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ABSTRACT
The development of systems that are more accurate and time-efficient in predicting safety and efficacy of
target products in humans are critically important in reducing the cost and duration of pharmaceutical
development. To circumvent some of the limitations imposed by the use of animal models, ex vivo
systems, such as precision-cut lung slices (PCLS), have been proposed as an alternative for evaluating
safety, immunogenicity and efficacy of vaccines and pharmaceuticals. In this study, we have established a
human PCLS system and methodology for PCLS cultivation that can provide long-term viability and
functionality in culture. Using these techniques, we found that cultured PCLS remained viable for at least
14 d in culture and maintained normal metabolic activity, tissue homeostasis and structural integrity. To
investigate whether cultured PCLS remained functional, lipopolysaccharide (LPS) was used as a target
stimulating compound. We observed that after an 18-hour incubation with LPS, cultured PCLS produced a
set of pro-inflammatory cytokines, including TNF-a, IL-1b, IL-6 and IL-10 as well as the enzyme COX-2.
Furthermore, cultured PCLS were shown to be capable of generating re-call immune responses,
characterized by cytokine production, against antigens commonly found in routine vaccinations against
influenza virus and tetanus toxoid. Taken together, these results suggest that human PCLS have the
potential to be used as an alternative, high-throughput, ex vivo system for evaluating the safety, and
potentially immunogenicity, of vaccines and pharmaceuticals.
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Introduction

For decades, animal models have remained the mainstay for
evaluating toxicological, allergic, pro-inflammatory and immu-
nological properties of vaccines and other pharmaceutical com-
pounds in pre-clinical studies. However, studies in animals are
often expensive and time-consuming, and may not accurately
predict the outcome of target products in humans. The devel-
opment of ex vivo human systems that allow for high-through-
put screening of potential toxicological and allergic reactions to
a vaccine or another pharmaceutical product could be instru-
mental in predicting product safety in humans and could
reduce the cost and duration of new product development.

Human precision-cut lung slices (PCLS) may have the
potential to be used as an ex vivo platform. Lungs are the
portal of entry for many respiratory infections, such as
viruses, bacteria, and fungus, and are highly enriched with
different types of immune cells. Therefore, lung tissue could
offer some unique advantages when testing compounds
directed against such infections. Previous work on this tech-
nology have shown that PCLS can easily be prepared in
abundance just from a single human lung lobe and can be
prepared from human as well as different laboratory animal
species, including mice, rats, guinea pigs, sheep and

monkeys.1-5 Multiple studies have focused on assessing vari-
ous characteristics of cultured PCLS, such as measurement
of bronchoconstriction6-8 and vascular responses9,10 induced
by various stimuli. In addition, PCLS have been used to eval-
uate allergy,11 asthma,6 toxicology,12-14 and infectious disease
responses.15 The anatomical architecture of PCLS also allows
for studying early inflammatory and immune responses that
occur in the lung. These processes are characterized by acti-
vation or suppression of certain mediators, which can be
used as tools for evaluation of immune modulating effects of
target products.13,16-18

In the current study, we characterize a human PCLS cultiva-
tion system that was established to assess the ability of human
PCLS to develop inflammatory and immune responses to anti-
gen stimulation. Results demonstrated that PCLS remained via-
ble, structurally intact and able to elicit functional responses up
to 14 d in culture. In addition, we showed that stimulation of
PCLS with a seasonal influenza vaccine or tetanus toxoid were
able to generate inflammatory cytokine responses above back-
ground levels. Taken together, these data indicate the feasibility
of using human PCLS as a model to assess potential toxicologi-
cal, inflammatory and immunological responses specific to tar-
get vaccines and pharmaceuticals.

CONTACT Vidadi Yusibov Vidadi.Yusibov@fhcmb.org Fraunhofer USA Center for Molecular Biotechnology, 9 Innovation Way Suite 200, Newark, DE 19711, USA.

