
RESEARCH ARTICLE

Alignment of stroma fibers, microvessel

density and immune cell populations

determine overall survival in pancreatic

cancer—An analysis of stromal morphology

Louisa BolmID
1, Petro ZghurskyiID

1, Hryhoriy Lapshyn1, Ekaterina Petrova1,

Sergiy ZemskovID
2, Yogesh K. Vashist1, Steffen DeichmannID

1, Kim C. Honselmann1,

Peter Bronsert3,4, Tobias Keck1*, Ulrich F. Wellner1

1 Department of Surgery, University Medical Center Luebeck, Luebeck, Germany, 2 Department of General

Surgery #1, Bogomolets National Medical University, Kyiv, Ukraine, 3 Department of Pathology, Medical

Center - University of Freiburg, Faculty of Medicine, University of Freiburg, Freiburg, Germany, 4 Tumorbank

Comprehensive Cancer Center Freiburg, Medical Center - University of Freiburg, Faculty of Medicine,

University of Freiburg, Freiburg, Germany

* Tobias.Keck@uksh.de

Abstract

Introduction

The aim of this study was to define histo-morphological stroma characteristics by analyzing

stromal components, and to evaluate their impact on local and systemic tumor spread and

overall survival in pancreatic ductal adenocarcinoma (PDAC).

Methods and materials

Patients who underwent oncologic resections with curative intent for PDAC were identified

from a prospectively maintained database. Histological specimens were re-evaluated for

morphological stroma features as stromal fibers, fibroblast morphology, stroma matrix den-

sity, microvessel density and distribution of immune cell populations.

Results

A total of 108 patients were identified undergoing curative resection for PDAC in the period

from 2011–2016. 33 (30.6%) patients showed parallel alignment of stroma fibers while 75

(69.4%) had randomly oriented stroma fibers. As compared to parallel alignment, random

orientation of stroma fibers was associated with larger tumor size (median 3.62 cm vs.

median 2.87cm, p = 0.037), nodal positive disease (76.0% vs. 54.5%, p = 0.040), higher

margin positive resection rates (41.9% vs. 15.2%, p = 0.008) and a trend for higher rates of

T3/4 tumors (33.3% vs. 15.2%, p = 0.064). In univariate analysis, patients with parallel align-

ment of stroma fibers had improved overall survival rates as compared to patients with ran-

dom orientation of stroma fibers (42 months vs. 22 months, p = 0.046). The combination

of random orientation of stroma fibers and low microvessel density was associated with

impaired overall survival rates (16 months vs. 36 months, p = 0.019). A high CD4/CD3 ratio

(16 months vs. 33 months, p = 0.040) and high stromal density of CD163 positive cells were
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associated with reduced overall survival (27 months vs. 34 months, p = 0.039). In multivari-

able analysis, the combination of random orientation of stroma fibers and low microvessel

density (HR 1.592, 95%CI 1.098–2.733, p = 0.029), high CD4/CD3 ratio (HR 2.044, 95%CI

1.203–3.508, p = 0.028) and high density of CD163 positive cells (HR 1.596, 95%CI 1.367–

1.968, p = 0.036) remained independent prognostic factors.

Conclusion

Alignment of stroma fibers and microvessel density are simple histomorphological features

serving as surrogate markers of local tumor progression dissemination and surgical resect-

ability and determine prognosis in PDAC patients. High CD4/CD3 ratio and CD163 positive

cell counts determine poor prognosis.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive solid malignancies

[1]. The majority of patients present with locally advanced disease or distant metastases at time

of diagnosis [2]. Complete oncologic resection is the only curative option in PDAC [3].

Extensive desmoplasia is a characteristic macro- and microscopical PDAC feature [4,5].

PDAC are often composed of high amounts of extracellular matrix and fibroblasts and low

amounts of tumor cells and microvessels. Fibroblasts and tumor cells form a complex interac-

tion network and orchestrate the remodeling of the tumor microenvironment by paracrine

signaling and matrix remodeling [6,7]. The interaction of local fibroblasts called pancreatic

stellate cells, extracellular matrix components and tumor cells in PDAC has been increasingly

studied in the past years [6,8,9]. Dense desmoplasia in PDAC is associated with tumor hypoxia

and impairs drug delivery [10]. Furthermore, signaling between fibroblasts and PDAC tumor

cells is associated with local tumor growth and tumor cell invasion [11,12]. However, complete

depletion of PDAC stroma results in more aggressive and invasive tumors in xenograft models

[10, 11]. In addition to fibroblasts and stromal elements, immune cell populations such as T

cell subtypes and tumor-associated macrophages are present in the stromal microenvironment

and contribute to the tumor-stromal-crosstalk [13,14]. PDAC stroma may be regarded as a

complex and controversial key player in PDAC progression and the interplay of stroma and

tumor cells has not been entirely understood yet.

