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SUMMARY

GNAT3 ablation enhances CXCL1 and CXCL2 epithelial expres-
sion and increases the number of CXCR2 expressing myeloid-
derived suppressor cells with altered immunomodulatory gene
expression. Analysis of long-term ablation during pancreatic
cancer progression found increased metastatic carcinoma.

BACKGROUND & AIMS: Pancreatic ductal adenocarcinoma
(PDA) initiation and progression are accompanied by an immu-
nosuppressive inflammatory response. Here, we evaluated the
immunomodulatory role of chemosensory signaling in metaplastic
tuft cells (MTCs) by analyzing the role of GNAT3, a gustatory
pathway G-protein expressed by MTCs, during PDA progression.

METHODS: Gnat3-null (Gnat3-/-) mice were crossbred with ani-
mals harboring a Cre-inducible KrasLSL-G12D/þ allele with either
Ptf1aCre/þ (KC) or tamoxifen-inducible Ptf1aCreERT/þ (KCERT) mice
to drive oncogenic KRAS expression in the pancreas. Ex vivo
organoid conditioned medium generated from KC and Gnat3-/-;KC
acinar cells was analyzed for cytokine secretion. Experimental
pancreatitis was induced in KCERT and Gnat3-/-;KCERT mice to
accelerate tumorigenesis, followed by analysis using mass
cytometry and single-cell RNA sequencing. To study PDA pro-
gression, KC and Gnat3-/-;KC mice were aged to morbidity or 52
weeks.

RESULTS: Ablation of Gnat3 in KC organoids increased
release of tumor-promoting cytokines in conditioned media,
including CXCL1 and CXCL2. Analysis of Gnat3-/-;KCERT pan-
creata found altered expression of immunomodulatory genes
in Cxcr2 expressing myeloid-derived suppressor cells
(MDSCs) and an increased number of granulocytic MDSCs, a
subset of tumor promoting MDSCs. Importantly, expression
levels of CXCL1 and CXCL2, known ligands for CXCR2, were
also elevated in Gnat3-/-;KCERT pancreata. Consistent with the
tumor-promoting role of MDSCs, aged Gnat3-/-;KC mice pro-
gressed more rapidly to metastatic carcinoma compared with
KC controls.

CONCLUSIONS: Compromised gustatory sensing, achieved by
Gnat3 ablation, enhanced the CXCL1/2–CXCR2 axis to alter the
MDSC population and promoted the progression of metastatic
PDA. (Cell Mol Gastroenterol Hepatol 2021;11:349–369; https://
doi.org/10.1016/j.jcmgh.2020.08.011)
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ancreatic ductal adenocarcinoma (PDA) is predicted
Abbreviations used in this paper: ADM, acinar-to-ductal metaplasia;
BSA, bovine serum albumin; CC3, cleaved caspase 3; CK19, cytoker-
atin 19; DCLK1, doublecortin-like kinase 1; ELISA, enzyme-linked
immunosorbent assay; FBS, fetal bovine serum; gMDSC, granulocytic
myeloid-derived suppressor cell; GNAT3, a-gustducin; HBSS, Hank’s
balanced salt solution; IHC, immunohistochemistry; KC, KrasG12D/D;
Ptf1aCre/D, KCERT; KrasG12D/D, Ptf1aCreERT/D; MDSC, myeloid-derived
suppressor cell; mMDSC, monocytic myeloid-derived suppressor cell;
MTC, metaplastic tuft cell; NK, natural killer; PanIN, pancreatic intra-
epithelial neoplasia; PBS, phosphate-buffered saline; PDA, pancreatic
ductal adenocarcinoma; PTOM, pancreatic progenitor and tumor
organoid media; TAM, tumor-associated macrophage; TRPM5, tran-
sient receptor potential cation channel subfamily M member 5; UMAP,
Uniform Manifold Approximation and Projection; WT, wild-type.
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Pto become the second leading cause of cancer death
by 2030 if no progress is made to improve its current 10%
5-year survival rate.1,2 Because of nonspecific symptoms,
most patients are diagnosed at a late stage when treatments,
including surgery and chemotherapy, are minimally effec-
tive.3,4 The discovery of novel markers for early stage
detection is likely to be guided by understanding alterations
in the pancreas during PDA tumorigenesis.

An early step in pancreatic transformation is a process
called acinar-to-ductal metaplasia (ADM), which can also be
induced by pancreatic injury.5,6 ADM formation and the
development of early pancreatic intraepithelial neoplasia
(PanIN) are driven by oncogenic KRAS mutations,7,8 which
are found in >90% of PDAs.9,10 Additional mutations in tu-
mor suppressor genes such as CDKN2A, TRP53, and SMAD4
drive neoplastic progression and eventually PDA.11,12

Accompanying ADM is a coordinated immune influx that
canmodify or sustain ADMandpromote PanIN formation and
progression.13 This immune response is highly immunosup-
pressive, allowing immune evasion and promoting tumor
growth.14 Multiple immune populations contribute to this
immunosuppressive microenvironment, with the myeloid
lineage, in particular, playing a critical role in this process.14

Two major types of myeloid cells, tumor-associated macro-
phages (TAMs) and myeloid-derived suppressor cells
(MDSCs), promote immune evasion by reducing the influx
and function of cytotoxic T cells through multiple mecha-
nisms including expression of immune checkpoint ligands.14

Both TAMs and MDSCs are present in early and late stages
of pancreatic lesions and create a barrier for treatment of PDA
by immune targeted or chemotherapeutic treatments.14,15

ADM and PanIN lesions are composed of a heteroge-
nous population of cell subtypes,16–18 with 1 unique cell
type identified in these lesions as the metaplastic tuft cell
(MTC).19 Normal tuft cells are solitary chemosensory cells
associated with sensing and responding to stimuli within
the luminal spaces of many hollow organs throughout the
body, including the bile duct and intestine.20 In the in-
testine and nasal cavity, normal tuft cells can detect
pathogens and subsequently signal to nearby cells to
mount an immune response.21–23 These sensory and
immunomodulatory functions of tuft cells require func-
tional gustatory signaling machinery, including transient
receptor potential cation channel subfamily M member 5
(TRPM5), a-gustducin (GNAT3), and G-protein coupled
taste receptors, all components of the canonical taste
sensory pathway.20,24 The detection of sensory cues
through the canonical gustatory pathway stimulates apical
taste receptors activating GNAT3-dependent calcium
efflux and subsequent activation of TRPM5 cation chan-
nels.25 Plasma membrane depolarization, driven by cation
influx, promotes release of signaling molecules from
intracellular stores to activate external cell responses,
including nerve cell communication and immune cell
activation.24,25 In the normal mouse pancreas, tuft cells
are only found in the common bile duct that passes
through the head of the organ.19 However, MTCs are a
prominent cell type in ADM and PanINs and express
TRPM5, GNAT3, and immunomodulatory molecules, sug-
gesting they are fully functional and may influence the
immune system during PDA progression.19

In our current study, we compromised the chemosensory
function of MTCs by ablating Gnat3 in complementary models
of pancreatic transformation. Surprisingly, Gnat3 ablation
increased the levels of different chemokines, including CXCL1
and CXCL2, in an ex vivo 3-dimensional organoid culture
model. In vivo, GNAT3 loss in a KRAS-driven model of
pancreatic neoplasia had no impact on initial transformation
but showed increased infiltrating granulocytic MDSCs
(gMDSCs), a subtype of tumor promoting MDSCs.17 In addi-
tion, single-cell RNA sequencing revealed an enhanced
immunosuppressive gene signature in the MDSC population.
Increased CXCL1 and CXCL2 were found in the GNAT3 ablated
neoplastic lesions, whereas CXCR2, their cognate receptor,
was found primarily expressed in MDSCs. The CXCL1/2-
CXCR2 axis is known to promote PDA by altering MDSC and
neutrophil recruitment and function.26,27 Consistent with this,
pancreatic neoplasia progressed more rapidly to metastatic
cancer in Gnat3 ablated mice.
Results
Gnat3 Ablation in KrasG12D-Expressing Epithelial
Cells Increases CXCL1 and CXCL2 Levels

