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Toll-like receptor 7 regulates pancreatic
carcinogenesis in mice and humans

Atsuo Ochi,! Christopher S. Graffeo,2 Constantinos P. Zambirinis,! Adeel Rehman,’
Michael Hackman,? Nina Fallon,' Rocky M. Barilla,’ Justin R. Henning,! Mohsin Jamal,’
Raghavendra Rao,! Stephanie Greco,! Michael Deutsch,’ Marco V. Medina-Zea,'
Usama Bin Saeed,’ Melvin O. Ego-Osuala,! Cristina Hajdu,3® and George Miller'2

Department of Surgery, 2Department of Cell Biology, and 3Department of Pathology,
S. Arthur Localio Laboratory, New York University School of Medicine, New York, New York, USA.

Pancreatic ductal adenocarcinoma is an aggressive cancer that interacts with stromal cells to produce a highly
inflammatory tumor microenvironment that promotes tumor growth and invasiveness. The precise interplay
between tumor and stroma remains poorly understood. TLRs mediate interactions between environmental
stimuli and innate immunity and trigger proinflammatory signaling cascades. Our finding that TLR7 expres-
sion is upregulated in both epithelial and stromal compartments in human and murine pancreatic cancer led
us to postulate that carcinogenesis is dependent on TLR7 signaling. In a mouse model of pancreatic cancer,
TLR?7 ligation vigorously accelerated tumor progression and induced loss of expression of PTEN, p16, and
cyclin D1 and upregulation of p21, p27, p53, c-Myc, SHPTP1, TGF-f, PPARY, and cyclin B1. Furthermore, TLR7
ligation induced STAT3 activation and interfaced with Notch as well as canonical NF-kB and MAP kinase
pathways, but downregulated expression of Notch target genes. Moreover, blockade of TLR7 protected against
carcinogenesis. Since pancreatic tumorigenesis requires stromal expansion, we proposed that TLR7 ligation
modulates pancreatic cancer by driving stromal inflammation. Accordingly, we found that mice lacking TLR7
exclusively within their inflammatory cells were protected from neoplasia. These data suggest that targeting

TLR7 holds promise for treatment of human pancreatic cancer.

Introduction
Pancreatic ductal adenocarcinoma is the fourth most common
cause of cancer death in the United States and is lethal in more
than 95% of cases (1). Unlike most adenocarcinomas, pancreatic
cancer is overwhelmingly composed of fibroinflammatory stromal
elements, interspersed with islands of neoplastic epithelium (2, 3).
Evidence suggests that pancreatic tumor stroma directly affects
disease progression and outcome, releasing factors into the tumor
microenvironment that promote tumor growth and invasiveness,
including insulin-like growth factor and platelet-derived growth
factor (4-6). Chemotherapy resistance also correlates with the
extent of tumor desmoplasia, with the stroma acting as a physical
barrier to cytotoxic agents (7). Notwithstanding, activators of the
tumor stroma and the precise interplay between the stroma and
transformed ductal epithelial cells remain poorly understood (8).
Delineation of the regulatory circuitry promoting expansion of
the pancreatic cancer stroma and initiating crosstalk with epithe-
lial cells can greatly expand avenues for therapeutic intervention.
Pattern recognition receptors — the most well-described being
the TLRs — are expressed on innate immune cells and selected neo-
plastic tissues (9). TLR ligands include conserved bacterial and viral
molecular motifs, denoted pathogen-associated molecular patterns
(PAMPs). TLRs are also bound by diverse byproducts of inflamma-
tion and cellular injury, denoted damage-associated molecular pat-
terns (DAMPs). As such, TLRs powerfully link environmental stim-
uli to innate immunity. TLRs transduce NF-kB and MAP kinase
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signaling cascades, initiating cytokine production and further
recruitment of proinflammatory entities, making them potential
mediators in the inflammation-cancer paradigm (9, 10).

TLR7 is expressed within endosomal compartments in a variety
of leukocytes, and its ligation triggers an inflammatory response
(11, 12). TLR7 activation has been proven an effective treatment
of several tumors, including basal cell carcinoma, breast cancer,
and melanoma (13). Our preliminary investigations in human and
murine systems found that normal pancreata do not express TLR7
or contain TLR7 agonists, yet the receptor is highly expressed in
both transformed epithelial cells and peritumoral inflammatory
cells in pancreatic cancer. Based on these findings, we postulated
that TLR7 regulates pancreatic cancer progression. However, we
found that TLR7 ligation was not antineoplastic, but markedly
protumorigenic, inducing altered expression of numerous genes
that regulate tumor progression via signaling mechanisms that
we believe to be novel. Simultaneously, TLR7 inhibition potently
protected against cancer development. Collectively, these find-
ings implicate TLR7 as potential target for effective treatment of
human pancreatic cancer.

Results
Elevated expression of TLR7 in pancreatic cancer. To determine the rel-
evance of TLR7 to pancreatic cancer, we examined expression of
TLR7 in the normal murine and human pancreas and in murine
and human pancreatic adenocarcinoma. TLR7 expression was
rare in the normal mouse pancreas. Conversely, in pancreata from
6-month-old p48Cre;KrasS!?P mice, both inflammatory cells with-
in the tumor microenvironment and ductal epithelial cells robust-
ly expressed TLR7 (Figure 1A). We also found high expression of
TLR7 in transgenic mouse models of pancreatic cancer harboring
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Figure 1

High expression of TLR7 in inflammatory and epithelial cells in pancreatic carcinoma. (A) Repre-
sentative paraffin-embedded sections of pancreata from 6-month-old WT or p48Cre;Kras®'2P mice.
The number of TLR7+ cells per HPF was quantified (n = 6 per group). (B) Human normal (n = 5) and
pancreatic cancer (n = 19) paraffin-embedded specimens were stained with mAbs directed against
TLR7, and the number of TLR7+ cells per HPF was quantified. (C) Pancreatic leukocyte (CD45+) and
(D) parenchymal (CD45-) cellular subsets from 6-month-old WT and p48Cre;Kras®12P mice were
analyzed by flow cytometry for expression of TLR7. The percentage of cells expressing TLR7 for each
cellular subset is indicated. Data are representative of experiments repeated more than 3 times. Origi-
nal magnification, x40. Scale bar: 75 um. ***P < 0.001.
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ment (Figure 1B). Our human tissue
microarray revealed uniformly high
expression of TLR7 in established
pancreatic cancers, but lower levels of
expression in patients with preinva-
sive PanIN lesions. Furthermore, the
absence of staining in normal pancre-
atic tissues suggests increased TLR7
expression with progressive tumori-
genesis (Supplemental Figure 1B).
Overall, nearly 50% of cells in invasive
human pancreatic cancer expressed
TLR7. In contrast to TLR7 expres-
sion, TLR2 was not highly expressed
in murine and human pancreatic can-
cer (Supplemental Figure 1, C and D).