The main part of data evaluating interaction between PDAC cells, fibroblasts and extracel-

lular matrix is derived from in vitro and xenograft models [5,7]. Only few studies assess the

impact of desmoplasia in clinical and histopathological settings [15,16]. Additionally, the path-

ological work-up of stroma features has not been introduced to clinical routine yet. Currently,

no systematic scoring system for distinct aspects of PDAC desmoplasia is available.

The aim of this study was to perform a morphological analysis of PDAC stroma analyzing

stromal matrix, vasculature and stromal cell populations. Furthermore, we intended to define

simple histopathological stroma assessment criteria and aim to evaluate the impact of stroma

features on patient prognosis.

Methods and patients

Patients and study parameters

Patients undergoing oncologic resections with curative intent for PDAC were identified from

the prospectively maintained database of the department of surgery at the University Hospital
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Schleswig-Holstein, Campus Luebeck, Germany, a tertiary hospital and high-volume center of

pancreatic surgery. Ethics approval was obtained from Luebeck university ethics committee

(#17-118A). Patients in the study were resected in the period from 2011 to 2016. The following

patient baseline and surgical parameters were included for the analysis: Gender, age at date of

operation and type of resection (Whipple versus pylorus-preserving PD (PPPD) versus left

pancreatic resection versus total pancreatectomy (TPE)). Histopathological parameters

included in the analysis were tumor size, T stage, N stage, M stage, grading according to Bro-

ders [17] and R status. TNM staging was performed according to the 7th edition of the Ameri-

can Joint Committee on Cancer (AJCC) [18]. All histopathological specimens were further

examined for stroma morphology by one pathologist and two trained surgeons. Stroma mor-

phology was evaluated in digitalized slides stained for hematoxylin and eosin (H&E). Two rep-

resentative slides with both PDAC tumor and stroma per patient were re-evaluated for stroma

morphology. For processing digitalized samples, the QuPath computer program was used

[19]. First, each slide was inspected at 4x magnification, and 5 distinct localizations with pro-

nounced stroma were determined. Each localization was assessed at 20x magnification. Align-

ment of stroma fibers was assessed as either parallel alignment or random orientation of

stroma fibers (Fig 1a and 1b). If most stromal fibers were oriented parallel to each other, align-

ment was defined as parallel. In case of stroma fibers that were not parallel, but in a more than

45˚ angle one to another or even chaotic, alignment of stroma fibers was classified as random

orientation. In case of heterogeneous stromal alignment within one slide, the slide was classi-

fied according to the most frequent stromal orientation. Stromal density was classified as either

low or high density (Fig 2a and 2b). The assessment of stromal alignment was repeated after

Fig 1. Alignment of stroma fibers. a Parallel alignment of stroma fibers, arrows pointing at elongated parallel

oriented extracellular matrix fibers; b Random orientation of stroma fibers, arrows pointing at extracellular matrix

fibers aligned at an angle of more than 45˚. 20x magnification.

https://doi.org/10.1371/journal.pone.0234568.g001

Fig 2. Stromal density. a High stromal density, arrows pointing at dense bunches of extracellular matrix; b Low

stromal density, arrows pointing at thin elongated extracellular matrix fibers showing gaps between the single fibers.

20x magnification.

https://doi.org/10.1371/journal.pone.0234568.g002
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staining for collagen I. Fibroblast density was defined as either low or high (Fig 3a and 3b).

Fibroblast morphology was determined as either round or spindle-like (Fig 4a and 4b). For all

morphology features the most frequent morphology characteristic in all five localizations was

selected. Microvessel density was modified according to Weidner et al. [20]. At 10x magnifica-

tion, the four stroma localizations with most capillaries and small venules (microvessels) were

determined. The number of these microvessels was counted for each localization at 100x mag-

nification and the mean value for all four localizations was calculated. The mean number of

microvessel density was dichtotomized according to the median (Fig 5a and 5b).

