cross-
circulation upregulated between 6 h and 10 h the surface expression
of MHC class II and CD80/86, which are antigen presentation
molecules that play a major role in allo-stimulation and rejection
(19). Interestingly Figure 1B shows that the upregulation of MHC
class IT and CD80/86 dominantly concerned the recruited CD16°**
subset and increased between 6 h and 10 h. The expression of these
antigen-presentation molecules was also confined to the CD16P**
subset within the CFSE™® cells (Supplemental Figure 4B).

Overall the allogeneic reperfusion of lung graft implicates the
recruitment of both CD14P°* and CD16"“* subsets and leads to the
upregulation of MHC class IT and CD80/86 on the CD16"“* subset
on the donor and perfusing pig cells.

3.2 The corticosteroid treatment does not
modify the composition of the early
recruited cell subsets in lung graft

Corticosteroids (CS) in the form of methylprednisolone are
given intraoperatively as a bolus at a dose of 1 g per patient before
the reperfusion (13) and thereafter, corticosteroids and/or other
immunosuppressive drugs are administered starting from the next
day. In order to assess the effect of the intraoperative treatment with
CS on the early innate allogeneic response in lung graft, we
administered methylprednisolone i.v. 1 h before cross-circulation
initiation in the perfusing pig, at a “bolus” dose classically used in
pig lung transplantation (i.e. 20 mg/kg (22-24),), which is in the
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Representation of immune cell subsets among the CFSEP®® cells at
6 h (A) and 10 h (B) in lung grafts. The gating strategy has been
described in (19) and is also shown Supplemental Figure 2. Within
live CFSEP®® gated cells, the percent of PMNs, SSC-A'°CD172A" cells
(MoCs, designated CD172A™), CD14P°5SSC-A°CD172AM (designated
CD14P°%), CD16P°°SSC-A'°CD172A" (designated CD16P°%), SSC-
APCD172" cells (designated CD172A™), CD13P°* (cDC1 dendritic
cells), NKp46P°® (NK cells), CD21P°* (B cells), CD3P°* (T cells),
CD3P°°CD4P°%, CD3P?*CD8P°* T cells are reported for the untreated
group (UT in red) and the corticosteroid-treated (CST in black)
group (5 pigs per group except for CD14P°* and CD16P°° subsets,
with 3 in the UT group and 4 in the CST group). Each pig is labeled
with a unique colored symbol throughout the paper. In most cases
the data distribution passed the normality test and an unpaired t-test
was used to identify statistically significant differences between UT
and CST values; a Mann-Whitney test was used for the CD14P°* and
CD16P°° subset values. No statistically significant differences were
found in any case.

same order of magnitude as the dose used in humans. We followed
the clinical parameters hourly and performed tissue sampling at 0 h
(before cross-circulation initiation), 6 h and 10 h.

The static compliance, APO2:FiO2, and pulmonary vascular
resistance remained stable in the graft throughout the whole
procedure with no statistically significant difference between the
untreated (UT) and CS-treated (CST) groups (Supplemental
Figures 5A-D). In the perfusing pigs, vital parameters (heartbeats,
blood pressure, lactate, creatinine, glucose levels) lay within normal
values (Supplemental Table 4) and blood counts were within the
normal range (Supplemental Table 4). Cell viability was measured
with the exclusion of DAPI on dissociated lung cell preparations
and was maintained over time, independently of CS administration
(Supplemental Figure 5E). The airway and parenchymal
structures were preserved over time, showing no sign of oedema,
no sign of injury, and a weak infiltration with inflammatory
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polymorphonuclear cells (PMNs) that increased in both groups
between timings (Supplemental Figure 6, p < 0.05).