To investigate which specific
parenchymal and stromal cellular
subsets gained TLR7 expression in
pancreatic cancer, single-cell sus-
pensions were isolated from normal
and tumorous mouse pancreata
and analyzed for TLR7 expression
in CD45* and CD4S- populations.
Whereas leukocytes harvested from
normal pancreata expressed minimal
TLR7, roughly 50% of B cells, 65%
of T cells, 40% of neutrophils, and
nearly all macrophages and dendritic
cells harvested from tumorous pan-
creata expressed TLR7 (Figure 1C).
To determine whether pancreatic
epithelial cells or endothelial cells
also gain TLR7 expression in pancre-
atic cancer, we gated separately on
CD34 CD45- CD133"* epithelial cells
(14) and CD45-CD146* endothelial
cells (ref. 15 and Supplemental
Figure 2). Consistent with our
immunohistochemical observations,
roughly 50% of Kras-transformed
epithelial cells gained TLR7 expres-
sion, while only a small fraction of
endothelial cells expressed TLR7 in
pancreatic cancer (Figure 1D).

TLR7 ligation accelerates pancre-
atic cancer progression. As TLR7 is
highly expressed in pancreatic
cancer, we postulated that its liga-
tion can modulate tumorigenesis.
To test this, we treated 6-week-old
p48Cre;Kras®!12P mice with the TLR7
ligand ssRNA40 or saline. Ligation
of TLR7 induced vigorous tumor

additional Trp53 mutations or Ink4a/Arf deficiency (Supplemental ~ growth (Supplemental Figure 3, A and B). Furthermore, whereas
Figure 1A; supplemental material available online with this article; ~ saline-treated p48Cre;KrasS!2P mice had residually normal pan-
doi:10.1172/JCI63606DS1). Similarly, normal human pancreata  creatic architecture, mice exposed to exogenous ssRNA40 exhib-
did not express TLR7, whereas human pancreatic cancer specimens  ited complete effacement of their pancreatic acini, with diffuse
exhibited high expression of TLR7 in both neoplastic ductal epithe- ~ PanIN lesions embedded in a dense bed of fibroinflammatory
lial cells and inflammatory cells within the tumor microenviron-  stroma (Figure 2, A-D). Kras-transformed ductal epithelial cells
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To determine the effects of TLR7 ligation
on molecular pancreatic oncogenesis, we
investigated expression of selected cell cycle
regulatory and tumor suppressor genes
after TLR7 activation. Epithelial cells in
ssRNA40-treated p48Cre;Kras®!2P mice
exhibited a gain of nuclear p53 expression
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u &° ure 4). Furthermore, we found a robust gain
T < in expression of p21, p27, p-p27, retinoblas-
toma protein (Rb), and the SHPTP1 protein

tyrosine phosphatase in ssRNA40-stimulat-

c ed p48Cre;KrasS!2P pancreata (Figure 3B).
; 100+ . Flow cytometry analysis confirmed ele-
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{:‘: e, T | iC 404 p48Cre;KrasS!2P mice (Figure 3C). Addi-
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- _{‘i} ,ﬁ 0- PTEN expression in neoplastic pancreata

SRR Control  ssRNA40 (Figure 3D). Consistent with loss of PTEN

(16), we found markedly increased expres-

A SR N & 150- sion of pAkt and TGF-f in ssSRNA40-treat-
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5 E 1001 Loss of PTEN and activation of the PI3K/

in  50- AKT pathway can induce STAT3 signal-

a ing (17), a proinflammatory and tumori-

° 0 Control ssRNA40 genic pathway recently found to be cen-

tral to pancreatic carcinogenesis (18-20).

Accordingly, we found that TLR7 ligation

= g 80 e resulted in markedly increased intrapan-
:"J 3% 60 creatic expression of STAT3 and p-STAT3
5%, 33 40 along with their associated proproliferative
21 G2 and antiapoptotic genes c-Myc and Bcl-xL
€8 20 (Figure 3D). TLR7 activation also led to
& 0 downregulation of cyclin D1, implicated

Control ssRNA40 in G1 phase control, and upregulation of

Figure 2

TLR?7 ligation accelerates pancreatic tumorigenesis. 6-week-old p48Cre;Kras&120 mice were
administered saline or the TLR7 ligand ssRNA40 for 3 weeks. (A) Paraffin-embedded sec-

tions were examined by H&E. Original magnification, x4 (top); x20
700 um (top); 150 um (bottom). (B) The fractions of various grades

invasive cancer were quantified. (C) Gimori’s trichrome was performed to assess stromal
fibrosis. Original magnification, x20. Scale bar: 150 um. (D) CD45 staining was performed
to determine leukocytic infiltration. Original magnification, x40. Scale bar: 75 um. (E) Ki67
expression, a marker of proliferative index, was tested, and the percentage of Ki67+ ductal
cells was determined by examining 10 HPFs per pancreas. Original magnification, x80. Scale

bar: 38 um. n = 8 per group. ***P < 0.001.

in ssSRNA40-treated mice exhibited markedly high Ki67 prolif-
erative rates (Figure 2E) and developed foci of invasive carci-
noma (Supplemental Figure 3C). Furthermore, consistent with
their more advanced carcinogenesis, treatment of 6-week-old
p48Cre;Kras®12D mice with ssRNA40 increased pancreatic epi-
thelial and inflammatory cell expression of TLR7 (Supplemental
Figure 3D). Conversely, in accordance with the low expression of
TLR2 in pancreatic cancer, treatment of p48Cre;Kras®!2P mice
with the TLR2 ligand HKLM did not accelerate tumorigenesis
(Supplemental Figure 3E).
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cyclin B1, involved in the transition from
G2 to M phase (Figure 3D). Taken together,
these data suggest that TLR7 activation
results in an aggressive tumor phenotype
with altered expression of numerous onco-
genic targets within the pancreas.

