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Importance of dlrect macrophage Tumor cell
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We previously showed tumor-associated macrophages/microglia
(TAMSs) polarized to the M2 phenotype were significantly
involved in tumor cell proliferation and poor clinical prognosis in
patients with high grade gliomas. However, the detailed molecu-
lar mechanisms involved in the interaction between TAMs and
tumor cells have been unclear. Current results reveal that, in
coculture with human macrophages, BrdU incorporation was
significantly elevated in glioma cells, and signal transducer and
activator of transcription-3 (Stat3) activation was found in both
cell types. Direct mixed coculture led to stronger Stat3 activation
in tumor cells than did indirect separate coculture in Transwell
chamber dishes. Screening with an array kit for phospho-receptor
tyrosine kinases revealed that phosphorylation of macrophage-
colony stimulating factor receptor (M-CSFR, CD115, or c-fms) is
possibly involved in this cell-cell interaction; M-CSFR activation
was detected in both cell types. Coculture-induced tumor cell
activation was suppressed by siRNA-mediated downregulation of
the M-CSFR in macrophages and by an inhibitor of M-CSFR
{GwW2580). Immunohistochemical analysis of phosphorylated (p)
M-CSFR, pStat3, M-CSF, M2 ratio, and MIB-1(%) in high grade
gliomas revealed that higher staining of pM-CSFR in tumor cells
was significantly associated with higher M-CSF expression and
higher MIB-1{%). Higher staining of pStat3 was associated with
higher MIB-1(%). High M2 ratios were closely correlated with
high MIB-1(%} and poor clinical prognosis. Targeting these mole-
cules or deactivating M2 macrophages might be useful therapeu-
tic strategies for high grade glioma patients. (Cancer Sci 2012;
103: 2165-2172)

M acrophages that infiltrate cancer tissues are called
tumor-associated macrophages (TAMSs) and are closely
involved in development of the tumor microenvironment b;/
inducing angiogenesis, immunosuppression, and invasion.'”
Tumor-associated macrophages are generally thought to belong
to the alternatively activated macrophage gopulanon (M2)
because of their anti-inflammatory functions.”” In many kinds
of malignant tumors, including melanoma, malignant lym-
phoma, leiomyosarcoma, pancreatic tumors, intrahepatic cho-
langiocarcinoma, renal cell carcinoma, and high grade glioma,
the presence of MZ I;%olanzed TAMs is associated with poor
clinical prognos1s ’ Although it is well known that many
TAMs infiltrate into high grade gliomas and are associated
with angiogenesis and immunosuppression,” > results of this
study show that M2-polarized TAMs are significantly involved
in glioma tumor cell proliferation and are related to poor prog-
nosis of high grade glioma patients.®

Signal transducer and activator of transcription-3 (Stat3)
affects the tumor microenvironment and tumor development
by virtue of its association with i nnmunosuppresmon angiogen-
esis, and cancer cell proliferation."*'” In some kinds of
malignant tumors, including high grade glioma, patients with

doi: 10.1111/cas.12015
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high Stat3 activatlon in tumor cells have significantly worse
clinical prognosis.™® Therefore, Stat3 is thought to be an
important target molecule for anticancer therapy, and many
researchers have introduced various kinds of Stat3 inhibitors
as anticancer drugs.'® Stat3 signaling in macrophages is
known to participate in regulating immune responses. Targeted
disruption of Stat3 signaling resulted in activation of antigen-
specific T cells, and suppressed tumor development in murine
cancer models.?*?? In patients with glioblastoma, inhibition
of Stat3 not only suppressed tumor cell growth but also
reversed immune tolerance by impairing the immune-
suppressive function of alternatively activated macrophage/
microglia.

In this study, M2 macrophages were found to support prolif-
eration of glioma cells through Stat3 activation. Cell-cell
interaction during direct contact between tumor cells and
macrophages contributes to strong activation of macrophages,
which in turn activates tumor cells. In vifro results of the use
of a receptor-type tyrosine kinase (RTK) array revealed the
importance of macrophage-colony stimulating factor receptor
(M-CSFR) activation in this cell-cell interaction. The crucial
role of macrophage-colony stimulating factor (M-CSF), espe-
cially membrane-type M-CSF (mM-CSF), and its binding to
M-CSFR during direct cell-cell interactions between tumor
cells and macrophages was determined.

Materials and Methods

Macrophage culture. Peripheral blood mononuclear cells were
obtained from three healthy volunteer donors and written
informed consent for experlmental use of the same was supplied
by all donors. CD14™ monocytes were isolated using CD14
microbeads (Miltenyi Biotec, Bergisch Gladbach Germany).
Monocytes were plated in 6-well (1 x 10°/well) or 12-well
(5 x 10%well) plates and cultured with granulocyte M-CSF
(2 ng/mL) (Wako, Tokyo, Japan) for 5 days to induce immature
macrophages. After PBS washes, cells were stimulated with
v-interferon (1 ng/mL) (PeproTech, Rocky Hill, NJ, USA) to
induce M1 macrophages. These cells were stimulated with 50%
tumor-cell supernatant (TCS) to induce M2 macrophages,
because TCS contains many anti-inflammatory cv‘cokmes and
pushes macrophage polarization toward the M2 phenotype

Cell Imes Tumor-cell supernatant was prepared as described
previously.® The human glioblastoma cell line T98G was pur-
chased from ATCC (Manassas, VA, USA) and was maintained
in DMEM supplemented with 10% FBS, 100 U/mL penicillin,
100 pg/mL streptomycin, and 0.1 mg/ml. sodium pyruvate.
The mycoplasma test was carried out using a PCR detection
kit (Takara Bio, Otsu, Japan). Human myeloid leukemia TF-1
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cells expressing M-CSFR were cultured in DMEM with 10%

