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Inflammatory and alternatively activated macrophages
independently induce metaplasia but cooperatively

drive pancreatic precancerous lesion growth

Geou-Yarh Liou,"? Alicia K. Fleming Martinez," Heike R. Déppler,! Ligia |. Bastea," and Peter Storz'3*

SUMMARY

The innate immune system has a key role in pancreatic cancer initiation, but the
specific contribution of different macrophage populations is still ill-defined. While
inflammatory (M1) macrophages have been shown to drive acinar-to-ductal meta-
plasia (ADM), a cancer initiating event, alternatively activated (M2) macrophages
have been attributed to lesion growth and fibrosis. Here, we determined cyto-
kines and chemokines secreted by both macrophage subtypes. Then, we analyzed
their role in ADM initiation and lesion growth, finding that while M1 secrete TNF,
CCLS5, and IL-6 to drive ADM, M2 induce this dedifferentiation process via CCL2,
but the effects are not additive. This is because CCL2 induces ADM by generating
ROS and upregulating EGFR signaling, thus using the same mechanism as cyto-
kines from inflammatory macrophages. Therefore, while effects on ADM are
not additive between macrophage polarization types, both act synergistically
on the growth of low-grade lesions by activating different MAPK pathways.

INTRODUCTION

Human pancreatic ductal adenocarcinoma (PDA) is tightly associated with pancreatitis as a risk factor,' and
numerous animal studies have shown that pancreatic inflammation can have a key role in the initiation of this
cancer.”” One effect of pancreatic inflammation is that it induces the dedifferentiation of acinar cells to a pre-
cursor cell-like phenotype with ductal features.* Cells that underwent such acinar-to-ductal metaplasia (ADM)
can repopulate the pancreas after the inflammation is resolved.>* However, if an oncogenic Kras mutation is pre-
sent, ADM lesions progress to precancerous low-grade (LG) lesions with a fibrotic microenvironment.” In mice,
different macrophage populations have been shown to be crucial to these processes.

Inflammatory (M1, IM) macrophages are chemoattracted by acinar cells carrying a Kras mutation® and pro-
duce factors such as CCL5/RANTES and tumor necrosis factor (TNF), which induce ADM in ex vivo culture.”
Recent studies suggest that a common mechanism for different inducers of ADM is that they increase
oxidative stress levels in acinar cells,” which drives PKD1-nuclear factor k-B (NF-kB) signaling.” NF-kB,
when active in acinar cells, induces the expression of epidermal growth factor receptor (EGFR) and its li-
gands TGFa and EGF'?; and autocrine signaling through EGFR is the major driver of the ADM process.’

While inflammatory macrophages have roles in the initiation of ADM and lesion formation, the macro-
phage population surrounding established LG lesions increasingly includes alternatively activated (M2,
AAM) macrophages.'? LG lesion cells and DCLK1+ cells in these lesions produce IL-13, which is a driving
factor mediating a polarization switch from an inflammatory to an alternatively activated macrophage
phenotype.'? In addition to this, in pancreatitis, pancreatic stellate cells have been shown to produce
IL-4 and IL-13, also increasing the presence of alternatively activated macrophages.’” In both studies,
the IL-4/IL-13-initiated macrophage subpopulation has a key function as driver of the fibrotic lesion

environment.'?'*

In in vivo and ex vivo studies, this M2 macrophage population has been characterized by expression of
Chil3 (Ym1), Arg1, Fizz1, Il1rn (IL-1ra), 110 (IL-10), Mrc1 (CD206), C1gb, and Trem2 as markers,'”">18 and
named the Ym1+ population. Ym1+ macrophages have been shown to promote lesion growth by produc-
ing TIMP1 and interleukin-1 receptor antagonist (IL-1ra),’”'® and to activate quiescent pancreatic stellate

cells and enhance fibrosis via TGFB1.'%"? Consequently, in animal studies, the depletion of this population
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Figure 1. Both, inflammatory and alternatively activated macrophages induce acinar-to-ductal metaplasia (ADM)
(A) Non-transgenic (7-week-old) mice were treated with cerulein (75 pg/kg; hourly for 8 h, 2 days in a row) to induce acute
pancreatitis. 24 h after the last injection, the pancreas was dissected and subjected to collagenase digestion. The
pancreatic cell suspension was cultured in Matrigel overlayed with Waymouth complete media containing 10% FBS. At
day 2, duct-like structures formed (ADM) and the sample was placed in a tissue cassette and processed as a tissue sample.
Shown is a representative immunofluorescence staining for F4/80 (macrophages) and DAPI (to show ductal structures).
Scale bars indicate 100 pm.

(B and C) Mouse primary pancreatic acinar cells and mouse primary peritoneal macrophages (PPM) were isolated and co-
cultured in 3D explant culture. (B) shows representative pictures of the ductal structures formed at day 5 (scale bars
indicate 200 um), and (C) shows a quantification of ADM events (relative fold as compared to the control).

