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Ex vivo lung perfusion (EVLP) is an excellent platform to apply
novel therapeutics, such as gene and cell therapies, before lung
transplantation. We investigated the concept of human donor
lung engineering during EVLP by combining gene and cell ther-
apies. Premodified cryopreserved mesenchymal stromal cells
with augmented anti-inflammatory interleukin-10 production
(MSCIL-10) were administered during EVLP to human lungs
that had various degrees of underlying lung injury. Cryopre-
served MSCIL-10 had excellent viability, and they immediately
and efficiently elevated perfusate and lung tissue IL-10 levels dur-
ing EVLP. However, MSCIL-10 function was compromised by the
poor metabolic conditions present in the most damaged lungs.
Similarly, exposing cultured MSCIL-10 to poor metabolic, and
especially acidic, conditions decreased their IL-10 production.
In conclusion, we found that “off-the-shelf” MSCIL-10 therapy
of human lungs during EVLP is safe and feasible, and results in
rapid IL-10 elevation, and that the acidic target-tissuemicroenvi-
ronment may compromise the efficacy of cell-based therapies.

INTRODUCTION
Lung transplantation is a life-saving operation for many patients with
end-stage lung disease, and the number of lung transplantations is
constantly increasing with about 4,500 lung transplants reported to
the International Society of Heart and Lung Transplantation each
year.1 Although lung transplant results have been improving over
time, there is still lack of suitable donor organs, and short- and
long-term results are limited by primary graft dysfunction, immuno-
logical complications, side effects of immunosuppressive drugs, and
the development of chronic lung allograft dysfunction.1–4 Novel ther-
apeutic strategies that improve donor lung quality, or that protect and
immunologically modulate the donor organ, are needed to further
improve lung transplant results.

Normothermic acellular ex vivo lung perfusion (EVLP) is an innova-
tive approach to assess donor lung quality outside the body before
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transplantation, and it is used to safely increase the number of trans-
plants.5–7 EVLP can also be used as a platform to apply novel thera-
peutics during the ex vivo time.5 Although lungs with specific injury,
such as pulmonary embolism, have been successfully repaired during
EVLP,8 more universal lung repair strategies would significantly in-
crease the organ pool for transplantation. In addition, successful pro-
tective and immunological engineering could be applied to standard,
non-damaged, donor lungs to improve short- and long-term trans-
plant results.

Gene and cell therapies have both been successfully implemented
during EVLP in pre-clinical models,9 but both strategies have their
shortcomings. Gene therapy during EVLP generally aims to geneti-
cally modify donor cells to produce therapeutic factors, such as
anti-inflammatory proteins, before the lung is transplanted.10 How-
ever, viral gene vectors such as recombinant adenoviruses can induce
inflammation,11,12 which would be problematic in clinical transplan-
tation. In addition, although adenoviral transfection is rapid, it takes
up to 8–9 h to achieve measurable therapeutic interleukin-10 (IL-10)
protein levels after airway delivery of adenoviral vectors encoding
anti-inflammatory IL-10 (AdIL-10) in large-animal13 and human-re-
jected lung EVLP experiments,14 far longer than the 4- to 6-h dura-
tion of current standard clinical EVLP.5

Mesenchymal stromal cells (MSCs) reside in many tissues and partici-
pate in repair and immunomodulation primarily through paracrine
mechanisms.15,16 Anti-inflammatory properties of MSCs have made
them attractive for various cell-based therapies,15,17 and phase 1 studies
in lung transplant patients with established chronic lung allograft
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Figure 1. Cryopreserved MSCIL-10 rapidly produce IL-10 in vitro

(A) Mesenchymal stromal cells (MSCs) isolated and expanded from human umbilical cord perivascular cells were transduced with recombinant adenovirus vectors encoding

interleukin-10 (IL-10), and the engineered MSCIL-10 were cryopreserved 2 days after transfection at the peak of their IL-10 transgene expression. To determine the IL-10

production of the engineered cells, MSCIL-10 were cultured, and the secreted IL-10 was determined by ELISA. (B) Cryopreserved MSCIL-10 started to produce IL-10 in

minutes after thawing and the IL-10 secretion remained constant for 5 h (n = 3). (C) Daily IL-10 production of cryopreserved and non-cryopreserved MSCIL-10 was similar and

stable for 2 days and gradually declined thereafter (n = 3). (D) FACS analysis revealed that the engineered and cryopreserved MSCIL-10 retained the typical MSC cell surface

marker pattern, and almost all cryopreserved MSCIL-10 were positive for FLAG tag, indicating high adenoviral vector transduction efficiency. Data median ± range (B), or

median and individual values and analyzed by a Mann-Whitney test (C). Ad, adenovirus.
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dysfunction have been conducted.18,19 MSCs have also been used in
various lung injury models20–23 and in small clinical trials for acute
respiratory distress syndrome (ARDS),24–27 including patients with co-
ronavirus disease 2019 (COVID-19).28,29 We have previously used un-
modified MSCs in EVLP and lung transplant experiments and found
that intravascular administration was better than airway delivery.30

MSC therapy decreased perfusate IL-8 levels during pig EVLP,30 and
it inhibited ischemia-reperfusion injury after pig lung transplantation.31

Here, we combined cell and gene therapies and investigated the
concept of donor lung engineering during EVLP with genetically
modified MSCs using highly translational models. Our overall goal
is to determine whether genetically modified MSCs could be used
to repair damaged lungs and therefore to increase the donor pool,
Molecular The
and to immunomodulate donor lungs and to consequently improve
lung transplant results. Specific objectives for the current study
were to investigate the safety and feasibility of genetically engineered
MSC administration to human lungs during EVLP. Human umbilical
cord perivascular MSCs were premodified to produce IL-10. These
cryopreserved MSCIL-10 were then administered during EVLP to hu-
man lungs rejected from clinical transplantation. This “off-the-shelf”
therapy was feasible and safe, and it resulted in a rapid IL-10 increase
in a time frame that is well suited for clinical ELVP. Interestingly,
poor metabolic, and especially acidic, conditions in the severely
damaged human lungs compromised MSCIL-10 function, indicating
that the local target-tissue metabolic microenvironment affects cell-
based therapies in lung transplantation, and possibly also in other in-
dications such as ARDS.
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Table 1. Donor demographics and treatment allocation