Normal tuft cell chemosensory signaling drives alteration
of the immune microenvironment during parasitic and bac-
terial infection,21–23 leading us to hypothesize that MTCs play
a similar immune modulatory role during PDA progression.
Alpha-gustducin (encoded by the gene Gnat3) is a G protein
critical for a gustatory response to bitter, sweet, and umami
stimuli in the taste bud but is also critical for normal tuft cell
function.21,28 To test the contribution of MTC chemosensory
function to pancreatic tumor progression, we used a Gnat3
knockout (Gnat3-/-) mouse to compromise MTC chemo-
sensation in mouse models of pancreatic neoplasia.29

Pancreata of Gnat3-/- mice showed no difference in
pancreas histology and pancreas-to-body weight ratios
compared with wild-type (WT) controls (Figure 1A).
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Figure 1.Gnat3 ablation increases epithelial cytokine release in ex vivo organoid culture model. (A) Analysis of WT or
Gnat3-/- adult pancreata by H&E, including magnified inset from box, and pancreas to body weight ratios (n ¼ 11; 18). Scale bar:
2000 mm, inset ¼ 50 mm. (B) IHC for DCLK1 to mark MTCs on WT or Gnat3-/- common biliary ducts. Magnified inset indicated in
black box in bottom right. Scale bar: 50 mm, inset ¼ 10 mm. (C) Genetic strategy to generate KC mice with Gnat3 ablation
(Gnat3-/-;KC). (D) 3D organoid culture analysis of KC and Gnat3-/-;KC transdifferentiated acinar cells. Phalloidin (red) highlights the
structure of individual 3D organoids (white dotted outline) stained for VAV1 (green) to mark MTCs and DAPI (blue) to mark nuclei.
White box denotes inset image in bottom right of VAV1-positive MTCs with tufts marked by phalloidin. MTC numbers were
determined from average of 130 organoids per sample (n ¼ 4). Scale bar: 20 mm, inset ¼ 5 mm. (E) Cytokine proteomic analysis of
conditioned media derived from KC and Gnat3-/-;KC organoids. Representative cytokine array blot (left) and quantitation (right)
show 7 differentially expressed proteins (numbered). Differential protein levels from Gnat3-/-;KC (blue bars) were normalized by KC
(green line) (n ¼ 3). R, reference points; 1, amphiregulin; 2, chitinase 2-like 1; 3, CXCL1; 4, CXCL2; 5, CXCL16; 6, osteoprotegerin;
7, WISP1. Significance was calculated using an unpaired t test; P < .05 statistically significant.
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Furthermore, normal tuft cell presence in the common bile
duct was not different in Gnat3-/- and WT animals, as
assessed by immunohistochemistry (IHC) (staining for
double cortin-like kinase 1 [DCLK1]) (Figure 1B). Previous
work in our lab has found that GNAT3-expressing MTCs
form within ADM and PanIN lesions in the KrasLSL-G12D/þ;
Ptf1aCre/þ (KC) model.19 Therefore, to study the role of
Gnat3 in MTCs in pancreatic neoplasia, we used the KC
model crossed with Gnat3-/- mice to create the Gnat3-/-;KC
model (Figure 1C).
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Primary acinar cell explants were isolated from 8- to 10-
week old KC and Gnat3-/-;KC mice, when the pancreas is still
largely devoid of metaplasia and neoplasia, and cultured on
a layer of Matrigel in pancreatic progenitor and tumor
organoid medium (PTOM), which is sufficient to drive
ADM.30,31 As expected, acinar cells underwent ADM within 2
days and could be propagated for several months. MTCs
were stained in organoids and were found after 7 days of
culture and persisted throughout culture duration. In
Gnat3-/-;KC cultures we consistently found higher numbers
of MTCs, as quantitated by Vav1 guanine nucleotide ex-
change factor staining,30 suggesting possible compensatory
tuft cell genesis when their sensory function is impaired
(Figure 1D). To assay differential signaling from the
epithelial compartment, cytokine arrays were performed on
3 biological replicates of KC and Gnat3-/-;KC organoid
conditioned media post-MTC generation (Figure 1E).
Expecting that loss of the ability to respond to stimuli would
lead to a reduction in cytokine release,23 we were surprised
to find that Gnat3-/-;KC media instead showed a consistent
increase in 7 cytokines (Figure 1E). Interestingly, many of
these cytokines, including amphiregulin,32,33 chitinase 3-like
1,34 CXCL1,17,27,35 CXCL2,26 CXCL16,36,37 and osteoprote-
gerin38 are associated with promoting PDA progression and
decreased survival. These data suggest that altering the
ability of MTCs to respond to environmental cues leads to
dysregulated release of trophic signals and cytokines that
will promote PDA progression.
Gnat3 Ablation Does Not Affect Early Pancreatic
Neoplastic Progression

To explore how loss of MTC chemosensory function af-
fects pancreatic tumor development, we crossed Gnat3-/-

mice into the inducible KrasLSL-G12D/þ; Ptf1aCreERT/þ (KCERT)
model of pancreatic neoplasia. This model allows for the
well-controlled acinar cell-specific expression of oncogenic
KRAS after tamoxifen treatment in the adult animal39

(Figure 2A). To accelerate transformation, we then
induced acute pancreatitis with supramaximal doses of
cerulein, as previously described8 (Figure 2A). To determine
the optimal time point to study the role of MTCs during
disease progression, pancreata were harvested 1 week and
6 weeks after cerulein treatment (Figure 2B). Although ADM
lesions were present at both time points, we found few
MTCs after 1 week of recovery but a large number after 6
weeks of recovery (Figure 2B). Similar to our acinar ex-
plants, these data suggest that generation of MTCs does not
coincide with ADM itself but requires additional time
(Figure 2B). Therefore, the 6-week time point was chosen
for further analysis, because MTCs were present in the
context of widespread transformation. We also character-
ized known MTC marker expression19 and found no differ-
ences in Gnat3-/-;KCERT MTCs, with the exception of GNAT3
itself (Figure 2C).

Data from our organoid cultures suggested that
GNAT3 loss promotes the release of pro-tumor cytokines.
However, despite Gnat3 ablation, we found no apparent
differences in early stage pancreatic neoplasia by
histology, pancreas-to-body weight ratios (a measure of
neoplastic burden), or amylase and cytokeratin 19
(CK19) staining, measures of acinar cell dropout and
ADM/PanIN genesis, respectively (Figure 3A). We found
no difference in collagen deposition assessed by pic-
rosirius red stain (Figure 3B, left). We also found no
difference in proliferation by Ki67 staining but did
observe an overall increase in epithelial cell apoptosis,
measured by cleaved caspase 3 (CC3) IHC, indicating a
difference in epithelial cell turnover (Figure 3B, middle).
We also found an increase in MTC number, marked by
DCLK1 staining, in the neoplastic lesions, similar to the
ex vivo 3-dimensional culture model (Figure 3B, right).
Overall, we conclude that Gnat3 loss does not cause any
profound changes in early KRAS-induced pancreatic
transformation. This may be expected from the delayed
MTC genesis compared with ADM formation. However,
MTC hypertrophy and increased epithelial cell turnover
suggest subtle alterations that may have significant con-
sequences later in progression.