(D) Mouse primary pancreatic acinar cells were isolated and co-cultured in 3D explant culture with polarized mouse
primary M1 or M2 macrophages. Ducts formed were quantified as described in the experimental procedures. Shown is
the relative fold increase in ADM events as compared to the control treated samples.

(E) Mouse primary pancreatic acinar cells were isolated, seeded in 3D explant culture, and stimulated with conditioned
media from polarized mouse primary M1 or M2 macrophages. Ducts formed were quantified as described in the
experimental procedures. Shown is the relative fold increase in ADM events as compared to the control treated samples.
Experiments shown in C-E were performed in triplicates for at least 3 times and obtained similar results in each repeat.
Statistical analysis between two groups was performed using the t-test. A p value of 0.05 was considered statistically
significant and values are included in the graphs. Error bars represent the standard deviation.

by chemical means (treatment with pomalidomide) or by using IL-13 neutralization antibodies decreases
not only numbers of LG lesions but also fibrosis surrounding lesions. >/

The goal of the present study was to utilize explant and organoid culture to determine if induction of ADM
and lesion growth strictly can be attributed to one macrophage polarization type or if there is an overlap in
function between inflammatory and Ym1+ alternatively activated macrophages. Therefore, we determined
and analyzed cytokines and chemokines secreted by these macrophages. We found that both polarization
types independently induce acinar cell metaplasia, but signal additively to drive lesion growth.

RESULTS

Both, inflammatory and alternatively activated macrophages induce acinar-to-ductal
metaplasia

We induced acute pancreatic inflammation in mice, isolated pancreatic cells, and embedded them in
collagen 3D culture. After 2 days, acinar cell clusters transformed to typical duct-like structures (visual-
ized with DAPI staining) with macrophages (F4/80 staining) either attached or in immediate proximity
(Figure 1A). Using ex vivo organoid culture, we next investigated if these macrophages can drive the
ADM process. We found that freshly isolated primary peritoneal macrophages (PPM) when co-cultured
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Figure 2. M1- and M2-derived factors can drive ADM independently

(A) Conditioned media from peritoneum-derived M1 (F4/80*;iNOS™) or M2 (F4/80";Ym1") were subjected to a mouse
cytokine profiler array for detection of 40 different cytokines (see table in Figure S2A for cytokine identity and position on
the array; A1/2, A23/24, and F1/2 contain positive controls). Experiments shown were performed in duplicates and
obtained the same results in each repeat.

(B) List of cytokines/chemokines found in M1 macrophage-conditioned media (blue) and in M2 macrophage-conditioned
media (orange) or in both (green). The bold font indicates high abundance, and smaller font size indicates weak
abundance. The asterisk indicates previously identified factors that induce ADM.

(C and D) Mouse primary pancreatic acinar cells were isolated, seeded in 3D explant culture, and stimulated with vehicle
(control), and 50 ng/mL CXCL1, IL-1ra, IL-6, TIMP1, IL-4, CCL2, or TNF (positive control). Ducts formed were quantified as
described in the experimental procedures. Shown is the relative fold increase in ADM events as compared to the control
treated samples. Error bars represent the standard deviation. Experiments shown were performed in triplicates for 3
times and each repeat obtained similar results. Statistical analysis between two groups was performed using a t-test. A p
value of 0.05 was considered statistically significant and values are included in the graphs.

(E) Primary mouse pancreatic acinar cells were stimulated with CCL2 (50 ng/mL) or TNF (50 ng/mL) and labeled with
H,DFFDA. Generation of intracellular ROS (relative fluorescent units, RFU) was measured every 15 min over 12 h. For both
cytokines, the increase in intracellular ROS was statistically significant with p < 0.0001 when determined at 4, 8 and 12 h,
using a t-test and comparison of the cytokine treated samples to the control samples. Each point represents the mean at
that time point and error bars represent the standard deviation.
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Figure 2. Continued

(F) Primary mouse pancreatic acinar cells were isolated and seeded in 3D explant culture. Cells were treated with TNF
(50 ng/mL), CCL2 (50 ng/mL) or both as indicated. Ducts formed were quantified as described in the experimental
procedures. Shown is the relative fold increase in ADM events as compared to the control treated samples. Error bars
represent the standard deviation. Experiments shown were performed in triplicates for at least 3 times and each repeat
obtained similar results. Statistical analysis between two groups was performed using a t-test. A p value of 0.05 was
considered statistically significant and values are included in the graphs.

with acinar cells can drive ADM (Figures 1B and 1C). To determine if this effect is due to a macrophage
polarization type, we polarized PPM to M1 or M2 phenotypes (Figure S1A) before they were co-cultured
with acinar cells. We found that both M1 and M2 macrophages can induce ADM at similar levels (Fig-
ure 1D). Eventually, to determine if direct contact between cell types is needed or if this event is driven
by macrophage-secreted molecules, we compared conditioned media from both polarization types.
Conditioned media from both M1 and M2 macrophages induced expression of ductal markers such as
Sox9 and Muc1,”%?" and decreased expression of the acinar cell identity marker Mist1/Bhlhal (Fig-
ure S1B). Conditioned media of M1 and M2 macrophages induced ADM at similar levels (Figures 1E
and S1C). Moreover, a combination of both CM was not additive, suggesting that both use a similar
mechanism to induce ADM (Figure 1E).