FBS and granulocyte M-CSF, as described previcusly, 2
Coctulture experiment. To investigate the cell c¢ell interaction

between tumor cells and macrophages, coculture experiments
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were camied out as described prexriously.f-”) Brefly, after mac-
rophages were washed In PBS, they were co-ncubated with
TO8G cells for 2 days to evaluate the significance of direct
cell cell contact. Te examine the influence of ndirect cell cell

Frg. 1. Tumor cell proliferation by eoculture with
macrophages. (@) Primary  monocyte-dedved
macrophages were stimulated  with  y-interferon
(M1} or  tumor<ell  supematant (M2),  and
cocultured with T98G cells for 2 days. Douable
irmmunostaining of CD204 and BrdU was carried
out 1o evaluate Brdld incorporation by tumor cells.
Ch204* cells {red) indicate macrophages. (b) Brdu*
cells among (D204 tumor cells were counted
under a microseope. {¢) The number of tumor cells
per 1 mm? was counted under 3 mitroseope.

Fig. 2. Signal  transducer  and  activator of
transcription-3 ($tat3) activation in cocultured cells.
{#) T98G cells were cocultured with tumorcell
superngtant-stimulated M2 macrophages, and Stat3
activation was analyzed by double immunostaining
of p$tat3 ({red) and CD204 (yreen). Blue indicates
nuclear staining. Seale bar = 50 pm. (B} Following
double immunostaining, 100 (D204 T98G cells
were counted, and the percentage of pStat3t cells
was calealated {n = 3 or 4 for each group). (2] BrdU
incorporation in conditional medium-stimulated
TORG cells was evaluated with or without Stat3
$iRMNA. (n = 3 for each group). Downregulation of
Stat3 protein in T98G cells was also confirmed by
Western  blot  analysis.  (d)  Interleukin  (L)-10
production was  evalugted as 3 marker of
rmacrophage activation (= 4 for each group)l. (2]
Double immunostaining of activated Stat3 (brown)
and lkba-1 {marker of macrophagesimicroglia blug)
was carried out.
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interaction, Transwell chamber dishes (Numc, Rochester, NY,
USAY} were used.

BrdU incorporation and immunostaining. BrdU incorporation
and Immunostaning was carted out using the BrdU ELISA kit
(Roche, Basel, Switzerland} according to the manufaciurer’s
protocol with minor modifications. Brefly, after culture with
BrdU for 50 min, cells were fixed by acetone. CD204 (clone
SRA-ES; Transgemc, Kumamoto, Japan} was stained and visa-
alized using the Warp Red chromogen kit (Biocare Medical,
Concord, CA, TUSA). After washes in glycine buffer (pH 2.2
cells were stained with anti-BrdU antibody and visualized using
the diaminobenzidine substrate system (Nichirei, Tokyo, Japan).

Immunofluorescence staining of pStat3. Paraffin-embedded
cell block s %eumens were prepared and sectioned as described
prewc»uslv Mounted sections were deparaffinized in xylene
and rehydrated in a graded ethanol seres. Following freatment
for antigen retrieval, sectioms were reacted with anﬁ—CDZUf-L
antibody (mouse monoclonal, clone SRA-ES) and anti-pStat3
antibody (Tyr705, clone D3AT, Cell Signaling Technology,
Denver, MA, USA). Antibodies were diluted with CanGetSig-
nal (Toyobo, Tokyoe, Japan). Alexa Flaor 488 goat anti-mouse
IgG and Alexa Fluor 546 goat antiqabbit IgG (Invitrogen,
Camanllo, CA, USA) were used as secondary antibodies.

inhibitor. The M-CSFR  inhibitor GW2SR0 (Calbiochern,
Nottingham, UK} was used at either 20 nM or 30 nM concen-
trations.

Small interfering RNA in human macrophages. Human macro-
phages were transfected with ¢RNA against human Stat3
{8anta Cruz Biotechnology, Santa Cruz, CA, USA} or
M-CSFR ({Santa Cruz Biotechnology) using Lipofectamine
RNAI MAX (Invitrogen). Control siRNA (Santa Cruz Biotech-
nology) was uged as a negative control. Downregulation of Stat3
and M-CSFR was evaluated by Westem blot and real-time PCR,
respectively, as described previously. ®

Evaluation of gytokine secretion in supernatant. The interlen-
kin (IL}-10 concentration in supematants was detenmined using
ELISA kits (PeproTech).

Phospho-receptor tyrosine kinase array analysis. The relevant
phospho-receptor tyrosine kinase (RTK) array was purchased
from R&D Systems (Minneapolis, MN, USA), and used
according to the manufacturer's protocol.

Flow cytometry. Cells were detached from wells using
enzyme-free Cell Dissociation Buffer (Gibeo, Grand Island,
NY, USA) and immediately fixed with 4% paraformaldehyde.
After incubation with .1% sapondn, cells were reacted with
anti-pM-CSFR annbod and anti-CD6R anfibody (mouse mono-
clonal, clone PM-1K®™). Then FITC-labeled anfi-mouse Ig
and phycoerythrin- labeled anti-rabbit IgG were used as second-
ary antibodies, and cells were analyzed by FACSCalibur.