Immunohistochemistry staining of T cell markers CD3, CD4 and macrophage marker

CD163 was performed to identify stromal immune cell populations (Fig 6a–6c). The number

of CD3 and CD4 positive cells in all stromal areas was evaluated and a ratio of CD4 to CD3

Fig 3. Fibroblast density. a High fibroblast density, arrows pointing at densely arranged fibroblasts; b Low fibroblast

density, arrows pointing at rarely scattered fibroblasts throughout the stromal areas. 20x magnification.

https://doi.org/10.1371/journal.pone.0234568.g003

Fig 4. Fibroblast morphology. a Arrow pointing at round-shaped fibroblasts; b Arrow pointing at spindle-like shaped

fibroblasts. 20x magnification.

https://doi.org/10.1371/journal.pone.0234568.g004

Fig 5. Microvessel density. a High microvessel density, arrow pointing at densely arranged microvessels; b Low

microvessel density, arrow pointing at rarely scattered microvessels. 10x magnification.

https://doi.org/10.1371/journal.pone.0234568.g005
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positive cell counts was calculated. CD4/CD3 ratio was dichotomized using the 75 percentile

cut-off as previously described [21]. Counts of CD163 positive cells in stromal areas were

assessed and the cell counts were dichotomized by the median cell count. Furthermore, immu-

nohistochemistry staining of p53 was performed and the total number of p53 positive cells per

slide were calculated. P53 positive cell density was dichotomized according to the 25 percen-

tile. All PDAC specimens were evaluated by all three investigators. In case of disagreement, the

dissent was dissolved in discussion.

Overall survival time was defined from surgery until death of any cause.

Statistics

For statistical analysis, IBM SPSS Statistics for Windows, Version 25.0 was used. Continuous

and categorical variables were expressed as median/range and absolute/relative frequencies,

respectively. Statistical testing was performed by Chi-squared test or Student’s t-test. Correla-

tion analysis was performed using two-sided Spearman rank test. Median overall survival esti-

mates were determined with Kaplan Meier method. Multivariable analysis was performed

with cox proportional hazard model for variables. The significance level was set to p< 0.05

(two-sided). All confidence intervals (CI) reported are 95% confidence intervals.

Results

Baseline parameters, histopathology and stroma morphology

A total of 108 patients undergoing oncologic resections for PDAC in the period from 2011 to

2016 were identified, median follow-up was 17.5 months. The median age at operation was 67

years, ranging from 40 to 86. A Whipple procedure was performed in 33 (30.6%) patients, 55

(50.6%) had a pylorus-preserving pancreatoduodenectomy (PPPD), 6 (5.6%) underwent a left

pancreatectomy and 14 (13.0%) had a total pancreatectomy.

Median tumor size was 3.0 cm, ranging from 0.8 to 9.0 cm. The most frequent T stage was

T2 (54.6%). Most patients showed nodal positive disease (68.4%). 6 (5.6%) patients had distant

metastases. Most frequent grading was G2 (54.6%). 23 patients (21.3%) had positive resection

margins. 33 (30.6%) patients had parallel alignment of stroma fibers while 79 (69.4%) patients

showed random orientation of stroma fibers. In 41 patients (37.3%) stromal alignment was

heterogeneous within one slide. In these cases, the slide was classified according to the domi-

nant stromal alignment pattern. Only 7 (6.5%) of 41 patients with heterogeneous stromal

alignment had mainly parallel stromal fibers while 34 (31.5%) patients showed mainly random

orientation of stromal fibers. To determine the accuracy of stromal alignment assessment in

H&E slides, we repeated the analysis of stromal fiber alignment after staining for collagen I.

31.8% of the patients were assessed as showing parallel alignment and 68.2% were determined

with random orientation of stroma fibers. Consequently, accuracy of stromal fiber assessment

in H&E stained slides is sufficient, and further staining of collagen I does not yield additional

Fig 6. Immune cell populations. a Immunohistochemistry staining for CD4; b Immunohistochemistry staining for

CD3; Immunohistochemistry staining for CD163. 20x magnification.

https://doi.org/10.1371/journal.pone.0234568.g006
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benefits. Stromal density was high in 62 (57.4%) patients and low in 46 (42.6%) patients. 82

(75.9%) patients had a low fibroblast density while 26 (24.1%) had a high fibroblast density.