TLR?7 inhibition is protective against pancreatic
cancer. To determine whether TLR7 is essen-
tial to accelerated pancreatic carcinogenesis,
we treated mice, in parallel, with caerulein
alone to accelerate cancer progression (21)
or with caerulein plus an oligonucleotide
inhibitor of TLR7 (22). As expected, animals
treated with caerulein alone developed accelerated epithelial trans-
formation and peritumoral fibroinflammation; conversely, TLR7
blockade prevented malignant progression or stromal expansion
(Figure 4, A-D). These data imply that TLR7 ligation is required for
progression of pancreatic neoplasia, and that TLR7 blockade holds
significant therapeutic promise. Moreover, treatment of 12-month-
old p48Cre;KrasS!2P mice harboring invasive pancreatic tumors
with an oligonucleotide inhibitor of TLR7 for 2 days resulted in
markedly downregulated expression p21, p27, p-p27, cyclin B1,
CDK4, and p-STAT3 (Supplemental Figure 5), which indicates that

(bottom). Scale bars:
of PanINs and foci of
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15% of infiltrating CD45* leukocytes were TLR7*, with
minimal expression in controls. Furthermore, similar to
pancreatic cancer, CD34-CD45-CD133" ductal epithelial
cells also increased TLR7 expression in benign pancreatic
inflammation, while CD34-CD45-CD 146" endothelial
cells did not (Supplemental Figure 6E).
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pancreatitis (Figure 5, A-D, and Supplemental Figure 7,

o A-C). We also found high periacinar a-SMA expression

after TLR7 ligation (Figure SA), implying activation of pan-
creatic stellate cells, a central cellular element regulating
stromal fibrosis in pancreatic cancer (23). Moreover, Tlr7 7/~
mice were protected in multiple models of pancreatitis
(Figure 5, A-D, and Supplemental Figure 7D), which sug-

8 3% gests that TLR7 is essential for pancreatic stromal inflam-

(?cg g . Bel-xL¥® -‘ mation. However, unlike TLR7-stimulated pancreatic car-

%‘ z Cyclin D1 - cinogenesis, there was no evidence of altered expression ,Of
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100100 107 100 10410° 10' 107 10° 10° tal Figure 7E), which suggests that the molecular changes

p27 SHPTP1 associated with TLR7-induced carcinogenesis require syn-

Figure 3 ergistic epithelial cell expression of oncogenic Kras.

TLR7 activation induces altered expression of tumor suppressor and oncogenic
proteins. 6-week-old WT and p48Cre;Kras®120 mice were administered saline or
ssRNA40 for 3 weeks. (A) Frozen sections of pancreata were stained with DAPI
and an mAb directed against p53 and examined for colocalization (arrowheads)
by confocal microscopy. Original magnification, x63. (B) Western blots were per-
formed on lysates using mAbs directed against p53, p16, p21, p27, p-p27, Rb,
and SHPTP1. (C) CD45-CD34-CD133* pancreatic epithelial cells were gated
and analyzed for expression of p27 and SHPTP1 by flow cytometry. The percent-
age of positively staining cells for each respective marker is indicated. (D) West-
ern blots were performed on lysates using antibodies directed against PTEN,
pAKT, TGF-f, STAT3, p-STATS3, c-Myc, Bcl-xL, cyclin D1, cyclin B1, and GAPDH.

Each Western blot was repeated at least 3 times with similar results.

TLR7 blockade can affect cell cycle regulation in formed pancreatic
cancers. Expression of Rb or p53 were not affected by TLR7 inhibi-
tion in mice with established tumors (Supplemental Figure S).
Ligation of TLR7 exacerbates pancreatic inflammation and fibrosis.
As expansion of the tumor stroma is critical to pancreatic can-
cer progression (6), and TLR7 ligation induced vigorous stromal
expansion (Figure 2, C and D), we postulated that TLR7 activa-
tion exacerbates carcinogenesis by inducing fibroinflammatory
stromal growth. Consistent with this hypothesis, we found that
in human chronic pancreatitis specimens and in murine models
of chronic pancreatitis, a large fraction of infiltrating leukocytes
expressed TLR7 (Supplemental Figure 6, A and B). To examine
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To investigate whether intrapancreatic effects of TLR7
activation are specific to ssSRNA40 or generalizable to
other activating TLR7 ligands, we tested additional well-
characterized TLR7 ligands, including E. coli ssRNA and
adenine analog, which yielded similar effects on pancre-
atic inflammation (Supplemental Figure 8A) and carci-
nogenesis (data not shown). To further test the specificity
of effects to TLR7 activation, we administered ssSRNA40
to Tlr77/~ mice. As anticipated, we found no exacerbation
of pancreatic inflammation (Supplemental Figure 8B),
confirming the specificity of the fibroinflammatory
effects. Furthermore, TLR7 agonists had no effects on the
pancreas in absence of a baseline level of inflammation
(Supplemental Figure 8C). That is, administration of ssRNA40
to mice not experiencing pancreatitis did not induce intrapancre-
atic stromal expansion (Supplemental Figure 8C), which suggests
that the effects of TLR7 on pancreatic fibroinflammation require
synergy with preexisting inflammatory elements. To determine
whether fibroinflammatory effects of TLR7 ligation were specific
to the pancreas, we examined liver, kidney, lung, and intestine
from WT mice treated with caerulein and ssRNA40 and found no
evidence of disease (Supplemental Figure 9A), which suggests that
TLR?7 ligation elicits stromal-expansive effects exclusively within
the pancreas. Notably, there was minimal TLR7 expression in
extrapancreatic organs (Supplemental Figure 9B).
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Figure 4

Inhibition of TLR7 protects against pancreatic tumor progression. 6-week-old p48Cre;Kras@'P mice
were treated with saline, caerulein (C), or caerulein plus an oligonucleotide inhibitor of TLR7. (A)
Pancreata were assessed by H&E, trichrome, and CD45 staining. Original magnification, x20 (H&E
and trichrome); x40 (CD45). Scale bars: 150 um (H&E and trichrome); 75 um (CD45). (B) Effacement
of acini and (C) leukocytic infiltrate were quantified by examining 10 HPFs per mouse. (D) Whole

pancreata were weighed. n = 8 per group. ***P < 0.001.