Human glioblastoma samples. From January 2006 to Septem-
ber 2005, paraffin-embedded tissue samples from 62 patients
with high grade gliomas (nine patients with anaplastic astrocy-
toma and 53 patients with gliohlastena) were prepared for this
study. Cases with massive necrosis were not  enrolled
Informed written consent was obtained from all patients in
accordance with protocols approved by the Kumamoto Undver-
sity Review Board. Tissue samples were fixed in 10% neutral
buffered formalin and were embedded in paraffin,™

Immunostaining and double immunostsining of surgical
specimens. Sections were deparaffinized in xylens and rehydrat-
ed In a graded ethanol series. Anti-pStat3 anfibody (clone D3AT;
Cell Signaling Technology), antl-pM-CSFR antibody (Tyr 723,
clone 45C10; Cell Signaling Technology), anti-M-CSF antibody
felone EP1179Y; Novas Biologicals, Littleton, €D, USA), anti-
D163 mntibody (clone 10D6; Novocastra, Newcastle, UK},
anti-Iba-1 {polyclonal; Wako), and anti-Ki-67 {clone MIB-1;
Dako, Glostrap, Denmark)} were used as primary antibodies.
Horseradish peroxidase-labeled or alkaline phosphatase-Jabeled

Kormohara et al

antibodies (Nichirei} were used as secondary anfibodies. Reac-
tions were visualized by the dlamincbenzidine gystem (Nichired),
Fast Blue solution (Sigmma, St. Louds, MO, USA}, or HistoGreen
(Linads Biclogische, Wertheim-Bettingen, Germany}. Macro-
phage—c olony stimulating factor receptor activation mnd M-CSF
expression was scored as O (negative), 1 (weak), o1 2 (strong)
by two pathologists (YK and HH)} who were blind to the
sample data, then the sum of scores for each sample was cat-
egonzed as “low” (score O 2) or “high” {score 3 4% The
MIB-1 index and M2 rade (CDI163* cells/Tha-1* cells) were
determined by two pathologists (Y.K. and HH.} and the val-
ues obtained were averaged. Because a previcus study
showed that the ratic of CDI1637 TAM;S is closeljr correlated
with tomor cell proliferation and clinjcal prognosis, ® patients
were divided into twoe M2 rato groups, low (<30%) and high
(= 30%). Stat3 acivation was scored as O to 8 as descnbed
previously,®” then the sam of scores for each sample was
categorized as “low™ (score ¢ 43 or “high” (score 5 &)

Statistics. Statistical analysis of in vitro and in vivo data was
carfed out using IMP10 (SAS Insttute, Chicago, IL, USA)
All data from in vitro studies represent results of two or three
independent experiments. Data  are  expressed a8 the
mean = SD. The Mann Whitney #/-test was used for two-
group comparisons. A value of P < (.05 was considered statis-
tically sigmificant.

Results

Glioblastoma cells were activated by comuilture with M2
macrophages. In the first experiments, the effects of cell cell
interaction between macrophages and T58G cells were inves-
tigated by means of the coculture systemn. BrdU incorporation
inte TH9RG cells was evaluated by double Immuncstaining,
and was found to be significantly upregulated by coculture
with macrophages; M2, rather than M1, cells cawsed a nota-
ble increase of BrdU incorporation by T98G cells (Fig. lah).
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Fig. 3. Effert of selective signal transducer and activator of tramserip-
tion-3 ($1a13) slencing in macrophages on $at3 activation in glioma
cells. (3) Western blot analysis confirmed suppression of Stat3 in mac-
rophages. (B) Two days after suppression of S$tat3 in macrophages,
TO8G cells were added to the culture. After coculture for 2 days, dou-
ble immunostaining of CD204 and Brdl was caried put. Percentages
of BrdU™ cells among CD204  tumor cells were caleulated. {2) In the
same conditions, interleakin (IL-10 concentration in supernatants was
determined. {d) After the same treatment, cells ware prepared as cell
block specimens and double immuanostaining of (D204 and pStat3
was done. Percentages of pStats™ cells amony the CD204  tumor clls
were caleulgted.
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The proliferation of T98G cells was increased by coculture
with M1 and M2, but notably higher proliferation was
induced by M2 (Fig. 1e)

Ag Statd is one of the signaling molecules related to cell
proliferation and survival, Stat3 activation was evaluated in the
coculture gystern. When M2 cells and TI98G cells were cocul-
tured, both cell types showed stoong nuclear staining of pStat3
{Fig. 2ab). In contrast to indirect coculture conditions, direct
cell cell interaction caused significantly stronger Stat3 activa-
fion In cancer cells (Fig. 2b). Stat® activation in T9RG cells
was more strongly induced by coculture with M2 cells comm-
pared with M1 cells (Fig. 2b). The proliferation of T98G cells
was induced by stimulation with conditional medium of cocul-
tured M2 cells and TH9RG cells, and this effect was signifi-
cantly suppressed by blocking Stat3 in TS98G cells (Fig. 2¢)

To evaluate macrophage activation in the coculture system,
IL-10 concentrations in supermnatants were detenmined, because
ne IL-10 secretion was detected in supematants of T9RG cell
monceultures. As shown in Fgure 2(d), IL-10 secretion was
induced by coculture and, notably, direct coculture induced
sigmificantly increased IL-10 secrefion. We next evaluated
Stat3 acfivation in human glioma tssues. Among 12 high
grade glioma samples analyzed, 10 showed distinet infiltration
of pStat3* TAMs (Pag 2¢}. These observations indicate a
cnfical role for Stat® in cell cell interaction between tumdr
cells and macrophages.

Activation of Stat? involved in cell cell interaction between
glioma cells and macrophages. We next suppressed Stat3 in M2
macrophages using siRNA hefore coculture with T98G cells to
ascertain whether Stat3 acfivation in macrophages contributes
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Fig. 4. Receptortype tymdine kinase array and
flowe eytometry. (3] Receptor-type tyrosine kinase
array analyses were carried oot and result for
eocultured cells (T98G + Mac) and T98G «cells in
monstulure (T98G) were compared. CT, positive
control (b Phosphorylation of macrophage colony-
stirmulating Tactor receptor (M-CSFR) was evaluated
by flow cytometry. Representative data from one of
twrn experiments.
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to the cell cell Interaction (Hg. 3ab) Incorporaton of BrdU
inte T98G cells was significantly inhibited by Stat3 suppres-
sion in macrophages (Fg. 3b) Secrefon of IL-10¢ from macro-
phages was also inhibited hy Stat3 suppresmon Fig. 3¢} As
Figure 3(d) shows, Statd activation in T98G cells was
decreased by blocking Stat3 in macrophages. These data indi-
cate that macrophage activation through Stat® signaling is
important for tamor cell activation in coculture.