Fibroblast morphology was round in 52 (48.1%) patients, 56 (51.9%) showed spindle-like

fibroblast morphology. Accurate differentiation of round fibroblasts and immune cells in

H&E slides may be difficult. After staining for immune cell populations (CD3, CD4, CD163),

assessment of fibroblasts morphology was repeated. The identified pattern of fibroblast mor-

phology was changed for only 2 of 108 cases. Mean microvessel density was 10 microvessels /

stroma localization. 57 (52.8%) patients showed a lower microvessel density than 10 microves-

sel/stroma localization, while 51 (47.2%) had a higher microvessel density. 27 (26.4%) patients

had a high CD4/CD3 ratio while 53 (50.0%) had a high density of CD163 positive cells. 77

(71.8%) patients had a high density of p53 positive cells. Details of baseline parameters, histo-

pathology and stroma morphology are displayed in Table 1.

In patients with pancreatoduodenectomy, 30 patients had parallel alignment and 58

patients showed random orientation of stromal fibers. For patients with distal pancreatec-

tomy (5 versus 1 patients) and total pancreatectomy (12 versus 2 patients) the rate of patients

with random orientation of stromal fibers was higher as compared to patients undergoing

pancreatoduodenectomy.

High microvessel density was identified in 43 of 88 patients with pancreatoduodenectomy

(48.8%). In patients with distal pancreatectomy, the rate of patients with high microvessel

density was 2 of 6 (33.3%) while 6 of 14 patients (42.8%) with total pancreatectomy had high

microvessel density.

Stroma morphology and histopathology

Patients with random orientation of stroma fibers showed larger median tumor size (3.62 vs.

2.87, p = 0.037). There was a statistical trend for higher T stage in patients with random orien-

tation of stroma fibers (T3/4 33.3% vs. T3/4 15.2%, p = 0.064). Patients with random orienta-

tion of stroma fibers were more likely to be diagnosed with local lymph node metastases

(76.0% vs. 54.5%, p = 0.040) and had higher rates of tumor positive resection margins (27.7%

vs. 9.1%, p = 0.008). Patients with random orientation of stroma fibers and low microvessel

density had higher rates of local lymph node metastases as compared to patients not showing

these morphological features (82.5% vs. 61.8%, p = 0.031). Details are depicted in Table 2.

Alignment of stroma fibers was not correlated with CD4/CD3 ratio (CC -0.053, p = 0.593),

density of CD163 positive cells (CC -0.15, p = 0.882) or density of p53 positive cells (CC -0.99,

p = 0.317).

Survival analysis

Median overall survival (OS) of all patients was 15.4 months. Details of survival analysis are

depicted in Table 3. N stage (N0 39.1 months vs. N+ 24.1 months, p = 0.022), R status (R0 30.9

months vs. R+ 23.8 months, p = 0.022) and alignment of stroma fibers (parallel alignment 42.0

months vs. random orientation 22.0 months, p = 0.046) qualified as prognostic parameters.

There was a statistical trend for improved overall survival in patients with high microvessel

density (36.0 months vs. 26.0 months, p = 0.061). Patients with random orientation of stroma

fibers and low microvessel density had reduced overall survival rates as compared to patients

not showing these stroma features (16.2 months vs. 36.0 months, p = 0.019) (Fig 7). No differ-

ence in overall survival was disclosed for patients with heterogeneous versus homogeneous

alignment of stromal fibers (28 months versus 33 months, p = 0.167). A high CD4/CD3

ratio was associated with reduced overall survival rates (16 months vs. 33 months, p = 0.040).

Patients with high stromal density of CD163 cells had a poor prognosis (27 months vs. 34
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Table 1. Baseline parameters, histopathology and stroma morphology.

Baseline Characteristics

Parameter Median (range) or n (%)
Total n 108

Age 67 (40–86)

Sex

female 41 (38.0)

male 67 (62.0)

Operation

Whipple 33 (30.6)

PPPD 55 (50.6)

TPE 14 (13.0)

Left pancreatectomy 6 (5.6)

Tumor Size in cm 3.0 (0.8–9.0)

T stage

T1 10 (17.6)

T2 59 (54.6)

T3 19 (17.6)

T4 11 (10.2)

N stage

N0 33 (30.6)

N1 50 (46.3)

N2 25 (23.1)

M1 6 (5.6)

Grading

G 1 5 (4.6)

G 2 59 (54.6)

G 3 43 (39.8)

G 4 1 (0.9)

Resection margin

R 0 85 (78.7)

R + 23 (21.3)

Alignment of stroma fibers

parallel 33 (30.6)

random 75 (69.4)

Stromal density

low 62 (57.4)

high 46 (42.6)

Fibroblast density

low 82 (75.9)

high 26 (24.1)