We next monitored the recruited cell subsets in the lung grafts
of the UT and CST groups using flow cytometry analysis (Figure 2).
Similar percentages of recruited CFSEP** cells at 6 h and 10 h were
found in the extracorporeal lungs in UT and CST groups
(Supplemental Figure 7). The dominant subset among CFSEP®®
cells in both groups was PMNs followed by MoCs. The CD14"°* and
CD16P* subsets were similarly recruited in the UT and CST groups
(Figure 2, Supplemental Figure 3). In both groups other subsets
represented less than 10% of the CFSEP® cells and included
SSC'°CD172A™" cells (not known population), CD13P* cells
(cDC1 (25),), NKp46P°® cells (natural killer), CD21P°* cells
(mature B cells (26)), CD4P**CD3P* and CD8P**CD3P* T cells,
with no statistically significant differences between the UT and CST
groups for all populations. The recruitment of the cells in the lung
led to an overall increase (versus 0 h) in the proportion of PMNs
and of the monocytic cell subsets, in both the UT and CST groups,
whereas the proportion of the other subsets did not increase and
tended to decrease especially in the case of the CD4**CD3P** and
CD8P°CD3P** T cells (Supplemental Figure 8). Finally, we observed
that at 6 h and 10 h, the proportion of monocytic cells (CD172A™,
CD14P, CD16") originating from the donor (CFSE"®) generally
exceeded the ones of the perfusing pig (CFSEP®®) in the UT and CST
group, from 1 to 8.8 folds depending on cases (Supplemental
Figure 9).

Overall CS administration in the host just before the graft
perfusion does not modify the representation of the recruited cell
subsets in the lung.

3.3 The CS treatment reduces the surface
expression of MHC class Il and CD80/86
molecules on recruited and donor
monocytic cells in lung grafts but not

on AMs

Whereas the CS treatment did not modify the allogeneic cell
recruitment in the graft, we assessed whether it could affect the
upregulation of the MHC class I and CD80/86 found on MoCs and
AMs. We found that in the UT group, the percent of MHC class I
cells among the CFSEP**SSC'°CD172A™ MoCs increased from 21.8
+7.1% at 6 h to 38.6 + 3% at 10 h (p = 0.008), whereas in the CST
group it was only 5.3 +3.7% at 6 h and 3.8 £ 2.2% at 10 h (p < 0.01
between UT and CST in all cases, Figure 3A left panel and
Supplemental Figure 10 for representative FACS raw profiles).
Similarly, in the UT group, the percent of CD80/86P% cells in
CFSEP**$SC°CD172AM cells increased from 11.4 + 5% at 6 h to 24.3
+ 5% at 10 h whereas in the CST group, it was only 2.5 + 2% at 6 h
and 2.5 + 1.0% at 10 h (p < 0.01 between UT and CST in all cases,
Figure 3B left panel, and Supplemental Figure 10). We performed a
similar analysis on the CFSE™8SSC°CD172AM cells; in that case,
the increase in MHC class II expression was inconsistently found in
the UT group ( (19), Figure 3A middle panel, and Supplemental
Figure 10). Interestingly in the CST group, the percent of MHC
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FIGURE 3

Modulation of MHC class Il and CD80/86 expression on lung monocytic cells and alveolar macrophages upon cross-circulation and effects of
corticosteroid treatment. (A) Percent of MHC class 11°P°* cells within live CFSEP®SSSC-A°CD172" cells (left panel), within live CFSEM®9SSC-A°CD172"
cells (middle panel) and geometric mean expression of MHC class Il on alveolar macrophages (all alveolar macrophages are MHC class 11°°®). (B)
Same as in A for the analysis of CD80/86 expression. In (A, B), 5 pigs were monitored per group. Each pig is labeled with a unique colored symbol
throughout the paper (untreated group (UT) and corticosteroid-treated (CST), UT in red, CST in black). As values passed a normality test, a paired
t-test was used to identify statistically significant differences between timings, and an unpaired t-test was used to identify statistically significant
differences between the UT and CST groups, with p-values reported in the table above each panel. NS stands for non-significant.

