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ABSTRACT
Pancreatic ductal adenocarcinoma (PDA) remains a deadly disease that is rarely cured, despite many
recent successes with immunotherapy for other malignancies. As the human disease is heavily infiltrated
by effector T cells, we postulated that accurately modeling the PDA immune microenvironment would
allow us to study mechanisms of immunosuppression that could be overcome for therapeutic benefit.
Using viable precision-cut slices from fresh PDA, we developed an organotypic culture system for this
purpose. We confirmed that cultured slices maintain their baseline morphology, surface area, and
microenvironment after at least 6 d in culture, and demonstrated slice survival by MTT assay and by
immunohistochemistry staining with Ki-67 and cleaved-Caspase-3 antibodies. Immune cells, including T
cells (CD3C, CD8C, and FOXP3C) and macrophages (CD68C, CD163C and HLA-DRC), as well as stromal
myofibroblasts (aSMAC) were present throughout the culture period. Global profiling of the PDA
proteome before and after 6 d slice culture indicated that the majority of the immunological proteins
identified remain stable during the culture process. Cytotoxic effects of drug treatment (staurosporine, STS
and cycloheximide, CHX) on PDA slices culture confirmed that this system can be used to assess functional
response and cell survival following drug treatment in both a treatment time- and dose-dependent
manner. Using multicolor immunofluorescence, we stained live slices for both cancer cells (EpCAMC) and
immune cells (CD11bC and CD8C). Finally, we confirmed that autologous CFSE-labeled splenocytes readily
migrate into co-cultured tumor slices. Thus, our present study demonstrates the potential to use tumor
slice cultures to study the immune microenvironment of PDA.

KEYWORDS
Immune cells; model;
pancreatic ductal
adenocarcinoma; PDA; slice
culture

Introduction

Pancreatic ductal adenocarcinoma (PDA), commonly
referred to as pancreatic cancer, is the fourth-leading cause
of cancer-related death in the United States, owing to its 5-y
survival rate of less than 7%.1 Despite decades of research,
PDA, which represents 80% of pancreatic malignancies, is
often diagnosed at a late stage and is rapidly fatal.2,3 Among
the challenges that we must overcome to improve therapeu-
tics for PDA is accurately modeling its microenvironment, as
it is composed of a wide array of cells (including fibroblasts,
pancreatic stellate cells, and immune cells), blood vessels,
and the extracellular matrix (ECM), in addition to the cancer
cells themselves.4

Using an autochthonous murine model of PDA, Clark
et al. showed that a leukocyte-predominant infiltrate paral-
leled disease progression, and that there were many immuno-
suppressive cell types, such as tumor-associate macrophages
(TAM), myeloid derived suppressor cells (MDSC), and regu-
latory T cells; in contrast, there were very few effector T cells

present.5 In contrast, our previous study demonstrated that
in human PDA, there exists a more complex mixture of both
inflammatory and regulatory immune cells (including effec-
tor cells), and that neoadjuvant therapy reduces the number
of cells associated with immunosuppression and with wors-
ened survival.6

The recent development of immunotherapy designed to
block immune checkpoints, such as the programmed death
1 (PD-1) pathway, has demonstrated dramatic results in
melanoma and other malignancies.7,8 However, clinical
results in small numbers of patients with advanced PDA
treated with inhibitors of the PD-1 and CTLA-4 pathways
have been disappointing.9,10 This outcome may be attrib-
uted to the distinctive and hostile immune microenviron-
ment of PDA containing elements such as exhausted
intratumoral effector T cells, a massive infiltration of
immunosuppressive leukocytes,11,12 a strong desmoplastic
reaction with multiple cell types, immunosuppressive
molecular factors inherent to the ECM,4 and an
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inflammatory program driven by oncogenes such as Ras.13

Such a complex microenvironment, therefore, demands a
similarly complex model system to accurately predict
response to therapy.

To faithfully recapitulate the tumor microenvironment of
PDA, including the critical elements of the immune system, we
developed a model system using slices of fresh tumor samples.
Tissue slice culture has recently demonstrated its ability to
closely resemble the architecture of original organ or tumor to
allow for performance of toxicity studies, drug metabolism
studies in liver, lung, kidney, and intestine,14,15 studies of drug
susceptibility and mechanisms of resistance in head and neck
cancer,16 cell biology studies in both mouse17,18 and human
pancreas,19 and gene therapy testing in pancreatic cancer.20

Live antibody-labeled fluorescence imaging was also tested in
slice culture tissue, most notably in lung slices (with staining of
Lyve-1 and CD3121), as well as in the localization of dendritic
cells in the mouse skin, both normal and malignant mouse vas-
culature,22 and in epithelial DCs in human cornea in vivo.23