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/khvi.
© 2017 Taylor & Francis

HUMAN VACCINES & IMMUNOTHERAPEUTICS
2017, VOL. 13, NO. 2, 351–358
http://dx.doi.org/10.1080/21645515.2017.1264794

http://www.tandfonline.com/khvi
http://dx.doi.org/10.1080/21645515.2017.1264794


Results

Metabolic activity and viability of PCLS during cultivation

After optimizing the method for preparing and culturing PCLS
from human donors, several assays were established to monitor
the PCLS viability and metabolic activity over a 14-day time
period in culture. Metabolic activity of human PCLS, as mea-
sured by the WST-1 assay, was lowest on day 1 after prepara-
tion (Fig. 1A). However, the activity appeared to increase with
time in culture, indicating a slight recovery phase following tis-
sue preparation. A significant increase (p � 0.05) in metabolic
activity was detected by day 6 in culture after which the activity
level appeared to remain steady through study day 14 (Fig. 1A).
A slight decrease in activity was observed on study day 14; how-
ever, it was not a statistically significant reduction. PCLS pre-
pared and cultivated under established culture conditions also
maintained tissue homeostasis as measured by the LDH assay.
The average viability of PCLS at each culture time point
remained above 80% over the 14-day cultivation period
(Fig. 1B). No significant changes in the viability of the tissue sli-
ces were observed during the test period.

Metabolic activity and viability of PCLS after treatment
with LPS or Triton X-100

Human PCLS were treated with 0, 10 or 100 ng/mL LPS for
18 hours to investigate the effect of LPS stimulation on the
vitality of the tissue slices at different times during cultivation.
Using the WST-1 assay, metabolic activity of PCLS stimulated
with LPS was shown to be comparable in activity to slices cul-
tured in medium alone (Fig. 2). In addition, there were no dif-
ferences in optical density (OD) values when comparing the
low (10 ng/mL) versus high (100 ng/mL) concentrations of LPS
during stimulation. Again, the data shows a slightly lower,
more variable response early (day 2/3) in culture that recovers
by day 7 and is then maintained through day 14. In contrast,
there was a significant (p D 0.05) decrease in the metabolic
activity after exposure of PCLS to Triton X-100, a commonly
used detergent with known toxic effects. A similar observation
was made when viability was measured using the LDH assay
after LPS or Triton X-100 treatment (data not shown).

The effect of treating PCLS with LPS or Triton X-100 during
cultivation was also investigated using Calcein AM/ethidium

homodimer-1 (EthD-1) staining of live tissue. At least 2 slices
per time point were examined and analyzed using a confocal
laser scanning microscope. For each treatment, random dupli-
cates or triplicates from 30-mm thick 3D stacks were recorded.
Representative images obtained from one lung are shown in
Fig. 3. The results suggest that the viability (shown by yellow
staining) of untreated PCLS (medium alone) was steady over
the entire culture period of 13 d. In addition, no increase in the
dead cell nuclei (red spots) or decrease in the vital cytoplasm
(yellow staining) were observed in the stained tissue following
treatment with LPS at either concentration. These data agree
with the results of the LDH and WST-1 assays. Furthermore,
the confocal microscopy data showed that the alveolar structure
of the lung tissue was preserved during the long-term cultiva-
tion in both LPS-treated and untreated PCLS. In contrast, treat-
ment with Triton X-100 reduced the PCLS vitality in a dose-
dependent manner, with a complete loss of vitality achieved in
the 0.3 mM Triton X-100 treated slices.

Hematoxylin and eosin (H&E) staining of tissue sections
from PCLS were performed to confirm that cultured PCLS
maintained structural, architectural and histological character-
istics of normal human lung tissue with and without LPS stim-
ulation. On different days of cultivation, PCLS were exposed to

Figure 1. Metabolic activity and viability measurements during cultivation of human PCLS. At different time points during cultivation of PCLS, the metabolic activity was
measured using a WST-1 assay (A) and the viability was measured using an LDH assay (B). Each data point represents the mean § SD of 4 PCLS from 5 to 8 lungs.