class 11" cells among the CFSE™#SSC'°CD172A™ subset decreased
from 20.5 £ 5.8% at 0 h to 3.4 + 1.8% at 10 h, indicating that the
donor SSC°CD172AM cells were themselves responsive to the CS
treatment (p = 0.0005 for the UT vs CST comparison at 10 h,
Figure 3A middle panel). Similar findings were observed in the case
of the CD80/86 expression (p = 0.001, Figure 3B middle panel).
Finally, as AMs (SSCMCD172AMCD163™ (19),) all express MHC
class IT and CD80/86, geometric mean intensities were used to show
that their expression was not modified by cross-circulation nor by
the CS treatment (Figures 3A, B, right panel).

Finally, we evaluated whether the CS treatment would increase
the expression of CD163 in the context of this innate allogeneic
response. Indeed CD163, a scavenger receptor for hemoglobin, is an
immunomodulatory molecule that can be upregulated by CS on
human monocytes in vivo (27). However, no clear conclusions
could be obtained in our setting as reperfusion per se increased
CD163 expression on pig MoCs in several instances (Supplemental
Figure 11).
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Overall these data show that CS reduces the MHC class II and
CD80/86 expression on recipient and donor SSC'°CD172AP°
MoCs, whereas it does not modify their expression on AMs.

3.4 The corticosteroid treatment
temporally modifies the inflammatory gene
expression profile depending on cytokine
genes and monocyte/macrophage subsets

To evaluate the possible effects of the pulse of methylprednisolone
on anti-inflammatory and inflammatory gene expression in
monocyte/macrophage subsets, we sorted with flow cytometry the
recruited CD14P°* and CD16"* MoCs subsets as well as AMs from
UT and CST groups after 6 h and 10 h cross-circulation and
assessed the TNFA, CCL2, IL6, CXCLS8, ILIB and IL10 gene
expression by RT-qPCR (Figure 4). We found that the CCL2 gene
expression was lower in the CST vs in the UT group for all subsets at
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FIGURE 4

Cytokine gene expression in the CD14P°° and CD16P°° subsets and alveolar macrophages upon cross-circulation and effects of CS treatment. Gene
expression arbitrary values were calculated from RT-qPCR data normalized to a house keeping gene (RSP24) and to an internal calibrator, using the
224CT method; the gene expression data were obtained from sorted CFSEP°SCD172AP°SCD14P°° cells, CFSEP°SCD172AP°*CD16P°° cells and alveolar
macrophages from the untreated group (UT) and the corticosteroid-treated group (CST) at 6 h and 10 h cross-circulation (3 pigs from UT group in
red, 4 pigs from the CST group in black). See the calculation method in the material and methods. As the data did not pass a normality test, a paired
Wilcoxon test was used to identify statistically significant differences between timings, and a one-tailed Mann-Whitney test was used to identify
statistically significant differences between the UT and CST groups, with p-values reported in the table above each panel. NS stands for non-

significant.

6 h (p = 0.028) and not at 10 h. The TNFA gene expression was
clearly lower in the CD16"** subset of the CST group both at 6 and
10 h (p = 0.028) but not in other subsets. The IL10 gene expression
was higher in the CD14P°° and AM subset of the CST group at 6 h
(p = 0.028). No difference in expression between the UT and CST
groups was obtained in any subset in the case of IL6, CXCL8, and
ILIB genes. To have an estimate of the anti-inflammatory/
inflammatory balance in the subsets, we calculated the ILI0:
cytokine gene expression ratios (Figure 5). The ratio was higher
in the CST group particularly at 6 h in the case of IL10:TNFA, IL10:
CCL2, and even of IL10:IL6, in the different subsets. The IL10: TNFA
ratio reached very high values in the CD16"** subset (33.6 + 16.6 vs
6.4+29at6h,p=0.028), less high in the CD14"°° subset (8.8 + 4.2
vs 2.1 + 0.4 at 6 h, p = 0.028) while this ratio remained very low
(below 1 in most cases) in AMs.
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Altogether the administration of CS to the perfusing pig had
variable genomic effects on the cytokine gene expression and on the
IL10:inflammatory gene expression ratios, which were generally not
sustained and depended on the cytokine gene and the monocyte/
macrophage cell type. The TNFA gene expression appeared
particularly reduced in the CD16P° subset, leading to high ILI0:
TNFA ratios in that subset.