On the other hand, there have been few instances in the
literature studying the immune response in the slice cul-
ture model. Salmon et al. used slice cultures to determine

that the ECM structure in human lung tumors restricts the
preferential localization and migration of T cells into the
stromal zone.24 However, to our knowledge, no reports
have thus far shown immune cell survival after slice cul-
ture in pancreatic cancer. In this study, we used precision-
cut PDA slice cultures to test tissue viability, architecture
and morphology preservation (including immune and stro-
mal cell survival), and response to drug treatments. We
also used this model in vitro to stain and specifically label
both immune and epithelial cells in live pancreatic tumor
tissue slices by antibody-labeled fluorescence, as well as to
monitor the migration of carboxyfluorescein succinimidyl
ester (CFSE) labeled autologous leukocytes through the
tumor. Therefore, we have demonstrated that tumor slice
cultures have the potential to expand our understanding of
immune responses in the PDA microenvironment and aid
in the development of novel immunotherapies for PDA.

Results

Slice cultures maintain morphology and surface area
for over 1 week

Fresh excess sterile PDA specimens were obtained immediately
following surgical resection and pathology evaluation of mar-
gins from 13 patients (Table 1). Precision-cut sections were
prepared and cultured as detailed in the Methods section, and
were subjected to a variety of tests (Fig. 1). First, the surface
areas of slices of PDA were measured on days 1, 3, 6, and 9 of
culture. There was minimal change of surface area through day
9, and gross morphology of the slices remained quite similar to
day 1 (Fig. 2).

Critical cellular components of the tumor
microenvironment survive in slice culture

Next, we determined the health of the slices based on his-
tology and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay. In particular, we were
interested to see if cells throughout the thickness of the
slice remained viable in culture. We vertically embedded
the slices in paraffin upon completion of each time point
and cut them into 4-mm sections. To evaluate changes in
tissue histology over time, H&E staining was performed on

Table 1. Overview of patient demographics.

Characteristics N D 13

Mean age ( § stdev) 66 § 9.8
Median age (range) 67 (52–82)
Sex
Male 6 (46%)
Female 7 (54%)

Stage
IIA (pT3pN0) 4 (31%)
IIB (pT3pN1) 9 (69%)

Neoadjuvant therapy
Received 3 (23%)
Did not receive 10 (77%)

Surgical approach
Pancreaticoduodenectomy 10 (77%)
Distal pancreatectomy 3 (23%)
Median days from diagnosis to resection (range) 20 (10–243)
Mean tumor size (cm) at resection ( § stdev) 3.7 § 1.4

Histology
Ductal adenocarcinoma 12 (92%)
Mucinous adenocarcinoma 1 (8%)

Grade
Well differentiated 2 (15%)
Moderately differentiated 10 (77%)

Not assessed 1 (8%)

Figure 1. The procedure flowchart for tumor slice culture. Human tumor tissue is transported in ice-cold 10% FBS RPMI 1640 media with 1% penicillin and streptomycin
from the operating room to the laboratory and cut into 250-mm slices in buffer solution using a vibratome. The slices are transferred to culture medium and then carefully
placed on membrane inserts in 6- or 24-well plates to create an air–liquid interface. The slices are cultured in vitro for survival and cytotoxic assays, architectural character-
ization identification and immunohistochemistry, as well as live immune-fluorescence imaging.
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PDA slice culture sections. In PDA slices, we found that
cell morphology was well-preserved over 9 d throughout
the full thickness of the slice (Fig. 3A).

The MTT assay was used to quantify cell metabolism. Con-
sistent with our findings from histology, there were minimal
differences in normalized OD readings over the entire culture
period from 1 to 9 d (Fig. 3B).

To further verify slice culture cellular survival over various
periods, we performed IHC for the proliferation marker Ki-67
and the apoptosis marker cleaved-Caspase-3 at days 1 and 6.
Cells positive for either Ki-67 or cleaved-Caspase-3 were
observed at both time periods across the whole slice vertical
thickness (Fig. 3C); there were no significant differences
between day 1 and day 6 in the percentages of Ki-67C or
cleaved-Caspase-3C cells (Fig. 3D).

Next, to determine the extent of preservation of protein
composition in vitro, PDA tissue slices before being placed
in culture were compared with those cultured for 6 d using
mass spectrometry-based proteomic analysis. 2,868 proteins
were identified using stringent identification criteria, repre-
senting proteins from a wide range of cellular components
with various molecular functions, including a large number
of hydrophilic cytosolic proteins as well as hydrophobic
membrane proteins. Among these proteins, more than 700
of them are annotated as immunologically-related proteins
by Immunology Database and Analysis Portal (ImmPort)
developed by Scheuermann et al25. Fig. 4A shows the corre-
lation of expressional abundance of these immunological
proteins before and after 6 d of slice culture. Proteins with
a p-value � 0.01 and abundance change � 2-fold are
defined as differentially expressed proteins (Fig. 4B). For
the given analytical sensitivity, the proteomic data showed a