Inflammatory cell TLR7 signaling is required for progression of pan-
creatic carcinoma. We showed that both inflammatory and ductal
cells gained expression of TLR7 in pancreatic disease. To directly
investigate whether leukocyte or parenchymal cell expression of
TLR7 is critical for neoplastic progression, we used Tlr77/~ bone
marrow chimeric mice, irradiating 2-month-old p48Cre;Kras®!2P
mice and chimerizing with bone marrow from Tlr77~ mice or
WT controls (referred to herein as p48Cre;KrasG!2P-T]y77/~ and
p48Cre;KrasS12D-WT chimerics, respectively). 7 weeks later,
selected cohorts were treated with 2 doses of saline or caerulein
to accelerate carcinogenesis; 3 weeks later, mice were sacrificed.
The extent of chimerism was greater than 90% (Supplemental
Figure 10A). p48Cre;KrasS!2P-WT chimerics treated with saline
demonstrated metaplastic ducts with scattered early PanINs and
exhibited low epithelial cell proliferation rates (Figure 6, A and B).
p48Cre;Kras®1?P-WT chimerics treated with caerulein developed
advanced PanIN lesions with high proliferation rates and scat-
tered foci of invasive cancer (Figure 6, A-C). Remarkably, however,
caerulein-treated p48Cre;Kras®!2P-Tlr7~/~ chimerics were protect-
ed from accelerated neoplasia (Figure 6, A-C). Moreover, in the
absence of caerulein treatment, by 1 year of life p48Cre;Kras©!2P-
WT chimerics developed frank carcinoma with direct inva-
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sion of the stomach and spleen
(Figure 6D). However, pancreata in
p48Cre;KrasS12D-Tlr7~/~ chimerics
retained residual low-grade metaplas-
ic cysts and early PanINs (Figure 6D).
These data indicate that inflammato-
ry cell TLR7 signaling is required for
pancreatic cancer progression.

To investigate whether parenchymal
cell expression of TLR7 is also important
in regulation of pancreatic disease —
before treating with caerulein — we
made Tlr77/~ mice chimeric using WT
bone marrow, so that parenchymal
cells were deficient in TLR7, whereas
inflammatory cells had intact TLR7
signaling. For our 2 control groups,

\ WT mice were made chimeric with
WT bone marrow, and WT mice were
made chimeric with Tl#7~/~ bone mar-

0.8 NS row. We found that WT mice made
0.6, —EEE__wkk chimeric with Tlr7/~ bone marrow
0.4 were protected from pancreatic fibro-
inflammatory disease, as anticipated,

0.2 whereas pancreata from Tlr77/~ mice
0.0 N o N made chimeric using WT bone mar-
o&@ 6@@ row were not protected (Supplemen-

o A tal Figure 10B), which suggests that
«\9 blockade of TLR signaling in pancre-

atic parenchymal cells does not affect
pancreatic inflammation.

To further evaluate any direct pro-
liferative or carcinogenic effects of
TLR7 ligation on transformed epi-
thelial cells, we harvested pancreatic
ductal epithelial cells (PDECs) from
p48Cre;KrasS12P mice and cultured
them alone or with ssRNA40. TLR7
ligation had no direct proliferative effects on the transformed epi-
thelial cells (Figure 7A) and did not affect their viability (data not
shown). Furthermore, p48Cre;KrasG!2P PDEC expression of tumor
suppressor or oncogenic genes or genes associated with cell sur-
vival and regulation of apoptosis were not altered by TLR7 liga-
tion (Figure 7B). Similarly, treatment of p48Cre;Kras2P PDECs
with ssRNA40 did not increase their proinflammatory cytokine
or chemokine production (Supplemental Figure 7C). These data
suggest that the carcinogenic changes induced by TLR7 ligation
on Kras-transformed ductal cells are secondary to direct effects on
peritumoral inflammartory cells, rather than being direct effects of
TLR7 ligation on epithelial cells.

TLR7 ligation upregulates intrapancreatic Notch, MAP kinase, and
NF-B signaling pathways. The Notch signaling pathway has recent-
ly been shown to regulate tumor initiation and maintenance in
human and murine pancreatic cancer (24, 25). A recent report
indicated that activation of TLRs can directly interface with Notch
signaling pathways, resulting in modulation of canonical Notch
targets (26); however, the sequential relationship — if any — among
TLR ligation, activation of Notch pathways, and pancreatic cancer
progression remains unknown. Since mTOR positively regulates
Notch signaling via STAT3 (17), and we showed intrapancreatic
Volume 122
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Figure 5

TLR?7 ligation exacerbates pancreatic fibroinflammation, while TLR7 inhibition is protective.
Chronic pancreatitis was induced in 6-week-old WT or TIr7-- mice using caerulein. Selected
cohorts of WT mice were additionally treated with ssRNA40. (A) Pancreata were stained
using H&E, trichrome, or mAbs directed against CD45 and a-SMA. Original magnification,
x10 (H&E); x20 (CD45); x40 (trichrome and a-SMA). Scale bars: 300 um (H&E); 150 um
(CD45); 75 um (trichrome and a-SMA). (B) Surface area occupied by acinar units and (C)
fibrotic surface area were determined using a computerized grid. (D) CD45+ leukocytic
infiltrate was quantified by examining 10 HPFs per pancreas. n = 5 per group. ***P < 0.001.

STAT?3 activation after TLR7 ligation (Figure 3D), we postulated
that TLR7 ligation upregulates Notch signaling mechanisms in the
pancreatic tumor microenvironment, thus exacerbating inflam-
mation. We found that p48Cre;Kras®!?P pancreata treated with
ssRNA40 exhibited increased expression of Notch1 and Notch2
(Supplemental Figure 11, A and B). The Notch ligand Jagged1
was also upregulated in ssSRNA40-treated p48Cre;Kras®12P mice
(Supplemental Figure 11C). Surprisingly, however, Notch target
genes Hes1 and Hey1 were downregulated in p48Cre;Kras®!?P pan-
creata after TLR7 ligation (Supplemental Figure 11C). Consistent
with loss of Hes1 (27), we found markedly elevated expression of
PPARy in pancreata of ssRNA40-treated mice (Supplemental Fig-
ure 11D). Based on these data, we suspected that TLR7 activation
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may direct the Notch signaling pathway toward
proinflammatory mechanisms, consistent with
reports supporting transcriptional activation
of NF-kB intermediates by Notch signaling
(28). Accordingly, pancreata from 2-month-old
p48Cre;KrasS12P mice treated with ssRNA40
expressed high levels of p-IkB and p-Erk1 (Sup-
plemental Figure 11E), indicative of vigorous
NF-kB and MAP kinase signaling. To investi-
gate the dependence of TLR7-mediated car-
cinogenesis on MAP kinase and NF-xB inter-
mediates, we selectively blocked each signaling
pathway in p48Cre;Kras®!?P mice undergoing
TLR?7 ligation. MAP kinase and NF-kB block-
ade both protected against the protumorigenic
effects of TLR7 ligation (Supplemental Figure
11F). Blockade of MAP kinase or NF-kB also
mitigated the fibroinflammatory effects of
ssRNA40 on benign pancreatic disease (Supple-
mental Figure 12).

