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Mast cells affect growth in various human tumors, but
their role in prostate cancer (PC) is unclear. Here, we
identify mast cells as independent prognostic mark-
ers in PC using a large cohort of untreated PC patients
with a long follow-up. By analyzing mast cells in dif-
ferent tissue compartments, our data indicate that in-
tratumoral and peritumoral mast cells have anti- op-
posed to protumor properties. Intratumoral mast cells
negatively regulate angiogenesis and tumor growth,
whereas peritumoral mast cells stimulate the expan-
sion of human prostate tumors. We also observed
mast cell recruitment particularly to the peritumoral
compartment in men during the formation of cas-
trate-resistant prostate tumors. In our ortothopic rat
model, mast cells accumulated in the peritumoral tis-
sue where they enhanced angiogenesis and tumor
growth. In line with this, prostate mast cells expressed
high levels of the angiogenic factor FGF-2. Similar to
the situation in men, mast cells infiltrated rat prostate
tumors that relapsed after initially effective castration
treatment, concurrent with a second wave of angio-
genesis and an up-regulation of FGF-2. We conclude
that mast cells are novel independent prognostic
markers in PC and affect tumor progression in ani-
mals and patients. In addition, peritumoral mast cells

provide FGF-2 to the tumor micro environment,
which may contribute to their stimulating effect on
angiogenesis. (Am J Pathol 2010, 177:1031–1041; DOI:

10.2353/ajpath.2010.100070)

Cancer growth is dependent on the reciprocal interaction
between tumor cells and their microenvironment. Cancer-
associated fibroblasts,1 vascular cells, and inflammatory
cells such as macrophages2–4 have been shown to pro-
mote prostate tumor growth. Mast cells are also of impor-
tance for tumor growth and have been shown to affect
angiogenesis5–7 but are also potent regulators of inflam-
mation and thus their specific function during tumor pro-
gression is complex and shows significant plasticity.8–10

Their role in prostate cancer (PC) in patients was recently
explored in two separate studies using tryptase and c-Kit
as markers for mast cells. These studies lacked the dis-
crepancy between intra- and peritumoral mast cells and
did not identify mast cells as independent prognostic
variables. One of the studies showed that tryptase-posi-
tive mast cells were related to poor outcome in PC pa-
tients.12 The other study analyzed c-Kit-positive cells in
tumor samples from PC patients and found an associa-
tion between increased mast cell numbers and a favor-
able prognosis.13

Castration therapy is the gold standard for treatment of
patients with metastatic PC, but in the majority of cases
the formation of castrate-resistant prostate tumors is in-
evitable. The mechanisms behind the relapse are not fully
understood but could be related to changes in the an-
drogen receptor and the tumor stroma.14 Identifying
pathways and cell types that support the relapse of the
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tumor offers therapeutic opportunities to enhance the
effects of castration. Interestingly, mast cell density is
increased in the normal prostate stroma after castra-
tion,15 but the functional significance of this is unknown.

The aim of this study was to explore the role of mast
cells in relation to clinopathological variables in men and
during the formation of castrate-resistant tumors. We an-
alyzed a large cohort of untreated PC patients with a
follow-up of more than 20 years and subsequent samples
from those men who developed castrate-resistant tu-
mors. Our results identify mast cells for the first time as
independent prognostic markers. Furthermore, our study
shows that prostate peritumoral mast cells, in part by
providing FGF-2 to the tumor micro environment, stimu-
late angiogenesis and prostate tumor growth.

Materials and Methods

Castration Therapy of Dunning H Tumors

To investigate mechanisms for the formation of castrate-
resistant prostate tumors we used the Dunning H tumor
model, which shows a clear cut initial response to cas-
tration followed by a relapse.16–17 Immunocompetent
Copenhagen rats with subcutaneous (s.c.) Dunning H
tumors were left intact or surgically castrated. Six to eight
animals were used in all groups and the tumors analyzed
after one and four weeks. The tissues were handled as
described below.

Ortothopic Implantation of AT-1 Tumor Cells
and Treatment with Sodium Cromoglycate,
Imatinib Mesylate, and Compound 48/80

One group of Copenhagen rats received 2000 prostate
tumor cells (AT-1) injected into the ventral prostate (VP)
lobe and the animals were examined 7, 10, and 14 after,
as described earlier.18 Another group was treated as
above and castrated at day 7 and examined at day 14.
Two additional groups were injected with phosphate-
buffered saline (PBS) or pretreated with the inhibitor of
mast cell degranulation, Sodium Cromoglycate (SDG,
Sanofi-Aventis AB, Stockholm, Sweden) at a dose of 100
mg/kg/day intraperitoneal (i.p.) for two days, followed by
an injection of AT-1 tumor cells as described above.
During 10 days, the rats received a daily dose of 50
mg/kg/day i.p. of SDG or an equal volume of PBS. And
finally, two groups received 2000 AT-1 cells injected into
the VP diluted in growth factor reduced matrigel (BD
Biosciences, CA) and PBS or 1 �mol/L of the mast cell
degranulation agent, compound 48/80,19 (n � 6) respec-
tively. Due to the high risk of anaphylactic shock when
this substance is injected systemically during a pro-
longed period of time, we used intraprostatic administra-
tion of compound 48/80. All animals were injected with
bromodeoxyuridine (BrdU, 50 mg/kg intraperitoneally,
Sigma, St. Louis, MO) one hour before sacrifice to label
proliferating cells. The animals treated with SDG also
received an injection of the tissue hypoxia marker pi-

monidazole to stain tissues with a pO2 less than 10
mm Hg (Hypoxyprobe 100 mg/kg, Chemicon, Temecula,
CA) as earlier described.18 Another way to target mast
cells is by using the c-Kit inhibitor Imatinib Mesylate20