global similarity in protein profile between the PDA slices
before and after culture. The impact on immunological pro-
teins appeared to be minor, as only 63 immunological pro-
teins identified showed differential expression after 6 d of
culture (Table S1). Functional clustering analysis indicated
that many of these proteins are extracellular proteins that
have a functional role in biomolecular binding and are
diversely involved in various immunologic processes
(Fig. S1). While most of these proteins do not show signifi-
cant interactions, 14–3–3 domain was enriched among the
differentially expressed proteins (Fig. S2), possibly suggest-
ing an influence on 14–3–3 proteins’ binding ability to sig-
naling proteins. Similar to the global level, most of the
macrophage markers, including HLA-DR proteins, CD163,
CD14, Integrin a M, CXCL2, CXCL3, CXCL9, and STAT1,
did not show significant changes in abundance after 6 d
culture. T-cell markers (e.g., CD3, CD4C, CD8C, and
FOXP3) were subject to much lower abundance in the tis-
sue proteome, and were not detected in the global profiling
analysis. Overall, over 90% of the immunological proteins
identified did not show significant alterations in abundance
at global scale, suggesting that the slice culture model
largely preserved the immunologically related proteome,
consistent with the observation at the overall proteome
level.

T cells, macrophages, and stromal myofibroblasts survive
in slice cultures

Given the challenges inherent in evaluating the effects of
immunotherapies on human cancer, we postulated that slice
cultures could fill this void. Therefore, we examined the

Figure 2. PDA tumor slices maintain morphology and surface area for over a week in culture. (A) PDA slices were cultured for up to 9 d, with fresh media changes per-
formed every 2–3 d. Bar D 500 mm. (N D 3) (B) Surface area (mm2) of each slice was measured by analyzing photographs with Fiji Image J. There were no significant dif-
ferences in surface area among days 1, 3, 6, and 9. (N D 3) Error bars represent STDEV.
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Figures 3. Slice cultures preserve the overall tumor microenvironment. (A) Slice tissues maintain their architecture through their entire thickness. PDA slices were har-
vested on the indicated days, fixed and embedded in paraffin. The slices were cut vertically, stained with H&E, and imaged using brightfield microscopy. Bar D 100 mm.
(N D 4) (B) MTT assay showed minimal changes over the culture periods. (N D 3) (C) PDA slices were stained with antibodies to Ki-67 and cleaved-Caspase-3 on days 1
and 6. Bar D 50 mm. (N D 3) (D) Quantification of each marker’s expression demonstrated similar levels of cellular proliferation and apoptosis at both time points. (N D
2) Error bars represent STDEV.

Figure 4. The majority of identified immunologic proteins remain stable over 6 d of slice culture. Duplicate PDA slices before and after 6 d of culture were analyzed by
proteomics and compared. (A) Correlation of abundance of immunologic proteins annotated by ImmPort before and after 6 d of slice culture. (B) Volcano plot of the
immunologic proteins before and after 6 d of slice culture. Proteins with a p-value � 0.01 and an abundance change � 2-fold are considered to have significant changes
after 6 d in culture (N D 2).
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survival of immune and stromal cells in slice culture. We per-
formed IHC at days 1 and 6 of culture for the following
markers: markers of T cells, specifically CD3 for all T cells,
CD8C for cytotoxic T cells, and FOXP3 for regulatory T cells
(Fig. 5A); and markers of macrophages, including CD68 for all

macrophages, HLA-DR for classically activated M1 macro-
phages, and CD163 for alternatively activated M2 macrophages
(Fig. 5B). The percentage of each immune cell among total
cells, as determined by the above staining, was not significantly
different between days 1 and 6 of culture (Fig. 5C).

Figure 5. Immune and stromal cells survive in slice culture. IHC for (A) T cell markers (CD3, CD8C, and FOXP3) (N D 3) and (B) macrophage markers (CD68, HLA-DR and
CD163) was performed on days 1 and 6 of PDA slice cultures (all BarD 50 mm). (ND 3) (C) Quantitation of cells staining for each marker demonstrates stability of immune
cell populations. (ND 3) Error bars represent STDEV. (D) Day 1 and 6 slices were stained with a smooth muscle actin (aSMA) (BarD 100 mm). (ND 4) The right panels are
the expanded views of the region of interest indicated by the black boxes in the left panels.
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One feature of PDA that distinguishes it from other cancer
types is the large amount of stroma that comprises the tumor,
occupying up to 80% of the entire cancer.26,27 This fibrous tis-
sue component consists mainly of cancer-associated fibroblasts
(CAFs), small blood vessels, inflammatory cells, and ECM.27 As
CAFs have been shown to interact with and potentially regulate
T cell function in PDA, we set out to confirm the presence of
CAFs over the course of the culture period.28 IHC for a-smooth
muscle actin (aSMA) was used to identify CAFs. After 6 d in
slice culture, the slices continued to stain strongly for aSMA,

demonstrating similar expression as in the original tumor
before culture (Fig. 5D). Further, the morphology of the CAFs
within the surrounding ECM remained unchanged in culture.