Myeloid-Derived Suppressor Cells Are Increased
in Gnat3 Ablated Mice During Pancreatic
Transformation

The immune system plays a critical role in initiation and
progression of pancreatic disease.40 Results from our cyto-
kine array indicate that loss of Gnat3 increases the release of
cytokines, potentially affecting immune cell recruitment
during pancreatic transformation. To examine this possi-
bility, KCERT and Gnat3-/-;KCERT tissues were analyzed by
mass cytometry to assay 16 different stromal and immune
cell markers simultaneously, optimizing for characterization
of immune cell populations.41 We found no difference in the
number of fibroblasts or overall immune cells between
KCERT and Gnat3-/-;KCERT samples (Figure 4A). We also
found no difference in B cells, total T cells, or CD4þ/CD8þ T-
cell populations (Figure 4B and C). Macrophages, expressing
both proinflammatory and anti-inflammatory polarity
markers,42,43 were labeled TAMs and were also unchanged
(Figure 4D). In a previous study, compromising tuft cell
function led to a decrease of natural killer (NK) T cells,44 but
we found no difference in the NK T-cell (NK1.1þCD3þ)
population between tissues (Figure 4E). NK cells, marked by
NK1.1þCD3-, trended lower in Gnat3-/-;KCERT pancreata, but
this difference did not reach statistical significance
(Figure 4E). Likewise, overall numbers of non-TAM myeloid
cells, including dendritic cells and MDSCs, were not different
than control in the Gnat3 ablated neoplastic pancreas.
However, there were significantly greater numbers of
gMDSCs, a subset of MDSCs that are known to contribute to
an immunosuppressive tumor microenvironment and pro-
mote PDA progression (Figure 4F).45–47

Gnat3 Ablation Alters MDSC Gene Expression in
Early Neoplasia

Finding few differences in immune cell numbers, we
then analyzed gene expression within the immune popula-
tion by using single-cell RNA sequencing on KCERT and



Figure 2. Metaplastic tuft cells are present 6 weeks after injury, and Gnat3 ablated cells maintain tuft marker
expression. (A) Genetic strategy to generate KCERT mice with Gnat3 ablation (Gnat3-/-;KCERT). Schematic of tamoxifen (TMX)
treatment to induce KrasG12D/þ expression in the acinar compartment, followed by cerulein (CER) to promote inflammation and
harvest of pancreas at 1 or 6 weeks. (B) H&E and IHC for DCLK1 to mark MTCs from pancreata harvested from KCERT mice 1
or 6 weeks after cerulein. Quantitation of DCLK1-positive MTCs from neoplastic area in 1- or 6-week tissue (n ¼ 3; 8). Scale
bar: 100 mm. (C) Staining from 6-week post injury KCERT and Gnat3-/-;KCERT pancreatic tissues for known MTC markers:
GNAT3, DCLK1, COX1, COX2, and VAV1 (all green), counterstained by phalloidin (red) to mark the luminal tufts and DAPI (blue)
to label nuclei. Scale bars: 5 mm. Significance was calculated using an unpaired t test; P < .05 statistically significant.
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Gnat3-/-;KCERT mice 6 weeks after cerulein treatment. We
optimized tissue processing for recovering and profiling of
the immune cell populations, leaving few epithelial cells and
fibroblasts in the analysis. Using unsupervised clustering
and Uniform Manifold Approximation and Projection
(UMAP) visualization,48 we identified many distinct cell
populations, including multiple T-cell subsets (CD4þ T cells,
CD8þ T cells, and T-regulatory cells) and fibroblast subsets
(iCAF and myCAF), which have been previously identified in
PDA16,49 (Figure 5A and B). Approximately the same
numbers of the various cell populations were represented in
the KCERT and Gnat3-/-;KCERT datasets (Figure 5A).

By comparing gene expression profiles of independent
cell populations between KCERT and Gnat3-/-;KCERT
pancreata, we did not observe distinct expression profiles in
the macrophage populations (Figure 5C). In contrast, MDSCs
showed marked gene expression changes, with 56 genes
being significantly altered between KCERT and Gnat3-/-;
KCERT samples (Figure 5D). It was not possible to tran-
scriptionally define gMDSCs and monocytic myeloid-derived
suppressor cells (mMDSCs) with the same markers used for
mass cytometry; therefore gene expression comparisons
were done between all tumor infiltrating MDSCs in KCERT

and Gnat3-/-;KCERT pancreata. Of interest, expression of the
C-type lectin receptors, Clec12a and Clec4a2, were
decreased in the Gnat3-/-;KCERT animals (Figure 5E).
Camp,50 Ngp, and Ltf,51 all associated with mature neu-
trophils, were decreased as well as Pglyrp52 and Lyz2,53



Figure 3. Gnat3 ablation has no effect on pancreatic neoplasia formation. Analysis of tamoxifen and cerulein treated
KCERT and Gnat3-/-;KCERT pancreata harvested 6 weeks after cerulein treatment. (A) H&E staining with pancreas-to-body
weight ratios below (n ¼ 27; 35). IHC for amylase (n ¼ 10; 13) and CK19 (n ¼ 10; 12) quantified below by total positive
area from total pancreas area. Scale bars: 1000 mm. (B) Staining for picrosirius red (n ¼ 9; 17), Ki67, CC3 (n ¼ 6; 8), and DCLK1
(n ¼ 8) with quantification below for each. Scale bars: 100 mm. Significance was calculated using an unpaired t test; P < .05
statistically significant.
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Figure 4. GNAT3 loss increases gMDSC presence during pancreatic transformation. Manually gated mass cytometry
data from tamoxifen and cerulein treated KCERT and Gnat3-/-;KCERT pancreata harvested 6 weeks after cerulein treatment (n ¼
10). (A) Percentage of fibroblasts (CD140aþ) or total immune cells (CD45þ) from total cell numbers. (B) T cells (CD45þCD3þ) as
percentage of total immune cells. Percent of CD4þ T cells (CD45þCD3þCD4þ) and CD8þ T cells (CD45þCD3þCD8þ) from T
cells. (C) B cells (CD45þCD19þ) as percent of total immune cells. (D) Percent of TAM (CD45þCD11bþF4/80þ) from total im-
mune cells. TAM phenotypes were characterized by anti-inflammatory TAM (CD45þCD11bþF4/80þCD206þ) and proin-
flammatory TAM (CD45þCD11bþF4/80þCD11cþ or Ly6Cþ) as percent of TAM. (E) NK family (CD45þNK1.1þ) split into NK T
cells (CD45þNK1.1þCD3þ) and NK cells (CD45þNK1.1þCD3-) as percent of total immune cells. (F) Non-TAM myeloid cells
(CD45þCD11bþF480-) were determined as percent of total immune cells. MDSCs were separated into mMDSC
(CD45þCD11bþF4/80-Ly6G-Ly6Cþ) or gMDSC (CD45þCD11bþF4/80-Ly6GþLy6Cþ) populations as percent of non-TAM
myeloid cells. Significance was calculated using the Mann-Whitney nonparametric test with Benjamini-Hochberg correction
for multiple comparisons. P adjusted < .05 statistically significant.
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known antimicrobial proteins, many of which are associ-
ated with proinflammatory responses (Figure 5E).
Furthermore, although Il1b,54 a known proinflammatory
cytokine, was increased, many other immunomodulatory
secreted proteins were decreased including Serpinb1a,55

Anxa1,56 and Anxa3,57 suggesting an alteration in immune
state and function (Figure 5E). Together with the previous
mass cytometry data, single-cell RNA sequencing results
suggest that Gnat3 ablation in early neoplastic lesions
alters both the quantity and quality of the MDSC
compartment.
Epithelial Expression of CXCL1 and CXCL2
Increase Upon GNAT3 Loss