M1-derived and M2-derived factors can drive ADM independently

Using cytokine arrays covering a set of 40 different cytokines and chemokines (Figure S2A), we next deter-
mined their expression pattern in CM from M1- and M2-polarized primary peritoneal macrophages. While
both macrophage-conditioned media (M-CM) contained IL-1ra, presence of IL-6, CXCL10, CXCL1, CCL4,
CXCL2, CCL5/RANTES, and TNF was specific to M1 M-CM, and presence of IL-4, CCL2, and TIMP1 specific
to M2 M-CM (Figures 2A, 2B, and S2B). Of the factors only found in M1 M-CM, CCL5/RANTES and TNF pre-
viously were identified as inducers of ADM.” Of the remaining so far untested cytokines, we found IL-6, but
not CXCL1 nor IL-1ra, capable of inducing ADM (Figure 2C). Of the M2 M-CM-secreted factors, we found
that only CCL2 is a significant inducer of ADM (Figure 2D). Since TNF is one of the most prominent inducers
of ADM in M1 M-CM, and CCL2 is the only inducer in our panel of cytokines that induces ADM in M2 M-CM,
we used these two cytokines for further analyses.

We recently have shown that the increase in cellular oxidative stress levels is a common signaling feature for
inducers of ADM, including TNF, CCL5,% and IL-6 (Figure S2C). We therefore tested if the M2-secreted
molecule CCL2 also induces cellular oxidative stress. We found that CCL2 increased oxidative stress in
acinar cells, similar to effects seen after TNF treatment (Figure 2E), suggesting that CCL2 triggers similar
signaling events than other inducers of ADM. Both, M1-secreted TNF and M2-secreted CCL2 do not act
additively or synergize with respect to driving ADM events (Figure 2F), supporting our previous observation
in which we compared conditioned media from both macrophage subtypes (Figure 1E).

Macrophage-secreted factors induce ADM through upregulation of TGFo«/EGFR signaling

A driving event of ADM downstream of oxidative stress is the upregulation of expression of EGFR and/or its
ligands in acinar cells.®'%""???* e therefore tested if both polarization types of macrophages can acti-
vate EGFR signaling in acinar cells. Both M1 M-CM and M2 M-CM (Figure 3A) upregulated the expression
of Egfr and its ligand Tgfa, but not Egf, amphiregulin (Areg), or Hbegf (Figures S3A-S3C). Similarly, treat-
ment with the M1- or M2-secreted ADM-inducing factors TNF and CCL2 led to an upregulation of Egfrand
TGFa/Tgfa (Figure 3B). Moreover, combination of the EGFR inhibitor erlotinib with M1 M-CM and M2
M-CM (Figure 3C), or with TNF and CCL2 (Figure 3D) blocked ADM, confirming that ADM in all cases is
driven through EGFR signaling.

Inflammatory and alternatively activated macrophages additively drive lesion growth
through multiple factors

While both macrophage polarization types drive ADM through different chemokines but using the same
mechanisms, we noted differences in the resulting ductal structures. In addition to ADM, M1 M-CM and
M2 M-CM media each led to growth of ADM lesions as measured by a 1.8-fold and 1.6-fold increase in
the average ductal area (Figures 4A and 4B). The combination of both showed an additive effect with an
approximately 4.4-fold increase in the average ductal area (Figures 4A and 4B). This increase was neither
due to TNF or CCL2 signaling nor a combination of both (Figure S4).
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Figure 3. Macrophage-secreted factors induce ADM through upregulation of TGF«/EGFR signaling

(A and B) Mouse primary pancreatic acinar cells were isolated and stimulated with conditioned media from polarized
mouse primary M1 or M2 macrophages (in A) or 50 ng/mL TNF or CCL2 (in B), as indicated. Expression of TGFa/Tgfa and
Egfr mRNA was determined via qPCR and normalized to Gapdh. Shown is the relative fold change to the control. Error
bars represent the standard deviation. Statistical analysis between two groups was performed using a t-test. A p value of
0.05 was considered statistically significant and values are included in the graphs. Experiments shown were performed in
triplicates for 3 times and each repeat obtained similar results.

(C and D) Primary mouse pancreatic acinar cells were isolated and seeded in 3D explant culture. Cells were treated with
erlotinib (500 nM) or control and stimulated with conditioned media from polarized mouse primary M1 or M2
macrophages (in C) or 50 ng/mL TNF or CCL2 (in D), as indicated. Ducts formed were quantified as described in the
experimental procedures. Shown is the total number of ADM events/well. Error bars represent the standard deviation.
Experiments shown were performed in triplicates for 3 times and each repeat obtained similar results. Statistical analysis
between two groups was performed using a t-test. A p value of 0.05 was considered statistically significant and values are
included in the graphs.