The cytotoxic effects of drug treatment can be evaluated
in slice culture

To investigate functional responses of slice cultures to cytotoxic
drugs, we treated the PDA slices with staurosporine (STS), a
protein kinase inhibitor commonly used experimentally to

Figure 6. Dose- and time-dependent responses with drug treatment. (A) Effect of staurosporine (STS) on slice cell apoptosis. PDA slices were treated with vehicle or 1 mm
STS for 48 h after one day culture. Slices were stained with antibodies Ki67 and cleaved-Caspase-3 at original tumor slice (day 0) and control and 1-mM STS 48 h treatment
at day 3 culture. Bar D 50 mm. (N D 3) (B) Graphs show the percentages of Ki-67C cells and cleaved-Caspase-3C cells of total counted cells at day 0, day 3 control and 1-
mM STS treatment of 48 h. Total cell nuclei numbers were counted for each condition. (N D 3) (C) Time-dependent response with STS treatment. Appearance of cleaved-
Caspase-3C cells following treatment of PDA slices with 1-mM STS for 6 or 24 h. Bar D 50 mm. Error bars represent STDEV. (N D 2) (D) Dose-dependent response with
STS and cycloheximide (CHX) treatment. Appearance of cleaved-Caspase-3C cells following treatment of PDA slices with 2 mM and 10 mM STS or 10 mg/mL and 50 mg/
mL CHX for 6 h. Bar D 50 mm. Error bars represent STDEV. p-values are as follows: p < 0.05; ��p < 0.005; ���p < 0.001. (N D 2).
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induce widespread apoptosis. After 48 h treatment, the slices
were fixed and processed to stain with Ki-67 and cleaved-Cas-
pase-3 antibodies. Pre-culture tumor (day 0) was used as an
additional comparison to the day 3 negative control. We found
that STS treated slices had slightly fewer Ki-67C cells, but more
cleaved-Caspase-3C cells when compared with day 3 untreated
slices and day 0 pre-culture tumor (Fig. 6A). We quantified the
percentage of Ki-67C cells or cleaved-Caspase-3C cells and
found that there was a trend toward lower proliferation, but
significantly increased apoptosis in PDA slices after 48 h of STS
treatment (Fig. 6B). We confirmed that STS induced signifi-
cantly more cell death than untreated control slices at day 3 by
comparing the total cell nuclei count (Fig. 6B). Consistent with
our prior data, there was no significant difference in the percen-
tages of Ki-67C and cleaved-Caspase-3C cells between original
tumor slices and day 3 untreated cultured slices (Fig. 6B). Slices
treated with 1-mM STS for 6 and 24 h at day 3 of slice culture
had more cells undergoing apoptosis than did untreated slices.
Additionally, 24 h of treatment resulted in more apoptotic cells
compared with slices treated for 6 h (Fig. 6C).

We also treated the slices at day 4 of culture with two differ-
ent doses of STS (2 and 10 mM) and with another inhibitor of
protein biosynthesis, cycloheximide (CHX), at 10 and 50 mg/
mL doses for 6 h. Both doses of STS and 10 mg/mL CHX
induced higher percentages of cleaved-Caspase-3C cells than
untreated slices, and this difference was significant when com-
paring untreated slices to 2-mM STS slices. Higher dose of STS
(10 mM) and CHX (10 and 50 mg/mL) induced significant cell
death with necrosis, as compared with untreated slices. There
was a significant difference in total numbers of nuclei between
2 and 10-mM STS, as well as between 10 and 50 mg/mL of
CHX; there were lower numbers of cell nuclei in each group
compared with untreated slices (Fig. 6D). Collectively, these
data demonstrated that PDA slice cultures can be used to assess
functional response and cell survival to drug treatment in both
a treatment time-dependent and dose-dependent manner.

Imaging of cancer cells and immune cells from live slices

The trafficking of immune cells in human cancers affects their
immunobiology but this has been difficult to study. This is par-
ticularly true in pancreatic cancer, due to the variety of poten-
tially immunosuppressive cell types, such as regulatory T cells,
M2 macrophages, and activated stromal myofibroblasts that
accompany the effector CD8C T cell infiltrate. Therefore, we
devised methods to track immune cells and their interaction
with cancer cells within live slice cultures.