Case #1 Case #2 Case #3 Case #4 Case #5

Age, years 46 54 31 49 23

Sex Male female female male female

TLC, L 7.49 6.08 5.25 8.39 5.09

Donor type DCD DBD DCD DBD DBD

Cause of death choking overdose overdose choking drowning

Smoking, pack-years 30 13 20 3 0

Main lung injury
LLL aspiration pneumonia and
consolidation

RLL aspiration
pneumonia

bilateral aspiration
pneumonia

RLL aspiration
pneumonia

LL necrotic areas

Last P/F ratio, mmHg 458 260 181 97 472

Bronchoscopy left aspiration bilateral aspiration bilateral aspiration RLL thick secretions mild secretions

Microbiological finding

Right lung perfusate Stenotrophomonas maltophilia (R) no growth Enterobacter cloacae (R) no growth no growth

Left lung perfusate
Enterococcus faecium (R) and
Enterobacter cloacae complex (R)

Candida glabrata Bordetella hinzii no growth no growth

Treatment allocation

Right lung control 40 � 106 MSCIL-10 control not used control

Left lung 40 � 106 MSCIL-10 control 40 � 106 MSCIL-10 40 � 106 MSCIL-10 40 � 106 MSCIL-10

DBD, donation after brain death; DCD, donation after circulatory death; IL-10, interleukin-10; LLL, left lower lobe; MSC, mesenchymal stromal cell; P/F ratio, ratio of arterial oxygen
partial pressure to fractional inspired oxygen; R, multiresistant strain; RLL, right lower lobe.
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RESULTS
Engineered and cryopreserved MSCIL-10 produce IL-10 rapidly

after thawing in vitro

To generate genetically modified MSCIL-10 that could be used in an
off-the-shelf manner during EVLP, human umbilical cord perivas-
cular cells were isolated and expanded, transduced with second-
generation AdIL-10 for 24 h, and cryopreserved 48 h after transduc-
tion (Figure 1A). The function of the cryopreserved MSCIL-10 was
evaluated in vitro by plating them and measuring the secreted IL-
10 protein. Significant IL-10 elevation was detected within 5 min
of MSCIL-10 thawing, and IL-10 levels increased constantly for at
least 5 h (Figure 1B). To evaluate the effect of cryopreservation
on IL-10 transgene expression, cryopreserved and non-cryopre-
served MSCIL-10 were compared for 6 days. Daily IL-10 production
of both cell types was similar and stable for 2 days, and gradually
declined thereafter with increased levels still detected at 6 days (Fig-
ure 1C). Cell viability after thawing was more than 90% (Table S1),
and fluorescence-activated cell sorting (FACS) analysis revealed
that the cryopreserved MSCIL-10 had retained their typical positive
and negative MSC surface marker profiles (Figure 1D).32 In addi-
tion, almost all cryopreserved MSCIL-10 were immunoreactive for
FLAG tag, attached to the IL-10 transgene, indicating high trans-
duction efficiency (Figure 1D).

EVLP perfusate IL-10 levels are rapidly and markedly elevated

after administration of cryopreserved MSCIL-10 to human lungs

during EVLP

Human double lungs rejected from clinical transplantation (Table
1; Figure S1) were split, and each lung was connected to a separate
186 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
EVLP circuit for 12 h (Figures 2A and 2B). At the time of EVLP
initiation, 40 � 106 MSCIL-10 were thawed and reconstituted to
20 mL of EVLP perfusate and administered randomly to one lung
through the pulmonary artery 1 h after EVLP start (Table S1).
The contralateral lung received 20 mL of EVLP perfusate and
served as the control. To determine MSCIL-10 transgene production
during EVLP, we measured IL-10 protein levels with ELISA from
perfusate samples collected during the course of the 12-h EVLP.
Control group EVLP perfusate IL-10 levels (Figure 2C) were low
at 1 h (median 2 interquartile range [IRQ] 16 pg/mL), peaked to
slightly higher levels at 6 h (median 115 IRQ 139 pg/mL), and re-
mained slightly elevated at 12 h (median 66 IRQ 65 pg/mL).
MSCIL-10 group EVLP perfusate IL-10 levels were low at 1 h (me-
dian 0 IRQ 50 pg/mL), markedly elevated 5 min after MSCIL-10

administration (median 1,147 IRQ 753 pg/mL), continued to in-
crease, peaking at 6 h (median 5,190 IRQ 9,193 pg/mL), and re-
mained increased at 12 h (median 4,164 IRQ 7,480 pg/mL) with
the median IL-10 levels being almost 100-fold compared to the con-
trol group.

MSCIL-10 delivered during EVLP are retained in the lung and

elevate lung tissue IL-10 levels

As MSCIL-10 treatment efficiently elevated perfusate IL-10 levels, we
next determined whether a similar IL-10 increase occurs at the tis-
sue level by evaluating lung tissue samples. Lung IL-10 levels were
low in both groups before EVLP start and remained low in the con-
trol group during EVLP (Figure 2D). In contrast, MSCIL-10 treat-
ment increased IL-10 in lung tissue to about 20 pg/mg lung protein
(Figure 2D), with similar levels found in different anatomical lung
ber 2021



Figure 2. MSCIL-10 treatment during human EVLP results in rapid and sustained IL-10 elevation

(A and B) Human double lungs rejected from clinical transplantation were split (n = 5), and the right and left lungs were connected to separate single-lung ex vivo lung

perfusion (EVLP) circuits for 12 h. For each case, one lung was randomized to receive 40� 106 MSCIL-10 through the pulmonary artery (n = 5) 1 h after EVLP start, while the

contralateral lung served as the control (n = 4). In one of these cases, only one lung was connected to EVLP and received MSCIL-10, while the contralateral lung was excluded

due to lung quality issues and a clinical concern that it was too damaged to last the planned 12-h EVLP experiment. (C) ELVP perfusate protein IL-10 levels were rapidly

elevated already 5 min after MSCIL-10 delivery, increased gradually, and plateaued at 6 h in the treatment group but remained low in the control group. (D) Lung tissue IL-10

protein levels remained elevated for 12 h in the treatment group, and (E) no significant IL-10 level differences were detected in discrete lung areas. (F) Lung tissue mRNA levels

were analyzed using RT-PCRwith primers specific for endogenous or transgenic IL-10 mRNA. Gene expression was determined relative to the Ppia housekeeping gene and

normalized against endogenous IL-10mRNA levels. (G) Immunostaining showedMSCIL-10 expressing the IL-10 transgene (FLAG tag) retained in the MSCIL-10-treated lungs.