4 Discussion

We investigated the effects of CS on the monocyte/macrophage
subset responses by using a cross-circulatory platform in the pig
that we recently showed to be a pertinent and robust preclinical
model to study the ischemia reperfusion and innate allo-responses
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FIGURE 5

Ratio of IL10 versus inflammatory cytokine gene expression in the CD14P°* and CD16P°* subsets and in alveolar macrophages upon cross-circulation
and effects of CS treatment. A ratio between the IL10 gene expression values and the different inflammatory cytokine values presented in Figure 4
was calculated for sorted CFSEP®*CD172AP°*CD14P° cells, CFSEP?*CD172AP**CD16P°* cells, and alveolar macrophages from the untreated group
(UT) and the corticosteroid-treated group (CST) at 6 h and 10 h cross-circulation (3 pigs from UT group in red, 4 pigs from the CST group in black)
As the data did not pass a normality test, a paired Wilcoxon test was used to identify statistically significant differences between timings, and a one-
tailed Mann-Whitney test was used to identify statistically significant differences between the UT and CST groups, with p-values reported in the table

above each panel. NS stands for non-significant

in lung transplantation (19). While we showed that the reperfusion
selectively induced MHC class II and CD80/86 surface expression
on CD16P* MoCs, CS potently reduced MHC class IT and CD80/86
expression on donor and recipient MoCs in the graft but not on
AMs. We also found that CS did not modify the immune cell
recruitment upon blood reperfusion. Finally, CS had variable effects
on the cytokine gene expression depending on the cytokine genes
and the cell subsets, and that were of relatively short duration (not
maintained beyond 6 h in most cases). Our findings contrast with
other results published previously on myeloid cell responses to CS,
which can be related to multifactorial parameters including the
specific signaling context of the ischemia-reperfusion in allogeneic
conditions in the lung, and the monocyte/macrophage differentiation
status that will be discussed next.

CS are the most widely utilized anti-inflammatory drugs. They
interact with a nuclear receptor expressed in most cell types that trigger
the expression of anti-inflammatory genes through direct DNA
binding and downmodulates inflammatory gene expression through
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the trans-repression of the NF-kB and AP1 transcription factors” action
and mRNA destabilization. In addition, CS can exert non genomic
actions through membrane-initiated signaling, via kinase inhibition
(15, 28). The concomitant signaling pathways and preexisting open
chromatin domains permitting access to the CS nuclear receptor, due
to cell activation and differentiation, will condition the magnitude and
direction of the gene response (16). The pulse of methylprednisolone
that we administered, which represents the intraoperative use during
LT in patients, may act both through non-genomic and genomic
pathways (29). The non-genomic pathway may direct the profound
downmodulation of membrane expression of MHC class IT and CD80/
86 that we observed, and genomic effects are observed on the
modulation of TNFA, ILI10, and CCL2 gene expression. The effects
on cytokine gene expression were also mainly visible at 6 h and less so
at 10h, consistently with the methylprednisolone half-life of 1 to 3 h in
human patients (30).