(kindly donated by Novartis Pharma, AG, Basel, Switzer-
land). Thus, we pretreated immunocompetent Copen-
hagen rats orally with 125 mg/kg/day of Imatinib (n �
8). The controls received PBS (n � 10) during the same
time period. After 17 days the rats received an orto-
thopic injection of 2000 AT-1 cells. The two groups
were subsequently treated with Imatinib or PBS during
10 days. The tumors were dissected, weighed, fixed in
formalin, and embedded in paraffin. All animal exper-
iments were approved by the local ethic committee in
Umeå, Sweden.

Patients

Our patient samples are thoroughly described else-
where.21 In brief, tissue specimens were obtained from
patients who underwent transurethral resection of the
prostate due to obstructive voiding problems and subse-
quent histological analysis showed cancer. The patients
had not received any anticancer therapy before transure-
thral resection of the prostate and had tumors with Glea-
son Score (GS) ranging from 4 to 10. This study includes
394 patients, of which 295 patients were followed with
watchful waiting and thus received no treatment. From
these formalin-fixed tissue specimens, we constructed
tissue micro arrays (TMAs) using a Beecher Instrument
(Sun Prairie, WI). The TMAs contained five to eight sam-
ples (cores with a diameter of 0.6 mm, tissue area � 0.28
mm2) of tumor tissue and four samples of nonmalignant
tissue from each patient. Only intact spots were used in
the analysis. To examine whether castration therapy re-
sulted in an influx of mast cells in tumors, we used a set
of tissue sections from TUR-diagnosed PCs relapsing
after surgical castration treatment.22 The local human
investigations committee approved the study.

Protein Analysis

Protein extraction and Western blot were performed as
previously described.23 Primary antibodies to detect
FGF-2 (147: sc-79, Santa Cruz, Santa Cruz, CA) and actin
(A2066, Sigma) were followed by secondary anti-rabbit
(Amersham Biosciences, GE Healthcare, Uppsala, Swe-
den) incubation. Blocking experiment to verify the spec-
ificity of the 16-kDa band observed with the FGF-2
antibody was performed by preincubating the antibody
with a 50� excess of the FGF-2 peptide (sc 79 P, Santa
Cruz).

Tissue Staining and Stereology

Human tissue samples including the TMA were stained
with an antihuman tryptase antibody (DAKO, Stockholm,
Sweden), and the number of mast cells per spot was
recorded. Sections from animal tumor tissues were
stained with toluidine blue and the volume densities of
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mast cells determined using a light microscope with a
square-lattice mounted in the eye-piece. The number of
grid intersections that fell on mast cells versus other
areas was used to determine the volume density. Blood
vessel density was measured in a similar manner. The
mean value of the number of mast cells present in each
tumor (n � 5–8) and nonmalignant (n � 4) TMA core per
patient was used in survival and correlation analysis. The
few mast cells present in the epithelial compartment were
excluded. Immunohistochemical staining of the platelet-
derived growth factor receptors (PDGFRs, R&D Systems,
Abingdon, UK) FGF-2 (Santa Cruz) and Factor VIII (Dako)
were performed on paraffin-embedded tissues.20 CD68
(ED1, Serotec, Oxford, UK) was used to recognize tissue-
resident macrophages.15 Desmin was detected using a
monoclonal antibody (Dako) on paraffin sections and
immunoreactivity detected with 3,3� diaminobenzidine
(DAB, Dako). For assessing proliferation, animal tissues
were stained with an antibody recognizing BrdU (Bec-
ton Dickinson AB, Stockholm, Sweden), and human
samples were stained for the cellular proliferation
marker Ki-67 (Dako).

Laser Microdissection and Pressure Catapulting
and cDNA Synthesis

Six-micrometer frozen sections from four different control
Dunning H tumors, intact VP, and AT-1 tumors were
mounted on PALM Membrane Slides (P.A.L.M Microlaser
Technologies AG, Bernried, Germany). Mast cells were
micro dissected and used for RNA extraction with Trizol
(Invitrogen, Stockholm, Sweden). The RNA was used in a
first-strand cDNA synthesis using Superscript II (Invitro-
gen) according to protocol.