Activation of M-CSFR invelved in cell cell interaction. Direct
comtact with tumer cells significantly induced macrophage acti-

vation, Therefore, we hypothesized that RTK mediates this
effect, and RTK amay analysis was camied cut. Activaion of
RTK in cocultared cells was compared with that of macro-
phages and TH8G cells cultured separatel};, and significant acti-
vation of M-CSFR was found in cocultured macmphages
Fig. 4a), as well ag, Interestingly, In the cocultured T98G cells
{Fig. 4b}.

Activation of M-CSFR involved in macrophage activation by
direct cell cell interaction, and induced 5tat3 activation in tumor
cells. Next, we investigated whether M-CSFR is invoelved in
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Fig. 5. Imvolvement of macrophage  colony- 9 cser SIRNA
stimulating factor receptor (M-CSFR) in direct cell-
eell  interaction. (&)  Membrane-type  M-CSF = A(f}
{mM-CSF) was expressed on the surface membranes E. T
of T98G rells. {b) TI8G cells were cocultured with o w
macrophages in the  presence  of  anti- = w o
M-CSF antibody for 2 days, and interleakin {IL)-10 oz 8
in the supernatant was measared by ELISA. Non- § 2
immunized rabbit 1gG was wed as the ¢ontrol. (€ B E 40
Downregulation of M-CSFR by $iRNA was confirmen a L o
by rea-time PCR {d) T98G cells were cocultured % ?g
with macrophages having silenced M-CSFR for = ,, a4 T
2 days, and !Fl)_—ﬂ?in the supernatant was measared. MFR DMSO  20nM_ 30 n {MFR
{e) Macrophages and T9RG cells were mixed and SIRNA GW2580 SIRNA
cultured with the M-CSFR inhibitor GWW2580 for
2 days, and IL-10 in the supernatant was measured. (@ {h) oo
) M-CSFR of marrophages was silenced by siRWNA, g,gwr: —
and  eoculture  proceeded  for 2 days Signal @ "”‘ £
trarsducer and activator of transcription-3 (Stat3) pStat3 e £
activation in macrophages was evaluated by double ) D g =
immunostaining. {g) Macrophages were stimulated Stat3 & g
with NMFCSF {100 ng/mly for 1 or 2 h, and Stat3 GAPDH T g
activation  was  evalusted. (W) M-CSFR of ATET enmmm - o =
macrophages was silenced by siBNA, and cocalture Relateve intensity 4 14 21 ‘:; %
proceeded. Brdd incorporation and Stat3 activation pEIAISEAD : . & & s
in TORG cmlls was examined by double Cantral M-CSFR Control _M-CSFR
immunostaining {7 = 3 or 4 for each group). SiRNA SiRNA

Tahle 1.
{IA-C5F} expression, and signal transducer and activator of transeription

Clinicopathologic fattors, macrophags—colony stimulating factor veceptor {M-C5FR} activation, macrophage-colony stimulating factor
-3 {5tat3} activation in high grade glioma

-CSFR M-C5F L
. . Sat3 getivation
Variable o activation Pvalue ExXpression Aalue Palue
Lewws High Leswe High Low Hirgh
Age, years
<60 25 15 11 F = 0700 12 14 F = 0760 11 15 P =0025
=60 36 19 17 18 18 [ 30
Gender
Male 41 18 22 F=0038 18 22 £ =0470 8 32 F=0077
Fernale 22 16 8 12 10 9 13
M-CSFR activation
Loy 33 - - - 25 A P <0001 11 22 F=0270
High 28 - - 3 26 23
M-CEF expression
Low 30 - - - - - - 10 20 F=03510
High 32 - - - - 7 25
M2 matrophages
Lo 25 15 10 P =027 17 8 P =001 9 16 F=0210
High 37 17 20 13 24 8 29

Bold text indicates statistically significant results, caleulated wing the chi
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-squared test.
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Table 2. Univariate Cox regression analysis of potential prognostic
fatton
Univariate analysis
“ Mean survial Pvalue FPalue
fweeks) Log-rank Wi leoxon
Age, years
<50 26 83 0.034 0008
=60 36 57
Gender
Male 40 72 0.4z 0.51
Fermale 22 65
phECSFR
Lo 34 78 0.054 0.088
High 28 64
Ma-CSF
L e 33 72 0.49 0.57
High 29 65
Sat3 activation
Leswy 17 124 0.058 n.22
Higgh 45 a5
M2 ratio
L e 25 98 0.003 0004
High 37 62
MIB-1 (%)
<30 26 113 0.0005 00007
=30 36 56

Bold text indicates statistically significant results. M-CSF, macrophage-
eolony stimulating factor; pM-CSFR, phosphinrylated MN-CSF receptor;
MIB-1, anti-Ki-67; Stat3, transducer and activator of transeription-3.

macrophage activation by coculture with TH98G cells. The
THRG cells expressed mM-CSF on their cell surface mem-
brames (Hg. 5a). Neutralizing antibody for mM-CSF  and
silencing of M-ACSFR significantly inhdbited IL-10 secretion in
direct  coculture (Fig. 5b d}. An  inhibitor of M-CSER
{GW2580}) also suppressed TL-10 secretion (Fig. e} Activa-
tion of Stat? was inhibited by silencing M-CSFR in macro-
phages (Fig. 5f} and was significantly induced by M-CSF
stimualation in macrophages (Fig. Sg). These data indicate that
M-CSFR signaling contributes to Stat3 activation in cocultured
macrophages.