Following incubation of live slices with fluorescently conju-
gated antibodies, we identified cytotoxic T cells stained with
anti-CD8C antibody and epithelial tumor cells stained with
anti-EpCAM antibody in PDA slices (Fig. 7A). Double staining
of PDA slices with both antibodies allowed us to identify CD8C

cytotoxic T cells (green) in or adjacent to clusters of EpCAMC

carcinoma cells (red) (Fig. 7A). Stromal myofibroblasts were
stained with fibronectin, and specific staining of macrophages
was achieved with anti-CD11b antibody (Fig. 7B). Double
staining of PDA slices with fibronectin and CD11b allowed us
to identify macrophages (red) among stromal myofibroblasts
(green) (Fig. 7B). To better understand the spatial relationship

between cancer cells and immune cells in the tumor microenvi-
ronment, we double stained the slices of PDA with Alexa 594
EpCAM, and Alexa 488 CD8 and imaged serial Z stacks with a
2-mm z-step size (Figs. 7C and D). This live slice culture stain-
ing technique, which allows for identification and colocaliza-
tion of a variety of fluorescently labeled cell types, represents a
novel tool to study the interactions among multiple cell types
in the 3D tumor microenvironment.

To examine the ability of immune cells to migrate into live
slices, we isolated a single-cell suspension of autologous spleno-
cytes or PBMC, labeled them with CFSE, and added them to
the top of the slices on day 2 of culture. After 6 additional days
of culture, the CFSE-labeled immune cells (green) were found
to have migrated throughout the slices (Fig. 8). No positive cells
were found in the slices without the addition of CFSE-labeled
immune cells (data not show). The presence of adoptively
transferred leukocytes in the slice cultures 6 d after addition to
the culture system demonstrates the feasibility of using slice
cultures as a preclinical model for the evaluation of adoptive
cellular immunotherapies.

Discussion

Having a robust platform to accurately and reproducibly study
the interactions of immune cells with carcinoma and stromal
cells in the tumor microenvironment is of paramount impor-
tance in the development of effective immunotherapies for pan-
creatic cancer. In the present study, we have shown that slice
cultures from fresh human PDA can survive for approximately
one week and consistently maintain the morphology, a major
component of the proteome, surface area and microenviron-
ment (including cancer cells, a variety of immune cells, and
stromal cells) that was present in the tumor in situ before resec-
tion (Figs. 2–5).

There are several lines of evidence to support our contention
that slice cultures allow for precise, short-term modeling of the
PDA tumor immune microenvironment. First, consistent with
a prior study of head and neck slice cultures, our histology
images show that there are no discernable structural changes
between days 1 and 9 of culture, and that cell survival is consis-
tent throughout the slice from membrane to air interface
(Figs. 2 and 3).16 In contrast, Davies et al. studied multiple
murine and human tumor types and did find some loco-
regional changes induced by culture at the air–liquid interfaces
(including more necrotic cells observed at the membrane inter-
face).29 This discrepancy might be attributable to the innate dif-
ferences in both tissue type and species of origin, as well as
small experimental differences in culture tissue, species and
culture conditions. Second, our proteomics data confirmed that
the PDA slice culture did not trigger major alterations in the
immunologically related proteome after 6 d of culture, demon-
strating a stable tumor organ culture system (Fig. 4). Third, we
show that the major immune cell populations in pancreatic
cancer, namely T cells and macrophages, maintain stable levels
during ex vivo organotypic culture (Fig. 5); however, we have
not yet determined the survival of other lower frequency
immune cell populations, such as NK cells, neutrophils, or B
cells in this system. Finally, our data demonstrate that PDA sli-
ces react in a predictable manner to drug treatment, and have
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readily measurable time- and dose-dependent functional
responses (Fig. 6).

There is a small, but recently growing body of literature
describing precision cut slice cultures from different normal
and tumor tissues, which describe cellular survival, as well as

preservation of the tissue microenvironment,15-17 cellular
stress,19 and physiologic behavior.30 However, to our knowl-
edge, the present study is the first to demonstrate the survival
of immune cells, cancer cells, and stromal cells in PDA slice
cultures. To further enhance our ability to understand cell–cell

Figure 7. Multicolor immunofluorence images of live-stained culture slices. (A) PDA slices were stained with 10 mg/mL of Alexa Fluro 488 CD8 and Alexa Fluor 594 EpCAM
(CD326) (N D 2) or (B) 10 mg/mL of Alexa Fluro 488 fibronectin and Alexa Fluor 594 CD11b antibodies for 3 h, followed by Hoechst 33342 nuclear stain for 5 min. Slices
were then fixed and imaged by confocal microscopy. BarD 50 mm. (ND 2) (C) The PDA slices of (A) and (B) were subjected to Z serial stack imaging (2 mm/stack) by con-
focal microscopy and were visualized in Volume views by Imaris software and Fiji Image J. Left panel, CD8C (green), EpCAMC (CD326) (red); right panel, fibronectinC

(green) and CD11bC (red) and nuclei stain (blue) stained cells. BarD 100 mm. (N D 2).