To further analyze effects of factors released from M1 or M2 macrophages on lesion growth, we used 3D
organoid culture of primary PanIN lesion cells (described in the study by Fleming Martinez et al.”®). Using
this system, we previously had described IL-1ra as a factor that can drive lesion growth through activation of
ERK1/2 signaling.'” Our current data suggest that IL-1ra is present in supernatant from M1 and M2 macro-
phages, with M1 being the main producers (Figures 2A and 2B). However, the additive effects seen in Fig-
ure 4B suggest additional factors in M2 M-CM that drive lesion growth.

Of the factors that are only secreted by M2 macrophages, CCL2 and TIMP1 have been shown to moderately
affect lesion growth through activating ERK1/2.'%'% So far, no data are available on the effects of IL-4 on
lesion growth, a factor that is also present in M2 M-CM (Figure 2A). The ductal area of lesions when treated
with IL-1ra increased approximately 2-fold and with IL-4 1.5-fold. The combination of both, however, led to
an approximately 5-fold increase (Figures 4C and 4D), indicating a synergistic effect similar to that seen for
conditioned media from both macrophage populations. In summary, our data, using IL-4 as an example,
show that M2 macrophages secrete multiple cytokines that can act additively to other M1- and M2-secreted
factors such as IL-1ra to promote lesion growth.
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Figure 4. Inflammatory and alternatively activated macrophages additively drive lesion growth through multiple
factors

(A and B) Mouse primary pancreatic acinar cells were isolated, seeded in 3D explant culture, and incubated with
conditioned medium of M1- or M2-polarized mouse primary peritoneal macrophages as indicated. (A) Ductal structures
formed by ADM events were documented. The bar indicates 500 um. (B) Quantification of the ductal area of indicated
numbers of ductal structures from each experimental condition shown in A. The red bar indicates the median. Statistical
analysis between two groups was performed using a t-test. A p value of 0.05 was considered statistically significant and
values are included in the figure.

(C and D) PanlN cells from KC mice were seeded in Matrigel culture and stimulated with control, IL-1ra (50 ng/mL), IL-4
(50 ng/mL) or both as indicated. (C) Ductal structures formed were documented at day 2. The bar indicates 100 pm (D)
Quantification of the ductal area of indicated numbers of ductal structures from each experimental condition shown in C.
The red bar indicates the median. Statistical analysis between two groups was performed using a t-test. A p value of 0.05
was considered statistically significant and values are included in the figure.

Synergistic effects of IL-1ra and IL-4 are due to activation of different proliferative MAPK
pathways

ERK1/2 activity can be detected in mouse ADM and PanlIN lesions in vivo and has been linked to lesion
growth.'"?? In 3D organoid assays, induction of lesion growth and activation of ERK1/2 is induced by IL-
1ra.'” However, the synergistic effects of IL-1ra combined with IL-4 suggest activation of additional pro-
liferative signaling pathways. To test this, we focused on other mitogen-activated protein kinase (MAPK)
pathways that are linked to proliferation such as activation of c-Jun N-terminal kinase %2 (JNK1/2)
signaling. We found that while IL-1ra and IL-4 both activated p44-ERK at similar levels and were not
acting additively (Figure 5A), IL-4 strongly activated JNK1/2 signaling (Figure 5B), suggesting that the
observed synergistic signaling may be due to activation of additional MAPK pathways. Of note, the
p38 MAPK signaling pathway was not activated by either of these cytokines (Figure S5A). As proof of
principle, to test if ERK1/2 and JNK1/2 activation can occur in the same lesions in vivo, we stained
serial sections of murine PanIN lesions from 24-week-old KC (p48°%;LSL-Kras®'?P) mice with phos-
pho-T202/Y204-ERK1/2 and phospho-T183/Y185-JNK1/2 antibodies (Figure S5B). Our data suggest
that both pathways are also active in LG lesions in vivo, however, a potential in vivo function for
both MAPK pathways as drivers of lesion progression needs to be tested more rigorously in future
studies.
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Figure 5. Synergistic effects of IL-1ra and IL-4 are due to activation of different proliferative MAPK pathways
(A and B) PanIN cells from KC mice were stimulated with control, IL-1ra (250 ng/mL), IL-4 (50 ng/mL) or both as indicated
for 2 days. (A) Western blot analyses for ERK1/2 (p42/p44) and phospho-T202/Y204-ERK1/2 (p-p42 and p-p44); and (B)
Western blot analyses for JNK1/2 (p46/p54) and phospho-T183/Y185-JNK1/2 (p-p4é and p-p54). Shown are
representative figures from 3 independent experiments showing similar results in each repeat.