Fibroblast morphology

round morphology 52 (48.1)

spindle-like morphology 56 (51.9)

Microvessel density

low 57 (52.8)

high 51 (47.2)

Random alignment of stroma fibers and low microvessel density 40 (37.0)

CD4/CD3 ratio

(Continued)
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months, p = 0.039). In multivariable analysis, the combination of random orientation of

stroma fibers and low microvessel density (HR 1.592, 95%CI 1.098–2.733, p = 0.029), high

CD4/CD3 ratio (HR 2.044, 95%CI 1.203–3.508, p = 0.028) and high density of CD163 positive

cells (HR 1.596, 95%CI 1.367–1.968, p = 0.036) remained independent prognostic factors.

Discussion

The current study systematically evaluated PDAC stroma morphology and defined simple

histopathological stroma classification methods. Random orientation of stroma fibers alone

results in local tumor progression mirrored by tumor size and higher rates of margin positive

resections. A combination of random orientation of stroma fibers and low microvessel density

is associated with loco-regional tumor infiltration and qualifies as independent negative prog-

nostic factor. Immune cell infiltrates determine prognosis, and high CD4/CD3 ratio and high

counts of CD163 positive tumor-associated macrophages determine prognosis.

In 1986, Dvorak postulated that tumors are "wounds that do not heal" and outlined similari-

ties between carcinogenesis and granulation processes of healing wounds [22]. The author

described that in contrast to regular wound healing and scar formation the process in cancer

tissue is not self-limiting, but results in tumor progression and invasion. This hypothesis is

increasingly supported by current data, in particular for PDAC. Predominant fibrotic areas

called desmoplasia are a prominent characteristic of PDAC. In the process of carcinogenesis,

local quiescent pancreatic stellate cells are transformed to an active myofibroblast phenotype

secreting high amounts of extracellular matrix such as collagens, laminins and fibronectins

[6,23]. Such activated cancer-associated fibroblasts and extracellular matrix proteins are major

components forming PDAC desmoplasia. Desmoplasia forms a niche for PDAC tumor cells

and plays an important role in the promotion of tumor progression and local and systemic

tumor cell invasion [7]. The morphological correlate of granulation-mimicking excessive stro-

mal activation in PDAC is a chaotic and disordered stromal architecture with random orienta-

tion of stroma fibers. In the current study, this particular morphological stroma feature was

identified in a majority of patients (69.4%). Random orientation of stroma fibers correlated

with tumor size and lymph node invasion mirroring local progression and loco-regional inva-

sion. Random orientation of stroma fibers was also associated with margin positive resections

in PDAC patients. This association is supporting the hypothesis of local tumor progression by

excessive desmoplasia that is finally less amenable to complete resection. Fibrotic stromal reac-

tion at the resection margin was recently identified as an obstacle for curative resection [15].

Patients with pronounced fibrosis directly at the resection margin showed an impaired overall

Table 1. (Continued)

Baseline Characteristics

Parameter Median (range) or n (%)
low 81 (73.6)

high 27 (26.4)

CD 163 positive cell density

<median 5368 cells 53 (50.0)

>median 5368 cells 53 (50.0)

p53 positive cell density

low 31 (28.2)

high 77 (71.8)

PPPD: Pylorus-preserving pancreatoduodenectomy; TPE: Total pancreatectomy.

https://doi.org/10.1371/journal.pone.0234568.t001

PLOS ONE Stroma and microvessels in pancreatic cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0234568 July 13, 2020 8 / 17

https://doi.org/10.1371/journal.pone.0234568.t001
https://doi.org/10.1371/journal.pone.0234568


Table 2. Stroma morphology and histopathology.

Parallel Alignment of Stroma Fibers Random Orientation of Stroma Fibers

n (%)/ mean (SE) n (%)/ mean (SE) p-value
Tumor size 2.87 (0.21) 3.62 (0.16) 0.037

T Stage

T1-2 28 (84.8) 50 (66.7)

T3-4 5 (15.2) 25 (33.3) 0.064

N Stage

N0 15 (45.5) 18 (24.0)

N+ 18 (54.5) 57 (76.0) 0.040

M Status

M0 31 (93.9) 71 (94.7)

M1 2 (6.1) 4 (5.3) 1.000

Grading

G1-2 23 (69.7) 41 (54.7)

G3-4 10 (30.3) 34 (45.3) 0.202

R Status

R0 30 (90.9) 55 (73.3)