Figure 8. CFSE-labeled human slpenocytes migrate into live PDA slices. Isolated single-cell suspensions of autologous splenocytes (1£106) from a PDA patient were
labeled with 1-mM CFSE and were added to tumor slice cultures on day 2 of culture. After 6 additional days of co-culture, the slices nuclei were stained with Hoechst
33342 (blue), fixed with 4% paraformaldehyde, and imaged by confocal microscopy with Z series stack image capture (2 mm/stack). Bar D 100 mm. (N D 2).
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interactions in PDA, we found that we could use primarily con-
jugated fluorescent antibodies to stain cancer cells and immune
cells in live slices (Fig. 7). Additionally, we show that “adoptive
transfer” of fluorescently labeled autologous immune cells is
readily achieved in tumor slice cultures, and that these cells can
be tracked in three dimensions as they traffic through the slice
(Fig. 8).

In addition to the dense immune infiltrate, a well-established
distinguishing feature of PDA is the great amount of fibrotic
scar tissue that comprises up to 80% of the entire cancer
mass.26,27 This so called desmoplasia consists mainly of CAFs,
small blood vessels, inflammatory cells, and ECM.27 aSMA
expression by activated pancreatic stellate cells appears to be a
marker for CAF, and may have prognostic relevance for pan-
creatic cancer patients; therefore, we felt that confirming stable
aSMA expression is critical to any model system of human
PDA.31,32 Importantly, our present study demonstrates that
there is no difference of aSMA expression in PDA slice cultures
between day 1 and 6 in culture.

As the primary goal of our work is to develop slice cul-
tures as a platform for evaluating the effects of immuno-
therapy, particularly focusing on the development of
personalized cancer care, we developed techniques to
directly examine live slice cultures. Staining viable slices for
cancer cells with fluorescently conjugated antibodies allowed
us to acquire three-dimensional images by confocal micros-
copy. Taking advantage of the high spatial resolution in via-
ble slices and the variety of readily available fluorescently
labeled antibodies, we anticipate being able to further study
the endogenous 3D interactions of cancer cells, immune
cells, stromal cells, and endothelial cells in patient samples.
To mimic adoptive transfer, as in the burgeoning field of
adoptive T cell therapy, we co-cultured autologous CFSE-
labeled splenocytes (or PBMC) and PDA slices for 6 d, and
captured the migration of those cells into the slice.

As with any model system, we have identified several impor-
tant limitations inherent to PDA organotypic slice cultures.
First, although we did demonstrate stability of the slice culture
microenvironment and the number of immune cells over the
span of approximately one week in culture, significantly longer
periods of study may be needed to accurately model an antitu-
mor immune response. Second, the potential for intratumoral
heterogeneity introduces the possibility that individual slices
from geographically distinct regions of a tumor may vary in
their response to cytotoxic or immune activating treatments;
however, this can be accounted for by carefully planning the
distribution of replicate slices for each experimental condition.
Third and most importantly, the composition of the immune
microenvironment of an organotypic slice in culture is limited
to the tumor-infiltrating immune cells. Therefore, testing
immunotherapeutics with this system cannot consider the con-
tribution of cells entering the tumor from the circulation after
the institution of such therapy. An additional aspect of the
human slice culture system is that there is inherent variability
among different individual patient tumors. This can be both a
limitation and an asset to the system, as it does make cross-
tumor comparisons challenging, while simultaneously increas-
ing the validity associated with consistent results from experi-
ments conducted with more than one patient tumor.

In conclusion, our study provides the baseline data and
rationale to establish slice culture as an important model to
study the tumor immunobiology of pancreatic cancer; we antic-
ipate that further work will eventually make this technique use-
ful for personalized clinical immunotherapy, particularly
pertaining to adoptive cellular therapy.

Materials and methods

Ethics statement

All investigations performed in relation to this manuscript were
conducted according to the principles expressed in the Declara-
tion of Helsinki. Fresh tumor and spleen (or blood) were pro-
cured from patients undergoing pancreatic resection for
pancreatic tumors, and who provided prior written-informed
consent under a research protocol approved by the Cancer
Consortium Institutional Review Board (CC-IRB) at the Fred
Hutchinson Cancer Research Center. Tissue blocks were gath-
ered under a separate CC-IRB-approved protocol for which
there was a waiver of consent, as the study was considered to
be of minimal risk since the tissue and data were collected
solely for non-research purposes.