DISCUSSION
While a key role of the innate immune system in the initiation of pancreatic cancer is emerging, the contri-
butions of different macrophage populations to this process are still ill-defined. Previous work suggested

a model in which M1 drive the initiation of LG lesions,”'#*® while M2 drive lesion growth and

fibrosis.'”'®7:18 Qur present study, suggesting that both macrophage polarization types can have redun-
dant functions on ADM, but act synergistically to promote lesion growth, adds complexity to this model.

Pancreatic injury or inflammation (pancreatitis) is linked to macrophage infiltration into the pancreas.”” Emerging
evidence suggests that these macrophages do not originate from tissue-resident populations,”® but rather are
chemoattracted to the pancreas via factors such as ICAM1.° Pancreatitis in mice induces ADM, a dedifferentia-
tion of acinar cells to a duct-like stage. After pancreatitis, ADM cells can mediate pancreatic rc:.‘generation,5'M but
when oncogenic Kras mutations are present, ADM cells progress to precancerous LG lesions.”?’ Pancreatitis-
induced ADM was attributed to factors produced by inflammatory macrophages.®*°

Of the factors that can be detected in media from inflammatory (M1) macrophages (Figurse 2A and 2B),
several have been shown to induce ADM. These include TNF, CCL5/RANTES,”%?¢ and IL-6 (Figure 2C),
while others such as CXCL10 and CXCL2’ or CXCL1 and IL-1ra (both Figure 2C) do not affect ADM. In
our present study, we now find that the supernatant of M2 macrophages also contains cytokines thatinduce
ADM (Figures 1D and 1E), and further analysis indicates that CCL2 is a driving factor (Figure 2D). Moreover,
we show that M1- or M2-induced ADM is not an additive effect (Figure 1E).

It recently was shown that the increase in cellular oxidative stress and reactive oxygen species (ROS)-driven
activation of NF-kB and upregulation of EGFR signaling is a common underlying mechanism that drives
ADM downstream of different inducers such as TNF, CCL5, and oncogenic KRAS.8 101122224 \We here
show that IL-6 (Figure S2C) and CCL2 (Figure 2E) also increase cellular oxidative stress and thus may utilize
the same signaling mechanisms. Of importance, M2-produced CCL2, like M1-produced TNF, upregulates
the expression of EGFR and its ligand TGFa (Figure 3B). Moreover, M1- and M2-driven, as well as CCL2-
and TNF-driven, ADM can be blocked with erlotinib (Figures 3C and 3D), further supporting that induction
of EGFR signaling is the major driver of the ADM process downstream of these factors.

At this point, it is unclear if ROS, besides NF-kB,% ' also activates other transcription factors to drive ADM.
Our data showing that IL-6 generates ROS (Figure S2C) and induces ADM (Figure 2C) may support this,
since IL-6 can signal to both NF-kB®' and signal transducer and activator of transcription 3 (STAT3).*
Both NF-kB and STAT3 have been shown to induce ADM™*’'%% but it is unclear how they cooperate in
inducing EGFR signaling.

During pancreatitis or development of PDA, M1 undergo a polarization switch to M2."*"'*"” This can be induced
by IL-4 and IL-13 secreted from pancreatic stellate cells,’® or by IL-13 secreted from PanIN lesion cells
and DCLK1+ stem cells.”” M2-produced factors then drive lesion growth (proliferation) via activation of
ERK1/2. '*'® Of these, IL-1ra, a factor that previously has been implicated in enhancing cell proliferation,* is
most efficient, but this factor is produced by both M1 and M2 macrophages. Since our data indicated that
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both M1 and M2 macrophages can act synergistically on lesion growth (Figure 4B), we tested if M2 macrophages
activate additional MAPK pathways that have been previously involved in proliferation. By using the M2 macro-
phage-produced factor IL-4 (Figures 2A and the study by La Flamme et al.*) as an example, we show that M2
macrophages secrete cytokines that can act in synergism with M1/M2-secreted factors (such as IL-1ra) to pro-
mote lesion growth. This most likely is mediated via activation of JNK (Figures 5B and S5B), which previously
had been linked to proliferative signaling during cancer development.®

While M1 and M2 macrophages both contribute to ADM and lesion growth, it should be noted that M2
have been shown to also express TGFB.> At pancreatic LG lesions, M2 induce fibrosis,'”"”18 EMT-like
signaling, and a structure collapse in lesions via TGFB1/SMAD4 signaling,'® processes that are linked to
the desmoplastic reaction and progression to high-grade lesions.

In summary, we used ex vivo organoid cultures to investigate the interplay between different subtypes of
macrophages in pancreatic lesion formation and growth. We found that besides M1 macrophages, which
have been described as inducers of ADM,” M2 macrophages also can initiate this transdifferentiation pro-
cess. Moreover, both polarization types secrete factors that activate ERK1/2 and JNK1/2 MAPK to synergis-
tically drive lesion growth (Graphical Abstract). Overall, this reveals aspects of PDA initiation and further
highlights the importance of different macrophage populations in these processes.

LIMITATIONS

Our data reveal aspects of how different macrophage populations contribute to PDA initiation, but also
need confirmation in future in vivo animal studies.