RNA Extraction from Dunning H Tumor Tissue
and cDNA Array Analysis

Total RNA was prepared using Trizol reagent (Invitro-
gen), and 1 �g of RNA from four to seven animals were
pooled. The RNA was transcribed into cDNA using RT2

PCR First strand kit (C-02, SABiosciences, Bioscience
Corporation, by way of MedProbe, Lund, Sweden) accord-
ing to instructions. The cDNA was used in two arrays, a rat
angiogenesis array RT2 PCR Array (APRN-024A, SABio-
sciences) and a chemokine array (PARN-022A, SABio-
sciences) using an ABI Prism 7900HT Sequence Detec-
tion System (Applied Biosystems, Stockholm, Sweden)
and ABI Prism 7900 SDS Software 2.1. Data were ana-
lyzed with PCR Array Data Analysis template from
SABiosciences.

RT-PCR Procedures

mRNA levels of GAPDH and FGF-2 were examined by
real-time PCR using the Light Cycler SYBR Green 1 tech-
nology (Roche Diagnostics, Bromma, Sweden). All sam-
ples were run on a 2% agarose gel to verify the specificity
of the PCR product.

Cell Culture

AT-1 cells (ATCC, Manassas, VA) were grown in RPMI
(ATCC) with supplements according to protocol. The
cells were subjected to Imatinib (range 0.5–3.0 �mol/L), 3
�mol/L SDG, or compound 48/80 (range 1–3 �mol/L)
dissolved in PBS. A cell proliferation kit (Cell Proliferation
Kit, Roche) was used to determine the amount of meta-
bolic activity according to manufacturer’s protocol.

Statistics

Bivariate correlations were calculated using the Spear-
man’s rank correlation test. Correlations between nominal
variables and continuous variables were analyzed using
the Kendall’s tau b correlation test. Data used in the
correlation analysis was collected at the time of PC diag-
nosis. Groups were compared with the Mann–Whitney
U-test. Probability of event-free survival (P-EFS) is pre-
sented � SE. The level of statistical significance was
defined as P � 0.05 (two-sided). Statistical analysis was
performed using the SPSS 14.0.0 software for Windows
(SPSS Inc., Chicago, IL).

Survival Analysis

Patients included in the survival analyze using Kaplan–
Meier and Cox regression were followed with watchful
waiting and thus were left untreated. The duration of EFS
is defined as the time from transurethral resection of the
prostate until the date of PC death, death of other causes,
or if no death occurred, until the date of last follow-up.
Differences in outcome between groups were tested with
the log-rank test. The prognostic relevance of the number
of mast cells per tissue array core was examined by Cox
regression analysis alone and together with GS and local
tumor stage.

The cut-offs for the average number of mast cells in
tumor and nonmalignant prostate tissue cores were ob-
tained using receiver operating curve (ROC) analysis.
These showed areas under the curve of 0.42 and 0.59 for
mast cells in the tumor and nonmalignant tissue respec-
tively [95% confidence interval (CI): 0.34�0.49 and 0.51–
0.67]. Cut-offs obtained (13 and 20 mast cells in the
tumor stroma and nonmalignant stroma respectively, Fig-
ure 1, A and B) were used in correlation and survival
analyses (Cox regression and Kaplan–Meier).

Results

Peritumoral Mast Cells Stimulate Peritumoral
Angiogenesis and Prostate Tumor Growth

To investigate the significance of mast cells, we used the
ortothopic AT-1 model where implantation of tumor cells
resulted in a recruitment of mast cells into the peritumoral
tissue (see Supplemental Figure S1A at http://ajp.amj-
pathol.org). Very few mast cells migrated into the tumor.
Vascular density and vascular BrdU labeling index in-
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creased with time in the peritumoral VP tissue, as de-
scribed earlier.4,18 The gradual increase in mast cell
density correlated with vascular BrdU labeling index,
vascular density in the surrounding prostate tissue (and
in the noninjected VP, data not shown), and importantly
with tumor size (see Supplemental Figure S1A at http://
ajp.amjpathol.org).

To examine the importance of peritumoral mast cell
accumulation in more detail we used compound 48/80 to
locally stimulate mast cell degranulation. Coinjection of
compound 48/80 with AT-1 cells resulted in significantly
larger tumors compared with PBS (Figure 1A). This was
accompanied by a significant increase in the percentage
of destabilized mast cells and an increase in the volume
density of blood vessels (Figure 1B) supporting a proan-
giogenic role for peritumoral mast cells in PC. Compound
48/80 did not affect AT-1 cells growing in vitro (see Sup-
plemental Figure S1B at http://ajp.amjpathol.org) sug-
gesting that the effect of this compound in vivo is not
mediated by direct effects on the tumor cells.

Next, we investigated whether SDG, a stabilizer of
mast cell degranulation, could impair tumor angiogenesis
and growth. The rats were pretreated with SDG or PBS
two days before tumor cell injection as previously de-
scribed.6 SDG significantly stabilized mast cells (see
Supplemental Figure S1C at http://ajp.amjpathol.org) and

tumor take was reduced (7/9 for PBS and 3/8 for animals
treated with SDG). Importantly, we also observed inhibi-
tory effects on angiogenesis, both in the nonmalignant
tissue surrounding the tumors and within the tumors (Fig-
ure 1C). In line with this, hypoxia was up-regulated after
SDG treatment (Figure 1D). In contrast, SDG did not have
any effect on AT-1 tumor cells in vitro (see Supplemental
Figure S1D at http://ajp.amjpathol.org).