Both inflammatory and epithelial cells upregulate
NF-B, MAP kinase, Notch, and STAT3 signaling in
TLR7-induced accelerated pancreatic cancer. Whereas
TLR7 ligation has no direct effects on epithelial
cell viability, proliferation, production of proin-
flammatory cytokines, or molecular oncogene-
sis, we found that the critical cell signaling events
observed in p48Cre;KrasG!?P mice occurred in
both inflammatory and epithelial cells. In par-
ticular, by gating separately on CD45" inflam-
matory cells and CD34-CD45- CD133* epi-
thelial cells (Figure 8A), we found that both
compartments upregulated expression of
Notch1,Jagged1,and Delta4 after TLR7 activation
(Figure 8B). Similarly, NF-xB intermediates
were upregulated in both the inflammatory
and the epithelial compartments (Figure 8C).
Furthermore, immunohistochemical analysis
revealed markedly increased STAT3 phosphory-
lation (Figure 8D) and MAP kinase activation
(Figure 8E) in both epithelial and inflamma-
tory cells in pancreata of ssRNA40-treated
p48Cre;Kras®12P mice compared with saline-
treated controls. Taken together, these data
imply that whereas the target of direct TLR7
activation — based on experiments using chime-
ric mice and purified p48Cre;KrasS!?P PDECs —
is peritumoral inflammatory cells, TLR7-mediated inflammation is
sufficient to induce pleiotropic cell signaling changes in the epithe-
lial compartment in the context of oncogenic Kras.

Discussion

The urgent need for scientific understanding of pancreatic carci-
nogenesis is heightened by its clinical futility. Here, we demon-
strated that TLR7 expression was markedly increased in pancreatic
cancer in mice and humans and showed graduated TLR7 expres-
sion in the progression from PanINs to invasive cancer. We showed
that ligation of TLR7 dramatically accelerated pancreatic carcino-
genesis, while inhibition of TLR7 at several strata — receptor inhi-
bition, receptor deletion, and blockade of downstream signaling
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Volume 122 Number 11



research article

A

TIr7- chimeric
caerulein

WT chimeric +
caerulein
Fa e

WT chimeric

N
>

+ siveness of pancreatic cancer (16). Notably,
p16 loss is associated with PanIN lesions at
greatest risk for malignant transformation
(32, 33). The p16 protein transcriptionally
inhibited the Rb tumor suppressor. Accord-
ingly, we found marked Rb overexpression in
ssRNA40-treated p48Cre;Kras®!?P mice. Rb
overexpression has also been demonstrated
in human pancreatic ductal adenocarcinomas
(32). However, our finding was surprising in
light of a recent report showing that dele-
tion of Rb accelerates pancreatic carcinogen-
esis and impairs senescence in premalignant
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Figure 6

TLR?7 signaling in inflammatory cells regulates pancreatic cancer progression. 2-month-old
p48Cre;KrasC'2P mice were irradiated and made chimeric by bone marrow transfer from WT
or TIr7-- mice. (A) 7 weeks later, mice were treated with either saline or caerulein to acceler-
ate carcinogenesis. Mice were then sacrificed 3 weeks later, and pancreata were assessed
by H&E and Ki67 staining. Original magnification, x10 (H&E); x60 (Ki67). Scale bars:
300 um (H&E); 50 um (Ki67). (B) The fraction of metaplastic and dysplastic ducts was mea-
sured for each cohort, and (C) the number of foci of invasive cancer was quantified using
CK19 immunohistochemistry (n = 5 per group). *P < 0.05; ***P < 0.001. (D) Additional cohorts
of chimeric mice (n = 4 per group) were not treated with caerulein, but kept until 12 months
of life for histological analysis. Representative H&E-stained paraffin-embedded sections are

shown. Original magnification, x10. Scale bar: 300 um.

pathways — rescued animals from pancreatic cancer. TLR7 activa-
tion resulted in a distinct oncogenic phenotype in pancreatic car-
cinoma, with loss of both PTEN and p16 and increased expression
of p21, p27, p-p27, p53, Rb, c-Myc, TGF-f, and SHPTP1. Loss of
PTEN has previously been reported to accelerate Kras®?P-induced
pancreatic cancer (29). Consistent with PTEN loss, we found ele-
vated expression of its downstream target, pAkt, which is associ-
ated with increased tumor proliferation and enhanced angiogen-
esis (30). Furthermore, PI3K/Akt signaling has been reported to
sustain elevated c-Myc expression, which prognosticates advanced
tumor grade and poor survival in human pancreatic cancer (31).
Also consistent with PTEN suppression, after TLR7 ligation, we
found elevated TGF-f3, which is associated with enhanced inva-
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crosstalk between stromal and epithelial cells
driving carcinogenesis. Our chimerization
models demonstrated that TLR7 blockade
within the inflammatory tumor microenvi-
ronment alone was sufficient to halt cancer
progression (36, 37). Downstream of TLR7
ligation, we implicated canonical NF-kB and
MAP kinase pathways as well as upregulated
Notch expression, providing important evi-
dence indicative of a novel TLR-Notch intet-
face that promotes inflammation within the
pancreatic tumor microenvironment. Engage-
ment of Notch receptors by Notch ligands —
both of which are upregulated in TLR7 —
caused a self-amplifying loop that promoted
inflammation through the production of
proinflammatory cytokines. Our finding that
specific Notch target genes, which are criti-
cal in organ differentiation, were suppressed
in the tumor microenvironment, despite
upregulation of Notch ligands and receptors, suggests that Notch
signaling may be diverted toward inflammatory end-products in
pancreatic carcinoma driven by TLR7 activation. The upregulation
of Notch targets, such as the HES-related genes, after Notch recep-
tor upregulation is not universal (38). Furthermore, a multitude of
proteins interact with the Notch intracellular domain and activate
pathways in parallel, rather than downstream of the traditional
Notch-associated transcription factors (38). This is consistent with
recent reports suggesting that Notch cooperates with NF-kB sig-
naling (28). Notwithstanding, our findings of simultaneous Notch
target gene suppression and PPARY activation further support the
unique inflammatory and oncogenic phenotype associated with
TLR7 activation in pancreatic carcinoma. The latter stands in
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that TLR7 ligation was powerfully protumorigenic
and TLR7 blockade arrested pancreatic carcinogenesis
contrast sharply with a number of reports in other can-
cer subtypes that have found TLR agonists — includ-
ing TLR7 agonists — to be antineoplastic. Experimen-
tal models of glioma have shown tumor apoptosis in
response to TLR9 and TLR3 ligation. Similarly, TLR3
activation triggers apoptosis in human breast cancer
cells, and mouse D2F2 mammary tumors demon-
strate inhibited growth following TLRS ligation (39,
40). Ligation of both TLR7 and TLR9 in CLL directly