We then tested if M-CSFR signaling in macmphages influ-
ences tumor cell activation. Both BrdU incorporation and Stat3
activation in cocultured tumor cells were decreased by silenc-
ing M-CSFR in macrophages (Fig. Sh}.

M2 ratio and M-CSFR activation associated with MIB-1 index in
high grade glioma. Immunostaining for pM-CSFR, M-CSF,
D163, Tha-1, and MIB-1 was carried out in 62 cases of
high grade glioma. Mutual correlations of their expression
and the association with clinical prognosis were statistically
evaluated (Tables 1,2} The specificity of anti-pM-CSFR
antibody was confirmed using M-CSFR-expressing TEF-1
histiccytic cells (Fig. 6a). Both M-CSF expression and M-
CSFR activation, as well as M2 phenotype, were classified
inte two groups, high and low, as described above
(Fig. 6h}. A positive pM-CSFR signal was seen in both
tumnor cells and macrophages (Fig. 6¢). Activation of Stat3
was also classified into two groups (Fig. 6d}. Higher activa-
tion of M-CSFR iIn tamor cells was closely associated with
higher M-CSF expression and a higher MIB-1 (%)
(Table 1, Fg. 6d). A higher M2 ratio (CD163" cellsMba-17"
cells), higher M-CSF expression, and higher Stat3 activa-
tion was alse correlated with a higher MIB-1{%) (Fig. te)
In addition, the patients with higher ages, M2 ratios, or
MIB-1{%} had statisfically significant shorter survival
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Fig. 6. Immunohistochemical  determingtion  of  phosphorylated

macrophage-tolony stimulating fador receptor (PM-CSFR), macro-
phagecolony  stimulating  factor (M-CSF), phosphorylated  signal
transducer and activator of transcription-3 (pStat3), anti-Ki-67 (cione
MIB-1), and M2 ratice in human high grade gliomas. (2) TR1 caltare
cells were stimulated by M-CSF for 5 min and activation of M-CSFR
was evalugted by immunostaining with anti-pM-CSFR. Strong activa-
tion of pM-CSFR was detected on cell surfaces of M-CSFstimulated
TF-1 cells. (b) Immunostaining of pM-CSFR, M-CSF, and double immu-
nostaining of CD163 {green) and ka1 (brown] were carried out.
Results for patient (Pt) no. 15 and no. 42 are shown. (2] By double
immunostaining oflba-1 {yreen) and pM-CSFR (brown), pM-CSFR was
detected in both tumor cells and macrophages. {d) iImmunestaining of
pStat3 was also carried out io evaluate the Statd asctivation in tumor
cells. (&) M2 ratio, M-CSFR activation, Stat3 activation, and M-CSF
expression were correlated with the MIB-1 index. The Kaplan-Meier
method was used to determine (f) M2 ratio, (o) M-CSFR activation, {h)
Stat3 activation and () M-CSF expression.

periods (Fig. 6f, Table 2). The patients with higher M-
CSFR and Stat3 activation had shorter swrvival periods, but
this result was nof statisfically significant (Fg. 6gh). In
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addition, M-CSF expression was not significantly associated
to clinical proguoosis (Fig. 6i).

Discussion

The importance of TAMs in tumor growth has been well docu-
mented, and TAMs are thought to contribute to tumor progres-
sion and invasion.®®?” In this study, we showed that direct
contact with glioma cells induces macrophage activation,
which in turn activates tumor cells. Macrophage activation
through M-CSFR/Stat3 signaling was shown to play an impor-
tant role in cell-cell interaction. Analysis of human glioma
samples indicated that M-CSFR activation and M2 ratios are
associated with tumor cell proliferation.

The importance of direct cell-cell contact in cell-cell inter-
action has been a focus for several researchers. Direct cell-cell
contact between macrophages and tomor cells protected tumor
cells from chemotherapy drug-induced apoptosis, whereas cell
—cell interaction without direct contact did not.®? A previous
study showed that Stat3 activation in ovarian and kidney can-
cer cells was significantly induced by direct coculture with

" #2 ; ; ; . .
macrophages. As Stat3 is associated with cancer cell pro-
liferation and survival,'®'”’ macrophages are thought to sup-
port cancer cell proliferation and survival in patients with
malignant tumaors. A selective Stat3 inhibitor and Stat3 siRNA
reversed cytokine expression levels and suppressed tumor
growth in vive, and this indicated a major contribution of
Stat3 si/gnalvjng in the immunosuppression by glioma-derived
factors, %132

It is well known that inM-CSF induces stronger activation of
M-CSFR than soluble M-CSF, althquéh details of the mecha-
nisms involved have been unclear.®>* In this study, the pos-
sible involvement of mM-CSF-M-CSFR binding on strong
Stat3 activation in tumor microsnvironment was shown. It is
well known that M-CSFR signaling activates some signal mol-
ecules including Stat3 activation,”” and the results shown in
Figure 5 indicate that M-CSFR signaling was significantly
related to Stat3 activation in this coculture system. Stat3
activation plays an important role in maintenance of glioma
stem cells (GSCs),®® and unknown Stat3-related cytokines
derived from GSCs induce macrophage polarization into the
M2 phenotype.®” Although M-CSF expression in GSCs has,
to the best of our knowledge, never been reported, the current
results suggest that cell-cell interaction between macrophages
and GSCs is involved in creating the stem-cell niche of high
grade gliomas.

Sonie studies have shown the efficacy of M-CSFR inhibitors
in murine cancer models. Recently, the M-CSFR inhibitor
Ki20227 was shown to suppress tumor angiogenesis, lymphan-
giogenesis, and metastasis, and these effects were suggested to
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be caused by macrophage dysfunction.®® GW2580 inhibited
the recruitment of myeloid cells into tumor tissues and combi-
nation therapy with an anti-angiogenic agent significantly sup-
pressed tumor growth.®®*” These data indicate that blocking
of M-CSFR is effective as an anticancer therapy through
abrogating the functions of myeloid cells.