We have found that ablation of GNAT3 alters MDSC
immunomodulatory gene expression and increases gMDSC
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numbers in the neoplastic pancreas as well as up-regulates
CXCL1 and CXCL2, known regulators of MDSC recruitment
and function,17,58 in organoid cultures (Figure 1E). CXCL1
and CXCL2 primarily signal through CXCR2 on immune cell
populations and tumor cells to alter chemokine production,
survival, and immune cell recruitment.26,59 Our single-cell
RNA sequencing data showed Cxcr2 expression localized
in the MDSC population, indicating that MDSC function
would be directly targeted by changes in CXCL1/2 expres-
sion (Figure 6A). Epithelial expression of Cxcl1 and Cxcl2 in
the single-cell sequencing data was not informative because
the numbers of epithelial cells were too few to compare
because our tissue digestion conditions were optimized for
retrieval of immune cells and fibroblasts.60

To characterize CXCL1 and CXCL2 levels in Gnat3-/-;KCERT

animals, we used IHC, enzyme-linked immunosorbent assay
(ELISA) and in situ hybridization assays. Our results showed
that CXCL1 IHC did not differ in stromal cells but was
increased in neoplastic lesions in Gnat3-/-;KCERT mice,
consistent with our ex vivo culture system (Figure 6B).
Lacking a CXCL2 antibody suitable for IHC, we measured
protein levels in lysates from small fragments of pancreatic
tissue by ELISA. We found a trend toward higher CXCL2
protein in Gnat3-/-;KCERT animals (Figure 6C), which did not
reach statistical significance. We then used RNAscope in situ
hybridization to detect Cxcl2 expression. Cxcl2 transcripts
were expressed focally, with some areas showing many cells
with robust expression and others having virtually none,
potentially explaining the variability in our ELISA results
(Figure 6D). After quantitation of Cxcl2 puncta, we found that
expression levels were higher in both the stroma and
neoplastic compartment in Gnat3-/-;KCERT mice (Figure 6D).
Additional analysis of the single-cell RNA sequencing data
found expression of Cxcl1 or Cxcl2 primarily in fibroblasts or
TAM/MDSC, respectively, in both KCERT and Gnat3-/-;KCERT

mice (Figure 6E and F). However, in these experiments, tissue
digestion was performed to enhance recovery of cells within
the fibroinflammatory stroma and may have missed MTCs in
the underrepresented epithelial population.

To analyze expression of CXCL1 and CXCL2 by MTC, we
probed single-cell RNA sequencing data from KC animals,
increasing the number of epithelial cells collected for anal-
ysis. Unsupervised clustering via UMAP was performed and
characterized, identifying a small but distinct MTC popula-
tion as indicated by coexpression of the tuft cell markers
Dclk1, Vav1, and Pou2f3 (Figure 7A–C). We found low to no
expression of Cxcl1 or Cxcl2 (Figure 7C) in the MTCs, with
both primarily expressed by non-epithelial cell types.
However, these data do not preclude the possibility that
Gnat3-ablated MTCs acquire the ability to make CXCL1/2.
To address this possibility, for CXCL1, we used co-
immunofluorescence to stain KCERT;ROSA26LSL-EYFP and
Gnat3-/-;KCERT;ROSA26LSL-EYFP pancreata, where YFP
expression marks acinar-derived daughter cells and COX1
was used as a MTC marker. Once again, the most intense
CXCL1 staining in control KCERT;ROSA26LSL-EYFP mice was
found primarily in YFP-negative non-epithelial cells
(Figure 7D, white arrows). In Gnat3-/-;KCERT;ROSA26LSL-EYFP
mice, epithelial cells also begin to express CXCL1 (Figure 7D,
purple arrows), with MTCs expressing relatively low levels
(Figure 7D, yellow arrows). Taken together, our data show
that tissues from Gnat3-/-;KCERT mice have increased levels
of CXCL1 with a smaller, but still significant, change in Cxcl2
expression, both of which can stimulate CXCR2 on MDSCs,
consistent with an increase in infiltration of this population.
Gnat3 Ablation Accelerates Progression to
Metastatic Pancreatic Cancer

Our data suggest that MTC chemosensory signaling
does not play a substantial role during the onset of
pancreatic tumorigenesis but does influence the immune-
suppressive microenvironment. Because of the increased
pro-tumor gMDSC population in Gnat3-/-;KCERT pancreata
through the CXCL1/2-CXCR2 axis, we hypothesized that
overall tumor progression would be enhanced by Gnat3
ablation. To address the long-term effects of Gnat3 abla-
tion, we turned to the well-established KC model of
pancreatic neoplasia. KC and Gnat3-/-;KC mice were aged
until moribund, with the experiment terminated at 52
weeks. Within this time frame, KC mice rarely progress to
PDA, generally presenting with advanced PanIN lesions
and a substantial fibroinflammatory stromal reaction.61

Consistent with this, only 1 KC mouse in our cohort
became moribund before the endpoint of the experiment.
In contrast, 30% of Gnat3-/-;KC mice became moribund
and required euthanasia before 52 weeks of age
(Figure 8A). Assessment of pancreatic histology confirmed
that 4 of 12 control KC mice had histopathologically
detectable focal lesions of early stage adenocarcinoma,
primarily moderately to well-differentiated with local
stroma invasion, whereas 11 of 16 Gnat3-/-;KC mice had
progressed to aggressive PDA, with 5 having extensive
primary tumor mass (Figure 8B). Tumor grading indi-
cated that Gnat3-/-;KC animals had more high-grade tu-
mors, evident in sarcomatoid carcinoma and poorly
differentiated carcinoma in 3 of the Gnat3-/-;KC mice
(Figure 8C). Comparing CK19 IHC, a marker of ductal
transformation, between KC and Gnat3-/-;KC tissue illus-
trated the difference in histology as well as a distinct
sarcomatoid tumor in the Gnat3-/-;KC mice, noted by the
absence of CK19 stain (Figure 8D).

Finally, 4 Gnat3-/-;KC animals had frank macrometastasis
to liver or lung on dissection, marked by CK19 positivity,
with none of the KC mice showing distant metastatic spread
(Figure 8E). Analysis of CXCL1 IHC and Cxcl2 in situ hy-
bridization also showed a trend toward higher levels in
Gnat3-/-;KC tissue, with staining being more prominent in
areas that had progressed to carcinoma (Figure 8F and G).
Because progression to carcinoma was a more common
outcome in the Gnat3-/-;KC mice, the higher levels of CXCL1/
2 may be a secondary effect of the accelerated tumor pro-
gression. In total, our data suggest that MTC chemo-
sensation serves to limit the immune-suppressive
microenvironment in part by tempering the expression of
CXCL1/2, thus slowing PDA progression.



Figure 5. Single-cell RNA transcriptomic analysis identifies altered MDSC gene expression in Gnat3 ablated neoplasia.
Analysis of tamoxifen and cerulein treated KCERT and Gnat3-/-;KCERT single-cell RNA transcriptomes from pancreata collected
6 weeks after cerulein treatment. (A) Unbiased clustering of single cells driven by transcriptome differences and visualized by
UMAP (n ¼ 2; 2). (B) Dot plot of gene expression patterns used to identify cell populations from pooled KCERT and
Gnat3-/-;KCERT cells. Percent of cells expressing each gene per cluster noted by dot size. Average gene expression is rep-
resented by color of dot. iCAF, inflammatory cancer associated fibroblasts; myCAF, myofibroblastic cancer associated fi-
broblasts; T-reg, T regulatory cells. (C and D) Heatmap of single-cell RNA transcriptomes for TAMs (C) and MDSCs (D)
displaying the statistically significant differentially expressed genes (rows). Selected genes identified on right of MDSC
heatmap. (E) Violin plots displaying frequency and expression levels of selected genes from cells in the MDSC cluster. Genes
labeled by group: C-type lectin receptors (Clec12a, Clec4a2), neutrophil granule proteins (Camp, Ngp, Ltf), antimicrobial
proteins (Pglyrp1, Lyz2), and secreted proteins (Il1b, Serpinb1a, Anxa1, Anxa3). Significance was calculated using Bonferroni
adjusted P values from nonparametric Wilcoxon rank sum test. P adjusted < .05 statistically significant.
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Figure 6.Gnat3 ablation increases CXCL1 and CXCL2 expression in the neoplastic epithelial compartment. Analysis of
tamoxifen and cerulein treated KCERT and Gnat3-/-;KCERT pancreata collected 6 weeks after cerulein treatment. (A) UMAP of
Cxcr2 single-cell RNA transcriptome expression from KCERT and Gnat3-/-;KCERT cells. MDSC cluster circled. Color scale
denotes expression level. (B) IHC for CXCL1 quantified from positive area of stroma or neoplasia area (n ¼ 4). Scale bar: 50 mm.
(C) CXCL2 protein levels measured by ELISA from pancreas lysate (n ¼ 3; 4). (D) In situ hybridization for Cxcl2 transcript
quantified by positive puncta area (red) of stroma or neoplasia area (n ¼ 3). Inset boxes are magnified area. Scale bar: 50 mm,
inset ¼ 5 mm. (E and F) UMAP of single-cell RNA transcriptome expression from pooled KCERT and Gnat3-/-;KCERT data where
gene expression is denoted by red per each cell for Cxcl1 (E), primarily in fibroblasts, and Cxcl2 (F), primarily in TAM and MDSC
compartments as circled. Significance was calculated using an unpaired t test; P < .05 statistically significant.
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Discussion
MTCs are present in both human and mouse cancers and