Previously, we have recognized the potential of Ima-
tinib to reduce mast cell numbers in prostate tumors.20

This is of major importance because Imatinib is already
used successfully in the clinic for several mast cell-re-
lated disorders such as mastocytosis24 and gastrointes-
tinal tumors.25 Therefore we wanted to evaluate the po-
tential of Imatinib to reduce mast cell numbers and inhibit
tumor growth in our ortothopic tumor model. Notably,
Imatinib is not specific for mast cells but has inhibitory
effects on vascular support cells as well as macro-
phages. Interestingly, however, we found that Imatinib
completely eradicated mast cells from the normal VP
after 17 days of treatment (see Supplemental Figure S2A
at http://ajp.amjpathol.org), and subsequent injection of
tumor cells resulted in an increased rate of tumor cell
apoptosis, inhibitory effects on EC proliferation, and a
threefold reduction in tumor weight (Figure 1, E–F). Sur-
prisingly, vessel density was slightly albeit significantly

Figure 1. A: Coinjection of AT-1 cells with
compound 48/80 stimulated tumor growth com-
pared with PBS. *P � 0.05. B: Compound 48/80
stimulated mast cell degranulation (determined
on toluidine blue staining and defined as mast
cells with a discontinuous membrane) and in-
creased the volume density of blood vessels.
Values in A and B, are shown as means � SD
with six to ten animals in each group. *P � 0.01.
C: SDG reduced the volume density of blood
vessels both in the nonmalignant stroma sur-
rounding the tumor and in the tumor stroma.
*P � 0.05. D: SDG induced tumor hypoxia com-
pared with PBS. The fraction hypoxic cells in-
creased from 43 � 11% to 66 � 14%. *P � 0.05.
Data from SDG experiment represent one ex-
periment with three to seven animals in each
group. E: Imatinib reduces growth of AT-1 tu-
mors compared with controls. *P � 0.05. F:
Significant effects on tumor cell apoptosis, vol-
ume density of blood vessels, and endothelial
proliferation were observed after treatment with
Imatinib. Values from experiment using Imatinib
are shown as means � SD with eight to ten
animals in each group. *P � 0.05.
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increased after Imatinib treatment (Figure 1F). We hy-
pothesized that this was due to more dilated vessels
rather than an actual increase in vessel numbers, and in
line with this we found a strong down-regulation of the
pericyte marker desmin (see Supplemental Figure S2B at

http://ajp.amjpathol.org). The fraction of � smooth muscle
cell actin (SMA)-covered vessels nearly reached statisti-
cal significance (the fraction of SMA-double stained ves-
sels decreased from 40.0 � 8.73% to 32.7 � 5.67%, P �
0.083), but there were no major changes in the expres-

Figure 2. A: Dunning H tumor volumes at the start of the experiment (intact) were set to 100%, and all other values were compared with this day. Seven days
p.c. tumor volume was significantly reduced (arrowhead), *P � 0.05 compared with intact but four weeks p.c. there was a significant increase, **P � 0.05
compared with one week p.c. This occurred concurrently with an increase in the volume density of factor VIII positive blood vessels (B; *P � 0.05 compared with
intact, **P � 0.05 compared with one week p.c.). C: Castration therapy recruited mast cells to the tumor stroma after four weeks (*P � 0.05 compared with intact).
Values are shown as means � SD with six to eight tumors in each group. D: Illustrative picture of the increase in toluidine blue-positive mast cells in the tumor
stroma after castration therapy. E: Mast cells were also recruited to AT-1 tumors 7 days p.c. (*P � 0.05 compared with intact).