Figure 2. Measurement of metabolic activity and viability in LPS- and Triton X-100
-treated PCLS. On days 2 or 3, 7, and 12 or 13 of cultivation, PCLS were treated
with different concentrations of LPS or medium only for 18 hours. As a control,
PCLS were treated with 0.25 - 0.3 mM Triton X-100 for 1 hour. Metabolic activity
was measured by a WST-1 assay. Each symbol on the graph represents PCLS from
a given donor with the lines representing the mean value for the PCLS treated
with each condition.
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medium only, LPS or Triton X-100 prior to being fixed, sec-
tioned and stained. Images indicate that the structural charac-
teristics of the lung parenchyma (pneumocytes, alveolar septal
structure and blood vessels) as well as the airways (bronchiolar
epithelium, bronchiolar wall, smooth muscle layer and vessels)
remained intact during long-term cultivation (Fig. 4). Results
also showed that LPS stimulation had no effect on the struc-
tural integrity of the PCLS. In contrast, PCLS that had been
exposed to 0.25 mM Triton X-100 for 1 hour were shown to be
structurally damaged (Fig. 4).

Production of cytokines, chemokines and COX-2 by human
PCLS treated with LPS or Triton X-100

Human PCLS exposed to 100 ng/mL of LPS were also
evaluated for the production of select cytokines and che-
mokines as well as the COX-2 enzyme on different days of
cultivation. Following LPS exposure, levels of cytokines
were measured in PCLS culture supernatants. Treatment
with LPS was shown to stimulate secretion of several cyto-
kines and chemokines, including TNF-a, IL-1b, IL-6, IL-8,
IL-10 and MIP-1b (Table 1A). IL-2, IL-4, IFN-g and IL-13
were found to be mostly below the assay detection limit
(data not shown). Of the pro-inflammatory cytokines
detected, IL-8 and IL-6 were produced at the highest lev-
els, followed by MIP-1b and TNF-a. IL-10 and IL-1b were
produced at the lowest levels. In addition, COX-2 was pro-
duced at moderate levels following LPS stimulation

(Table 1B). In general, greater levels of these secreted pro-
teins were detected when PCLS were stimulated with LPS
on day 2 or 3 of cultivation compared with days 7 and 13.
Levels of these soluble mediators in culture supernatants
from PCLS treated with Triton X-100 were generally lower
compare with LPS-treated PCLS, or were below the detec-
tion limit (data not shown).

Re-call immune responses in PCLS against seasonal
influenza vaccine and tetanus toxoid

Cultured human PCLS were assessed for their ability to mount
re-call immune responses against antigens used in routine vac-
cinations. The re-call responses were measured by the levels of
cytokines in culture supernatants of PCLS exposed to the vac-
cine antigens as compare with a medium only control. For posi-
tive controls, the mitogen phorbol-12-myristate-13-acetate
(PMA) as well as LPS were used. The two vaccine antigens
used were the 2010–2011 seasonal influenza vaccine as well as
tetanus toxin. The results showed that in response to stimula-
tion with the influenza vaccine, there was a robust IFN-g
response followed by lower amounts of TNF-a and IL-2
(Fig. 5). This pattern of cytokine production was consistent in
all 4 donors tested. The response to the tetanus toxoid antigen
was lower in magnitude as compare with the influenza vaccine
response, but was also dominated by IFN-g production. These
results demonstrate that cultured PCLS can generate antigen-
specific immune responses.

Figure 3. Representative images of human PCLS stained with Calcein AM and Ethd-1 at different days of cultivation. PCLS were treated with 2 concentrations of LPS (10 or
100 ng/mL), 2 concentrations of Triton X-100 (0.125 or 0.3 mM) or medium alone. PCLS were stained by Calcein AM and Ethd-1 and evaluated by confocal microscopy.
Three stacks of 31 pictures (30-mm thickness) per slice were randomly selected on days 3, 7 and 13. The assay was conducted in duplicate.
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Discussion

Lung slices have been used to study pulmonary physiology,
pharmacology, pathogenesis and toxicity.19 An advantage of
this technology is that it maintains the structural integrity of
the tissue and its cell populations allowing for a more compre-
hensive assessment of local responses. In an effort to overcome

one of the limitations of this system, the present study assessed
whether human PCLS held in culture for up to 14 d could be
used to study cytotoxic, inflammatory and immune responses
against selected stimuli. Results demonstrated that the kinetics
of the metabolic activity in PCLS remained constant over the
entire cultivation period, following a short recovery phase. This
is in contrast to other publications that report a limited viability

Figure 4. Histology of lung airways in sections of PCLS. Images of airway epithelium from PCLS treated with medium only (control) or 100 ng/mL of LPS for 18 hours.
Comparable PCLS were also treated with 0.25 mM Triton X-100 for one hour. Experiments were performed on days 3, 7 and 13 of cultivation. SM D smooth muscle,
C D cilia, AE D airway epithelium. Original magnification 400 x.