R1 3 (9.1) 20 (27.7) 0.008

High Stromal Matrix Density Low Stromal Matrix Density

Tumor size 3.36 (0.17) 3.43 (0.20) 0.806

T Stage

T1-2 46 (74.2) 32 (69.6)

T3-4 16 (25.8) 14 (30.4) 0.666

N Stage

N0 20 (32.3) 13 (28.3)

N+ 42 (67.7) 33 (71.7) 0.679

M Status

M0 59 (95.2) 43 (93.5)

M1 3 (4.8) 3 (6.5) 0.698

Grading

G1-2 42 (67.7) 22 (47.8)

G3-4 20 (32.3) 24 (52.2) 0.048

R Status

R0 39 (62.9) 32 (71.1)

R1 23 (37.1) 13 (28.9) 0.413

High Fibroblast Density Low Fibroblast Density

Tumor size 3.43 (0.41) 2.36 (0.30) 0.595

T Stage

T1-2 59 (72.0) 19 (73.1)

T3-4 23 (28.0) 7 (26.9) 0.563

N Stage

N0 21 (25.6) 12 (46.2)

N+ 61 (74.4) 14 (53.8) 0.091

M Status

M0 76 (92.7) 26 (100)

M1 6 (7.3) 0 (0) 0.332

Grading

G1-2 49 (59.8) 15 (57.7)

(Continued)
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Table 2. (Continued)

Parallel Alignment of Stroma Fibers Random Orientation of Stroma Fibers

n (%)/ mean (SE) n (%)/ mean (SE) p-value
G3-4 33 (40.2) 11 (42.3) 1.000

R Status

R0 53 (64.6) 18 (72.0)

R1 29 (35.4) 7 (28.0) 0.630

Spindle-like Fibroblast Morphology Large Round Fibroblast Morphology

Tumor size 3.60 (0.14) 3.19 (0.18) 0.122

T Stage

T1-2 39 (75.0) 39 (69.6)

T3-4 13 (25.0) 17 (30.4) 0.668

N Stage

N0 16 (30.8) 17 (30.4)

N+ 36 (69.2) 39 (69.6) 1.000

M Status

M0 48 (92.3) 54 (96.4)

M1 4 (7.7) 2 (3.6) 0.425

Grading

G1-2 29 (55.8) 35 (62.5)

G3-4 23 (44.2) 21 (37.5) 0.558

R Status

R0 36 (69.2) 35 (63.6)

R1 16 (30.8) 20 (36.4) 0.683

Low Microvessel Density High Microvessel Density

Tumor size 3.30 (0.17) 3.48 (0.20)

T Stage

T1-2 40 (70.2) 38 (74.5)

T3-4 17 (28.8) 13 (25.5) 0.671

N Stage

N0 13 (22.8) 20 (39.2)

N+ 44 (77.2) 31 (60.8) 0.094

M Status

M0 55 (96.5) 47 (92.2)

M1 2 (3.5) 4 (7.8) 0.418

Grading

G1-2 38 (66.7) 26 (51.0)

G3-4 19 (33.3) 25 (49.0) 0.118

R Status

R0 36 (63.2) 35 (70.0)

R1 21 (36.8) 15 (30.0) 0.282

Random orientation of stroma fibers and low microvessel density

Absent Present

Tumor size 3.34 (0.17) 3.47 (0.22) 0.797

T Stage

T1-2 52 (76.5) 26 (65.0)

T3-4 16 (23.5) 14 (35.0) 0.266

N Stage

N0 26 (38.2) 7 (17.5)

(Continued)
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survival. In consequence, desmoplasia also plays a role in clinical practice and impairs surgery

as the only potentially curative therapy in PDAC.

Morphology of ECM has been increasingly studied over the past years. Stromal alignment

studies mainly focused on breast and ovarian cancer [24]. In a mouse model of breast cancer,

dense ECM surrounding the tumor characterized early tumor stages while invasive disease

showed non-aligned ECM fibers adjacent to the tumor boundary [25]. Several studies on ovar-

ian and breast cancer associated tumor-adjacent parallel stromal alignment with local tumor

cell invasion in early stages of tumor progression [24,26–28]. As a limitation, these studies

focused on stromal alignment directly at the tumor-stroma boundary and other stromal parts

of the cancer specimen were not assessed. Pancreatic cancer stroma is characterized by pro-

nounced stiffness that makes morphological analyses particularly interesting. Stromal stiffness

leads to aggressive biological features such as acquisition of a mesenchymal cell type and resis-