Figure 3. A: Western blot of FGF-2 in Dunning H tumor lysates showing intact tumors (lane 1), 7 days p.c. (lane 2), and 28-days p.c. (lane 3). The band detected
28 days p.c. was subsequently blocked using a control peptide at 50� excess (lane 3 inset). The samples represent a pool of four to six tumors in each group,
and actin was used as a loading control. Right: An illustrative immunohistochemical staining of FGF-2 on a 28-day p.c. Dunning H tumor showing strong FGF-2
staining by cells that by morphological criteria appeared to be mast cells (arrows). B: Extraction of pooled mast cells from relapsing 28 days p.c. Dunning H
tumors using laser microdissection and pressure catapulting (LMPC). C: RT-PCR on LMPC extracted mast cells showed, as expected, that the mast cell marker c-Kit
was strongly expressed by intratumoral (it) mast cells whereas the hematopoietic marker VEGF-R1 was not expressed. D: Also mast cells from the nonmalignant
(nm) stroma (from VP) and in the peritumoral stroma (pt) from the AT-1 model expressed FGF-2. The pt-isolated mast cells were run in a separate analysis from
the nm extracted mast cells (dashed lines) but with the appropriate controls. E: Whole tumor homogenates from 4 weeks p.c. tumors were used as positive
control (denoted �) and water as a PCR negative control (�). GAPDH was used as a loading control. The lower band of GAPDH in the negative sample (E)
probably represents primer dimer. PDGF-B and IL-6 were up-regulated on the angiogenesis array comparing intact and 28 days p.c. Dunning H tumors but were
not found to be expressed by infiltrating intratumoral mast cells. In contrast, epiregulin (Epi) was expressed by mast cells as well as FGF-2. Importantly, compare
the expression of FGF-2 in relation to GAPDH in corresponding sample for the whole tumor homogenates and for the isolated mast cell fraction. F: Consecutive
sections of a 28-day p.c. Dunning H tumor showing toluidine blue (left) staining to detect mast cells and FGF-2 (right). FGF-2 was expressed in mast cells
(arrows), but there was also a weaker staining of fibroblasts (arrowhead) and possibly tumor cells.
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sion of PDGFR after Imatinib treatment and there was no
obvious difference in the number of tissue-resident
CD68� macrophages (data not shown). In line with a
previous study,26 Imatinib reduced the well-known angio-
genic factor FGF-2 (see Supplemental Figure S2, C and
D at http://ajp.amjpathol.org). However, Imatinib had in-
hibitory effects on the tumor cells in vitro especially at
higher concentrations, although the PDGFRs were not
expressed by tumor cells in vivo (see Supplemental Fig-
ure S2, E and F at http://ajp.amjpathol.org). Hence, we
cannot determine the exact contribution of the inhibi-
tory effects on mast cells exerted by Imatinib in our
experiment.

To investigate whether mast cells contribute to the
formation of castrate-resistant tumors, we analyzed pros-
tate tumors with a clear-cut initial inhibitory response to
castration followed by a clear-cut relapse (Figure 2A).
Seven days postcastration (p.c.), vascular density was
reduced but the number of mast cells largely unaffected
in the Dunning H tumor model (Figure 2, B and C).
However, four weeks after treatment, tumor volume and
vascular density had significantly increased (Figure 2, A
and B). This was accompanied by a significant accumu-
lation of mast cells in the tumor stroma compartment
(Figure 2, C and D). In addition, several chemokines that
induce mast cell migration and or trigger their activa-
tion27–28 were up-regulated after castration therapy (see
Supplemental Table 1 at http://ajp.amjpathol.org). Castra-
tion also induced an influx of mast cells into the peritu-
moral tissue in AT-1 tumors one week p.c. (Figure 2E).

Mast Cells Express High Levels of FGF-2 in
Dunning H and AT-1 Tumors

Next, we performed an array of angiogenic regulators in
Dunning H tumors to find factors that could support the
vascular relapse after castration therapy (see Supple-
mental Table 2 at http://ajp.amjpathol.org). In this context,
the fourfold induction of the well-known angiogenic factor
FGF-2 was particularly interesting. Western blot and im-
munohistochemical analysis confirmed a strong expres-
sion of FGF-2 in 28 days p.c. Dunning H tumors (Figure
3A). Mast cells have been found to release FGF-2 by
degranulation and drive tumor angiogenesis in other
models,5–6 and therefore we analyzed the expression of
FGF-2 in microdissected mast cells from malignant and
nonmalignant compartments in Dunning H and AT-1 tu-
mors (Figure 3, B–E; see also Supplemental Table 2 at
http://ajp.amjpathol.org). The expression of c-Kit and
VEGF-R1 was used to verify the accuracy of the laser
microdissected material (Figure 3C). RT-PCR demon-
strated a strong expression of FGF-2 in mast cells from
the nonmalignant (nm) VP as well as when mast cells
were located in the stroma surrounding AT-1 tumors (pt,
Figure 3D). In the Dunning H tumor model, where mast
cells were found intratumoral (it), FGF-2 was strongly
expressed by mast cells (Figure 3E). Epiregulin was also
found to be expressed by mast cells but was not further
investigated. In contrast, the other factors that were found
to be up-regulated by castration therapy on our array of

Dunning H tumors did not show a comparatively strong
expression by mast cells (Figure 3E). Immunohistochem-
istry on consecutive sections from a relapsing 4-week-
p.c. Dunning H tumor showed a strong expression of
FGF-2 in cells that were also positive for toluidine blue
and a weaker staining in fibroblasts and tumor cells (Fig-
ure 3F). We conclude that prostate mast cells express
FGF-2 regardless of their localization within the prostate
microenvironment. Another possible source of FGF-2 dif-
ficult to distinguish from mast cells on tissue sections
stained with FGF-2 are macrophages. Although macro-
phages were not up-regulated after castration therapy
(data not shown), we cannot exclude the possibility that
they contribute to the increase in FGF-2 levels by other
mechanisms.