The upper inset shows a higher magnification view of the two adjacent MSCIL-10 cells, and the lower inset shows an example of a single MSCIL-10. (H) Bronchoalveolar lavage

(BAL) IL-10 protein levels beforeMSCIL-10 cell administration and at the end of EVLP. Data are expressed asmedian ± interquartile range (C and D) or as a boxplot with the box

extending from the 25th to 75th percentile and showing the medium, whiskers extending to minimum and maximum values, and individual values plotted (E, F, and H), and

analyzed by a Mann-Whitney test (C, D, and H) or Kruskal-Wallis test (E and F), and two-stage step-up method of Benjamini, Krieger, and Yekutieli for multiple comparisons.

*p < 0.05.
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locations (Figure 2E). To confirm IL-10 production at the mRNA
level, and to determine the source of the elevated IL-10 in the lungs,
we further analyzed lung samples using RT-PCR with primer sets
specific for endogenous or transgenic IL-10 mRNA. Endogenous
IL-10 mRNA levels were low in both groups (Figure 2F). Transgenic
IL-10 mRNA was not detectable in the control group, but the levels
were profoundly elevated in lungs treated with MSCIL-10 cells and
were 15-fold higher than endogenous IL-10 mRNA (Figure 2F). Im-
Molecular The
munostaining for the FLAG tag was performed to identify MSCIL-10

and their transgene expression in lung tissue. No FLAG+ cells were
detected in samples taken before MSCIL-10 administration, or from
the control group. In contrast, FLAG+ cells were present after
MSCIL-10 administration (Figure 2G), indicating efficient lung
retention similar to our previous findings with unmodified
MSCs.30,31 IL-10 levels in bronchoalveolar lavage fluid were also
elevated at the end of the EVLP procedure (Figure 2H), possibly
rapy: Methods & Clinical Development Vol. 23 December 2021 187
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Figure 3. Lung function and metabolic parameters during EVLP

(A–I) Lung function was assessed and perfusate samples were obtained every hour during the 12-h EVLP. No significant differences were detected between the control group

(n = 4) and the MSCIL-10 group (n = 5) in (A) pulmonary vascular resistance, (B) DPaO2 (left atrium perfusate PaO2 – pulmonary artery perfusate PaO2), (C) total perfusate loss

during EVLP, (D) dynamic compliance, (E) peak airway pressure, (F) lung wet/dry ratio, (G) perfusate glucose, (H) perfusate lactate, or (I) perfusate pH. Data expressed as

median ± interquartile range (A, B, D, E, and G–I) or as boxplot with the box extending from 25th to 75th percentile and showing the medium, whiskers extending tominimum

and maximum values, and individual values plotted (C and F), and analyzed by two-way ANOVA (A, B, and D–I) or by a Mann-Whitney test (C).
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due to the transgenic protein crossing the epithelial barrier, or due
to MSCIL-10 migration to the alveolar space.

MSCIL-10 administration during EVLP does not change lung

function parameters

We next compared the functional parameters of control andMSCIL-10

group lungs (median values are given in Figure 3, and individual values
of each case are included in Figure S2). Importantly, administration of
40 � 106 MSCIL-10 did not increase pulmonary vascular resistance
(Figure 3A). Previously, MSC doses several fold higher than the cur-
rent dose were associated with increased pulmonary vascular resis-
tance.30 In addition, no differences in lung oxygenation capacity,
compliance, airway pressure, perfusate loss, or the tissue wet/dry ratio
between the groups were detected (Figures 3B–3F), indicating safety of
the 40� 106 MSCIL-10 administration. Also, no differences in levels of
proinflammatory perfusate cytokines were detected (Figure S3).
188 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
Poor metabolic conditions during EVLP correlate with low

achieved lung tissue IL-10 levels at the end of EVLP by MSCIL-10

treatment

Throughout the 12-h EVLP, worsening of lung metabolic conditions
was observed, indicated by an ongoing decrease in perfusate glucose
(Figure 3G) and pH (Figure 3I), and by an increase in perfusate
lactate (Figure 3H). Although the median values between groups
were similar, there was significant variance between cases, and
even between the left and right lung of each case, consistent with
the heterogeneous quality of the lungs that were originally rejected
from clinical transplantation (Table 1; Figure S1). The most
damaged lungs had a specific pattern of perfusate metabolic factors:
glucose and pH were initially low, and declined quickly, whereas
lactate was initially high, and increased rapidly (Figure S4, case 1
right lung, and case 3 right and left lungs). This finding was likely
contributed to by infection, as perfusate samples of these severely
ber 2021



Figure 4. Poor metabolic conditions during EVLP correlate with low achieved lung tissue IL-10 levels

(A–E) In cases receiving MSCIL-10 treatment (n = 5), EVLP perfusate metabolic factors were correlated with the achieved lung tissue IL-10 levels. Correlation of starting

perfusate (EVLP 1 h) (A) glucose, (B) lactate, (C) pH, and (D) LPS, and correlation of end perfusate (EVLP 12 h) (E) LPS, with EVLP 12-h lung tissue IL-10 protein levels.

Analyzed by linear regression and Pearson coefficient test. EU, endotoxin unit.
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injured lungs had antibiotic-resistant bacteria growth in microbio-
logical cultures (Table 1) and concomitant high lipopolysaccharide
(LPS) levels (Figure S4).

In order to evaluate MSCIL-10 performance in the hostile microenvi-
ronment of damaged lungs, we next correlated EVLP metabolic con-
ditions with the achieved lung tissue IL-10 levels at the end of EVLP,
a surrogate indicator of MSCIL-10 function. A significant negative
correlation was observed between starting lactate and the 12-h
lung IL-10 levels (Figure 4B), whereas a trend was observed with
low starting glucose (Figure 4A), low pH (Figure 4C), and high-
end LPS (Figure 4E), resulting in low tissue IL-10 levels at the end
of EVLP.

Acidic lung microenvironment negatively affects IL-10 levels

To further explore whether the lung microenvironment affects
MSCIL-10 function, lung interstitial pH was measured with a pH
microelectrode from tissue samples collected at the end of EVLP
from various anatomical sites of the MSCIL-10-treated lungs, and
the tissue pH was correlated with IL-10 levels of the same lung sam-
ples. A significant correlation between acidic pH and low tissue IL-10
levels was found (Figure 5A), and samples with pHR6.3 had almost
3-fold higher IL-10 levels than did samples with pH <6.3 (Figure 5B).
To visualize acidic lung areas, a cell-permeable, pH-sensitive fluoro-
genic probe pHrodo was used. pHrodo becomes fluorescent in an
acidic environment,33,34 and after incubation of lung tissue frozen
sections with pHrodo, a more intense red fluorescence pHrodo signal
was detected in samples with low pH (Figure 5C) than in samples with
Molecular The
higher pH (Figure 5D), reinforcing the findings of the lung interstitial
pH measurements.