tance to chemotherapy in xenograft models of pancreatic cancer [29]. A recent study assessed

the impact of stromal fiber orientation on overall survival in PDAC [30]. In contrast to the

results of the current study, the authors found an association between parallel alignment of

stroma fibers and impaired overall survival. As a limitation, only TMAs, but not entire slides

of PDAC specimens were assessed, and main areas of the tumor may have been neglected. Our

study is the first to our knowledge to systematically screen entire slides and large stromal areas

of cancer specimens. The current study disclosed intra-tumoral heterogeneity in 37.3% of the

patients, and a dominant stromal alignment pattern could only be disclosed by assessing dif-

ferent regions of the slide. Furthermore, microvessel morphology was not evaluated in the

study. Several studies used a complex multi-step second harmonic generation imaging tech-

nique to visualize fibers and to determine their orientation. This stromal fiber evaluation

method will be difficult to implement in standard clinical routine. In contrast, the stromal

alignment assessment described in the current study is a simple visual classification that can be

rapidly integrated to standard pathological work-up.

Patients with parallel alignment of stroma fibers had smaller tumors with less frequent

lymph node metastasis and higher rates of R0 resections in the current study. It may be specu-

lated that the desmoplastic transformation during carcinogenesis may have been less pro-

nounced in these patients, resulting in a less tumor promoting stroma. Alignment of stroma

fibers qualified as prognostic parameter with a considerable difference in overall survival for

patients with random orientation of stroma fibers (22 months) in contrast to patients with par-

allel alignment of stroma fibers (42 months). However, this stroma feature could not be identi-

fied as an independent prognostic parameter. Besides alignment of stroma fibers, also the

Table 2. (Continued)

Parallel Alignment of Stroma Fibers Random Orientation of Stroma Fibers

n (%)/ mean (SE) n (%)/ mean (SE) p-value
N+ 42 (61.8) 33 (82.5) 0.031

M Status

M0 63 (92.6) 39 (97.5)

M1 5 (7.4) 1 (2.5) 0.409

Grading

G1-2 40 (58.8) 24 (60.0)

G3-4 28 (41.2) 16 (40.0) 1.000

R Status

R0 48 (70.6) 23 (57.5)

R1 20 (29.4) 17 (52.5) 0.209

https://doi.org/10.1371/journal.pone.0234568.t002

PLOS ONE Stroma and microvessels in pancreatic cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0234568 July 13, 2020 11 / 17

https://doi.org/10.1371/journal.pone.0234568.t002
https://doi.org/10.1371/journal.pone.0234568


Table 3. Survival analysis.

Long-term survival estimates

Univariate Multivariate

Parameter HR 95%CI (lower,
upper)

p-value HR 95%CI (lower,
upper)

p-value

Age

< median 67

> median 67 1.519 0.970 2.831 0.068

Sex

female

male 1.608 1.016 2.542 0.142

Tumor Size in cm

< median 3.0

> median 3.0 1.348 1.159 2.114 0.036 1.225 0.773 1.942 0.388

T stage

T1/2

T3/4 0.732 0.440 1.217 0.723

N stage

N0

N+ 1.568 1.260 2.621 0.022 1.366 0.791 2.359 0.357

M

M0

M1 1.024 0.425 3.404 0.727

Grading

G 1/2

G 3/4 1.627 1.032 2.532 0.336

Resection margin

R 0

R 1 1.343 1.136 2.157 0.022 1.215 0.750 1.967 0.430

Alignment of stroma fibers

random

parallel 1.443 1.280 2.364 0.046 1.220 0.719 2.072 0.079

Stromal density

low

high 1.001 0.633 1.518 0.998

Fibroblast density

low

high 1.350 0.817 2.232 0.241

Fibroblast morphology

round morphology

spindle-like morphology 1.002 0.643 1.561 0.994

Microvessel density

low

high 0.602 0.345 1.050 0.061 0.568 0.279 1.157 0.119

Random orientation of stroma fibers and low microvessel density

absent

present 1.748 1.098 2.785 0.019 1.592 1.098 2.733 0.029

CD4/CD3 ratio

low

(Continued)
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histopathological variables tumor size, N status and R status all associated with alignment of

stroma fibers were prognostic factors in univariate analysis. So, as the most probable cause,

these three variables were ruled out in multivariate analysis.