The eftects of CS on myeloid cells are complex and not well
known (15). Most studies on human myeloid cells were done with
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cell lines whose chromatin is strongly modified or in vitro on
isolated monocytes and macrophage cell cultures. In such settings,
CS inhibited the transcription of several pro-inflammatory cytokine
genes including IL1B, IL6, IL12, TNFA, GM-CSF, CXCL8, CCL5,
and CCL2 (31-34), and upregulated the expression of the IL10 gene
(35). These broad responses of cytokine genes were not observed in
our context where CS did not significantly reduce the expression of
the IL6, IL1B, and CXCL8 genes but reduced the expression of CCL2
and TNFA. Importantly the response to CS can strongly depend on
the cell activation context: for instance in thioglycolate-induced
murine macrophages, the response of the same genes was sensitive
to CS in the case of TLR4 and 9 activation and resistant in the case
of TLR3 activation (36). Furthermore, some agonists can induce the
expression of interfering co-activators, explaining the gene-specific
sensitivity or resistance to CS depending on the context (36).
Therefore we can speculate that the signaling induced by the
ischemia-reperfusion combined with the innate allo-recognition
renders the gene response to CS variably refractory or sensitive
to the CS effect. Indeed the ischemia-reperfusion during
transplantation triggers multiple signaling pathways downstream
of Toll-like receptor 4 (37), Dectin-1 (38), NOD-like receptor (39),
and purinergic receptors (40). Furthermore, the innate allo-
recognition involves recognition between CD47 and polymorphic
CD172A as well as between paired immunoglobulin-like receptors
(PIR) and polymorphic MHC class I whose interaction activates
inflammatory cascades (9, 41). Consequently, many complex
signaling pathways are likely engaged in lung transplantation
that provide peculiar signaling and transcriptomic landscapes
conditioning the responses to CS.

There is clear evidence that CS exerts different effects depending
on the monocyte/macrophage types. These cells have different
ontogenic origins, with MoCs originating from the bone marrow
and AMs from embryonic progenitors and they integrate tissue-
specific signals that dictate their programming and functions. In
this study we found that CS effectively reduced the MHC class II
and CD80/86 expression on MoCs in the lung, and not on AMs,
suggesting that MoCs and AMs differentially respond to CS. In
another study on human monocyte derived-DC activated by LPS, a
CS (dexamethasone) did not suppress MHC class II expression,
whereas it suppressed CD86 expression (42). Also, in mice, CS were
found to regulate 1,035 mRNAs in monocytes and only 165 in
macrophages, indicating a relative resistance to CS in differentiated
macrophages (43). The differentiation stage of monocytes versus
macrophages, the embryonic origin, and the tissue of residence are
associated with the expression of specific signaling molecules and
transcription factors that may strongly modify their receptivity to
the genomic and non-genomic effects of CS.

We further refined the study of the CS effects on subsets of
MoCs, as monocyte subsets were previously found to play a key role
in PGD (4). In humans, an international nomenclature was adopted
by the International Union of Immunological Societies, that
distinguished three monocyte subsets, i.e. the classical
CD14P°°CD16"¢, the non-classical CD14"°¢CD16** and the
CD14P*°CD16P* intermediate subsets, taking into account the
continuum of CDI16 surface expression on human monocytes
(44). At the functional level, the current view is that classical

Frontiers in Immunology

10

10.3389/fimmu.2023.1281546

CD14P°*CD16"°® monocytes are inflammatory cells rapidly
recruited upon inflammation, CD14"°®CD16F°* monocytes
contribute to the maintenance of endothelial cell integrity, and
CD14P**CD16P* can develop into non-classical monocytes and
have shown capacity for antigen presentation (45-47). The
intermediate and non-classical human subsets display a high
similarity in global gene expression (46). In the pig, we reported
previously the identification of only two subsets, i.e. the CD14P%
and CD16P% subsets, based on a comparative transcriptomic
analysis with human and mouse monocyte subsets that did not
include intermediate monocytes (8). Therefore, as others did before
for human monocytes (6), we judged it pertinent to designate the
pig CD16"* subset as intermediate/non-classical monocytes. A
complementary study using single-cell analysis would be
necessary to further refine their identity in the pig. Interestingly
we found that this intermediate/non-classical CD16P* monocyte
subset selectively upregulated antigen-presentation molecules in the
context of allogeneic ischemia-reperfusion, consistent with reports
in human pointing to antigen presentation abilities of the
intermediate subset (45-47).