Exposure of MSCIL-10 to human EVLP perfusate samples with

poor metabolic conditions in vitro impairs IL-10 production

To better understand the effect of metabolic conditions on cell func-
tion, MSCIL-10 were cultured for 4 h with human EVLP perfusate
samples that had varying glucose, lactate, and pH levels (Figure 6A).
Although IL-10 secretion by MSCIL-10 increased over time, it was
severely blunted when MSCIL-10 were cultured in the worst metabolic
conditions (Figure 6A), especially in samples with low glucose or pH
(Figure 6B). To further evaluate which metabolic parameters were
important for MSCIL-10 function, the achieved IL-10 levels were
correlated with the glucose (Figure 6C), lactate (Figure 6D), and pH
levels (Figure 6E) of the respective culture conditions. A clear corre-
lation between IL-10 and each of these factors was seen, with higher
glucose, lower lactate, and more physiological pH correlating with
higher IL-10 production while hypoglycemia, lactatemia, and acidity
resulted in lower IL-10 levels. To address whether the cytokine envi-
ronment also contributes to MSCIL-10 function, we measured pro-in-
flammatory and damage-related factors in the samples used for the
experiment and correlated their levels with the achieved IL-10
(Figure S5). Increased IL-6 and IL-8, and especially elevated soluble
tumor necrosis factor receptor 1 (sTNFR1) and soluble triggering re-
ceptor expressed by myeloid cells 1 (sTREM1), were associated with
low IL-10 production (Figure S5), whereas no significant correlation
was found between IL-1b, endothelin-1, or granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IL-10 levels (Figure S5).
rapy: Methods & Clinical Development Vol. 23 December 2021 189
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Figure 5. Lung tissue interstitial acidity correlates with low IL-10 levels

Lung tissue interstitial pH was measured with a pH microelectrode from tissue

samples collected at the end of EVLP from four different anatomical locations of

each of the MSCIL-10-treated lung (n = 20 samples from five lungs). (A) Correlation of

lung interstitial pH with tissue IL-10 levels. (B) Lung IL-10 levels stratified according

to tissue pH (pH < 6.3, n = 9 samples; pHR 6.3, n = 11 samples). To visualize and

localize acidic lung areas, lung tissue frozen sections were incubated with a pHrodo

probe that becomes fluorescent in an acidic environment. (C) Lung samples with the

lowest pH hadmore red pHrodo fluorescence than did (D) samples with a higher pH.

(E) Low background was seen in lung samples before pHrodo incubation, whereas

(F) intense fluorescence was detected in acidic gastric samples incubated with

pHrodo. Data are expressed as a boxplot with the box extending from the 25th to

75th percentile and showing the medium, whiskers extending to minimum and

maximum values, and individual values plotted and analyzed by a Mann-Whitney

test (B), or by linear regression and a Pearson coefficient test (A).
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Acidity decreases MSCIL-10 viability and IL-10 production in vitro

As glucose and pH were the metabolic factors that best correlated
with MSCIL-10 function, we next exposed MSCIL-10 either to varying
glucose concentrations or to varying pH levels for 4 h, while main-
taining other culture conditions constant. MSCIL-10 cultured in media
with high (25 mmol/L), low (5.5 mmol/L), or no glucose had similar
cell viability (Figure 7A) and IL-10 secretion (Figure 7B). In contrast,
when MSCIL-10 were exposed to varying pH levels, cell viability was
compromised in severely acidic culture conditions (Figure 7C). In
addition, compared to physiological extracellular pH 7.4, acidic pH
inhibited MSCIL-10 IL-10 production with the most severe acidic con-
ditions resulting in the lowest IL-10 levels.

DISCUSSION
We generated engineered MSCs and deployed them as gene therapy
vehicles for lung protection. A translational human lung EVLPmodel
was used, and theMSCIL-10 treatment strategywas designed so that the
threshold for future clinical applications would be low.MSCIL-10 ther-
apy during EVLPwas feasible and safe, and it resulted in rapid and effi-
cient IL-10 elevation in human lungs. Interestingly, MSCIL-10 were
190 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
sensitive to surrounding metabolic conditions, especially to acidity,
which will be an important consideration when designing future
cell-based therapies.

Cell and gene therapies have been improved over time, and both treat-
ments have been successfully used in selected clinical situations.35,36

The concept of combining cell and gene therapies has potential thera-
peutic, safety, and practical advantages.15,37 MSCs home to injured
sites and participate in repair and immunomodulation, mainly by
secreting molecules and releasing extracellular vesicles.15,16 Genetic
engineering modifies MSCs so that, in addition to their normal secre-
tome, they express a therapeutic transgene product, which potentially
results in synergetic effects.15,23,37–39 In the present report, MSCs were
engineered to produce IL-10, a soluble anti-inflammatory protein that
has been beneficial in various lung transplant models,12,14,40,41 but
other candidate genes, or a combination of genes, could also be used
to achieve transplant protection and immunomodulation.10 Previ-
ously, genetically modified MSCs have been used in small-animal
ARDS models to improve MSC homing, or to target inflammation,
apoptosis, or compromised alveolar barrier function.37,42–44 Our pre-
sent results indicate that genetically modifiedMSCs can be used in the
human lung. IntravascularMSCIL-10 delivery resulted in lungMSCIL-10

retention, and efficient IL-10 elevation in EVLP perfusate, lung tissue,
and bronchoalveolar lavagefluid. The paracrine secretion of IL-10 into
all lung compartments, including the alveolar space,maybe important,
as alveolar macrophages have a critical role in lung ischemia-reperfu-
sion injury45 and are importantmediators of the anti-inflammatory ef-
fects of IL-10.46

Vector-related insertional mutagenesis47 and inflammation11 have
been the biggest safety issues for gene therapy. The strategy of using
MSCs pretransduced with recombinant adenoviral vectors may
largely circumvent these safety concerns. The risk for insertional
mutagenesis with adenoviral vectors is minimal, as the transgene
stays non-integrated.47 However, adenoviral capsid proteins and nu-
cleic acids evoke innate and adaptive immune responses that result in
the elimination of the virus, the virally infected target cell, and the
transgene expression.11 Compared to direct delivery of AdIL-10 vec-
tors to lungs, delivery of pretransduced MSCIL-10 may result in less
inflammation, as the host exposure to adenoviral capsid proteins
should be lower, and any anti-viral immune reaction would target
MSCIL-10 instead of the lung cells. Although MSCs have been
described as immunoprivileged, they also can evoke immune re-
sponses,26 which is also a possibility in our treatment strategy, as
third-party allogeneic MSCs derived from human umbilical cord
perivascular cells were used. Ultimately, transplant experiments will
be needed to determine potential anti-MSCIL-10 and anti-viral re-
sponses of the host, and the kinetics of MSCIL-10 viability and IL-10
transgene expression after lung transplantation. MSC aggregation
in the target organ capillary bed is also a possible safety concern
related to cell-based therapies.15,17 In our previous pig EVLP experi-
ments, intravascular delivery of 300 � 106 MSCs, but not lower MSC
doses, was associated with increased pulmonary artery resistance.30