Mast Cells Are Located in the Prostate Stroma
in Men

We then turned to our clinical samples to evaluate the
importance of our findings from our animal models and to
examine the contradictory findings from previous stud-
ies.12–13 In both nonmalignant and malignant human

Figure 4. Illustrative immohistochemical staining with a low versus high
number of tryptase-positive mast cells in TMA cores from nonmalignant (A)
and malignant (B) prostate tissue. The few mast cells that were located in the
epithelial compartment were excluded from the analysis. Only intact cores
were used in the analysis. C: Our data set, using a large number of PC
patients, showed a significant difference between the numbers of mast cells
in the nonmalignant tissue compartment versus in the malignant stroma. *P �
0.05. D: Kaplan-Meier analysis on untreated patients with a high or low
number of tryptase-positive mast cells in the nonmalignant versus malignant
stroma showed a remarkable discrepancy. Mast cells in the surrounding
peritumoral stroma related to a poor prognosis (left) in contrast to the
scenario within the tumors, where stromal mast cells served a protective role
and related to a favorable outcome (right).
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prostate tissue, mast cells were found principally in the
stroma. In prostate tumors only a few mast cells were
detected in the epithelial compartment (Figure 4, A and
B). We also found that the mean number of mast cells in
the nonmalignant stroma was significantly higher than in
the tumor stroma (Figure 4C, 13.9 � 7.1 versus 12.1 �
5.9, n � 359 and 370, respectively, P � 0.05).

Mast Cells Are Related to Clinical Outcome

Patients with a high number of mast cells in the resected
nonmalignant stroma had significantly shorter cancer-
specific survival than patients with low number of mast
cells in this prostate compartment (15-year P-EFS was
46 � 10% and 67 � 4% in the two groups; Figure 4D,
left). To elucidate the strength of this association, we

used multivariate Cox regression analysis and included
the strong prognostic markers GS and local tumor stage.
Interestingly, we found that a high number of mast cells in
the nonmalignant stroma were significantly associated
with poor prognosis and an independent prognostic
marker (Table 1, top). High mast cell density in the non-
malignant part of the prostate was related to high GS
(Table 2), but in contrast to the findings in the AT-1
model, it was not correlated with vascular density in this
tissue compartment.

In contrast, patients with a low number of mast cells in
the tumor compartment had, as described previously in
surgically treated patients,13 significantly shorter cancer-
specific survival than patients with high number of mast
cells in the tumors (15-year P-EFS was 51 � 6% and 71 �
6% in the two groups; Figure 4D, right). Because mast

Table 1. Cox Regression Analysis of Mast Cells in the Tumor and Nonmalignant Tissue of Patients Followed with Watchful
Waiting

Variable* n RR P value 95% CI

Multivariate analysis
Gleason score 4–5 84 1**

6 91 13.3 0.013 1.74–101.33
7 46 30.8 0.001 4.00–237.06

8–10 54 66.4 �0.001 8.59–513.38
Local tumor stage T1 175 1**

T2 66 1.7 0.130 0.86–3.26
T3 31 2.8 0.009 1.29–6.02
T4 3 5.1 0.122 0.65–40.92

Mast cells in nonmalignant stroma �20 227 1**
�20 48 2.2 0.005 1.28–3.91

Multivariate analysis
Gleason score 4–5 80 1**

6 81 17.8 0.005 2.34–135.89
7 47 36.4 0.001 4.77–278.54

8–10 57 81.5 �0.001 10.73–618.21
Local tumor stage T1 163 1**

T2 68 1.8 0.067 0.96–3.39
T3 31 1.9 0.081 0.92–3.90
T4 3 4.8 0.142 0.59–38.19

Mast cells in tumor stroma �13 148 1**
�13 117 0.6 0.037 0.32–0.97

*Cox regression analysis using Gleason score, local tumor stage, and number of mast cells in the tumor and nonmalignant tissue as categorical
variables.

**Reference value.
RR, relative risk; CI, confidence interval.

Table 2. Correlation Analysis Using Kendall’s Tau and Spearman’s Rank Correlation Test

Method Variable
Intratumoral mast

cells
Peritumoral mast

cells

Kendall’s tau Presence of metastasis* Correlation coefficient (N) �0.157§ NC
289 277

Spearman’s rank
test

Tumor stage Correlation coefficient (N) �0.147§ NC
362 352

GS Correlation coefficient (N) �0.113‡ 0.152§
369 358

Density of bv in the nonmalignant
tissue†

Correlation coefficient (N) �0.217§ NC
148 145

Tumor cell proliferation Correlation coefficient (N) �0.177§ NC
363 343

(N) equals number of patients analyzed. Note the protective role of intratumoral mast cells and the lack of, or even protumor role of, peritumoral
mast cells. NC indicates not correlated.

*According to bone scan at the time of diagnosis.
†No correlation between mast cells and intratumoral blood vessels (bv, data not shown).
‡P � 0.05, §P � 0.01.
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cells were found primarily in the stroma and high GS
tumors contain a relatively low fraction of stroma com-
pared with tumor cells, we repeated the multivariate anal-
ysis including GS and local tumor stage. This showed

that intratumoral mast cell number was an independent
prognostic marker (Table 1, bottom). Poor survival in
patients with few intratumoral mast cells can conse-
quently not be explained only by an association with high
GS. Low number of intratumoral mast cells was also
related to markers of unfavorable prognosis such as high
tumor stage, presence of metastases, and high tumor cell
proliferation (Table 2).