Preparation of tissue slices and process of slice samples

Tumors were collected directly from the operating room at the
University of Washington Medical Center, USA and were
placed into cold media (RPMI 1640 media with 10% fetal
bovine serum (FBS) and 1% Penicillin/Streptomycin (Gibco)
before being transported to the nearby laboratory. Histologic
examination of tumor samples was determined by a board cer-
tified pathologist (FJ). Slices were prepared and cut in extracel-
lular solution consisting of (mmol/L): 140 NaCl, 5 KCl, 2
NaHCO3, 1 NaH2PO4, 1.2 MgCl2, 1.5 CaCl2, 3 glucose, and 10
HEPES (pH 7.4). Thick tissue slices (250 mm) were prepared
under sterile conditions using a Vibratome, Leica VT1200 S
(Leica Biosystems Nussloch GmbH, Germany) within 2–6 h
after surgery. Slices were then carefully placed on 0.4-mm pore
size membrane culture inserts (Millipore Corporation) pre-
coated with collagen gel mixture (0.025 N NaOH, 3 mg/mL rat
tail collagen type I in PBS buffer) in 6- or 24-well plates con-
taining tumor culture medium. Slice culture medium is com-
posed of RPMI 1640 consisting of 10% fetal bovine serum, 1%
GlutaMAX (Gibco), 1.134 g /l NaHCO3, 14.5mm HEPES, and
20mg/L L-cystine (all from Sigma) and 1% penicillin and strep-
tomycin. Later, slices were cultivated in a humidified incubator
at 5% CO2 and 37 �C in atmospheric oxygen. Medium was
changed on the second day and every 2–3 d thereafter. The sli-
ces were fixed with 4% paraformaldehyde for at least 1 h at 4�C
and embedded in paraffin in vertical orientation for H&E and
immunohistochemistry stain or following live antibody stain
and in horizontal orientation for the immune migration assay.

Immunohistochemistry

Slides were de-paraffinized in xylene and rehydrated through
graded ethanol followed by heat mediated antigen retrieval
using 10 mM Sodium Citrate Buffer (pH 6.0). IHC was
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performed via incubations with one primary antibody followed
by host-matched secondary polymer reagent and color sub-
strate. Primary antibodies used were as follows: CD3C, CD8C,
HLA-DR, CD68 (A0452, M7103, M0746, M0814 – Dako),
CD163, Ki-67, and aSMA (ab189915, ab16667, ab5694 –
Abcam), cleaved-Caspase-3 (#9661, Cell Signal Technologies),
and FOXP3 (14–4777–82, eBioscience). Secondary reagents
were ImmPress Rabbit HRP and Mouse HRP (Vector Labora-
tories). Color development was performed using Quanto DAB
brown (Fisher Scientific). Slides were counterstained with Har-
ris hematoxylin (Sigma) as appropriate, dehydrated and
mounted.

Drug treatment

Slices were treated with staurosporine (STS) 1 mM for 6 h and
24 h, 2 mM and 10 mM for 6 h and Cycloheximide (CHX;
Sigma) 10 mg/mL and 50 mg/mL for 6 h.

MTT assay

Slices (three slices per group) were weighed dry before being
placed in 6-well or 24-well plates with membrane culture
inserts in tumor culture medium, followed by MTT assay on
various days. Briefly, slices were transfer to 24-well plates and
100 mL of 5 mg/mL MTT was added to each well with 400 mL
medium and incubated for 3.5 h. The media was removed, and
750 mL of MTT solvent (4 mM HCl, 0.1% Nondet P-40 in iso-
propanol) was added to each well, followed by homogenization
using the Kontes Glass Duall 20 Grinder (VWR). Optical den-
sity was read at 600 nm using an OPTImax tunable microplate
reader (Molecular Devices). The OD value was normalized to
dry slice weight.

Slice morphology and area measurement

Slice morphology was monitored after culture in different time
points. Slice area was quantified manually in Fiji-ImageJ (NIH)
by encircling the tissue borders and calculating area (12.1 pix-
els/mm2).33

Proteomics

Sample preparations
Tissue lysate in RIPA lysis buffer was diluted with PBS buffer.
The proteins were reduced by TCEP and alkylated by iodoace-
tamin (IDA). The proteins were precipitated and collected by a
two-step cold acetone precipitation procedure, then resus-
pended in 50 mM ammonium bicarbonate. Digestion was per-
formed in two steps with trypsin at 1:50 enzyme-to-protein
ratio. Half of the trypsin was added and the sample was incu-
bated at 37 �C for 2 h with vortexing at every 30 min. The sec-
ond half of the trypsin was added and the mixture was
incubated at 37 �C for 16 h. The trypsin digestion was termi-
nated by adding 1% of formic acid (v/v).

LC MS/MS analysis
LC MS/MS analysis was performed using an Orbitrap FUSION
Tribrid mass spectrometer (Thermo Fisher Scientific, Waltham,

MA) coupled with a nanoACQUITY Ultra Performance LC
system (Waters, Milford, MA). 1 mg of sample was loaded first
to a C18 trapping column (I.D. 100 mm, 5-mm particle size,
200 A

�
pore size), and resolved on a 25-cm C18 analytical capil-

lary column (I.D. 75 mm, 5-mm particle size, 120 A
�
pore size).

