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Background and Aims: Pancreatic ductal adenocarci-
noma (PDAC) is a highly desmoplastic tumor with an in-
nate resistance to therapy. Pancreatic stellate cells (PSCs)
produce this excessively desmoplastic microenvironment.
The impact of PSC activity on PDAC behavior in vivo is

analyzed. Methods: 233 patients who underwent surgery
for PDAC were evaluated by immunohistochemistry using
antibodies against a-smooth muscle actin as a marker of
PSC activity. Aniline was used to stain collagen deposition.
The ratio of a-smooth muscle actin-stained area to collag-
en-stained area was defined as the activated stroma index
(ASI). Survival analysis was performed using the Kaplan-
Meier method. Prognostic factors were determined in a
multivariable analysis using a Cox proportional hazards

model. Results: Four major patterns of collagen deposi-
tion were defined with regard to PSC activity. The combi-
nation of high stromal activity and low collagen deposition
was associated with a worse prognosis, whereas the combi-
nation of high collagen deposition and low stromal activity
indicated a better prognosis. Patients with the lowest ASI
had the best median survival rate (25.7 mo). The highest
ASI was found in patients with the worst median survival
rate (16.1 mo; P = .007; lowest vs highest ASI: hazard
ratio, 1.61; 95% confidence interval, 1.014-2.562). ASI
was an independent prognostic marker in multivariable
survival analysis comparable with the nodal status of
cancer. Conclusions: The activated stroma index is a
novel independent prognostic marker in PDAC in cases
undergoing surgery. This finding highlights the impact of
the microenvironment in cancer progression and on patient
survival.

Aunique property of pancreatic ductal adenocarcinoma
(PDAC) is its excessive desmoplastic reaction, which is
rarely observed in other tumors of the pancreas.'? Pancreatic
stellate cells (PSCs) have been identified as the main producers
of this abundant extracellular matrix (ECM).?> Once activated by
cancer cells, PSCs may remain active via autonomous loops.2*

Formerly, the peritumoral desmoplastic reaction was
thought to have a protective function.’> Recent evidence, how-
ever, suggests that the activated stroma can have promalignant
attributes and may even initiate carcinogenesis.®-8 In PDAC,
several components of the ECM, including collagen-typel, have
been shown to promote tumor growth, therapy resistance, and
metastasis.>?

Although the desmoplastic tissue in PDAC is a product of
activated PSCs, the highest ECM deposition is not always found

where the highest stromal activity is detected. In peritumoral
areas, PSCs may outnumber the cancer cells without significant
ECM deposition.>10 In contrast, vast amounts of desmoplastic
tissue may contain only a few PSCs.2 This variance may occur
because pancreatic cancer cells can stimulate the PSCs located
very close to them more than others that are not in their
immediate vicinity.2#1%!! With regard to the temporal sequence
of events, a-smooth muscle actin (a-SMA) expression, which
reflects PSC activity, should precede collagen deposition be-
cause it is the product of the activated PSCs. Through their
production of matrix metalloproteinases, both PSCs and cancer
cells can degrade the previously deposited ECM.%!1-13 Thus,
turnover of the ECM is a dynamic process, and immunohisto-
chemical analysis of a specimen reveals areas with different
disease duration and stromal activity.

Recently, it was reported that the activity of stromal myofi-
broblasts in colorectal cancer predicts disease recurrence.® We
and others have shown previously that pancreatic cancer cells
activate stellate cells, and that PSCs in turn promote tumor
growth and chemoresistance through excessive ECM produc-
tion in vitro2*!! In the current study, we quantified the
amount of PSC activity and collagen deposition in resected
specimens of PDAC patients and assessed their impact on
clinicopathologic parameters. We also defined a novel marker
for the activated stroma—the activated stroma index (ASI)—and
proved its clinical relevance.

Materials and Methods

Clinical Data and Pancreatic Tissue
Collection

Demographic, surgical, and pathologic data from a
prospectively registered data base were analyzed retrospectively.
Tissue collection and preservation were performed as described
previously.!* The use of human material for analysis was ap-
proved by the ethics committee of the University of Heidelberg
in Germany. Written informed consent was obtained from all
patients.