In a previous study, we showed that the M2 ratio of TAMs
is significantly associated with high tumor cell proliferation
and Fa\jor clinical prognosis in patients with high grade gli-
oma."® As shown i Figure 6, the current study indicated that
poor clinical prognosis was statistically significantly associated
with higher M2 ratio, higher age, and higher MIB-1(%), con-
firming observations consistent with the previous study. In
additdon, M-CSFR activation in tumor cells was correlated
with M-CSF expression and MIB-1(%) but not macrophage
phenotype. These findings indicate that further studies are nec-
essary to elucidate detailed mechanisms underlying the effects
of cell-cell interaction in the glioma microenvironment.

Results showing that blocking M-CSFR and Stat3 in mac-
rophages suppressed tamor cell activation indicate that some
soluble factors derived from activated macrophages contrib-
ute to tumor cell activation in coculture experiments.
Although we were not able to identify macrophage-derived
soluble factors, it was previously reported that glioma-derived
factors enhanced Stat3 activity in microglia, and induced
increased production of transforming growth factor-f, 1L-6,
and TL10 in a murine model.®? A selective Stat3 inhibitor
and Stat3 siRNA reversed cytokine expression levels and sup-
pressed tumor growth in vive, indicating a major contribution
of Stat3 signaling to immunosuppression by glioma-derived
factors, G+

In summary, results of the present study indicate that macro-
phage activation through M-CSFR/Stat3 signals plays an
important role in cell-cell interaction between macrophages
and tumor cells. The M-CSFR/Stat3 signals might be potential
targets for therapeutic inhibition of macrophage-related cell-
cell interaction, an approach that may well prove promising
for patients with high grade glioma.
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Among"aﬂo s clinical

Purpose: Little is known about delayed complications after stereotactic radiosurgery in long-
surviving patients with brain metastases. We studied the actual incidence and predictors of
delayed complications.

Patients and Methods: This was an institutional review board-approved, retrospective cohort
study that used our database. Among our consecutive series of 2000 patients with brain metas-
tases who underwent Gamma Knife radiosurgery (GKRS) from 1991-2008, 167 patients (8.4%,
89 women, 78 men, mean age 62 years [range, 19-88 years]) who survived at least 3 years after
GKRS were studied.

Results: Among the 167 patients, 17 (10.2%, 18 lesions) experienced delayed complications
(mass lesions with or without cystin 8, cyst alone in &, edema in 2) occurring 24.0-121.0 months
{median, 57.5 months) after GKRS. The actuarial incidences of delayed complications estimated
by competing risk analysis were 4.2% and 21.2% at the 60th month and 120th month, respec-
tively, after GKRS. Among various pre-GKRS clinical factors, univariate analysis demonstrated
tumor volume-related factors: largest tumor volume (hazard ratio [HR], 1.091; 95% confidence
interval [CI], 1.018-1.154; P=.0174) and tumor volume <10 cc vs >10 cc (HR, 4.343; 95% CI,
1.444-12.14; P=.0108) to be the only significant predictors of delayed complications. Univar-
iate analysis revealed no correlations between delayed complications and radiosurgical param-
eters (ie, radiosurgical doses, conformity and gradient indexes, and brain volumes receiving >5
Gy and >12 Gy). After GKRS, an area of prolonged enhancement at the irradiated lesion was
shown to be a possible risk factor for the development of delayed complications (HR, 8.751;
95% CI, 1.785-157.9; P=.0037). Neurosurgical interventions were performed in 13 patients
(14 lesions) and mass removal for 6 lesions and Ommaya reservoir placement for the other 8.
The results were favorable.
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factors before SRS, the only
significant predictors of
delayed complications were
volume-related factors.

Conclusions: Long-term follow-up is crucial for patients with brain metastases treated with
GKRS because the risk of complications long after treatment is not insignificant. However, even
when delayed complications occur, favorable outcomes can be expected with timely neurosur-
gical intervention. © 2013 Elsevier Inc.

Introduction

Brain metastases, a common newrologic problem, are life-
threatening for cancer patients in the absence of effective freat-
ment. Recently, stereotactic radiosurgery (SRS) has become an
established treatment option for brain metastases (1). SRS is more
advantageous than other treatment options (ie, whole brain radia-
tion therapy [WBRT], surgery, systemic anticancer agents, and
combinations of these modalities) in terms of costs, hospitalization,
morbidity, mortality, and wider applicability and repeatability (2).
Although numerous prospective or retrospective series, as exten-
sively reviewed by McDermott and Sneed (2), have reported the
results of local control, survival, and/or complications in patients
with brain metastases treated by SRS, little is known about delayed
complications in long-surviving patients with brain metastases after
SRS. We previously reported 8 patients with brain metastases and
delayed cyst formation detected by magnetic resonance imaging
{MRI) more than 3 years after Gamma Knife radiosurgery (GKRS)
(3). Herein, we present post-GKRS delayed complications,
including those of the cases described in our prior publication, and
we clarify the actual incidence, clinical factors, and radiosurgical
parameters predicting delayed complications. In this study, delayed
complications were defined as Radiation Therapy Oncology Group
(RTOG)neurotoxicity grade 2 or worse occurring more than 2 years
after GKRS (4). Also, even patients with grade 0 delayed compli-
cations were included if neurosurgical intervention was required.
Furthermore, we discuss the treatment and pathogenesis of these
complications based on histopathologic studies.