Stroma density was not associated with tumor progression or overall survival. We recently

demonstrated that dense stroma limited PDAC tumor cells growth and induced markers of

epithelial-to-mesenchymal transition in an in vitro model [5]. The only study evaluating the

prognostic effect of stromal density on PDAC prognosis was recently performed by Torphy

et al. [31]. The authors observed improved progression-free and overall survival rates in

patients with dense stroma not undergoing adjuvant therapy. In patients undergoing adjuvant

therapy, the survival benefit diminished over time.

Fibroblast density and morphology were not associated with prognosis in the current study.

In in vitro models transformation from round quiescent fibroblasts to activated spindle-like

shaped myofibroblasts as well as fibroblast proliferation can be achieved by co-cultivation with

Table 3. (Continued)

Long-term survival estimates

Univariate Multivariate

Parameter HR 95%CI (lower,
upper)

p-value HR 95%CI (lower,
upper)

p-value

high 1.686 1.024 2.777 0.040 2.044 1.203 3.508 0.028

CD 163 positive cell density

low

high 0.620 0.394 0.975 0.039 1.596 1.367 1.968 0.036

p53 positive cell density

low

high 0.974 0.582 1.689 0.919

https://doi.org/10.1371/journal.pone.0234568.t003

Fig 7. Overall survival random orientation of stroma fibers and low microvessel density.

https://doi.org/10.1371/journal.pone.0234568.g007
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PDAC tumor cells [4,5]. It may be speculated that these processes cannot be verified in mature

PDAC tumors but are present in early carcinogenesis. In addition to activated and quiescent

fibroblasts, recent studies have identified multiple different subtypes of PDAC-associated

fibroblasts bearing tumor-promoting as well as tumor-restraining properties [8,32,33]. These

subtypes can probably not be identified by morphological analysis alone.

Hypoxia is an important feature of PDAC, and overall survival decreases by the extent of

hypoxic regions in PDAC tumors. In contrast to other solid malignancies, hypoxia is in partic-

ular pronounced in PDAC [3,34]. PDAC tumor cells adopt to limited oxygen supply and

develop an invasive and chemo-resistant phenotype [35,36]. Desmoplasia contributes to

PDAC hypoxia by displacing capillaries with high amounts of extracellular matrix and by hyp-

oxia-associated activation of fibroblasts [35,37,38]. Desmoplasia and hypoxia together form a

self-sustaining interaction network supporting PDAC invasiveness and therapeutic resistance.

This mechanism is supported by the current study, random orientation of stroma fibers and

low microvessel density were associated with lymph node metastasis. Furthermore, the combi-

nation of random orientation of stroma fibers and low microvessel density were found to be

an independent negative prognostic parameter in this study. In consequence, the combination

of pronounced desmoplasia and hypoxia seems to be a key histological aspect of the PDAC

microenvironment linked with poor prognosis.

Tumor-infiltrating lymphocytes are part of the PDAC microenvironment, and were shown

to impact tumor progression and even patient prognosis [39,40]. CD3 is a co-T-cell-receptor

required for activation of both cytotoxic and helper T cells. Recently, a correlation between

high CD3 cell counts and favorable pathological characteristics was demonstrated [21]. A

recent meta-analysis emphasized the importance of lymphocyte ratios and recommended to

evaluate CD3 positive infiltrates in relation to all CD4 positive T helper cells [40]. Our study

demonstrated poor prognosis in patients with high CD4/CD3 ratios. These results are consis-

tent with a current study showing reduced disease-free and overall survival in patients with

high CD4/CD3 ratios [21].

Tumor-associated macrophages (TAM) form a subset population of the PDAC immune-

microenvironment. These cells are characterized by positive CD163 expression and orches-

trate tumor evasion from immune surveillance by anti-inflammatory cytokine signaling [41].

In our study, high stromal infiltrates of CD163 positive cells were associated with reduced

overall survival. These findings confirm the results of former studies demonstrating poor out-

come in PDAC patients with high CD163 cell counts [42,43].

In summary, we present a simple morphological classification method for PDAC stroma.

Alignment of stroma fibers and microvessel density were associated with tumor progression,

locoregional tumor invasion and surgical resectability. Both random orientation of stroma

fibers and low microvessel density qualified as independent prognostic parameters. In conse-

quence, the combination of excessive desmoplasia and hypoxia seems to be of major relevance

for PDAC patient prognosis. High CD4/CD3 stromal ratios and high infiltrates of tumor-asso-

ciated macrophages were associated with reduced overall survival. Simple systematic assess-

ment of stroma morphology may help to assess patient prognosis.
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