Abbreviations used in this paper: a-SMA, a smooth muscle actin;
ASI, activated stroma index; ECM, extracellular matrix; PDAC, pancre-
atic ductal adenocarcinoma; PSC, pancreatic stellate cells.
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Immunobistochemical Analysis and
Computer-Assisted Image Analysis

Paraffin-embedded tissue blocks of 300 pathologi-
cally confirmed PDAC patients undergoing surgery between
January 2002 and November 2006 at the Department of
Surgery, University of Heidelberg, were evaluated. Sixty-seven
blocks were excluded from the final analysis because of either
low tissue quality (n = 11), predominance of peritumoral
normal tissue rather than tissue from the cancerous area

(n = 54), or incomplete clinical data (13 patients were lost to
follow-up evaluation). Although the exclusion of the unsuit-
able blocks was made blinded to the clinical data, the pos-
sibility of an inadvertent selection bias was additionally
excluded by comparing the demographic and clinicopatho-

CLINICAL GASTROENTEROLOGY AND HEPATOLOGY Vol. 6, No. 10

logic parameters of both cohorts. Immunohistochemical
analyses of a-SMA and collagen in 233 samples were per-
formed according to the manufacturer’s instructions, as de-
scribed previously.2!415 Briefly, 2 consecutive 3-um-thick
sections were stained with an «@-SMA antibody (1:1500,
MO0851; DAKO Cytomation, Hamburg, Germany) and with
the collagen specific aniline blue of the Masson trichrome
staining without applying hematoxylin or Biebrich scarlet-
acid fuchsin as counterstaining. Slides were scanned with a
Nikon coolscan V (Nikon Corp, Tokyo, Japan) at 4000 dots
per inch. The digital images then were analyzed for the total
surface area versus stained area using Adobe Photoshop 7.0
(Adobe Systems Inc, San Jose, CA). Briefly, an initial histo-
gram was obtained to quantify the surface area in pixels. The

Figure 1. PSC patterns of activity with respect to collagen deposition and image analysis. a-SMA specifically stains the PSCs and vascular smooth
muscle cells, whereas all other structures within the pancreas remain nonstained (A with hematoxylin counterstaining, B without counterstaining).
(C) Aniline is a collagen-specific dye that does not stain any other structure (magnification, 100X). Scanned images of tissues; peritumoral chronic
pancreatitis-like changes stained for (D) a-SMA and (E) aniline. (D and E) In periacinar spaces prominent a-SMA staining was visible where collagen
had not yet been deposited (arrows). (F and J) Notice the increased density of a-SMA-expressing PSCs that are located in the immediate vicinity of
cancer cells (arrows) and (G) stromal collagen deposition. Sections were scanned with the Nikon coolscan V at 4000 dots per inch. The digital images
then were analyzed in single color for the total surface area (in pixels) versus the stained area using Adobe Photoshop 7.0. The upper and the lower
input levels were overlapped to create black or white images (blue and white for aniline) without an intermediate zone. The ideal sensitivity of detection
was achieved when the point of overlap corresponded to the vertex of the initial exponential phase of the histogram curve. Appearance of a section
after image processing for (H) «-SMA and (/) collagen. Comparison of image quality: (J) Zeiss Axiocam 3.1 system coupled with the KS300 3.0
program at 50X magnification. (K) Magnified picture of the framed area in the scanned image (H).
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histograms were analyzed in single color therefore, for the
quantification of a-SMA-stained brown areas (red and blue),
the image was converted to grey scale while aniline was
analyzed in the blue channel. The upper and the lower input
levels were overlapped to create black or white images (blue
and white for aniline) without an intermediate zone. The
ideal sensitivity of detection was achieved when the point of
overlap corresponded to the vertex of the initial exponential
phase of the histogram curve. After the optimal detection
was identified, these values were kept constant throughout
the analysis.

Color artifacts and major arteries were excluded manually
from the analysis by the operator. This was performed on both
slides by meticulously encircling staining artefacts or major
arteries and deleting them from the image before measurement.
The median surface area analyzed was 159 mm?/section, which
corresponds to more than 1000 high-power fields (200X). The
immunohistochemical analysis and quantification of the ASI
was made blinded to clinical data.
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Assessment of Accuracy and Reproducibility
of Color Analysis

To evaluate the accuracy and speed of this novel
method of color analysis, the results of 10 sections were com-
pared with results of automated color analysis using a Zeiss
Axiocam 3.1 system coupled with the KS300 3.0 program at
200X magnification (Zeiss, Jena, Germany), as published previ-
ously.®1¢ The variance was less than 0.6%. The average time
required for scanning and color assessment of a section with
approximately 1 cm? surface area using a slide scanner and
Adobe Photoshop was less than 3 minutes, compared with
more than 1 hour for the method using the Zeiss Axiocam.
Because the variable amount of nonstromal components (acini,
islets, ducts, and cancer structures), which are stained neither
by a-SMA nor by aniline, can change the ratio of collagen and
a-SMA-stained area to the total surface area, we evaluated the
consistency of our results within the same tumor. In 5 different
patients, S random sections were made within each tumor.