Here, intravascular administration of 40 � 106 MSCIL-10 to a single
ber 2021



Figure 6. Poor perfusate metabolic conditions decrease MSCIL-10 IL-10 production in vitro

(A) MSCIL-10 were plated in vitro, cultured in nine different human EVLP perfusate samples, and IL-10 secretion was measured at 0.5, 1, 2.5, and 4 h. The nine samples used

consisted of 1-, 6-, and 12-h perfusate samples of control group cases 1–3, resulting in a spectrum of different glucose, lactate, and pH conditions (individual metabolic

values are given in the legend to A), and leading to increasing but varying IL-10 production by the MSCIL-10. (B) Analysis of 4-h IL-10 levels stratified by low or high levels of

glucose (cutoff of 4 mmol/L), lactate (cutoff of 10mmol/L), or pH (cutoff of pH 7). (C–E) Correlation of 4-h IL-10 concentration with respective perfusate (C) glucose, (D) lactate,

and (E) pH levels. Data are expressed as a boxplot with the box extending from the 25th to 75th percentile and showing the medium, whiskers extending to minimum and

maximum values, and individual values plotted and analyzed by a Mann-Whitney test (B), or by linear regression and a Pearson coefficient test (C–E).
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human lung did not increase pulmonary vascular resistance. This is
consistent with clinical trials using intravenous MSC administration
to lungs.18,19,26

The utilization of cryopreserved cells in an off-the-shelf manner
significantly improves the clinical feasibility of engineered MSC
therapy.48 This approach is well suited for a clinical scenario, where
the donor lung is connected to EVLP, considered for cell-based ther-
apy for graft repair or modulation, and cryopreserved pre-engineered
“ready-to-go” MSCs are administered during EVLP. However,
although the practicability of this approach is evident, it is important
that cryopreservation should not compromise efficacy. Importantly,
we found that the cryopreserved MSCIL-10 had excellent viability,26

expressed the usualMSC surface markers,32 and secreted IL-10 within
minutes after thawing in vitro, and after delivery to the lung, indi-
cating that cryopreservation did not compromise MSCIL-10 function.
Using pre-engineered MSCs as gene transfer vehicles has an addi-
tional translational advantage. When AdIL-10 vectors are delivered
directly to the lung during EVLP, it takes up to 8–9 h to achieve ther-
apeutic IL-10 levels,13,14 and therefore the clinical EVLP duration
would need to be extended. In contrast, MSCIL-10 therapy is compat-
Molecular The
ible with the shorter more standard clinical EVLP as a rapid IL-10 in-
crease is achieved.

One unexpected, but important, finding of the current study was that
MSCIL-10 were affected by poor metabolic conditions both in vitro
and in the human lung. It is well documented that culture conditions
have significant effects on MSC biology.49 This can be utilized for
therapeutic purposes, as MSCs can be primed, for example, with in-
flammatory factors or hypoxia, to augment their therapeutic effects
in the target tissue.49 The target tissue microenvironment can
conversely affect MSC function,50 and ultimately determine the
outcome of MSC therapy. As an example, in a mouse ARDS model,
MSC therapy after ventilator-induced lung injury resulted in benefi-
cial effects, but cell delivery 2 days after acidic damage aggravated
lung fibrosis.23 In our study, severe acidity compromised the viability
of cultured MSCIL-10, and IL-10 secretion was blunted in pH 6.5, an
acidity level that was present in the damaged human lungs of the
study, and is also found during tissue injury,51 ischemia,52 infec-
tion,53–55 ARSD,56 or in tumors.57 The finding thatMSCs are sensitive
to acidic conditions may thus have clinical significance for the efficacy
of cell-based therapies targeting various organs, and several issues
rapy: Methods & Clinical Development Vol. 23 December 2021 191
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Figure 7. Acidity impairs MSCIL-10 IL-10 secretion in vitro

MSCIL-10 cells were subjected to varying glucose or varying pH conditions in vitro (n = 3 for each condition), and cell viability and IL-10 production were analyzed at 4 h. (A)

MSCIL-10 cultured in DMEMmedia with high (25 mmol/L), low (5.5 mmol/L), or no glucose for 4 h had similar cell viability, and (B) no significant differences in IL-10 levels were

detected. (C) WhenMSCIL-10 were cultured in perfusate with varying pH for 4 h, cell viability remained unchanged in slightly acidic conditions but was compromised in pH 5.0.

(D) Compared to physiological extracellular pH 7.4, acidic pH inhibited MSCIL-10 IL-10 production with the most severe acidic conditions resulting in the lowest IL-10 levels.

Graphs show themedium, whiskers extending to minimum andmaximum values, and individual values, and data were analyzed by a Kruskal-Wallis test and two-stage step-

up method of Benjamini, Krieger, and Yekutieli for multiple comparisons comparing respective conditions to glucose 25 mmol/L or pH 7.4 groups. *p < 0.05, **p < 0.01.
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should be considered when designing MSC strategies for lungs. First,
as a hostile lung microenvironment may compromise MSC function,
therapeutic effects may be best achieved by excluding the most
extreme lung injury. Second, strategies to optimize the target micro-
environment could improve MSC effects. For example, acidity could
be alleviated with sodium bicarbonate, ventilation strategies, or dial-
ysis, or by treating any direct underlying cause such as infection.
Third, similar to the findings related to priming with hypoxia,49

MSCs could be potentially primed or engineered to better tolerate
the unfavorable target-tissue microenvironment.