800
ﬁi SHPTP1 0 Wl induces. cancer cell death by enhancing activation of
= c00 NF-«B I cytotoxic NK ceus and CDS* T .cells a.nd by promot-
> 200- p-NF-«B . ing the production of antiangiogenic factors (41).
e NS Axt N Furthermore, several TLR agonists have been tested
§ ’l‘i ‘I p-Akt—‘ in clinical trials as antineoplastic agents: the TLR7
% 1(7)8_ NS Cgchn;l?ﬂ: agonist imiquimod has been approved as a treatment
3 NS NS urvivin : - for basal cell carcinoma, while CYT004-MelQbG10
NS p-actin g . (another TLR7-specific ligand) has been used to treat
NS NS NS NS advanced melanoma. The TLR3 ligand IPH-31XX has
0- been investigated in patients with breast cancer, and
\\'?J \\"Q) \\"q,\é((@ «QLOQ\Q'\ X 'QG-’(( AQ’é( © IMOxine and dSLIM9 (both TLR9 agonists) have been
= o‘\ tested in renal cell carcinoma and metastatic colorec-
tal cancer, respectively (13). CpG B class ODNs, which
Figure 7 signal through TLRY, have been tested in combination

TLR7 ligand does not directly activate PDECs. (A) In vitro proliferation of
p48Cre;Kras@2P PDECs was measured by uptake of [3H]-thymidine after stimulation
with ssRNA40 or saline. (B) p48Cre;Kras®12P PDECs treated with ssRNA40 or saline
were tested for expression of various tumor-suppressor or oncogenic proteins and
for genes involved in regulation of apoptosis by Western blotting. (C) Cytokine pro-
duction by p48Cre;Kras®120 PDECs was measured after stimulation with ssRNA40
or saline. Experiments were repeated 3 times and performed in triplicate.

significant contrast to pancreatic cancers induced by generalized
inflammation (for example, via TNF-o. administration), which
have recently been shown to accelerate tumor progression in asso-
ciation with Hes1 overexpression and PPARY suppression (27). A
central mechanistic element accounting for the intrinsic differenc-
es that characterize TLR7-induced inflammatory oncogenesis may
be activation of STAT3, which is phosphorylated in the context of
PTEN suppression and has been associated with increased Notch
signaling and altered expression of the antiapoptotic genes c-Myc
and Bcl-xL (17). We expanded on the recent discovery that STAT3
is central to neoplastic progression in pancreatic cancer (18, 19) by
demonstrating that TLR7 blockade arrested tumor progression.

Notably, TLR activation in WT mice undergoing pancreatitis,
while exacerbating inflammation and inducing NF-kB and MAP
kinase activation, did not alter the expression of cell cycle regulatory,
oncogenic, or additional proinflammatory genes. This dichotomy
suggests that effects observed after TLR7 ligation in p48Cre;KrasG12P
mice are specific to pancreatic cancer. Moreover, our findings of
important cell signaling and oncogenic changes in neoplastic epithe-
lial cells — despite demonstrating that TLR7 ligands did not directly
activate epithelial cells — implicate synergistic interplay between
transformed ductal epithelial cells and the activated tumor microen-
vironment as a result of TLR7 ligation (Figure 9).

We demonstrated, for the first time to our knowledge in any
endogenous tumor, that cancer progression could be halted by
selective TLR blockade, a finding with important clinical and ther-
apeutic implications. Furthermore, our complementary findings
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chemotherapy regimens in patients with non-small-
cell lung cancer and non-Hodgkin lymphoma (42, 43).
The antitumor effects of TLR activation in diverse
cancer subtypes are postulated to proceed via several
parallel mechanisms, including potentiating innate
immune responses via NK cell, monocyte, and macro-
phage activation; inducing the generation of tumori-
cidal cytokines; inducing Th1 deviation of CD4* T
cells; augmentation of CTLs; and direct induction of apoptosis
in TLR-expressing tumor cells (13). The effects of TLR ligation in
clinical cancer therapy are also thought to be amplified in combi-
nation with cytotoxic chemotherapy or radiation resulting from
the high levels of DAMPs liberated by tumor cell death (44, 45).
While our findings in pancreatic cancer are seemingly in con-
flict with these reports, the patterns are not necessarily con-
tradictory, as the effects of selective TLR activation in cancer
progression may be contingent on the specific roles played by
immunity and inflammation in each particular malignancy.
In neoplastic processes without an evident primary inflamma-
tory component, TLR ligation may break self-antigen tolerance,
promoting antitumor immune responses (46). For example,
in neu transgenic mice, an attractive model mimicking human
Her-2/neu* breast cancer, TLR7 ligation elicits significant tumor
regression by augmenting antitumor immunity (47). However,
in neoplastic conditions that arise from inflammation and are
driven by continued inflammation, such as pancreatic cancer
associated with longstanding pancreatitis, selective TLR ligation
may be protumorigenic. Parallel examples are best exemplified
by ulcerative colitis-induced colon cancer and Helicobacter pylori-
associated gastric cancer, diseases governed by a primary inflam-
matory component with an essential link between the proinflam-
matory environment initiated by TLR activation (particularly
TLR4) and the ensuing malignant degeneration and metastasis
(48, 49). The notion that pancreatic cancer similarly arises from
inflammatory disease is supported by both experimental obser-
Volume 122 4125
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TLR7 activation induces cell signaling changes in both peritumoral inflammatory and ductal epithelial cells in pancreatic cancer. (A) To identify
epithelial cells, CD34- pancreatic cellular suspensions from p48Cre;KrasG12P mice were gated and costained for CD133 and CD45. (B) CD45+or
CD34-CD45-CD133* pancreatic cells from 9-week-old WT mice or p48Cre;Kras®?P mice treated with saline or ssRNA40 for 3 weeks were ana-
lyzed for expression of Jagged1, Delta4, and Notch1 on flow cytometry. The percentage of positive cells for each respective marker is shown.
Experiments were repeated twice using 2—4 mice per group with similar results. (C) CD45+ or CD34-CD45-CD133* pancreatic cells from 9-week-
old p48Cre;Kras®12P mice treated with saline or ssRNA40 were also analyzed for expression of NF-kB signaling intermediates. MFI is indicated.
(D) Paraffin-embedded sections of saline and ssRNA40-treated p48Cre;Kras®120 mice were stained for p-STAT3. Representative images are
shown. Original magnification, x40. Scale bar: 75 um. (E) Frozen sections of saline- and ssRNA40-treated p48Cre;Kras&12P mice were stained for
DAPI and Erk1/2 or pErk1/2. Localization of Erk1/2 or pErk1/2 in inflammatory cells (white arrowhead) and ductal epithelial cells (red arrowhead)
is indicated. Representative images are shown. Original magnification, x40. Experiments were repeated twice.