Figure 2. Patterns of stellate cell activity and collagen deposition around cancer structures. Immunohistochemistry analysis was performed using
an anti-a-SMA antibody to detect activated PSCs and aniline to stain collagen fibers (magnification, 200X). (A and C) Within the cancerous area, the
density of activated PSCs increased around cancer (unstained) structures. (A and B) Collagen deposition generally colocalized with the areas of
activated PSCs. (C and D) In some sections there were fewer PSCs where prominent collagen deposition was seen. (E and F) In some other sections,
although the PSC activity was intense, the collagen deposition was very low.
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There was no statistically significant difference between the
variations of a-SMA, collagen, and ASL

Statistical Analysis

Statistical analyses were performed using SPSS 15.0 for
Windows (SPSS Inc, Chicago, IL). Median values were taken as
cut-off limits when 2 groups were compared. Survival analyses
were performed using the Kaplan-Meier method for estimation
of event rates and the log-rank test for survival comparisons
between patient groups. Multivariable analysis was performed
using a Cox proportional hazards model. Median survival and
estimations of hazard ratios were reported with 95% confidence
intervals. Comparison of demographic and clinicopathologic
data between groups was made using the chi-square test. The
distribution of ASI between discrete variables was assessed us-
ing the Mann-Whitney U test. Statistical significance was set at
a P value of less than .05. SPSS 15.0 for Windows or GraphPad
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Prism 4 (GraphPad, San Diego, CA) software was used to
present graphs.

Results

Peritumoral Activation of Pancreatic Stellate
Cells and Deposition of Collagen

Four major patterns of collagen deposition were ob-
served with regard to PSC activity (a-SMA expression). In
chronic pancreatitis-like changes of the peritumoral stroma,
interlobar septa were broadened where strong a-SMA staining
colocalized with strong collagen staining (Figure 14, B, D, and E).
On the invasive front of the activated stroma, prominent
a-SMA staining was visible in the periacinar spaces where
collagen had not yet been deposited (Figure 1D and E,
arrows). Within the cancerous area, the density of PSCs in-
tensified around cancer structures (Figure 1F and J, arrows,
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Figure 3. Correlation of collagen deposition, a-SMA expression, and ASI with survival of patients. Median values of the cohort for a-SMA and aniline
staining were taken as cut-off limits to define groups with high (green line) and low (blue line) PSC activity as well as high (green line) and low (blue
line) collagen deposition, respectively. The median survival of patients in these groups was compared with Kaplan-Meier analysis and the log-rank
test. Survival analysis of patients with (A) high versus low PSC activity and (B) high versus low collagen deposition. The ratio of the a-SMA-stained
area to the collagen-stained area was used to define the ASI. (C) Four quartiles with equal patient numbers were created using the cut-off values
shown. (D) When the survival of patients in each quartile was compared, the survival of patients decreased as ASI increased.
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Table 1. Patient Characteristics in the Whole Cohort and in ASI Quartiles

n = 300 n = 233 X2 ASI Q1 ASI Q2 ASI Q3 ASI Q4 Mann-Whitney U test
Median age, y 65.1 65.3 61.7 63.7 66.1 67.0 P=.11°
Sex P=.67 P=.98
Female 45% 42% 47% 66% 60% 52%
Male 55% 58% 53% 34% 40% 48%
T status P=.76 P=.14
T1 + T2 5% 6% 7% 9% 9% 2%
T3 + T4 95% 94% 93% 91% 91% 98%
N status P=.60 P=.50
NO 19% 22% 31% 14% 22% 22%
N1 81% 78% 69% 86% 78% 78%
M status P=.35 P=.55
MO 93% 96% 93% 95% 90% 91%
M1 7% 4% 7% 5% 10% 9%
Grade P=.76 P=.93
G1 5% 6% 5% 3% 12% 3%
G2 + G3 95% 94% 95% 97% 88% 97%
Median actuarial survival, mo 20.4 20.3 25.7 21.5 18.0 16.1
Resectability 100% 100% 100% 100% 100% 100%

Q, ASI quartile; N1, metastasis to primary lymph nodes; M1, metastasis to interaortocaval lymph nodes.

aAge, younger than 65.3 years/older than 65.3 years.

x2 test was used to analyze the distribution of parameters in the whole cohort (n = 300) versus patients assessed (n = 233), whereas the
Mann-Whitney U test was used to analyze the distribution of parameters in different ASI quartiles.

and Figure 2). In some sections there was prominent collagen
deposition around the cancer structures without significant
a-SMA expression (Figure 2C and D). In contrast, in some other
sections, although the PSC activity was intense, the collagen
deposition was very low (Figure 2E and F). In several sections,
more than one pattern was observed in different areas.