Table 1A. Secretion of cytokines and chemokines by PCLS in response to LPS.

TNF-a (pg/mL) IL-1b (pg/mL)

Day 2,3 Day 7 Day 12,13 Day 2,3 Day 7 Day 12,13

Lung #1 1165 § 265 359 § 62 174 § 58 8 § 2 5 § 2 3 § 1
Lung #2 1318 § 327 1189 § 97 807 § 204 17 § 9 7 § 7 14 § 7
Lung #3 1776 § 833 155 § 105 170 § 75 16 § 7 6 § 6 4 § 1

IL-6 (ng/mL) IL-10 (pg/mL)

Lung #1 29 § 7 17 § 4 12 § 4 34 § 13 15 § 2 5 § 2
Lung #2 1.3 § 0.4 9 § 1 8 § 1 48 § 11 47 § 4 28 § 8
Lung #3 57 § 62 10 § 10 10 § 3 52 § 8 13 § 5 12 § 7

IL-8 (ng/mL) MIP-1b (ng/mL)

Lung #1 129 § 18 56 § 11 32 § 6 6 § 1 5 § 1 3 § 1
Lung #2 130 § 10 110 § 11 99 § 6 26 § 12 8 § 6 21 § 8
Lung #3 310 § 47 33 § 15 89 § 108 17 § 7 3 § 2 5 § 3
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of PCLS between 1–6 d in culture.7,20,21 We further demon-
strated that the viability of human PCLS, as shown by the LDH
assay, remained above 80% for the full 14-day cultivation
period. This type of long-term cultivation could increase the
experimental window for using PCLS, maximizing data sets
generated in this model. In addition, since PCLS can be pre-
pared in abundance from just one human lung lobe, being able
to cultivate viable PCLS from a single donor would also help
combat the unpredictability of available human lung material.

Previous in vitro studies have shown that LPS is a potent
activator of monocytes, including alveolar macrophages, and
can induce inflammatory responses in PCLS.7,22 However, it
was also shown that exposure to LPS could directly cause tissue
damage by triggering apoptotic cell death in bronchial epithe-
lial23 and endothelial24 cells. In addition, LPS was reported to
induce apoptosis in human alveolar macrophages in a dose-
dependent manner.25 In our study, we demonstrated a lack of
change in metabolic activity and viability of the PCLS after LPS
treatment during long-term cultivation. These findings were
supported by Calcein AM/EthD-1 staining of PCLS where the
number of dead cells in the slices did not increase nor was there

a loss in tissue viability after treatment with LPS. In addition to
metabolic activity and viability, we confirmed that lung airway
epithelium exposed to LPS remained intact showing no struc-
tural damage.

While the metabolic activity and PCLS viability remained
stable, we did detect a number of pro-inflammatory cytokine
and chemokines produced in response to LPS stimulation. Pre-
vious studies have shown increased production of TNF-a, IL-
1b and IL-6 as well as COX-2 induction by PCLS after in vitro
stimulation with LPS.2,7 In addition to these proteins, we also
detected increases in IL-8, IL-10 and MIP-1b production.
Unlike Switalla et al., we did not detect IL-12p40 or IFN-g pro-
duction in culture supernatants, potentially due to a different
duration of LPS stimulation (18 vs. 24 hours).18

We then explored if PCLS in culture could specifically
respond to common antigen stimulation. It has already been
shown that human lung slices exposed to live influenza virus
induce a strong pro-inflammatory cytokine and chemokine
response.15 This response included induction of IL-6 and IFN-
g, monocyte chemokines MIP-1a/b and MCP-1, the neutrophil
chemokine IL-8 and the lymphocyte chemokine IP-1.15 Immu-
nohistochemistry data showed that macrophages and alveolar
epithelial cells were responsible for production of these soluble
mediators. To assess if this would apply to a vaccine antigen,
we incubated PCLS with a seasonal influenza vaccine and teta-
nus toxin. Results showed that a robust response dominated by
IFN-g production as well as TNF-a and IL-2 was detected in
these PCLS. The influenza vaccine induced a stronger cytokine
response compare with the tetanus toxin, which may be due to
the fact that influenza is a respiratory pathogen whereas tetanus