vations and clinical evidence: chronic pancreatitis patients have
an 8-fold increased risk of pancreatic cancer, and familial pan-
creatitis is associated with a 40%-75% lifetime risk of neoplasia
(50, 51). Recent evidence further suggests that TLR7 activation
may stimulate tumor development in colon cancer and lung can-
cer by promoting inflammation and tumor cell survival (52, 53).

Emerging evidence suggests that the pancreatic tumor microen-
vironment is rife with DAMPs (54-56). While our data imply that
DAMPs released in the tumor microenvironment drive tumori-
genesis by stimulating TLR?7, it is noteworthy to consider the fact
that the natural ligands for TLR7 are viral byproducts (57), which
suggests that our data may have implications for theories of virally
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Figure 9

Schematic depicting central position of TLR7 regulation of pancreatic tumorigenesis.

induced etiologies of pancreatic carcinogenesis (58, 59). HCV trans-
mits its genome as ssRNA and can induce chronic fibroinflammato-
ry disease in the liver, which progresses to hepatocellular carcinoma
in 2%-6% of carriers (60, 61). Moreover, a cohort study of 146,394
HCV-infected and 572,293 non-HCV-infected US military veterans
demonstrated a significant association between systemic HCV infec-
tion and pancreatic cancer, independent of liver cancer development
(62). Other studies established correlations between HBV or TT
virus (TTV) infection and pancreatic cancer (58, 59). Significantly,
ongoing HBV infection in the absence of the anti-HBs antibody cor-
relates with a higher risk of pancreatic cancer compared with anti-
HBs* patients who recovered from HBV infection, supporting a role
for viral infection in the pathogenesis of this malignancy. Thus,
our discoveries surrounding the regulatory role of TLR7 in pancre-
atic tumorigenesis provide mechanistic support for the expanding
empiric link between viral infection and pancreatic cancer.

Our data suggest that TLR7 is a principal modulator of the tumor
microenvironment, driving neoplastic progression (Figure 9).
Timely translation of these results to a phase I/II clinical trial is
indicated to improve the bleak landscape for patients with pan-
creatic cancer. Clinical-grade TLR7 inhibitors have been suc-
cessfully tested in systemic lupus erythematosus, a pernicious
inflammatory disease (22). Using TLR7 inhibition in human
pancreatic cancer — either alone or in combination with standard
chemotherapy regimens — may offer hope for improved survival
in patients suffering from pancreatic carcinoma.

Methods

Animals and cancer model. C57BL/6 (H-2Kb) mice, CD45.1 (B6.SJL-Ptprce
Pep3t/BoyJ) mice, and mice deficient in TLR7 (B6.129S1-Tlr7#15/T)
or NF-kB (B6.129P-Nfkb"5¢/]) were purchased from Jackson Labs.
p48Cre;Kras®12P mice, which develop pancreatic neoplasia endogenously
by expressing a single mutant Kras allele in progenitor cells of the pan-
creas (gift of D. Bar-Sagi, New York University, New York, New York,
USA), were generated by crossing LSL-Kras®!?P mice with p48Cre mice,
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which express Cre recombinase from a pancreatic
progenitor-specific promoter (63). Tissue from
KPC (KrasLSL.G12D/+;p53R172H/+;PdxCretg/+)
mice (64, 65), harboring conditional mutations in
both Kras and Trp53 (gift of M. Philips, New York
University, New York, New York, USA), and PDX1-
Cre;KrasG12D;Ink4a/Arff mice (66), with KrasG12P
expression in combination with Ink4a/Arf defi-
ciency (gift of G. David, New York University, New
York, New York, USA), were used in selected experi-
ments. Animals were housed in a clean vivarium
and fed standard mouse chow.

In vivo experiments. In vivo TLR7 ligation was
accomplished by thrice-weekly i.p. administration
of selective TLR7 agonists (ssRNA40, E. coli RNA, or
Adenine analog, all 100 ug/kg; Invivogen). In select-
ed experiments, mice were treated with the TLR2
ligand HKLM (3 x 108 cells) using the same dosing
L ) regimen. TLR7 blockade was accomplished using
. an oligonucleotide inhibitor of TLR7 (22) (IRS661,
100 ug every 48 hours; TIB Molbiol). Bone mar-
row chimeric animals were created by irradiating
mice (9 Gy) followed by i.v. bone marrow transfer
(1 x 107 cells) from nonirradiated donors as we pre-
viously described (67). Chimeric mice were used in
experiments 7 weeks later. To accelerate carcinogenesis in p48Cre;Kras®!2P
mice, 4 doses of caerulein (50 ug/kg) were administered over 72 hours, as
described previously (21), with modifications. MAP kinase signaling block-
ade was accomplished using the MKK inhibitor PD98059 (2.5 mg/kg/d),
and NF-kB signaling blockade was accomplished using the NEMO bind-
ing domain inhibitor (1 mg/kg/d; EMD4Biosciences). To study pancreatic
inflammation in the absence of oncogenic Kras, chronic pancreatitis was
induced in WT mice using a regimen of 7 hourly i.p. injections of caerulein
(50 ug/kg; Sigma-Aldrich) thrice weekly for 3-4 weeks. For acute pancre-
atitis, mice were treated with 7 hourly i.p. injections of caerulein (50 ug/kg)
for 2-4 consecutive days. Alternatively, twice-daily administration of L-argi-
nine (4 g/kg; Sigma-Aldrich) for 2 days was used to induce mild acute pan-
creatic injury, as we described previously (67), with dose modifications.