For example, we used ex vivo organoid cultures to investigate the interplay between different subtypes of
macrophages in pancreatic lesion formation and growth. Our data revealed redundancy of M1 and M2
macrophages in inducing ADM, by engaging similar signaling mechanisms. In vivo, it is likely that M1 mac-
rophages initiate the occurrence of ADM events, but that M2 macrophages once present can initiate the
same signaling, thus increasing the number of pancreatic abnormal regions.

In our study, we also found that lesion growth is driven by both, M1- and M2-produced factors, which acti-
vate different proliferative MAPK signaling pathways. These findings may be exploited to develop new stra-
tegies to target the desmoplastic reaction, lesion growth, and progression. To develop these strategies,
different combinations of MAPK inhibitors and targeting of M2 and/or M1 macrophages also need to be
tested in future animal studies.
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Sigma-Aldrich
BD Biosciences
PeproTech
PeproTech
PeproTech
PeproTech
PeproTech
PeproTech
PeproTech
R&D Systems

Cat# D8417
Cat# C9026
Cat# S7786
Cat# L4391
Cat# 211716
Cat# 250-10
Cat# 250-11
Cat#315-09
Cat# 315-05
Cat# 200-01RA
Cat# 214-14
Cat# 216-16
Cat# 980-MT

Recombinant murine TNFa PeproTech Cat# 315-01A
Critical commercial assays

BioRad Protein Assay Bio-Rad Cat# 5000006
Carboxy-H,DFFDA ROS Assay Invitrogen Cat# C13293
High Capacity cDNA RT Kit Applied Biosystems Cati#f 4368814
miRNeasy Mini Kit Qiagen Cat# 217004
Rneasy Plus Mini Kit Qiagen Cat# 74134
Proteome Profiler Mouse Cytokine Array Kit, Panel A R&D Systems Cat# ARY006
Tagman Fast Mix 2x Applied Biosystems Cat# 4352042
Experimental models: Cell lines

Mouse: Primary pancreatic acinar cells Method®#2%%8 N/A

Mouse: Primary PanIN organoids Method'#4° N/A

Mouse: Primary peritoneal macrophages Method' /2% N/A
Experimental models: Organisms/strains

Mouse: Ptf1a/p48cre/+ and LSL-KrasG12D/+ mouse strains Mayo Clinic® N/A

Mouse: non-transgenic mice with B6/129 background Mayo Clinic N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Oligonucleotides

qPCR primer/probe:
qPCR primer/probe:
gPCR primer/probe:
qPCR primer/probe:
qPCR primer/probe:
qPCR primer/probe:
qPCR primer/probe:
qPCR primer/probe:
qPCR primer/probe:

Gapdh
Egf/EGF
Egfr/EGFR
Tgfa/TGFa
Areg/AREG
Hbegf/HB-EGF
Sox9

Muc1
Bhlha15/Mist1

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific

Mm99999915_g1
MmO00438696_m1
MmO01187858_m1
Mm00446232_m1
MmO01354339_m1
Mm00439306_m1
Mm00448840_m1
Mm00449604_m1
Mm00627532_s1

Software and algorithms

Aperio ImageScope v12.4.3
BioRender
GraphPad Prism v9.2.0

Image J

Leica Biosystems
BioRender

GraphPad Sofware
https://imagej.nih.gov/ij/

RRID:SCR_020993
RRID:SCR_018361
RRID: SCR_002798
RRID:SCR_003070

Other

Aperio AT2 Digital Scanner

Aperio FL Slide Scanner

BioTek Synergy HT plate reader
Quantstudio 7 Flex Real-Time PCR System
Bovine Pituitary Extract

Cholera Toxin

Collagen |, rat tail

Collagen |, bovine

Collagenase |

D-glucose

Dexamethasone

Fetal Bovine Serum (FBS)
Insulin-transferrin-selenium (ITS)+ pre-mix
Matrigel

Nicotinamide

Penicillin/streptomycin

RPMI-1640

Soybean trypsin inhibitor type |
Triiodo-L-thyronine

Waymouth MB 752/1 Medium

Leica Biosystems

Leica Biosystems
BioTek

Applied Biosystems
Gibco/Thermo Scientific
Sigma-Aldrich

Corning

R&D Systems
Millipore/Sigma
Sigma-Aldrich
Sigma-Aldrich

Gemini

Corning

Corning Inc.
Sigma-Aldrich
Gibco/Thermo Scientific
Lonza

AMRESCO
Sigma-Aldrich
Sigma-Aldrish

RRID:SCR_021256
RRID:SCR_022191
RRID: SCR_020536
RRID: SCR_020245
Cat# 13028014
Cat# C8052

Cat# 354236

Cat# 3442-050-01
Cat# C0130

Cat# G8270

Cat# D1756

Cat# 100-106
Cat# 354352

Cat# 354234

Cat# N3376

Cat# 15140-122
Cat# 12-115F
Cat# K213

Cat# T6397

Cat# W1625-10X1L

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Peter Storz (storz.peter@mayo.edu).