have been hypothesized to have multiple roles contributing
to tumor progression, such as a quiescent stem-like pop-
ulation62–64 or an immune modulatory sensory cell.24 Pre-
vious studies in our laboratory identified MTCs in the
neoplastic pancreas that expressed components of the che-
mosensory signaling cascade,19,30 suggesting that these cells
can sense and respond to stimuli. To assess whether MTC
chemosensation can drive pancreatic tumor progression, we
used a KRAS-initiated model of pancreatic neoplasia and
ablated Gnat3, the gene that encodes a-gustducin, a gusta-
tory pathway G-protein expressed specifically in normal tuft
cells, MTCs, and type II cells of taste buds. To our surprise,
we found that GNAT3 functions to restrict rather than
promote PDA progression.

We found no difference in transformation on ablation of
Gnat3 but did find changes in MDSC immune regulatory
gene expression as well as a specific increase in the infil-
tration of tumor-promoting gMDSCs.17 Furthermore, CXCL1
and CXCL2 expression was increased in epithelial cells both
in vivo and ex vivo. Together, these data suggest that
GNAT3, and by extension MTCs, limits the immunosup-
pressive microenvironment, thus slowing PDA progression.
Indeed, we found that Gnat3-ablated KC mice progressed
rapidly to metastatic PDA, indicating a pivotal role of MTC
sensory function in suppressing PDA progression.

Up-regulation of CXCR2 ligands, such as CXCL1, CXCL2,
and CXCL5, in human specimens and mouse models of PDA
correlate with decreased survival and morbidity.17,26,27

Functional studies of CXCL1/2 signaling to CXCR2 on
MDSCs activate and increase gMDSCs in the tumor
microenvironment.17,26,27,35 Activated gMDSCs enhance
immunosuppression by releasing reactive oxygen species
and arginase 1,65 suppressing the tumor mediated cyto-
toxicity and influx of CD4þ and CD8þ T cells, which pro-
motes PDA progression and metastatic spread.47,66 Our data
show Gnat3 ablation increases expression of CXCL1/2 by
epithelial cells and alters immunomodulatory gene expres-
sion in Cxcr2-expressing MDSCs, with increased infiltrating
gMDSC numbers. We found no difference in number and
only slight differences by gene expression in T-cell response
with Gnat3 ablation, possibly because of the early stage of
lesions analyzed. Our data also found accelerated tumor
progression, resulting in advanced tumor grade and
metastasis with long-term Gnat3 loss in KC mice, consistent
with tumor cell CXCL1/2 activating CXCR2 on MDSCs and
neutrophils promoting metastatic PDA.26,35

The ablation of gustatory signaling alters the ability of
normal tuft cells to sense and respond to luminal signals.24

Loss of sensory signals diminishes secondary responses
including lack of action potentials in secondary nerves from
type II taste cells on the tongue30 as well as lack of acetyl-
choline signaling to promote immune responses in the nasal
epithelium.21,29,67 In the intestine, loss of gustatory
signaling prevents small intestinal tuft cell hyperplasia and
blocks release of interleukin 25 after parasitic infection,
inhibiting parasite expulsion.22,23 Surprisingly, our data
show that Gnat3 loss increases the release of specific cyto-
kines by epithelial cells within the neoplastic pancreas. It is
possible that the loss of MTC sensation may lead to un-
controlled release of intracellular cargo, directly explaining
the increased cytokine levels, a condition that would be
further exacerbated by the larger number of tuft cells that
form after Gnat3 ablation. However, it seems more likely
that this is a secondary effect caused by the loss of MTC
function acting on surrounding cells, a possibility supported
by our observation that CXCL1 and CXCL2 levels are higher
in non-MTC epithelia and stromal cells in the GNAT3 null
background (Figure 6B). Indeed, while the current manu-
script was in revision, Delgiorno et al68 have reported that
tuft cell ablation accelerates pancreatic tumor progression,
supporting our interpretation that knocking out Gnat3 leads
to loss of MTC function.

In summary, our data support that MTCs use gustatory
signaling to suppress PDA progression in part by sup-
pressing the CXCL1/2-CXCR2 immunomodulatory signaling
axis, although other cytokines may also play a role in this
response. This suggests the intriguing possibility that
stimulation of the bitter/umami taste sensory pathway may
further suppress PDA progression. If this stimulation were
to further limit the immune-suppressive microenvironment,
it may be an effective method to enhance the responsiveness
to immune therapies in the treatment of pancreatic cancer.
Methods
Mice

All animal procedures and experiments were conducted
with approval of the Institutional Committee on Use and
Care of Animals at the University of Michigan. The following
mice strains were used: Ptf1aCre/þ and Ptf1aCreERT/þ69;
KrasG12D/þ (gift of David Tuveson, Cold Spring Harbor
Laboratory, NY), Gnat3-/- (gift of Robert Margolskee, Monell
Chemical Senses Center, PA),29 and ROSA26LSL-EYFP. Mice
were crossed on a mixed background to generate
Gnat3-/-;KrasG12D/þ;Ptf1aCre/þ and Gnat3-/-;KrasG12D/þ;
Ptf1aCreERT/þ mice. All analyses were performed by using
strain-controlled animals. Analysis of adult pancreata
was performed by using 8- to 52-week-old WT or Gnat3-/-

mice. Aged KrasG12D/þ;Ptf1aCre/þ and Gnat3-/-;KrasG12D/þ;
Ptf1aCre/þ mice were monitored and euthanized at mori-
bund per animal care guidelines.