Although previous reports using IL-10 gene therapy or unmodified
MSCs have during EVLP found beneficial effects in the lung, we
did not observe significant differences in lung function or cytokine
profile. We think this can at least in part be explained by the hetero-
geneous injury in the lungs used for the study. As we used lungs that
were rejected from clinical transplantation, all lungs had quality con-
cerns, and especially some lungs randomized to the MSCIL-10 group
had severe lung injury. This helped us to investigate the effect of
the level of lung injury on MSCIL-10 function, but most likely made
it difficult to detect potential functional effects of the treatment. In
future studies, we aim to use experimental large animal EVLP and
transplant models with standardized, and less severe underlying
lung injury, to delineate the potential protective and immunomodu-
latory effects of MSCIL-10.

Differences in IL-10 gene therapy and MSCIL-10 therapy may also
explain the lack of observed beneficial effects on lung function in
the current study. Although MSCIL10 administration resulted in
even higher lung tissue IL-10 levels than did adenoviral IL-10 deliv-
ery,13,14 the underlying differences of these two IL-10 delivery
methods may result in distinct biological outcomes. We found that
MSCIL-10 were retained within the lung and likely affected neigh-
boring cells through paracrine secretion of soluble IL-10. In contrast,
airway delivery of adenoviral vectors encoding IL-10 primarily trans-
192 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
fects epithelial cells and alveolar macrophages, and reprograms them
to produce IL-10.13,14 The endogenous, gene therapy-mediated IL-10
production may thus generate more robust effects especially on
epithelial cells and alveolar macrophages than the paracrine IL-10
secretion by MSCIL-10. This difference may be important particularly
due to the critical roles of alveolar macrophages and IL-10 in regu-
lating lung ischemia-reperfusion injury.45,58,59

In conclusion, we generated and administered genetically modified
MSCs to human lungs during EVLP to investigate the concept of
donor lung engineering. This off-the-shelf therapy was feasible and
safe, and resulted in rapid IL-10 increase in human lungs in a time
frame that is well suitable for clinical translation. Interestingly,
MSCIL-10 were sensitive to surrounding metabolic conditions, espe-
cially to acidity, which is an important consideration when designing
future cell-based therapies.

MATERIALS AND METHODS
Experimental design

Human umbilical cord perivascular cells were genetically modified to
produce IL-10 using AdIL-10 transduction (MSCIL-10), and cryopre-
served (Figure 1A). The function of cryopreserved MSCIL-10 was
confirmed in vitro. Human double lungs rejected from clinical trans-
plantation (n = 5) were split and connected to separate single-lung
EVLP circuits for 12 h. One lung of each case was randomized to
receive cryopreserved 40 � 106 MSCIL-10 through the pulmonary ar-
tery after the first hour on EVLP, while the contralateral lung served
as the control (Figure 2A). Lung function parameters and perfusate
samples were collected every hour, lung tissue samples every third
hour, and bronchoalveolar lavage samples before MSCIL-10 adminis-
tration and at 12 h. MSCIL-10 function during EVLP was determined
bymeasuring EVLP perfusate, lung tissue, and bronchoalveolar lavage
IL-10 protein levels. MSCIL-10 localization in lung tissue was deter-
mined by immunostaining for the FLAG tag attached to the IL-10
transgene. The effect of pH, glucose, lactate, and LPS on MSCIL-10
ber 2021
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function during EVLP was evaluated by correlating metabolic param-
eters with achieved lung tissue IL-10 levels. The effect of different
metabolic conditions on MSCIL-10 function in vitro was studied by
culturing MSCIL-10 with EVLP perfusate samples with various meta-
bolic conditions, or by selectively modifying culture media glucose
or pH. The study was approved by the University Health Network
Research Ethics Board (06-0283) and Trillium Gift of Life Network.

MSC isolation and expansion

Human umbilical cords (UCs) from full-term, consenting donors un-
dergoing caesarean section at Mount Sinai Hospital (Toronto, ON,
Canada) were sourced with approval from ethics boards at both the
University Toronto and Mount Sinai Hospital Research Centre for
Women’s and Infants’ Health (RCWIH). The UC-derived MSCs
were extracted using a proprietary methodology and provided by Tis-
sue Regeneration Therapeutics (TRT) (Toronto, ON, Canada).
Briefly, following removal of the amniotic epithelium using blunt
dissection, the three cord vessels were separated along with their peri-
vascular Wharton’s jelly (WJ) tissue. TheWJ tissue was stripped from
the vessel walls, minced, and seeded in fibronectin-coated culture
flasks, in Lonza TheraPEAK MSCGM-CD serum-free medium (Ce-
darlane, Burlington, ON, Canada) for 14 days to isolate cells. At har-
vest, the adherent cells were dissociated with TrypLE Express
(Thermo Fisher Scientific, Waltham, MA, USA). Tissue fragments
were strained, and cell suspension was collected and centrifuged for
10 min at 285� g, after which the supernatant was discarded, the cells
were washed, and the culture was expanded to P1 and cryopreserved
as a master cell bank (MCB). Due to a disruption in the Lonza supply
chain, the TheraPEAK MSCGM-CD medium was no longer avail-
able. As a result, MCB vials were later thawed into RoosterNourish
MSC-XF medium (RoosterBio, Frederick, MD, USA) for expansion
to P2 and stockpiled in liquid nitrogen.

Genetic engineering of MSCs

A premade human replication-incompetent (E1/E3 gene-deleted) re-
combinant adenovirus vector (type 5) with cytomegalovirus (CMV)
promoter-driven expression of human IL-10 (including FLAG tag)
was purchased from Vigene Biosciences (Rockville, MD, USA; no.
VH869610). Cells were seeded at a density of 23 � 103 cells/cm2 and
24 h later were exposed to the virus at a multiplicity of infection of
100 in 100 mL/cm2 of RoosterNourish MSC-XF medium. After 24 h
of incubation at 37�C, 5%CO2, cells were washedwith PBS three times
and fresh growth medium was added. Engineered MSCIL-10 were har-
vested 48 h later and cryopreserved in liquid nitrogen for future use.

In vitro evaluation of engineered MSCIL-10

IL-10 production of non-cryopreserved and cryopreserved MSCIL-10

was assessed by culturing 1 � 105 cells in 12-well plates in 1 mL of
media at 37�C, 5% CO2. After conditioning the medium for 24 h, it
was collected daily for the determination and comparison of human
IL-10 levels by ELISA (n = 3).

To study the secretory activity of cryopreserved cells after thaw, 54 �
103 MSCIL-10 were seeded in 12-mm Transwells with 3.0-mm pore
Molecular The
membrane inserts (Corning Life Sciences, Corning, NY, USA) in a to-
tal of 2mL of EVLP perfusate solution per well at 37�C, 5%CO2. Sam-
ples were taken from the bottom compartment at 5 and 30 min and at
1–5 h. ELISA was performed to determine human IL-10 concentra-
tion (n = 3).