Materials availability

This study did not generate any new unique reagents.
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Data and code availability

@ Data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Culture of primary cells

All cells were cultured at 37 °C with 5% CO,. Primary pancreatic acinar cells from mice were cultured in
Waymouth Complete Media (Waymouth MB 752/1 Medium with 1% FBS, 0.1 mg/ml trypsin inhibitor,
and 1 pg/ml dexamethasone). Culture media for primary PanIN organoids consisted of DMEM/F12 media
(Sigma-Aldrich) containing 5% FBS, 25 ng/ml bovine pituitary extract (Gibco/Thermo Scientific, Waltham,
MA), 20 ng/ml EGF, 0.1 mg/ml soybean trypsin inhibitor type | (AMRESCO, Solon, OH), 5 mg/ml D-glucose
(Sigma-Aldrich), 1.22 mg/ml nicotinamide (Sigma-Aldrich), 5 nM triiodo-L-thyronine (Sigma-Aldrich), 1 uM
dexamethasone (Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich), 5 ml/I insulin-transferrin-sele-
nium (Corning) and 100 U/ml penicillin/streptomycin (Gibco/Thermo Scientific). Primary peritoneal macro-
phages were cultured in RPMI-1640 containing 10% FBS and 1% Pen/Strep. Male and female mice were
used in approximately equal numbers for all primary cell isolations.

Mouse lines

Male and female mice were randomly assigned to treatment groups. The ages of the mice are noted for
each experiment in the method details. Ptf1a/p48cre/+ and LSL-KrasG12D/+ mouse strains, as well as gen-
otyping have been described previously.® All animal experiments were performed in accordance with rele-
vant institutional and national guidelines and regulations and were approved by the Mayo Clinic IACUC
committee.

METHOD DETAILS
Antibodies and reagents
All antibodies and reagents are identified in the key resources table. Additional information on dilution of

all antibodies used for immunohistochemistry, immunofluorescence, and Western blotting are provided in
Table S1.

Primary pancreatic acinar cells: Isolation

The protocol for isolation of murine primary pancreatic acinar cells was described in detail before #7837
In brief, the pancreas of C57BL/6J mice was washed twice with HBSS media (4 °C), minced into 1 to 5 mm
pieces and digested with collagenase | (37 °C, shaker). The digestion was terminated by addition of an
equal volume of HBSS media (4 °C) with 5% FBS. The pieces were washed twice (HBSS plus 5% FBS) and
pipetted through 500 um and 105 pm meshes, and the resulting acinar cell suspension was added dropwise
to 20 ml HBSS plus 30% FBS. Acinar cells were pelleted (1000 rpm, 2 min, 4°C) and re-suspended in 10 ml

Waymouth complete media.

PanIN organoids

PanIN organoids (previously described in'“? were generated by seeding primary duct-like cells isolated
from pancreata of 6-week-old Pdx1¢7/*:Kras®"?"’* mice in PanIN organoid media. For organoid culture,
single cells were seeded on top of Matrigel (200 pl/well of a 24 well plate) and then stimulated as indicated.

The area of ductal structures formed was determined using Image J software.

Primary peritoneal macrophages: Isolation and polarization

Non-transgenic mice at 10-20 weeks of age were injected with 2 ml of 5% aged thioglycollate. After five
days, mice were euthanized and primary peritoneal macrophages (PPM) were collected by washing the
peritoneal cavity with cold media (RPMI-1640 + 10% FBS + 1% Penicillin Streptomycin), as described in
detail before.'®?**! |solated PPM were plated onto 10 cm dishes, and once completely adhered, washed
3 times to remove non-adherent cells, before fresh media was added. Further polarization to IM and AAM
was obtained by stimulation with 10 ng/ml LPS and 20 ng/ml murine IFN gamma (for IM polarization), or
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with 20 ng/ml murine IL-4 (for AAM polarization), for 24 hours. After polarization, macrophages (on plate)
were washed in macrophage media before experiments were conducted.

Acinar-to-ductal metaplasia assays

This method is described in detail in ref.*” In short, cell culture plates were coated with collagen I/Way-
mouth media (w/o supplements) and freshly isolated primary pancreatic acinar cells were added. The
cell/gel mixture was overlayed with Waymouth complete media, which was replaced every other day. In-
hibitors or compounds were added at indicated concentrations. If not indicated otherwise in the figure
legend, numbers of ducts per well were counted at day 5, and photos were taken to document cellular
structures.

Induction of acute pancreatitis in mice

To induce acute pancreatitis in mice, cerulein (75 pg/kg) was injected intraperitoneally (IP) hourly for 8
hours, for two days in a row. 24 hours after the last injection the pancreas was dissected and further pro-
cessed. All animal experiments were performed in accordance with institutional and national guidelines
and regulations and were approved by the Mayo Clinic IACUC committee.