Acinar specific KrasG12D/þ recombination was induced in
8- to 12-week-old KrasG12D/þ;Ptf1aCreERT/þ mice by oral
gavage with 5 mg tamoxifen (T5648; Millipore-Sigma, St
Louis, MO) dissolved in corn oil for 5 days. After a 2-day rest
after tamoxifen treatment, experimental pancreatitis was
induced once a day by intraperitoneal injection with 250
mg/kg cerulein (46-1-50; American Peptide Company, Inc,
Sunnyvale, CA) for 5 days. Pancreata were harvested either
1 or 6 weeks after cerulein treatment. Experimental
pancreatitis was also induced by 8 hourly intraperitoneal
injections of 75 mg/kg cerulein (46-1-50; American Peptide
Company) in a 5-week-old KrasG12D/þ;Ptf1aCre/þ animal that
was collected and sequenced at 16-weeks-old (Figure 7A–C).
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Immunohistochemistry and Quantification
Pancreata were collected, weighed, and fixed in Z-fix

(NC9050753; Anatech Ltd, Battle Creek, MI) overnight.
Processing of tissues was performed by using a Leica
ASP300S tissue processor (Buffalo Grove, IL). Sections (4
mm) of paraffin-embedded tissue were stained for target
proteins by using the Discovery Ultra XT autostainer (Ven-
tana Medical Systems Inc, Tucson, AZ). Antibodies were
stained as depicted in Table 1, followed by Mayer’s hema-
toxylin (NC9220898; Millipore-Sigma) counterstain. H&E
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staining was done by using Mayer’s hematoxylin-eosin Y
(HT110116; Fisher, Pittsburgh, PA). Histopathologic quan-
tification of H&E staining was performed by pathologists
(YZ, WY) on de-identified images using an Olympus BX53F
microscope (Olympus, Shinjuku City, Tokyo, Japan), as pre-
viously described.70 Macrometastasis presence in the liver
and lung was determined by visual inspection and
confirmed by H&E. Picrosirius red staining was performed
on sectioned paraffin-embedded tissue per manufacturer’s
instructions (Polysciences Inc, Warrington, PA). IHC slides
were imaged and stitched together by a Pannoramic SCAN
scanner (Perkin Elmer, Seattle, WA) using a �20 objective
lens.

Scanned images were quantified by using Halo software
(Indica Labs, Corrales, NM) algorithms to analyze the
stitched pancreas slide images using the entire pancreas
area as the total area of comparison for staining, following
the exclusion of blood vessels, lymph nodes, and adipose/
connective tissue. Utilization of Halo algorithms allows the
training of the software to identify tissue architecture via
histology to separate stroma, neoplastic, and acinar com-
partments for analysis and compare staining area per
compartment. Quantification of DCLK1 staining used the
area of all neoplastic lesions per scanned pancreas image
and determined the percentage of the positive brown stain
(Figures 2B and 3B). Similarly, analysis of Ki67 and CC3
identified the total cell number by blue hematoxylin stain in
the neoplastic and acinar compartments to determine the
percentage of positive brown staining cells in those com-
partments (Figure 3B). Quantification of CK19, amylase, or
picrosirius red staining was found as a percentage of brown
or red positive area, respectively, of total pancreas area
(Figure 3A and B). In Figure 6B and D, CXCL1 and Cxcl2
positive stains were quantified by the percentage of brown
or red staining, respectively, in the neoplastic or stromal
compartments. Analysis of CXCL1 and Cxcl2 percent positive
staining area in Figure 8F and G was performed from total
pancreas area without separation by compartment, because
tissue architecture following carcinoma makes clear sepa-
ration of cell compartments not possible for quantification
algorithms.
Tissue Immunofluorescence
Immunofluorescence staining was performed on frozen

tissue sections, as described previously.71 In sum, pancreata
Figure 7. (See previous page). Single-cell sequencing of pan
of KC single-cell RNA transcriptomes. (A) Unbiased clustering of
by UMAP. MTC cluster is circled. EC, endothelial cells. (B) UMA
transcriptome expression from KC cells with MTC cluster circle
expression patterns for MTC markers Dclk1, Vav1, and Pou2f3 a
KC cells. MTC cluster is outlined with other cell populations in
cluster is noted by dot size. Average gene expression is represe
(red) and MTC marker COX1 (white) in tamoxifen and ce
ROSA26LSL-EYFP pancreata collected 6 weeks after cerulein t
CXCL1 expression (red) is found primarily in non-epithelial cel
COX1þ, yellow arrows). In Gnat3-/-;KCERT;ROSA26LSL-EYFP, no
levels of CXCL1, whereas relatively low expression is found in
terstains nuclei. Scale bar: 20 mm.
were collected and fixed in Z-fix for 2–3 hours, followed by
30% sucrose in phosphate-buffered saline (PBS) overnight.
Pancreata were equilibrated in a 1:1 mixture of 30% su-
crose/PBS and optimal cutting temperature embedding
medium for 30 minutes, embedded in optimal cutting tem-
perature embedding medium, frozen by liquid nitrogen, and
stored at –80�C. Frozen tissue sections (10 mm) were ac-
quired by using a Leica CM1860 (Leica Biosystems, Buffalo
Grove, IL) cryostat set at –20�C, permeabilized in 0.1%
Triton X-100 (T9284; Millipore-Sigma) in PBS for 1 hour,
and blocked by using 5% donkey serum/1% bovine serum
albumin (BSA) in PBS for 1 hour. Incubation with primary
antibody (listed in Table 1) was performed overnight at
room temperature in 0.1% Triton X-100/1% BSA in PBS,
followed by 3 washes of 0.1% Triton X-100/PBS for a total
of 45 minutes. Sections were incubated with Alexa Fluor-
conjugated secondary antibodies at 1:500 and phalloidin
at 1:250 (both Invitrogen, Carlsbad, CA) for 1 hour at room
temperature, followed by 3 washes as before. Finally, slides
were rinsed in deionized water and mounted with Prolong
Diamond antifade mountant (P36961; Fisher). Images were
acquired on a LSM800 confocal microscope (Zeiss, Ober-
kochen, Germany) using a �63 objective.
Organoid Culture
Acinar cell isolation from fresh pancreas was performed

as previously described.72 Briefly, pancreata from 8- to 10-
week-old mice were sterilely harvested, washed twice in
Hank’s buffered salt solution (HBSS), minced, and digested
in 0.2 mg/mL Collagenase P (11249002001; Millipore-
Sigma) for 15 minutes at 37�C. Tissue was washed 3
times in 5% fetal bovine serum (FBS) in HBSS, centrifuged
at 300g for 2 minutes, resuspended in HBSS, and filtered
through 500 mm and 105 mm polypropylene mesh (888-
13570 and 888-13597; Spectrum Laboratories, New
Brunswick, NJ). Cell suspension was slowly added to a
gradient consisting of 30% FBS in HBSS and centrifuged at
300g for 2 minutes. Cells were resuspended in PTOM, made
as previously described with 100 U/mL Pen Strep
(15140122; Invitrogen), 1% B27 supplement (17504044;
Invitrogen), 50 mg/mL ascorbic acid (A4403; Millipore-
Sigma), 0.4% bovine pituitary extract (13028-014; Thermo
Fisher, Waltham, MA), 10 mg/mL insulin (I2643; Millipore-
Sigma), 0.5 mg/mL hydrocortisone (H0888; Millipore-
Sigma), 5 ng/mL FGF-2 (F0291; Millipore-Sigma), 10 ng/
creata identifying a tuft cell specific gene cluster. Analysis
single cells driven by transcriptome differences and visualized
P of tuft cell markers Dclk1, Vav1, and Pou2f3 single-cell RNA
d. Color scale denotes expression level. (C) Dot plot of gene
s well as Cxcl1 and Cxcl2 expression per cell populations from
dicated beneath. Percent of cells expressing each gene per
nted by color of dot. (D) Co-immunofluorescence for CXCL1
rulein treated KCERT;ROSA26LSL-EYFP and Gnat3-/-;KCERT;
reatment. In KCERT;ROSA26LSL-EYFP pancreata a high level
ls (YFP-, white arrows) and low expression in MTCs (YFPþ,
n-MTC epithelia (YFPþ, COX1-, purple arrows) express high
MTCs (yellow arrows) and in stromal cells. DAPI (blue) coun-



w
e
b
4
C
/F
P
O

362 Hoffman et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 2



Table 1.Antibodies Used for Immunochemistry

Antibody Company Catalog number Lot number Dilution Purpose

DCLK1 Abcam ab37994 GR3202231-1 1:2000 IHC, IF

VAV1 Cell Signaling 2502S 2 1:100 IF

GNAT3 Abcam ab113664 GR252824-10 1:250 IF

COX1 Santa Cruz sc-1754 L1312 1:200 IF

COX2 Santa Cruz sc-1747 C1211 1:200 IF

Amylase Sigma-Aldrich A8273 075K4833 1:1000 IHC

Cytokeratin 19 Abcam ab133496 GR119187-5 1:500 IHC

Ki67 Abcam ab15580 827779 1:1000 IHC

Cleaved caspase 3 Cell Signaling 9664L 22 1:100 IHC

CXCL1 Abcam ab86436 GR3203782-23 1:100 IHC, IF

IF, immunofluorescence.
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mL FGF-10 (345-FG; R&D Systems, Minneapolis, MN), 25
nmol/L retinoic acid (R2625, Millipore-Sigma), and 5 mmol/
L Y-27632 (50-175-996; Fisher) in Dulbecco modified Eagle
medium:Glutamax (10564-011; Thermo Fisher).31 Acinar
cells were floated in a petri dish for 2 hours in PTOM, and
then 10,000–12,500 cells were plated in a PTOM 5%
Matrigel mixture on a bed of 100% Matrigel in a 24-well
plate. Medium was changed to fresh PTOM every 4 days.