High a-Smooth Muscle Actin—to-Collagen
Ratio Is Correlated With a Worse Prognosis

Median values of the cohorts were taken as cut-off
limits to compare patients with high/low stellate cell activity as
well as high/low collagen deposition. High PSC activity indi-
cated a tendency for a worsened prognosis (Figure 34; P = .15).
In contrast, high collagen deposition was correlated with sig-

nificantly better survival in otherwise comparable patients (Fig-
ure 3B, Tables 1 and 2; P = .040).

Although the activated PSCs are the main producers of
collagen, this paradoxic correlation with survival necessitated
the use of an index comprising both parameters. We therefore
defined the ASI as the area of a-SMA staining (active compo-
nent of the stroma) divided by the area of collagen staining
(quiescent component of the stroma) measured in consecutive
sections. When the whole cohort was divided into 4 quartiles
according to the ASI (Figure 3C), low stromal activity and high
collagen deposition correlated with a better outcome (low ASI:
median survival, 25.7 mo; 95% confidence interval, 21.8-29.6),
whereas a high ASI indicating increased stromal activity but low
collagen deposition correlated with poor survival (16.1 mo; 95%

Table 2. Patient Characteristics and Results of Univariable and Multivariable Analyses

Median actuarial survival, mo UVA MVA HR 95% confidence interval
Age, >65.3/<65.3y 17.9/21.6 0.440 0.200 1.24 0.893-1.720
Sex, male/female 18.7/20.9 0.630 0.63 1.12 0.788-1.591
T3 + T4/T1 + T2 18.4/31.4 0.070 0.126 1.73 0.856-3.503
N1/NO 17.3/26.6 0.030 0.040 1.54 1.020-2.337
M1/MO 14.9/21.2 0.010 0.077 1.65 0.947-2.870
G2 + 3/G1 18.1/NR 0.003 0.003 4.64 1.702-12.34
COL L/H 17.5/23.9 0.040 0.045 1.49 1.007-1.946
SMA H/L 17.5/21.6 0.150 0.167 1.27 0.905-1.780
ASI H/L 17.2/23.4 0.073 0.022 1.46 1.056-2.022
Q4 vs Q1 16.1/25.7 0.007 0.044 1.61 1.014-2.562
All others vs Q1 17.9/25.7 0.051 0.050 1.47 0.999-2.167
Q4 vs all others 16.1/21.5 0.030 0.126 1.33 0.922-1.929

NOTE. Median values of the cohort were used to define the cut-off limits for age, collagen staining, a-SMA staining, and ASI.

Q, ASI quartile; UVA, univariable survival analysis, P value log-rank test; MVA, multivariable survival analysis, P value Cox ph-regression model;
HR, hazard ratio of the MVA; COL H/L, collagen, high (H): > median, low (L): < than median value; SMA H/L, a-SMA, H: > median, L: < median
value; N1, metastasis to primary lymph nodes; M1, metastasis to interaortocaval lymph nodes; G, grade of the tumor; NR, not reached.

Statiscally significant (P < .05) values are shown in bold characters.
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confidence interval, 13.4-18.9). The median actuarial survival
of patients in each quartile consistently decreased (25.7 vs 21.5
vs 18.0 vs 16.1 mo; Figure 3C and D) as the ASI increased,
without a change in the distribution of sex, age, tumor size,
nodal status (N), metastasis to the interaortocaval lymph nodes
(M), and grade of the tumors (Figure 3, Table 1). The median
difference in survival between quartile 1 (low stromal activity)
and quartile 4 (high stromal activity) was 9.6 months (Figure
3D, Table 2; P = .007) in favor of the former.