Cellular isolation and analysis. To isolate mononuclear cells from the pan-
creas or spleen, organs were harvested via postmortem laparotomy and
processed using both mechanical and enzymatic digestion with Collage-
nase IV (Sigma-Aldrich), as we described previously (67, 68). Cell surface
marker analysis was performed by flow cytometry using the FACS Calibur
(Beckman Coulter) after incubating 5 x 10° cells with 1 ug of anti-FcyRIII/II
antibody (2.4G2, Fc block; Monoclonal Antibody Core Facility, Sloan-
Kettering Institute) and then labeling with 1 ug of FITC-, PE-, PerCP-, or
APC-conjugated antibodies directed against B220 (RA3-6B2), CD3¢ (17A2),
CD4 (RM4-5), CD8 (53-6.7), CD11b (M1/70), CD11c (HL3), CD19 (1D3),
CD34 (4H11), CD45 (30-F11), CD133 (315-2C11), CD146 (P1H12), F4/80
(BM8), and Gr1 (RB6-8CS5) (all eBiosciences or BioLegend). Gating strat-
egies for leukocyte subsets was as described previously (67-69). To deter-
mine TLR7 expression, cells were fixed, permeabilized, and stained using
an mADb directed against TLR7 (IMG-581A; Imgenex). In additional experi-
ments, pancreatic mononuclear cells were stained using antibodies directed
against p27 (C-19), SHPTP1 (C-19), IkB-o (H-4), Notch1 (D-11), Jagged 1
(H-66), and Delta 4 (C-20; all Santa Cruz Biotechnology), IKKat (2682; Cell
Signaling), and NF-kB (ab7970; Abcam). Dead cells were identified and
excluded from analysis by staining with 7-amino-actinomycin D (7AAD).
Isolation and culture of PDECs from p48Cre;Kras®!2P mice was performed
as we described previously (70, 71). In selected experiments, PDECs from
Volume 122 Number 11
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p48Cre;KrasC!2P mice were cultured for 72 hours alone or with ssRNA40
(2 ug/ml). Proliferation was measured by pulsing with 1 uCi [*H|-thymidine
for the final 24 hours. Cytokine levels in cell culture supernatant were deter-
mined using a cytometric bead array (BD Biosciences) and a MILLIPLEX
MAP kit (Millipore) according to the respective manufacturers’ protocols.
Western blotting. Western blotting was performed as described previously
(67). Briefly, mouse pancreata or isolated PDECs were homogenized in
RIPA buffer with Complete Protease Inhibitor cocktail (Roche), and pro-
teins were separated from larger fragments by centrifugation at 14,000 g.
Total protein concentration was determined using the BCA protein assay
reagent (Thermo Scientific), according to the manufacturer’s instruc-
tions. Next, 10% Bis-Tris polyacrylamide gels (NuPage; Invitrogen) were
equiloaded with samples, electrophoresed at 200 V, and electrotransferred
to PVDF membranes. After blocking with 5% BSA, membranes were
probed with primary antibodies to Notch1 (D-11), Notch2 (ab72803), Erk1
(M233), B-actin (ab8227-50), NF-kB p65 (ab7970), p16/INK4A (2DIA12),
and p-p27 (EP233[2]Y) (all Abcam); Jagged1 (H-66), Hes1 (H-140), Hey1
(W-23), PTEN (N-19), SHPTP1 (C-19), p27 (C-19), c-Myc (A-14), cyclin
B1 (GNS1), cyclin D1 (M-20), Rb (C-15), IkB-a (H-4), p-IkB-ot (B-9), and
GAPDH (V-18) (all Santa Cruz Biotechnology); Survivin (71G4B7), CDK4
(DCS156), p-NF-kB (Ser468), p21 (DCS60), p-Akt (T308), p-Erk1 (Thr202/
Tyr204), Bel-X;, (2762), STAT3 (9132), and p-STAT3 (Tyr705) (D3A7) (all
Cell Signaling); p53 (CMS; Leica Microsystems); and TGF-f (1D11; R&D
Systems). The HRP-conjugated secondary antibodies used were from Santa
Cruz Biotechnology. Blots were developed by ECL (Thermo Scientific).
Histology, immunohistochemistry, and microscopy. For histological analysis,
pancreatic specimens were fixed with 10% buffered formalin, dehydrated
in ethanol, embedded with paraffin, and stained with H&E or Gomori’s
trichrome. Immunohistochemistry was performed using antibodies
directed against B220 (BD Biosciences), CD3 (Invitrogen), p16/INK4A
(Abcam), pS3 (Novocastra), CK19 (University of Iowa Developmental
Studies Hybridoma Bank), CD45 (BD Biosciences), a-SMA (Novus Bio-
logicals), Erk1/2 (Santa Cruz), p-Erk1/2 (Cell Signaling), insulin (Abcam),
myeloperoxidase (Lifespan Biosciences), Ki67 (Thermo Fischer Scientific),
p-STAT3 (Cell Signaling), TLR2, and TLR7 (Imgenex). Light microscopic
photographs were taken with a Leica DM2M microscope (Leica Microsys-
tems) and an Optronics digital camera (Optronics). Confocal microscopy

was performed on frozen pancreatic sections using Zeiss Axioskop 2 (Carl
Zeiss). PanIN lesions were graded using previously established criteria (72).
Quantifications were performed by examining 10 high-power fields (HPFs)
per pancreas, as described previously (67). The percentage of Ki67* ductal
cells as a fraction of all ductal cells was determined by manual count.

Human specimens. Deidentified paraffin-embedded tissue from 5 human
resected acute pancreatitis specimens, 5 normal human pancreata, and
19 pancreatic cancer specimens were analyzed for TLR7 expression using
immunohistochemistry, and the number of TLR7" cells per HPF was
determined in 10 HPFs per specimen. In addition, a tissue microarray was
constructed using paraffin-embedded cores from an additional 20 con-
secutive patients with pancreatic cancer, 10 normal pancreata, and tissue
from an additional 10 patients with preinvasive PanIN lesions by examin-
ing 5 HPFs per tissue core. The percentage of TLR7* cells as a fraction of
all cells was determined.

Statistics. Data are presented as mean + SEM. Statistical significance
was determined by 2-tailed Student’s ¢ test and/or log-rank test using
GraphPad Prism S (GraphPad Software). P values less than 0.05 were
considered significant.

Study approval. All human tissues were collected using a protocol
approved by the New York University School of Medicine Institutional
Review Board. All animal procedures were approved by the New York Uni-
versity School of Medicine Institutional Animal Care and Use Committee.
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