Organoid Culture Immunofluorescence and
Counting

Organoids were fixed and stained by using a modified
protocol previously described.73 In sum, after a PBS wash,
the organoids were fixed in Z-fix for 15 minutes, washed
twice in PBS, and permeabilized in 0.5% Triton X-100/PBS
for 1 hour. After a second wash, organoids were blocked in
10% FBS/1% BSA in PBS for 1 hour and then incubated
with the primary antibody (VAV1, as in Table 1) in 1% FBS/
1% BSA in PBS overnight at 4�C. Organoids were washed 3
times in 1% FBS/1% BSA/PBS for a total of 45 minutes and
then incubated with an Alexa Fluor-conjugated secondary
antibody at 1:500 and phalloidin at 1:250 (both Invitrogen)
in 1% FBS/1% BSA/PBS for 2 hours. Organoids were
washed for 30 minutes in 3 changes of PBS, carefully
removed intact from their 24-well plates, and mounted on a
slide with Prolong Diamond antifade mountant (P36961;
Fisher). Finally, the slides were compressed overnight at
room temperature. The number of organoids and number of
tuft cells per organoid per well were counted per slide by
using an Olympus IX83 Inverted Microscope (Olympus).
Each biological sample had between 3 and 6 wells counted,
with a minimum of 77 and up to 165 organoids counted per
Figure 8. (See previous page). Ablation of Gnat3 increases
Gnat3-/-;KC mice aged to moribund or 52 weeks. (A) Kaplan-Mei
at 52 weeks (n ¼ 12; 17). (B and C) H&E analysis of tissues to d
grading of carcinoma samples (poor, moderate, or well) (n ¼ 4;
area. Scale bar: full pancreas ¼ 2000 mm, inset ¼ 100 mm. (E) IH
line) and quantification of mice with macrometastasis (n ¼ 12; 16
pancreas quantified by positive stain from total pancreas area (n
transcript quantified by positive puncta area (red) of total pancre
50 mm. Significance was calculated using the log-rank (Mantel-C
sample. Organoid cultures were collected at 35, 26, and 20
days after acinar plating.
Cytokine Array
Conditioned media were collected from KC and

Gnat3-/-;KC organoid cultures, pooled from 6 wells,
centrifuged at 5000 RPM for 15 minutes to remove debris,
and stored at –80�C for later analysis using the Mouse XL
Cytokine Array Kit (ARY028; R&D Systems) per manu-
facturer’s instructions. The biological triplicate data in
Figure 1E were carried out by using conditioned media
collected at day 32 (for 2 repeats) and day 20 (for 1
repeat). Briefly, membranes were washed with Array
Buffer 6 for 1 hour, and then 560 ml or 630 ml conditioned
medium was added, plus array buffer mix, to membranes
and incubated overnight at 4�C. Membranes were washed
3 times for a total of 30 minutes in 1� Wash Buffer before
adding Detection Antibody Cocktail in the array buffer mix
for 1-hour incubation. Washing was repeated, and then
streptavidin–horseradish peroxidase was incubated for 30
minutes after washing and incubation with the ChemiRe-
agent Mix. The chemiluminescent signal on the mem-
branes was detected and analyzed by the Bio-Rad
ChemiDoc Imaging System and Bio-Rad image Lab soft-
ware version 6.0.1, respectively (Bio-Rad Laboratories,
Hercules, CA). The volume tool was used to make a 1.4-
mm2 circle around each antibody detected spot to ac-
quire the pixel density means of each dot, subtracted from
a blank image area. The pixel density means were im-
ported into Microsoft Excel 2016 (Redmond, WA) and
subtracted from the blank signal, and each duplicate
spotted pair was averaged to get a final value. The
PDA genesis, grade and metastasis. Analysis of KC and
er survival curve, with endpoint of study indicated by black line
etermine number of mice with carcinoma (n ¼ 12; 16) (B) and
11) (C). (D) H&E and IHC for CK19. Inset boxes are magnified
C for CK19 on KC or Gnat3-/-;KC lung and liver (black dashed
). Scale bar: 2000 mm. (F) IHC for CXCL1 on KC or Gnat3-/-;KC
¼ 6; 7). Scale bar: 100 mm. (G) In situ hybridization for Cxcl2

as area from KC or Gnat3-/-;KC pancreata (n ¼ 7, 7). Scale bar:
ox) test and unpaired t tests; P < .05 statistically significant.



Table 2.Antibodies Used for Mass Cytometry

Antibody Label Catalog number Dilution Clone

CD140a 148Nd 3148018B 1:100 APA5

CD31 (PECAM-1) 165Ho 3165013B 1:100 390

CD45 089Y 3089005B 1:200 30-F11

CD19 149Sm 3149002B 1:200 6D5

CD161 (NK1.1) 170Er 3170002B 1:100 PK136

CD3e 152Sm 3152004B 1:100 145-2C11

CD4 145Nd 3145002B 1:200 RM4-5

CD8a 168Er 3168003B 1:200 53-6.7

FoxP3 158Gd 3158003A 1:100 FJK-16s

TCRgd 159Tb 3159012B 1:100 GL3

CD11b (Mac-1) 143Nd 3143015B 1:300 M1/70

CD11c 209Bi 3209005B 1:100 N418

F4/80 146Nd 3146008B 1:100 BM8

CD206 (MMR) 169Tm 3169021B 1:200 C068C2

Ly-6G 141Pr 3141008B 1:400 1A8

Ly-6C 150Nd 3150010B 1:400 HK1.4
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corresponding signals were then obtained by normalizing
the pixel density of Gnat3-/-;KC with KC.

Mass Cytometry Immune Phenotyping
Mouse pancreata were collected, minced, washed in PBS,