Activated Stroma Index Is an Independent
Prognostic Factor in Pancreatic Ductal
Adenocarcinoma

To assess the dependence of ASI on other well-known
prognostic markers, a multiple Cox regression analysis was
performed. In one factor analysis, factors that correlated signif-
icantly with survival included nodal status (N), metastasis to
interaortocaval lymph nodes (M), histologic grade of the tumor
(G), ratio of stained area of collagen to total surface area, and
ASI (Table 2). Being in quartile 1 was correlated with signifi-
cantly better survival (25.7 vs 17.9 mo; P = .050) compared with
the rest of the cohort, whereas being in quartile 4 was associated
with shorter survival (16.1 vs 21.5 mo; P = .126). Multivariable
analysis revealed that G1 versus G2/3, NO versus N1, high
versus low collagen deposition, and high versus low ASI were
independent prognostic factors (Table 2).

Discussion

The most important finding of the current study is the
identification of the activity of the stromal component in
PDAC as an independent prognostic marker in surgical cases.

At the genetic level, pancreatic cancer is a well-characterized
neoplasm. By contrast, the molecular mechanisms linking the
genetic changes to the aggressive nature of this disease remain
poorly understood.!'” One promising new development is the
appreciation of the role of the cancer-associated stroma.!® Cur-
rent evidence supports the concept that cancer manipulates its
stroma by co-opting their normal neighbors.®!® Accordingly,
stromal cells may depart from normalcy, co-evolving with their
malignant neighbors to sustain the growth of the latter.246:12.20
Presumably, without the influence of cancer cells, normal PSCs,
when activated, deposit ECM proteins with a time lag in which
a-SMA expression precedes collagen deposition. Under physio-
logic conditions, this fibrogenic activity may serve to confine a
noxious stimulus, as is the case in the healing phase of acute
pancreatitis.?1-23 Accordingly, this type of PSC activity was seen
mostly in peritumoral chronic pancreatitis-like changes. There-
fore, deposition of a collagen-rich stroma around a cancer may
represent a physiologic effort to confine the cancer. For exam-
ple, in colorectal cancer metastasis to liver, the presence of a
capsule around the metastasis is correlated with a better prog-
nosis.> In line with this argument, we have identified the dep-
osition of a collagen-rich stroma in PDAC as an independent
favorable prognostic factor. Because cancer cells are known to
activate PSCs, it is possible that a rapidly enlarging tumor
elicits a stronger stromal reaction.>*!0 Nevertheless, there was
no statistically significant correlation between either the grade
or the size of the tumor and the ASL

On the other hand, development of an abnormal stroma
may precede and promote tumorigenesis.?*?% Recently, Guerra
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et al?® showed that mice harboring a conditional K-Ras muta-
tion that was turned on after birth developed full-blown cancers
only after induction of pancreatitis. Therefore, another possible
explanation for our observations could be that in some patients
a highly activated stroma creates a more permissive microenvi-
ronment for the cancer. For example, active PSCs are also
potent sources of vascular endothelial growth factor produc-
tion, and in liver metastasis, hepatic stellate cell activity pre-
cedes endothelial sprouting, hence neoangiogenesis.?’-?? In any
case, our findings underline the importance of stromal activity
for tumor behavior because this activity proves to be an inde-
pendent prognostic marker in PDAC.

Although we and others previously have shown that cancer
cells stimulate PSCs in vitro to secrete more collagen, it is likely
that the deposition and turnover of collagen in vivo depends on
a multifactorial balance between PSCs, cancer cells, and inflam-
matory cells, all of which produce significant amounts of ma-
trix metalloproteinases.24113031 Therefore, it would be an over-
simplification to reduce the stromal component of a tumor
mass only to stellate cell activity and to collagen deposition and
to disregard the impact of inflammatory and endothelial cells.
Nevertheless, ASI as a surrogate marker for both the active and
the quiescent components of the stroma proves to be a robust
parameter reflecting the impact of the microenvironment on
cancer behavior.

The resection margin of PDAC is another important prog-
nostic factor.®? During the period of tissue collection of the
current study, a prospectively conducted study by Esposito
et al® at our institution showed that a meticulous pathologic
analysis can alter the R1 resection rate significantly. Thus, the
resection margin was not taken into assessment in the current
study because the tissue was collected during both periods with
reported R1 resection rates of 14% (2002-2004) and 76% (2005-
2006).33

Finally, our novel method of computer-aided color analysis
using a slide scanner and commercially available software not
only simplifies the quantification of stained areas, but also
reduces the costs and the time required without a significant
loss of quality.

In conclusion, the ASI, which reflects the turnover of the
stroma, is a novel independent prognostic marker in patients
undergoing surgery for PDAC, highlighting the role of the
microenvironment in cancer progression.
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