Solvents A and B were water and acetonitrile with 0.1% formic
acid, respectively. A 90 min gradient of 5 to 30 % solvent B was
applied to resolve the tryptic peptides. Eluted peptides were
analyzed using a data-dependent analysis procedure on the
mass spectrometer. MS1 survey scan, from 400 to 1600 m/z,
was performed with a resolution of 120 K at m/z 200 with the
Orbitrap. Selected precursor ions were isolated on the quadru-
pole MS with an isolation window of 1.6 m/z. The isolated pre-
cursor ions were activated by 28% normalized collision energy
with HCD. The fragmented ions were then analyzed with the
ion trap operating in tandem with the survey scan analysis.

Data analysis
The database search for peptide and protein identification was
performed using Trans-Proteomic Pipeline (TPP, v.4.8.0). The
MS raw data files were converted to mzML open format, and
searched against UNIPROT human protein database using
Comet. The search parameters are as follows: static modifica-
tions: 57.0215 at cysteine; differential modifications: 15.9949 at
methionine. The peptide sequence assignment was assessed
with PeptideProphet. Only peptides identified with a Peptide-
Prophet score � 0.95 were included for protein identification
and quantification. Peptide and protein quantification was
achieved using Skyline software (v. 3.1). For any given protein,
the areas under the curve for all the corresponding peptides
were summed to represent the protein quantification.

Antibody-labeled fluorescence live staining and imaging
of slice tissue

Live slices were rinsed with PBS twice and incubated with dif-
ferent fluorescent antibody-labeled cocktails in PBS with Alexa
Fluor 594 anti-human CD326 (EpCAM), Alexa fluor 594
CD11b (324228, 101254 – BioLegend), Alexa Fluor 488 CD8a,
Alexa Fluor fibronectin (53–0008, 53–9869 – eBiosciences)
(10 mg/mL each) for 3 h at room temperature (RT). After anti-
body incubation and washing with PBS, slices were stained
with Hoechst 33342 (10 mg/mL) for 10 min. To reduce the
autofluorescence in the slices, 0.1% Sudan Black B in 70% etha-
nol was added to slices (20 min at RT), followed by PBS with
0.02% Tween 20 wash. Then, the slices were fixed with 4%
paraformaldehyde. Finally, slices were imaged using a Leica
SP8X confocal microscope (Leica Microsystems Inc.). The
image process was analyzed by Fiji-ImageJ and Imaris software
(Bitplane AG).

Isolation of splenocytes

When the spleen was also resected for clinical care, autologous
patient spleen samples were collected directly from the operat-
ing room and transported to the laboratory in the same manner
as that described for tumor above. To make single-cell suspen-
sions, we minced spleen and incubated at 37�C for 30–45 min
in an enzymatic cocktail (DNAse (0.1 mg/mL, Roche),
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collagenase type IV (1 mg/mL), and hyaluronidase (0.1 mg/mL,
Worthington) in RPMI 1640. The suspension was then passed
through a 70-mm filter, washed, and red blood cells were lysed
with ACK RBC lysis. The resulting single-cell suspension of
splenocytes was counted and either used immediately for co-
culture with tumor slices or cryopreserved in mediaC10%
DMSO for later analysis.

CFSE-labeled leukocyte migration assay

Single-cell suspensions of splenocytes (or PBMC) were stained
with 1 mM CFSE (Invitrogen) in PBS for 9 min at 37�C, com-
bined with 20 mL of 10% FBS RPMI-1640 medium at RT for
2 min, centrifuged, washed, and counted. 2 £ 106 CFSE-labeled
splenocytes were added to the top of the slices in 24-well mem-
brane culture insert. After 6 d co-culture, slices were fixed with
4% paraformaldehyde and stained the nuclei with DAPI.
Finally, slices were visualized with the Leica SP8X confocal
microscope with Z stack of 2 mm/step. The image process was
analyzed by Fiji-ImageJ and Imaris software.

Quantification of nuclei and statistical analysis

Total cell numbers and cells positive for the proliferative
marker Ki-67 and the apoptosis marker cleaved-Caspase-3, as
well as immune cells (CD3, CD8C, FOXP3, CD68, CD163, and
HLA-DR) were determined by counting the nuclei in stained
slides with Fiji-ImageJ plug-in Cell Counter (NIH). Values in
graphs represent mean § STDEV. Differences between groups
were determined using parametric two-tailed t-tests (paired or
unpaired, as appropriate). Number (N) in figure legends repre-
sents number of repetitions of each experiment (i.e., number of
individual tumors tested). Number of slices used in each experi-
mental repetition varied from 2 to 3; refer to Table S2 for exact
number of slices used from each tumor. p-values � 0.05 were
considered to be statistically significant.
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