and then digested by using 1 mg/mL of collagenase type V
(C9263; Millipore-Sigma) in RPMI medium at 37�C with
gentle shaking for 15 minutes. Samples were washed with
10% FBS/RPMI 3 times and then filtered through 500 mm,
105 mm (888-13570 and 888-13597; Spectrum Labora-
tories), and 40 mm filters (22-363-547; Fisher) to obtain
single cells. Isolated single cells were prepared for mass
cytometry according to manufacturer’s instructions, as
previously described.74 Briefly, single cell suspensions were
washed twice with MaxPar PBS (201058; Fluidigm, San
Francisco, CA) before Cell-IDTM Cisplatin Live/Dead stain-
ing (201194; Fluidigm). Cell-IDTM Cisplatin reagent (1.67
mmol/L) was incubated for 5 minutes and quenched by
adding 4 mL of MaxPar Cell Staining Buffer (201068; Flu-
idigm), followed by centrifugation at 300g for 5 minutes.
Supernatant removal was followed by 2 mL wash of MaxPar
Cell Staining Buffer. Up to 3 million cells per sample were
stained with cell surface antibody cocktail (all antibodies
from Fluidigm in Table 2) in 100 mL volume of MaxPar Cell
Staining Buffer for 30 minutes, followed by 2 washes in
MaxPar Cell Staining Buffer. Cell fixation was achieved by
addition of freshly prepared 1.6% methanol-free formalde-
hyde (28906; Thermo Fisher) in MaxPar PBS for 10 minutes.
After fixation, samples were washed once with MaxPar Cell
Staining Buffer, incubated with MaxPar Nuclear Antigen
Staining Buffer (201063; Fluidigm) for 15 minutes, washed
twice with MaxPar Nuclear Antigen Staining Perm (201063;
Fluidigm), and then an intracellular antibody (FoxP3, in
Table 2) was added for 30-minute incubation. After a wash
in MaxPar Nuclear Antigen Staining Perm and a wash in 2
mL MaxPar Cell Staining Buffer, cells were resuspended in 2
mL of 125 nmol/L Cell-ID Intercalator-Ir (201192B; Fluid-
igm) solution in MaxPar Fix and Perm Buffer (201067;
Fluidigm). Fixed and stained cells were run for data acqui-
sition by the CyTOF2 Mass Cytometer at the Flow Cytometry
Cores at the University of Rochester Medical Center or the
Indiana University Simon Cancer Center.
Mass Cytometry Data Preprocessing and
Analysis

Data were obtained from 7 independent sample collec-
tions, with each experiment performed using pancreata
from Gnat3-/-;KCERT accompanied by KCERT for comparison.
Analysis of normalized FCS files was performed using the
Premium CytoBank Software (cytobank.org). Data were
assessed for staining quality, normalized by internal bead
standards, and then live singlet cell events were identified
by the combination of Ir191 DNA Intercalator, Event Length,
and Pt195 Cisplatin staining. Filtered live single cells were
exported as new FCS files for further analysis using FCS
express 7 cytometry software (De Novo Software, Pasadena,
CA). To avoid batch effects within the data analysis, each
batch of KCERT and Gnat3-/-;KCERT pancreata were analyzed
separately, and then comparisons were done using cell
frequencies.
Single-Cell RNA Sequencing and Analysis
Single-cell RNA sequencing was performed in duplicate

for both KCERT and Gnat3-/-;KCERT pancreata and once for
the KrasG12D/þ;Ptf1aCre/þ pancreas shown in Figure 7A–C. To
obtain a single cell suspension, pancreas tissue was me-
chanically and chemically digested as detailed above for the
mass cytometry analysis. Dead cells were excluded using
MACS Dead Cell Removal Kit (130-090-101; Miltenyi Biotec
Inc, Bergisch Gladbach, Germany). The 10X Genomics Plat-
form at the University of Michigan Advanced Genomics Core

http://cytobank.org
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was used for single-cell cDNA library preparation and
sequencing. Samples were sequenced using paired-end 50
cycle reads on HiSeq 4000 (first 2 samples) or the NovaSeq
6000 (second 2 samples) (Illumina, San Diego, CA) to a
depth of 100,000 reads. Raw data were then processed,
aligned, and filtered using the default setting of Cellranger
version 3.0 at the University of Michigan Advanced Geno-
mics Core. R package, Seurat version 3.0 (http://www.
satijalab.org/seurat) was used for analysis.75 Downstream
analysis was performed as previously described.41 Briefly,
data were filtered to include cells with at least 100 genes
and genes identified in more than 3 cells. Data were then
normalized using the NormalizeData function with a scale
factor of 10,000 and the LogNormalize normalization
method. Variable genes in the data set were identified using
FindVariableFeatures function; the data were then scaled
and centered using linear regression on the counts. Prin-
cipal component analysis was run using RunPCA function on
the variable genes identified. Batch correction was per-
formed using the R package Harmony (https://github.com/
immunogenomics/harmony).76 FindNeighbors and
FindClusters at a resolution of 1.2–2.0 were used to identify
cell clusters. Cell clusters were visualized using UMAP al-
gorithms. To define cell clusters, FindAllMarkers table was
generated, and user-defined criteria were used for final cell
population definitions. Differentially expressed gene heat-
maps were manually annotated to remove B-cell and acinar
contamination.

CXCL2 ELISA
Tissues were collected fresh from the head, body, and

tail of the pancreas, immediately frozen in liquid nitrogen,
and stored at –80�C. To acquire lysate, tissue was added to a
metal bead and was homogenized in RIPA lysis buffer
supplemented with protease inhibitor cocktail (PIA32965;
Thermo Fisher Scientific) and PhosSTOP phosphatase in-
hibitor cocktail (4906845001; Millipore-Sigma) by using the
TissueLyser LT (Qiagen, Hilden, Germany) for 3 minutes at
50 oscillations per second. The homogenate was collected,
and samples were centrifuged at 12,700 RPM for 20 mi-
nutes at 4�C to remove debris. Supernatant was transferred
into a new tube, and protein concentration was determined
by BCA assay (23227; Thermo Fisher). Quantikine ELISA for
CXCL2 (MM200; R&D Systems) was performed according to
the manufacturer’s protocol. Briefly, 120 mg of protein per
well was added in duplicate to the Quantikine ELISA, using
Calibrator Diluent to standardize volume to 50 mL. After
washing, addition of CXCL2 detecting horseradish peroxi-
dase conjugated secondary, washing, and then reaction so-
lution, samples were measured at 450 nm with a
wavelength correction of 540 nm. A standard curve was
used to determine the concentration of CXCL2 per protein
lysate, with duplicate samples levels averaged. Head, body,
and tail samples from each pancreas were also averaged for
the resulting CXCL2 levels per each mouse.

In Situ Hybridization
Pancreatic tissues were fixed overnight in Z-fix,

embedded in paraffin, and sectioned as detailed above. In
situ hybridizations were performed with the colorimetric
RNAScope 2.5 HD Reagent Kit - RED (322350; Advanced
Cell Diagnostics Inc, Newark, CA) according to the manu-
facturer’s protocol for mCxcl2 (437581; Advanced Cell Di-
agnostics Inc), negative control probe DapB (310043;
Advanced Cell Diagnostics Inc), and positive control probe
Mm-Ppib (313911; Advanced Cell Diagnostics Inc). Briefly,
paraffin-embedded sections were baked for 1 hour at 55�C
before staining. Slides were then deparaffinized with Histo-
Clear (National Diagnostics, Atlanta, GA) and treated with
hydrogen peroxide for 10 minutes at room temperature.
Target retrieval was performed in a steamer for 15 minutes,
and then the slides were treated with the ProteasePlus
(Theramedix, San Francisco, CA) solution for 15 minutes at
40�C. After this, the probe hybridized for 2 hours at 40�C,
and the signal was amplified using the AMP materials pro-
vided in the RNAScope 2.5 HD Reagent Kit - RED. The signal
was developed using reagent A and reagent B at 1:60 ratio.
Once completed, the samples were counterstained with
Mayer’s hematoxylin, dried for 15 minutes at 60�C, and
mounted with Cytoseal (Thermo Scientific).
Statistics
All statistics were analyzed by using GraphPad Prism

8.4.0 (San Diego, CA). Statistics for comparing 2 groups was
done by unpaired Student t tests, except for the mass
cytometry data where the Mann-Whitney test for nonpara-
metric samples was corrected for multiple comparisons by
the Benjamini-Hochberg approach.77 For all single-cell RNA
sequencing data, statistical significance was determined by
using the nonparametric Wilcoxon rank sum test with
Bonferroni corrected P values. Kaplan-Meier curve statistics
were calculated by the log-rank (Mantel-Cox) test. P < .05
and P adjusted < .05 were considered statistically signifi-
cant. P values and P adjusted values are listed for all, with
ns ¼ no significance.

All authors had access to the study data and have
reviewed and approved the final manuscript.
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