Figure 5. Level of cytokines in culture supernatants from restimulated PCLS. PCLS were treated on day 2 of cultivation with either LPS, PMA/I, the 2010–2011 seasonal
influenza vaccine (Flu) or tetanus toxoid (Tet) for 24 hours. After incubation, the level of cytokine in the culture supernatant was measured using the MSD Multi-Spot assay
system: A) IFN-g , B) TNF-a, C) IL-10 and D) IL-2. Values in the graphs represent the average pg/mL § SD of PCLS from 4 different donor lungs normalized to a medium
only control sample.

Table 1B. Level of COX-2 expression in PCLS stimulated by LPS.

COX-2 (pg/mL)

Day 2,3 Day 7 Day 12,13

Lung #1 705§ 15 349 § 39 343 § 29
Lung #2 695§ 18 468 § 10 298 § 16
Lung #3 442§ 9 151 § 6 88 § 7
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is not. However, the cell populations in our PCLS model
responsible for the production of cytokines in response to stim-
uli like LPS and the seasonal influenza vaccine still need to be
identified. Knowing the cell populations involved in these
responses would be useful in understanding local host-patho-
gen immune responses in the lung and critical in evaluating if
this model can be used to characterize adaptive as well as innate
immune responses.

As PCLS represent a promising method to evaluate local
toxicity in the lung, steps have been taken to validate the PCLS
technique.26 However, the use of this model in evaluating
immune responses requires overcoming some obstacles such as
the lack of cell trafficking within the slices. There also appears
to be a general decrease in cytokine production during cultiva-
tion indicating a change in the cell population or cell function
within PCLS over time in culture. One potential way to over-
come this physiological change would be to explore the use of
cryopreservation as described in Rosner et al.27 Their results
showed minimal cell death, mainly along the edges, but also
some reduction in the metabolic activity of the tissue following
a freeze-thaw cycle. However, further optimization of such a
cryopreservation technique could help to practically address
the short window of viability of PCLS in culture. It would also
allow multiple assays to use the same donor material, which
could reduce variability in results and assist with establishing
trends within the data sets. As lungs are a common entry point
for infections, lung slices are being used by others to study
host-pathogen interactions, such as influenza15 and respiratory
syncytial virus.28 Data presented here indicate the possibility a
studying recall responses from immune donors, which may
contribute to improved vaccine design and efficacy.

Materials and methods

Human donors

Human lungs were obtained through the organ and tissue pro-
curement program of the National Disease Research Inter-
change (NDRI). Lungs of transplant donors that were not
deemed suitable for transplantation were received from within
the United States. Lungs were flushed and stored in preserva-
tion solution UW (University of Wisconsin solution) or HTK
(Histidine-tryptophan-ketoglutarate) and express delivered
using a courier service. Lungs were kept in preservation solu-
tion on ice for the entire transit (average 13.8 hour). Donors in
this study were diverse regarding age, gender, ethnicity, medical
history and cause of death.

Culture medium and reagents

Dulbecco’s Modified Eagle’s Medium (DMEM) Nutrient Mixture
F-12 Ham with L-glutamine, 15 mM HEPES without phenol red,
pH 7.2–7.4 was supplied by Sigma Aldrich (St. Louis, MO). It was
supplemented with 7.5% w/v sodium bicarbonate, 100 U/ml peni-
cillin, and 100 mg/ml streptomycin, but no fetal bovine serum.
The medium was also supplemented with antibiotic-antimycotic
solution (Sigma Aldrich), gentamicin (Gibco, Life Technologies,
Grand Island, NY), fungizone (Gibco), and ITS-X (Gibco).