We found that CS did not decrease the recruitment of the
different host immune subsets in the graft. This finding contrasts
with reports documenting inhibition of inflammatory cell
recruitment by CS, for instance, inhibition of the PMN
recruitment induced by intratracheal lipopolysaccharide (48) and
of the monocyte/macrophage recruitment induced by bleomycin in
the lung (49) and carrageenan in the peritoneum (50). CS may
interfere with leukocyte trafficking by modulation of adhesion
molecule expression, chemokine secretion, and chemokine
receptor expression. However, CS can paradoxically increase cell
mobility by upregulating some chemokine receptors such as
CXCR4 (51) and fMLP receptors on monocytes (52). Therefore,
the effects of CS on cell migration and recruitment appear again to
be cell-type- and context-dependent.

A major implication of our work is that more effective
intraoperative treatments than methylprednisolone injection
should be identified more strongly modulating the innate
response upon lung transplantation. For instance, the
pretreatment of a donor’s lungs with CS before lung procurement
may improve the anti-inflammatory effect on the innate allo-
response, an option that we are currently evaluating. In addition,
combination with other drugs or biologicals (rapamycine,
calcineurin inhibitors, GM-CSF) that is variable between
transplantation centers, and the testing of other types of
corticosteroids should be further explored using our cross-
circulation platform for their compared efficacy versus the
baseline of the current methylprednisolone treatment (3).

Our study presents limitations. First, it would have been
interesting to analyze the cellular responses at time points beyond
10 h. However, later time points would require to use of the
conscious pig model of cross-circulation developed by the
Columbia University team (and not an anesthetized pig as used
here), which implicates a challenging process of animal
management (53). The conscious pig model is demanding in
terms of human resources and the technical resources required to
maintain blood circulation in the extracorporeal lung and would

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1281546
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Glorion et al.

not be feasible in our logistic conditions. In addition, the CFSE
labeling strategy cannot be used for over 10 hours due to the
progressive extinction of the CFSE signal as documented in (19),
therefore the CFSE labeling should be started at a later time point.
However, while we injected CFSE into the recipient host 30 min
before the onset of cross-circulation, a later injection risks
potentially labeling the donor lung cells. Alternatively, as the sex
of the donor’s lung differs from the perfusing pig’s one, the
technique of single cell RNA-seq could be used to differentiate the
donor and recipient cells, based on genes expressed by the Y
chromosome and thus to study their respective transcriptomic
responses at different time points. Another limitation of our study
is that a complete transplantation might modify the results obtained
with cross-circulation. Indeed compared to cross-circulation, full
transplantation is expected to generate a higher degree of local and
systemic inflammation, related to the surgical stress induced by
cuts, cauterization, and hemodynamic perturbations. Nevertheless,
cross-circulation and full transplantation share similar signaling
pathways related to ischemia-reperfusion and allogenicity in the
lung, making cross-circulation a pertinent surrogate platform of
investigation. The cross-circulation platform offers experimental
simplicity and controllability and it leads to a high degree of
experimental reproducibility that may not have been reached with
full transplantation. Finally, cross-circulation is far more acceptable
from an ethical point of view, an important parameter in the
management of animal experiments.

Altogether this work shows the partial effect of the
intraoperative treatment with CS on the innate allogeneic
response and emphasizes the CS specific effects depending on
myeloid subsets. It also has important implications for designing
more effective anti-inflammatory and immunoregulatory therapies
to be applied during the surgery, to optimally control response to
ischemia-reperfusion and allogenic innate responses encountered in
the transplantation process, and therefore lead to a reduction in the
burden of the subsequent immunosuppressive treatments and
improving the outcome of lung transplanted patients.
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