Castration Therapy of Men Stimulates Mast Cell
Recruitment

Mast cells are recruited to the rodent nonmalignant pros-
tate after castration therapy,15 and in this study we dis-
covered an influx of mast cells to the malignant prostate
in our animal models. Having found that peritumoral mast
cells stimulate tumor growth and are correlated with poor
prognosis in men, we explored whether mast cells are
recruited to human prostate tumors after castration ther-
apy. Indeed, castration therapy increased the number of
mast cells primarily in the peritumoral tissue compart-
ment in samples taken from locally relapsing human
prostate tumors but not significantly within the tumor (Fig-
ure 5A).

And finally we also explored whether human mast cells
express FGF-2 and therefore analyzed consecutive sec-
tions for their expression of FGF-2 and tryptase. In line
with our data from our animal models, we found that
several tryptase-positive cells were positive for FGF-2 but
FGF-2 was also expressed in lower levels in fibroblasts
and possibly in the epithelial cells (Figure 5B).

Figure 5. A: Similar to our animal models, tryptase-positive mast cells
infiltrated primarily the peritumoral compartment after castration therapy in
men, and a trend was observed for tumoral mast cells. *P � 0.05. GS was
similar for both groups. B: Consecutive sections of FGF-2 and mast cell-
specific tryptase showed that FGF-2 was indeed expressed in mast cells also
in human tissues (arrows) and also in lower levels in various fibroblasts and
epithelial cells (arrowheads). Pictures are shown at �20 magnification.

Figure 6. A schematic illustration of the role of
mast cells in PC. Dashed bar indicates the mar-
gin between malignant (T � tumor) and nonma-
lignant (N) tissue. A: In the AT-1 ortothopic tu-
mor model a few mast cells can be seen in the
normal VP (top) expressing FGF-2. After the in-
jection of tumor cells (middle), FGF-2-express-
ing mast cells are recruited to the surrounding
tumor microenvironment (but not within the tu-
mor) supporting tumor angiogenesis. When the
tumor is small and surrounded by nonmalignant
tissue, tumor growth and angiogenesis can be
modulated by the use of inhibitors (ie, SDG) and
stimulators (ie, compound 48/80) of mast cell
degranulation. In addition, castration therapy
that temporarily inhibits tumor growth and an-
giogenesis up-regulates mast cell-attracting che-
mokines, such as for example TNF-� which may
assist the second wave of mast cell recruitment,
thus possibly support the ensuing angiogenesis
(bottom). B: In a cohort of untreated PC with a
long follow-up, the accumulation of intratumoral
mast cells serves a protective role and relates to a
favorable prognosis as well as to a number of
well-known prognostic factors such as the pres-
ence of metastasis at diagnosis, tumor stage, and
GS. On the contrary, mast cells in the nonmalignant
tissue (ie, peritumoral) relate to a poor prognosis
and correlate with GS. In line with the data from the
animal models, human mast cells also express
FGF-2, and the accumulation of mast cells particu-
larly to the nonmalignant tissue after castration ther-
apy (bottom) hence may contribute to the subse-
quent vascular and tumor relapse.
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Discussion

In these experiments we explore the role of mast cells, in
particular peritumoral mast cells in PC (Figure 6, A and
B). We identify for the first time mast cells as independent
prognostic variables, and, importantly, we found that
mast cell function is related to the local tumor microenvi-
ronment as peritumoral and intratumoral mast cells are
differently related to prognosis in PC (Figure 6).

Compound 48/80 is the most potent inducer of hista-
mine release from mast cells in vitro and in vivo.19,29

Degranulation of mast cells can be induced by several
mechanisms, for instance by the crosslinking of Immuno-
globulin E receptors on their cell surface or in a nonim-
munological fashion by the stimulation of G proteins,30

both relying on an influx of extracellular Ca2�. The exact
mechanism by which compound 48/80 stimulates mast
cell degranulation is not known in great detail, other than
that it inhibits the calcium-binding protein calmodulin31

and regulates certain G proteins and the effector mole-
cule phospholipase C.32

Stimulation of peritumoral mast cell degranulation with
compound 48/80 enhanced angiogenesis and tumor
growth compared with PBS without having any stimula-
tory effects on the tumor cells in vitro. Similarly, inhibition
of mast cell degranulation with SDG decreased angio-
genesis and tumor growth. These observations and the
correlations between peritumoral mast cell numbers, an-
giogenesis, and tumor growth indicate that peritumoral
mast cells stimulate PC progression. This is in line with
other animal tumor models where mast cells drive tumor
angiogenesis and growth.5–6,33 We also used Imatinib to
eradicate prostate mast cells before tumor cell injection
and found that it reduced peritumoral mast cells, angio-
genesis, FGF-2, and tumor growth in an ortothopic PC-
model. In support of our findings, Imatinib is successful in
the treatment of aggressive systemic mastocytosis24 and
is now considered a standard first-line therapy for GIST
tumors25 as well as to enhance the effects of chemother-
apy in a mouse model of PC metastasis.34 Unfortunately,
the use of Imatinib to specifically evaluate the importance
of mast cells in a preclinical setting is limited. Based on
our findings, however, it seems plausible that the reduc-
tion of mast cells after Imatinib treatment could be of
therapeutic value. Previous studies have shown that
growth of the vasculature in the surrounding nonmalig-
nant prostate tissue is of major importance for prostate
tumor growth.4,18 The present study indicates that this
vascular growth is in part due to the accumulation of mast
cells in this tissue compartment.