Methods and Materials
Patient population

This was an institutional review board (IRB)-approved, retro-
spective cohort study using our database (IRB #1981). Among our
consecutive series of 2000 patients with brain metastases who
underwent GKRS between July 1991 and June 2008, 167 (8.4%)
who survived for at least 3 years after GKRS were studied. Table 1
summarizes their clinical characteristics. The patients in our series
underwent GKRS alone, without WBRT, for newly diagnosed or
recurrent brain metastases after WBRT or surgery. In our facility,
all patients had been referred to us for GKRS by their primary
physicians. Therefore, patient selection had mostly been made
outside of our facilities. The patient selection criteria may well
have differed somewhat among the referring physicians. There-
fore, the first author (M.Y.) ultimately decided whether or not
a patient would be accepted for GKRS in all cases. Therefore, as
shown in Table I, only I patient was categorized into recursive
partitioning analysis class 3 (5).

The treatment strategy was explained in detail to each patient
and at least 1 of their adult relatives by the first author (M.Y.), and
written informed consent was obtained from all patients before
GKRS. Standard, single-session GKRS was performed. The
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selected tumor periphery doses ranged from 10.0 Gy-25.0 Gy
(median, 24.0 Gy). Excluding 1 deceased patient (patient 8), the
remaining 5 agreed to the use of their histopathologic photographs
for this publication.

Discriminating local recurrence from delayed
complications

The criteria for local recurrence (recurrence of the GKRS-
irradiated lesion) were usually an increase in the size of the
enhanced area on postgadolinium T1-weighted MRY, an enlarged
tumor core on T2-weighted MR images, and the detection of
a high choline peak on proton MR spectrograms. However, in
some cases in which MRI raised a suspicion of recurrence,
methionine positron emission tomography (PET) was used for
determining whether or not the tumor had recurred. These PET
examinations were performed and the results were evaluated by
1 of the authors (TN) who was not involved in either GKRS
treatment or patient follow-up.

Statistical analysis

All data were analyzed according to the intention-to-treat prin-
ciple. For baseline variables, summary statistics were constructed
that used frequencies and proportions for categoric data, means,
and standard deviations for continuous variables. We compared
patient characteristics using Fisher’s exact test for categorical
outcomes and ¢ tests for continuous variables, as appropriate.

For time-to-event outcomes, the cumulative incidence of
delayed complications was estimated by a competing risk anal-
ysis, because death is a competing risk for loss to follow-up (le,
patients who die can no longer become lost to follow-up) (6).
Also, to identify the baseline and clinical variables associated with
delayed complications, univariate competing risk analysis was
performed with the Fine-Gray generalization of the proportional
hazards model, which accounts for death as a competing risk (7).

All comparisons were planned, and the tests were 2-sided. A
P value less than .05 was considered to indicate a statistically
significant difference. One of the authors (Y.H.) initially cleaned
and finalized the database using JMP, Japanese version 9.0 for the
Windows system (SAS Institute, Inc., Cary, NC). Thereafter, the
other author (Y.S.) independently performed statistical analyses
using the SAS software program, version 9.2 (SAS Institute, Inc.)
and the R stafistical program, version 2.13. These 2 authors were
not involved in ejther GKRS treatment or patient follow-up.

Results
Overall survival and salvage treatment

The overall median survival time after GKRS was 7.3 months
{95% confidence interval [CI], 6.9-7.8 months) in our cohort of
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Table 1  Clinical characteristics of brain metastasis patients
i : . Complication(s)
Categories Overall - () ‘ NG P values*
No. of patients 167 7 150 S
Mean age (¥) : S 62 60 ' 62 ' 3855
Range : ‘ 19-88 3571 19-88 ;
Sex , e e : : i .
~ Female 89 9 (53%) 80 (53%) 1000
Male Lo 78 8 ; 70 : ,
Primary cancer , : G i R ' : ot
Lung e 01 12(71%)# f 89 (59%) S A405
‘anary cancer, Controlled 124 o 15 (88%)‘ e 109(73%) 0 2432
Extracranial METs, No -~ - g oo :’13 (76%)’; ' - 105(70%) 801
CUBR0%L e 160 16 (94%)5 O 144(96%) 5352
0% s g ol Rl e L e
»-108,(72%) o g5t
Ncurologm symptoms - :11 (65%) g (57%)1
 Prior surgery 3(18%):** - 42 (28%){
Prior WBRT - 1% :

= Tumor‘numbers

L results were not avaalable);

2000 patients. In the subset reported herein, the median post-GKRS
follow-up time among censored observations was 49.9 months
(range, 36.0-142.0 months), and 92 patients (55.1%) had died as of
the end of July 2011. The median survival time after GKRS was
61.8 months (95% CI, 56.3-68 4 months). The actuarial post-GKRS
survival rates were 52.7% at 60 months and 28.0% at 120 months
after GKRS. The causes of death could not be determined in
4 patients but were confirmed in the remaining 88 to be nonbrain
diseases in 72 (81.8%) and brain diseases in 16 (18.2%). Although
no further salvage GKRS was required in 68 patients (40.7%), 99
(59.3%) underwent salvage GKRS mostly for newly developed

lesions and/or, rarely, recurrence of the treated lesions: twice in
47 patients, 3 times in 24, 4 times in 13, and 5 times or more in
15 (maximum, § times). Four patients also underwent surgical
removal because of recurrence of the irradiated lesion, and
5 received WBRT for meningeal dissemination.