Preparation and cultivation of PCLS

The selected lobe of the donor lung was isolated and inflated
with 1.5% low-gelling agarose (Sigma Aldrich) in culture
medium. Agarose-inflated lobes were placed on ice for
30 minutes to allow agarose to solidify and then cut into 1-cm
thick slices. Tissue cores were prepared out of 1-cm thick sli-
ces using an 8-mm coring tool (Alabama Research and Devel-
opment, Munford, AL). Cores were sliced at approximately
600-mm thickness using a Krumdieck tissue slicer MD6000
(Alabama Research and Development) containing cold phos-
phate buffered saline (PBS). Tissue slices were collected from
the slicer and placed into 10-cm diameter sterile Petri dishes
with culture medium. The medium was changed once to
remove remaining agarose before overnight incubation under
tissue culture conditions (37�C, 5% CO2 and 100% humidity).
Next day, the slices were placed into 24-well tissue culture
plates, one slice per well, in 1 ml of culture medium, and
maintained under tissue culture conditions. Culture medium
was changed daily.

Measuring LDH activity

Levels of LDH activity in PCLS were determined in culture
supernatants using an assay kit obtained from Clontech
(Mountain View, CA), according to the manufacturer’s
instructions. Results are presented as % viability using
PCLS in culture medium treated with 1% Triton X-100 as a
100% cell death control (maximum LDH release). The
results were compared using ANOVA and the Kruskal-
Wallis test (GraphPad Prism 6). Differences were consid-
ered statistically significant at a level of p � 0.05.

WST-1 reduction

The metabolic activity of PCLS was determined using the
WST-1 reagent obtained from Clontech (Mountain View,
CA). Medium was removed from PCLS in culture and
replaced with a freshly prepared WST-1 solution (diluted
1:10 in culture medium). After incubating for 1 hour at
37�C, the absorbance of the formazan solution in superna-
tants was measured in a spectrophotometer at 450 nm. The
results were compared using ANOVA and the Kruskal-
Wallis test (GraphPad Prism 6). Differences were consid-
ered statistically significant at a level of p � 0.05.

Incubation of PCLS with LPS and Triton X-100

At different days in culture, PCLS were stimulated with 0, 10 or
100 ng/mL LPS (Sigma-Aldrich, St. Louis, MO) under tissue
culture conditions for 18 hours. As a positive control for cyto-
toxicity, PCLS were treated with 0.25–0.3 mM Triton X-100 for
1 hour, washed 3 times and incubated in culture medium for
further 18 hours under tissue culture conditions. Following
incubation, LDH and WST-1 assays were performed and cal-
cein AM/EthD-1 staining was conducted. In addition, PCLS
lysates were prepared for COX-2 detection and culture super-
natants were collected for measurement of select cytokine and
chemokine levels. The results were compared using ANOVA
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and the Kruskal-Wallis test (GraphPad Prism 6). Differences
were considered statistically significant at a level of p � 0.05.

Calcein AM/EthD-1 staining

Calcein AM and EthD-1 reagents were purchased from Invitro-
gen (Carlsbad, CA). PCLS were placed in 48-well tissue culture
plates with 300 mL DMEM, and then washed once with 500 mL
DMEM. Calcein AM and EthD-1 reagents were allowed to
equilibrate to room temperature, and then 150 mL DMEM con-
taining 4 mM calcein AM and 4 mM EthD-1 were added to
PCLS followed by incubation for 45–60 minutes at 37�C. PCLS
were subsequently washed once with DMEM and placed into
chambered cover glasses with 200 ml DMEM. Analysis was per-
formed using a confocal laser scanning microscope Meta 510
(Zeiss, Jena, Germany). From each treated slice, random dupli-
cates or triplicates from 30-mm thick 3D stacks were recorded
(10X objective, excitation wavelengths 488 nm and 543 nm,
emission filters LP 560 nm and BP 505–550 nm).

H&E staining

PCLS were fixed in 10% formalin and then processed and
embedded in paraffin by the Comparative Pathology
Laboratory of the University of Delaware. Thin sections (6 mm
thickness) were cut onto glass slides and stained with hematox-
ylin, washed in water, differentiated in 70% alcohol containing
HCl, washed again in water, and stained with 0.5% eosin.
Sections were washed in 1% acetic acid, dehydrated, cleared,
and mounted for light microscopy.