FACS analysis of both naive and MSCIL-10 was used to determine the
expression of CD73, CD90, CD105, CD10, CD166 and CD140b,
CD31, CD34, CD45, major histocompatibility complex class II
(MHC class II) and to evaluate IL-10 transgene expression with
anti-FLAG antibodies.

Human rejected lungs

Human donor lungs rejected from clinical transplantation were used
in the study, from donors who consented for research. The lungs were
procured by the Toronto Lung Transplant Program according to
standard clinical protocols, including antegrade and retrograde lung
flush with low potassium dextran solution (Perfadex, XVIVO Perfu-
sion, Gothenburg, Sweden), and transported and stored at 4�C. Dou-
ble lungs were split and connected to separate EVLP circuits. Each
lung had varying levels of injury depending on the donor history (Ta-
ble 1; Figure S1). In one case (case 4, Figure S1), the right lung with
aspiration pneumonia and extensive atelectasis was not used for the
experiment due to a clinical concern that it was too damaged to last
the planned 12-h EVLP experiment, and only the left lung was con-
nected to EVLP and received MSCIL-10. The study therefore consists
of four control lungs and five MSCIL-10 treatment lungs.

Single-lung EVLP

Each split lung was connected to a separate Toronto EVLP system,
and EVLP and lung evaluation were performed according to standard
clinical EVLP protocols.60 Briefly, the atrial cannula was sutured to
the donor atrium, pulmonary artery cannula was connected to the
main pulmonary artery, a 7.5Fr endotracheal tube was inserted to
the main bronchus on each side, and the lung was flushed retro-
gradely with low-potassium dextran solution (Perfadex). The EVLP
circuit was primed with 1,500 mL of EVLP perfusate (LPD2A, United
Therapeutics, Silver Spring, MD, USA in cases 1–4; Steen solution,
XVIVO Perfusion, Gothenburg, Sweden in case 5; both perfusate so-
lutions have identical composition), and heparin at 10,000 IU, meth-
ylprednisolone at 1 g, and antibiotics (cefazolin at 1 g in cases 1–3 and
meropenem at 500 mg in cases 4 and 5). During the initial hour,
EVLP flow was increased incrementally to 40% of the calculated total
cardiac output, taking into consideration the adjustment for single-
lung EVLP (left lung 40% and right lung 60% of the flow), tempera-
ture was gradually increased, and ventilation started at 32�Cwith tidal
volume at 7 mL/kg, positive end-expiratory pressure (PEEP) at
5 cmH2O, the fraction of inspired oxygen (FiO2) of 0.21, and rate
of 7 per min. Tidal volume was also adjusted for single-lung EVLP
(40% for the left lung and 60% for the right lung). Lung function pa-
rameters and perfusate samples were taken every hour with challenge
ventilatory settings of tidal volume at 10 mL/kg, PEEP at 5 cmH2O,
FiO2 of 1.0, and rate of 10 per min. Perfusate pH, partial pressure
of CO2 (pCO2), partial pressure of O2 (pO2), glucose, and lactate
rapy: Methods & Clinical Development Vol. 23 December 2021 193
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were immediately analyzed with a point-of-care system (RAPIDPoint
500 blood gas system, Siemens Healthineers, Erlangen, Germany) and
cOmplete, and supernatant and cell fractions of perfusate were stored
at �80�C and �150�C (cell fractions). EVLP protocol consisted of
exchanging 250 mL of fresh perfusate at 1 h, and 100 mL, or the
amount of perfusate loss if it was more than 100 mL/h, to the
EVLP circuit every subsequent hour. Lower lobe bronchoalveolar
lavage (BAL) with 30 mL of saline was performed at 1 h, before
MSCIL-10 administration, and at 12 h using a flexible fiberoptic bron-
choscope and cOmplete, and supernatant and cell fractions were cry-
opreserved. Lower lobe lung wedge biopsies were taken with a stapler
device (Covidien DST series GIA, Medtronic, Minneapolis, MN,
USA) before EVLP start, and at 3, 6, and 9 h, and at the 12-h samples
were taken from upper and lower lobe superficial (including parietal
pleura) and deep areas (excluding parietal pleura). Lung tissue sample
processing consisted of (1) snap freezing in liquid nitrogen, tissue ho-
mogenization, protein isolation,13 and protein concentration mea-
surement (Pierce bicinchoninic acid [BCA] protein assay kit, Thermo
Fisher Scientific); (2) RNAlater RNA stabilization reagent (QIAGEN,
Venlo, the Netherlands); (3) inflation and 24-h storage in 10% buff-
ered formalin, change to 70% ethanol, and paraffin embedding; and
(4) wet/dry lung weight ratio.

MSCIL-10 administration during EVLP

For the treatment of human rejected lungs during EVLP, 40 � 106

MSCIL-10 were thawed, reconstituted in 20 mL of EVLP perfusate so-
lution (Steen solution, XVIVO Perfusion, Gothenburg, Sweden), and
the cell viability was confirmed. MSCIL-10 cells were administered
with a syringe during 20 s through an extension tubing attached to
the pulmonary artery cannula, followed by a 20-mL perfusate flush.
Cell administration was performed after full perfusion flow, normo-
thermia and lung ventilation had been achieved, and the 1-h lung
assessment, and a baseline BAL sample followed by lung recruitment
with two inspiratory holds with peak airway pressure 25 mmHg had
been performed. Control group lungs were administered 20 mL of
perfusate without cells.

Quantitative immunoassays

Perfusate, BAL, and lung IL-10 levels were determined with a hu-
man IL-10 Quantikine ELISA kit (R&D Systems, Minneapolis,
MN, USA), and in vitro cell media IL-10 levels were determined
with a human IL-10 DuoSet ELISA (R&D Systems). Perfusate cyto-
kine panel analysis was performed with an Ella automated immu-
noassay system (R&D Systems) using 16�4 multianalyte cartridges
for IL-1b, IL-6, IL-8, endothelin-1, GM-CSF, TNFR1, and TREM-1
(R&D Systems).