Mast cells have been shown to regulate vascular func-
tion.5–6,33,35–36 FGF-2 has previously been identified as a
growth factor released by mast cells by degranulation.36

FGF-2 is known to be produced in the prostate stroma
and acts together with its receptor FGF-R1 as stimula-
tors of epithelial as well as vascular growth and are of
major importance in PC in both animal models and pa-
tients.37–40 Our study shows that prostate mast cells, in
addition to stroma fibroblasts, could be a major source of
FGF-2 in PC. Interestingly, FGF-2 is also a mediator of the
second wave of angiogenesis after initially successful

antiangiogenic treatment,41 and the inhibitory effects of
castration are in part mediated by vascular regres-
sion.15,20,23 It would therefore be interesting to determine
whether FGF-2 is the major stimulator of angiogenesis
released from the mast cells accumulating in castration-
resistant prostate tumors or is the major stimulator of
angiogenesis during tumor relapse. Recently, a report
showed that Imatinib inhibits angiogenesis and tumor
growth by reducing FGF-2 levels in fibroblasts in the
cervix stroma.26 Importantly, we also observed that Ima-
tinib potently inhibits the stromal expression of FGF-2. We
have previously shown that Imatinib enhances the effect
of castration in Dunning H tumors.20 The present study
suggests that this effect could be accomplished by mul-
tiple effects in the microenvironment, including depletion
of mast cell-derived FGF-2.

In patients, we observed that mast cell density in dif-
ferent tissue compartments apparently had different im-
pact on outcome. This could explain the contradictory
findings regarding mast cell function in PC by other re-
searchers12–13 and are in line with the described plastic-
ity of the role of mast cells in tumor biology.8–11 Mast cells
produce a broad repertoire of cytokines to regulate in-
flammatory responses, growth factors to stimulate blood
vessels and fibroblasts, and enzymes capable of releas-
ing growth factors from extracellular matrix.5,8–11,27,28,42

In other human tumors studies it has been shown that
mast cell function is complicated with both pro - and
antitumor effects,35,43–46 but to the best of our knowledge
no studies have previously described differential roles of
mast cells depending on the local microenvironment
within the same clinical material. It is well established that
inflammatory cell types within or surrounding tumors such
as tumor-associated macrophages47 and more lately
also neutrophils48 can be educated by growth factors
and cytokines within the tumor microenvironment to ac-
quire pro- or antitumor properties.49 Whether or not mast
cells can be polarized in a similar manner remains to be
elucidated. In this study, we found that mast cells lying in
the peritumoral tissue appear to be related to vascular
and tumor growth in animal models and hence offers an
opportunity as a therapeutic target. Similarly, in men, they
relate to a poor prognosis and correlates with GS. In
contrast, intratumoral mast cells correlate negatively with
the presence of metastasis, tumor stage, GS, peritumoral
blood vessel density, and tumor cell proliferation as well
as relates to a good prognosis in PC, similar to results
from a large cohort of breast43 and prostate cancer13

patients. The mechanism behind this is not evaluated in
this study but could speculatively relate to their ability to
regulate immunity.10–11 Surprisingly, in men, intratumoral
mast cells did not correlate with blood vessel density
within the tumor despite their expression of FGF-2 sug-
gesting that other cell types or growth factors are of
importance for blood vessel density within human pros-
tate tumors.

We also observed that mast cells were recruited to
relapsing prostate tumor in men as well as in our Dunning
H tumors, in the latter, concurrent with an induction of
FGF-2 and tumor angiogenesis. Because the expression
of FGF-2 was found also in mast cells derived from non-
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malignant VP tissue, it is probable that the increased
levels of FGF-2 after castration therapy is mainly due to
the increased recruitment of mast cells into the peritu-
moral stroma and not an increased synthesis. We did not
investigate the importance of inhibiting mast cells to en-
hance the effects of castration in this study, but we iden-
tify a possible contribution of mast cells to relapsing
prostate tumors in rodents and more importantly, in men.
Stroma epithelial interactions have been shown to be of
major importance for prostate development,50 prostate
tumor progression,4,18,51,52 and during the formation of
castrate-resistant tumors,14 and thus mast cells could
represent a therapeutic target also under these settings.

To summarize, our study show for the first time that
peritumoral and intratumoral mast cells are differential
independent prognostic markers in a large cohort of un-
treated PC patients. In addition, our study shows that
prostate peritumoral mast cells regulate angiogenesis in
animal models of PC, possibly by secreting FGF-2. Future
studies should clarify the context-dependent role of mast
cells in PC and how mast cells could be used as a novel
target for therapy during prostate tumor progression or to
further enhance the effects of castration therapy.
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