Cytokine and chemokine measurements

Levels of pro-inflammatory cytokines and chemokines were mea-
sured in culture supernatants from PCLS stimulated with 100
ng/mL LPS. More specifically, PCLS were treated on days 2 or 3, 7
and 12 or 13 of cultivation with LPS for 18 hours. Culture superna-
tants were then collected and frozen at ¡80�C. Cytokine levels in
culture supernatants were measured using the Meso Scale Discov-
ery (MSD) technology (Meso Scale Diagnostics, Rockville, MD).
Assays were performed according to the manufacturer’s recom-
mendations using the MSD Multi-Spot assay (10-spot for IL-1b,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-13, IFN-g and TNF-a) or Multi-
Array assay (small spot for IL-6, IL-8, and MIP-1b) system.
Cytokines and chemokines were quantified using calibrators pro-
vided byMSD. Plates were read using a multiplex reader, SECTOR
Imager 2400A (MSD). Data were analyzed using the MSDDiscov-
ery Workbench software. Values in the table represent the average
pg/mL or ng/mL§ standard deviation (SD) of 4 PCLS from 3 dif-
ferent donor lungs.

To assess potential recall responses, PCLS were treated on
day 2 of cultivation with either LPS (10 ng/mL), PMA
(2 mg/mL) with ionomycin (I, 2 mg/mL), the 2010–2011 sea-
sonal influenza vaccine (Fluzone�; BEI Resources, Manassas,
VA; used at 1.8 mg/mL) or tetanus toxoid (List Biologicals Inc.,
Campbell, California; used at 5 mg/mL). After 24 hours of incu-
bation at 37�C, supernatants were collected and assayed for
pro-inflammatory cytokines using the MSD Multi-Spot assay
system. Cytokines were quantified using calibrators provided

by MSD. Plates were read using a multiplex reader, SECTOR
Imager 2400A (MSD). Data were analyzed using the MSD
Discovery Workbench software. Values in the table represent
the average pg/mL § SD of PCLS from 4 different donor lungs
normalized to a medium only control sample.

COX-2 measurement

Levels of COX-2 expression in lysates of PCLS treated with
100 ng/mL LPS were determined. More specifically, PCLS were
treated on days 2 or 3, 7, and 12 or 13 of cultivation with LPS
for 18 hours. After incubation, 4 slices from each condition
were placed into a 1.5-ml Eppendorf tube. Lysis buffer
(150 mM NaCl, 20 mM Tris, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, Protease Inhibitor Cocktail [Sigma Aldrich]
1:100; pH 7.5) was added to each tube along with 4 zirconium
beads and slices were homogenized using a bullet blender for
5 minutes at 4�C. The lysates were then centrifuged for
15 minutes at 14,000 rpm at 4�C and supernatants were
removed and frozen at ¡80�C. COX-2 concentration in the
lysates was measured by a sandwich immunoassay based on
the use of a COX-2 antibody pair (R&D Systems, Minneapolis,
MN) and MSD standard black plates. Plates were coated with
0.5 mg/mL of the COX-2 capture antibody and detected using
1 mg/mL of a biotinylated anti-COX-2 detection antibody and
1 mg/mL of SULFO-TAG-Streptavidin. The assay was per-
formed according to the manufacturer’s recommendation
(MSD). Plates were read using a multiplex reader SECTOR
Imager 2400A (MSD) and data were analyzed using the MSD
Discovery Workbench software. Lysates were measured in
triplicate and data are shown as the average pg/mL
COX-2 § SD from 3 different donor lungs.

Abbreviations

COX-2 cyclooxygenase-2
DMEM Dulbecco’s Modified Eagle Medium
Ethd-1 ethidium homodimer-1
H&E hematoxylin and eosin
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HTK histidine-tryptophan-ketoglutarate
I ionomycin
LDH lactate dehydrogenase
LPS lipopolysaccharide
MSD Meso Scale Discovery
NDRI National Disease Research Interchange
OD optical density
PBS phosphate-buffered saline
PCLS precision-cut lung slices
PMA phorbol-12-myristate-13-acetate
UW University of Wisconsin solution
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