Immunostaining

Formalin-fixed, paraffin-embedded tissue sections (4 mm thick) were
mounted on positively charged microscope slides. Antigen retrieval
was performed with microwave heating in EDTA buffer (1 mmol/L
EDTA, 0.05% Tween 20 [pH 9.0]). Endogenous peroxidase was
blocked using 3% hydrogen peroxide. After blocking for 15 min
with blocking buffer in a tyramine signal amplification kit (Alexa
194 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
Fluor 488 tyramide SuperBoost kit, Thermo Fisher Scientific, Wal-
tham, MA, USA), rabbit anti-DDDDK tag (binds to FLAG tag
sequence) primary antibody (ab205606, Abcam, Cambridge, UK)
was applied overnight at 4�C, followed by the secondary antibody
and the fluorescent detection step of the tyramine signal amplification
kit. Slides were then washed andmounted with Vectashield mounting
medium with 40,6-diamidino-2-phenylindole (Vector Laboratories,
Burlingame, CA, USA) and immediately imaged on a Quorum
WaveFX spinning disk confocal microscope (Quorum Technologies,
Puslinch, ON, Canada).

RNA extraction and quantitative RT-PCR to detect endogenous

and transgenic IL-10 mRNA

Lung tissue samples collected in RNAlater were stored at�80�C. RNA
was extracted using an RNA mini plus kit (QIAGEN) with extra
DNase treatment and RNA clean-up to ensure there was no virus
DNA contamination in the RNA samples. cDNA was synthesized
from 1,000 ng of RNA using an iScript advanced cDNA synthesis
kit (Bio-Rad, Hercules, CA, USA). qPCR was run on a CFX384 real-
time system (Bio-Rad) using SsoAdvanced Universal SYBR Green
supermix (Bio-Rad) and specific primers. Primers were designed ac-
cording to theAdIL-10 construction information (Vigene Biosciences,
no. VH869610). Gene expression was determined relative to Ppia
housekeeping gene and the results were analyzed using the DDCt
method. Primers in the open reading frame, and in the 30 untranslated
region that is not present in AdIL-10, of IL-10 were used to detect
endogenous IL-10 mRNA: forward primer, 50-TGAAGAATGCCTT-
TAATAAGCTCCA-30; reverse primer, 50-GCCACCCTGATGTCT-
CAGTT-30.

Primers in the open reading frame of IL-10, and in the FLAG area
present only in the AdIL-10, were used to detect transgenic IL-10
mRNA: forward primer, 50-ATGACAATGAAGATACGAAAC-30;
reverse primer, 50-CGTCGTCATCCTTATAATC-30.

Endotoxin assay and microbiological analysis

Endotoxin was determined from EVLP perfusate samples taken at 1
and 12 h using a Pierce chromogenic endotoxin quant kit (Thermo
Fisher Scientific, Waltham, MA, USA). Microbiological quantitative
culture and antibiotic sensitivity testing was performed from EVLP
perfusate samples taken at 1 and 12 h in the hospital clinical labora-
tory (Department of Microbiology, Mount Sinai Hospital and the
University Health Network, Toronto, ON, Canada).

MSCIL-10 challenge with different metabolic conditions in vitro

The effect of metabolic factors on MSCIL-10 IL-10 production was
initially assessed by exposing MSCIL-10 to nine different cryopre-
served EVLP perfusate samples from control cases (collected from
cases 1–3 at 1, 6, and 12 h) that had varying glucose, lactate, and
pH levels (Figure 6A) and different cytokine profiles (Figure S5).
MSCIL-10 (3 � 106) were divided equally into nine tubes containing
different perfusate sample. Tubes were fixed to a rotator placed in
an incubator at 37�C, 5% CO2 and samples were taken at 5 min,
30 min, and at 1, 2.5, and 4 h for IL-10 ELISA.
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To further investigate the effects of glucose on IL-10 production,
MSCIL-10 were cultured (n = 3) at 37�C, 5% CO2 in DMEM media
with high (25 mmol/L), low (5.5 mmol/L), or no glucose. Also, to
assess the effects of pH, MSCIL-10 were cultured in standard perfusate
solution (pH 7.40) or perfusate with pH 6.5, 5.9, 5.5, or 5.0 modified
with hydrochloric acid. Samples were taken after 4 h to measure hu-
man IL-10 by ELISA and to determine cell viability using the Vi-
CELL XR cell viability analyzer (Beckman Coulter, Brea, CA, USA).

Perfusate and tissue pH measurement

The point-of-care system (RAPIDPoint 500 blood gas system) used in
each case tomeasure EVLP perfusate pH has a lower detection limit of
pH 6.5. The pH value of perfusate samples collected from the damaged
lungs used in the study dropped below the pH detection limit at some
point during the EVLP in almost all cases. To achieve the full range of
pH values for the in vitro experiments exposing MSCIL-10 to different
perfusate samples and metabolic conditions (Figures 6A and 6E),
stored samples were re-measured with a pHmeter (Fisherbrand accu-
met AB150, Thermo Fisher Scientific) and pH microelectrode
(Thermo Scientific Orion PerpHecT ROSS combination pH micro
electrode, Thermo Fisher Scientific). In addition, the same pH meter
and pH microelectrode were used to measure lung tissue interstitial
pH from lung tissue samples that were freshly collected at the end of
EVLP from four anatomical sites of theMSCIL-10-treated lungs (upper
lobe superficial, upper lobe deep, lower lobe superficial, and lower lobe
deep areas), snap-frozen in liquid nitrogen, and stored in�80�C. The
samples were thawed and stabilized to room temperature, and the pH
meter was calibrated before each sample measurement.

pHrodo staining

pHrodo Red succinimidyl ester (P36600; Thermo Fisher Scientific)
was used to visualize acidic areas in tissue sections. We performed
preliminary experiments by incubating fresh tissue samples in
pHrodo as described before.33 As a similar pHrodo signal was also
achieved by applying pHrodo directly on OCT-embedded (Thermo
Fischer Scientific) tissue cryosections, we used this approach in the
study. Snap-frozen lung tissue was embedded in OCT, and 10-mm
cryosections were incubated for 5 min with pHrodo diluted 1:2,000
in distilled water, washed with distilled water, and then visualized
with a Quorum WaveFX spinning disk confocal microscope
(Quorum Technologies). Non-incubated lung cryosections served
as negative controls, and a gastric tissue cryosection with pHrodo in-
cubation was used as a positive control.

Statistical analysis

Data are expressed as median ± range or interquartile range and were
analyzed with GraphPad Prism 8.4.1 (GraphPad, San Diego, CA,
USA). Variables were compared by a Mann-Whitney test, or Krus-
kal-Wallis test, and the two-stage step-up method of Benjamini,
Krieger, and Yekutieli was used for multiple comparisons. EVLP
data with multiple time points were analyzed with two-way
ANOVA with Sidak’s multiple comparison test. Correlations were
analyzed by linear regression and a Pearson coefficient test. p < 0.05
is considered statistically significant.
Molecular The
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