Immunofluorescence (IF) and immunohistochemistry (IHC)

For immunofluorescence, samples were washed in PBS, fixed in 4% paraformaldehyde in PBS (15 min,
37 °C), washed again in PBS, permeabilized using 0.1% Triton X-100 in PBS (2 min, RT) and then incubated
with 100 mM glycine in PBS (2 min, RT). After blocking with 3% BSA, 0.05% Tween in PBS (30 min, RT) sam-
ples were incubated with primary antibodies (listed in Table S1) overnight at 4 °C. Samples then were
washed in PBS, incubated with Alexa Fluor secondary antibodies (1:800; Invitrogen, Waltham, MA) and
DAPI (0.25 pg/ml), as indicated, for 2 hours at RT, and washed in PBS. Fluorescent and brightfield images
were taken using an Olympus IX71 (Olympus Scientific Solutions, Shinjuku City, Tokyo, Japan).

For immunohistochemistry, slides were deparaffinized and rehydrated and antigen retrieval and blocking
were performed as previously described in detail.”” For DAB immunchistochemistry, primary antibodies (as
listed in Table S1) were diluted in Antibody Diluent Background Reducing Solution (DAKO) and visualized
with the EnVision Plus Anti-Rabbit Labelled Polymer Kit (DAKO). For fluorescentimmunohistochemistry (IF-
IHC), slides were incubated with indicated primary antibodies (listed in Table S1) in Antibody Diluent Back-
ground Reducing solution at 4 °C overnight. After 3 washes with 0.05% Tween-20/PBS, Alexa Fluor 488, 568,
or 647 labeled secondary antibodies (Invitrogen) were added (1:500, RT) for 1 hour with DAPI (0.5 pg/ml).
LabVision PermaFluor (Thermo Scientific) was used as mounting medium. Images were captured using the
Aperio AT2 Digital Scanner and Aperio FL Slide Scanner (Leica Biosystems, Wetzler, Germany) with
ImageScope software.

Cytokine arrays

Indicated cells were starved for 48 hours and supernatants were analyzed for a panel of 40 cytokines using a
mouse cytokine array (Proteome Profiler Mouse Cytokine Array Kit Panel A; R&D Systems).

RNA extraction and quantitative PCR

RNA extraction was performed using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) and miRNeasy
Mini Kit (Qiagen, Hilden, Germany), and cDNA was prepared using the High-Capacity cDNA RT Kit
(Applied Biosystems, Waltham, MA). TagMan Fast Mix 2x (Applied Biosystems) was used to prepare
gPCR reactions with the TagMan primer/probe sets noted in the key resources table. Samples were run
on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). For analyses all Cy values were
normalized to Gapdh and fold changes were calculated using the AACt method.

Western blotting

For Western blotting, cells were washed three times with PBS (140 mM NaCl, 2.7 mM KCI, 8 mM Na2HPO4,
1.5 mM KH2PO4, pH 7.2; ice-cold) and lysed with Lysis Buffer A (50 mM Tris-HCI, pH 7.4, 1% Triton X-100,
150 mM NaCl, 5 mM EDTA, pH 7.4) plus protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). After a
30 min incubation on ice lysates were centrifuged (13,000 rom, 4 °C, 15 minutes), supernatants collected
and the protein concentration measured using the BioRad Protein Assay (BioRad, Hercules, CA). After
addition of 2x Laemmli buffer, samples were subjected to SDS-PAGE, transferred to nitrocellulose
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membrane, and proteins of interest were detected using indicated specific antibodies and HRP-conju-
gated secondary antibodies at dilutions indicated in Table S1.

Measurement of ROS generation

Primary pancreatic acinar cells were isolated and stimulated as indicated. Cells were collected, centrifuged
(233 xg, 2 min), resuspended in phenol red-free (PRF) HBSS, labeled with H,DFFDA (20 uM, 45 min, 37 °C,
5% CO,), washed two times (233 xg, 2 min) in PRF HBSS before being resuspended in PRF Waymouth com-
plete media (0.1 mg/ml Soybean Trypsin Inhibitor, 1 pg/ml Dexamethasone, 500 pl FBS in 50 ml Waymouth
MB 752/1). ROS generation over indicated time was determined using a BioTek Synergy HT plate reader
(BioTek, Winooski, VT) at Ex 485/20/Em 528/20 and gain 55.

QUANTIFICATION AND STATISTICAL ANALYSES

All cell biological and biochemical experiments have been performed independently of each other at least
3 times. For ADM assays, biological replicates were done using pancreata from different mice. Quantifica-
tion of ductal areas was performed using ImageJ. Data, when presented as bar graphs, show individual
values (dots), mean and + SD. If not stated otherwise in the figure legends, p values were acquired with
the unpaired student’s t-test with Welch's correction or ANOVA when more than two groups were
compared to each other, using GraphPad software (GraphPad Inc., La Jolla, CA). The p values (when sig-
nificant) are included in the graphs, and p < 0.05 was considered statistically significant.
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