Incidence and treatment of delayed complications

Among these 167 patients, 17 (10.2%) experienced delayed
complications occurring 24-121 months (median, 53 months) after
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Table 2  Patients with dclayed complications , s ‘ i
Tumor,  Dose (Gy), RTOG ' Onset (mo : Post-GKRS

Patient Age/sex - Origin ~ nofvol (cc) = min/max grade MRI findings after GKRS) = Treatment - salvage
1* 63/F - Lung (ad) 1792 15.0/30.0 4 FBdema 40 Medical reatment ~ None
2 66/F  Lung (ad) 1/23 2500294 3 Mass witheyst 121 Op recommended,  None
’ e S : Lot : . butrefused
3 70/F  Breast  1/62 ;,20;0/40.0/ 0 Mass withcyst 48 Removal ORP GKRS
S o : i (left) cyst (nght) . - i o
4 58M Lung(ad)  2/1.6 ;250/500,’ 2 Cyst 48 g‘ORP“

,Mass w1th'cySt,” 60 ‘“Op recommendcd Gk
: o : . butrefused
‘Mas with cyst‘ 108 'Rcmova] o

 resomance imaging; Op ¥ r
ia it Thls patlent had unwergone Whole bra.m radlamon therapy before GKRS

GKRS, as shown in Table 2. In the 17 patients, although no further 6, 6 with and 2 without associated cyst, a simple cyst in 8, and

salvage GKRS was required in § patients, 9 underwent salvage extensive edema in the other 2. As shown in Fig. I, the actuarial
GKRS. In 1 patient (patient 3), cyst formation occurred in the incidences of delayed complications estimated with competing
areas of 2 lesions, 1 with a mass on the left side and the other with risk analysis were 4.2% and 21.2% at the 60th month and 120th
no masses. Among a total of 18 lesions, mass lesions occurred in month, respectively, after GKRS. Although, as described below,
10 rreerennen Death
——— Cumulative incidence estimated using Kaplan-Meier
— Cumulative incidence estimated using competing risk analysis
0.8
o |
Q i
5 ST
T 06 e
< :
= £
o &
2 :
2 04 e
= Study started
5 at 36th month
o with 100%
0.2
0.0_ ..... o
1 ] i T T Ll T i 1 4 T
0 12 24 36 48 60 72 84 96 108 120
. Months after GKRS
No. at risk

167 95 58 30 20 16 7 4

Fig. 1. Cumulative incidence of delayed complications after Gamma Knife radiosurgery (GKRS) estimated by the Kaplan-Meier method
vs competing risk analysis.
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7 patients were asymptomatic, the other 10 experienced various
newrologic symptoms; 3 with RTOG neurotoxicity grade 2, 4 with
grade 3, and 3 with grade 4 (4).

One patient (patient 1) who had undergone WBRT with a total
dose of 50 Gy before GKRS experienced a progressive decrease in
neurocognitive function (NCF). Although this patient was treated
medically, NCF progressively deteriorated, and she ultimately died
because of malnutrition-induced emaciation, as previously reported
in detail including autopsy findings {(8). Another patient (patient 10)
experienced severe steroid-refractory edema. Expanding mass
lesions with cyst formation were demonstrated by sequential MRI
studies in 2 patients (patients 2 and 5). Although we strongly rec-
ommended surgical intervention for these patients, bothrefused and
received only medical treatment. Their symptoms showed no
amelioration. In the 12 remaining patients (13 lesions), neurosur-
gical intervention was performed: mass removal for 6 lesions and
Ommaya reservoir placement for the other 8. Among these 12
patients, 6 with neurologic symptoms experienced complete
recovery. Although no neurologic symptoms had developed,
surgical intervention was performed for the other 7 because
sequential MRI follow-up had demonstrated progressive enlarge-
ment of a cyst and/or a mass lesion, and further observation had thus
been regarded as constituting an excessively high risk. During the
median postsurgical interval of 25 months (range, 2-80 months), the
12 patients experienced no further exacerbation until death or the
latest follow-up day. Among 8 patients who had undergone
Ommayareservoir placement, repeated aspiration with a [-3-month
interval was required in 2, and no further aspiration was necessary
in the other 6.

Factors affecting delayed complications

As shown in Tables 1 and 3, among various pre-GKRS clinical
factors, univariate analysis demonstrated tumor volume-related
factors: largest tumor volume (HR, 1.091; 95% CI, 1.018-1.154;
P=_0174) and tumor volume <10 cc vs >10 cc (HR, 4.343; 95%
CL, 1.444-12.14; P=.0108) to be the only significant predictors of
delayed complications. Univariate analysis revealed no correla-
tions between delayed complications and radiosurgical parameters
(ie, radiosurgical doses, conformity and gradient indexes, and
brain volumes receiving >5 Gy and >12 Gy) (9-12). After GKRS,
an area of prolonged enhancement at the irradiated lesion on MRI
performed at the 12th post-treatment month or later was shown to
be a possible risk factor for delayed complications (HR, 8.751;
95% CI, 1.785-157.9; P=.0037).

Neuroimaging and pathology

Among the 17 patients who experienced delayed complications,
a progressively expanding mass lesion developed in 8. Sequential
MRI studies, methionine PET scans or proton MR spectrograms,
and histologic findings in these 8 patients are shown in Figs. 2
and 3. Histologic examinations were not available in 2 patients
(patients 2 and 3) because they refused surgery. However, high
methionine uptake was not demonstrated on PET scans in patient
2, and a higher choline peak was not seen on the proton MR
spectrogram in patient 5. Therefore, we considered recurrence to
be unlikely in these mass lesions. Histologic studies were per-
formed in the other 6 patients, and no tumor cells were found.
Characteristic histologic features were hypocellular scar tissue
consisting of fibrous tissue with degenerative cells, sinusoid
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Table 3 Clinical factors affecting incidence of delayed
complications (167 patients)

Univariate analysis

; P
Clinical factors HR . 95% CI. - values
Age
Contiriuous’ 1.010 0.977-1.051  .5730
<65 vs 265y 0.949  0.324-2.523 9192
Sex: female vs male : 1.073° 0.402-2.812 8851
KPS: >80% vs <70% 5192 02782852 2067
Primary cancer hmg Vs 0398 - 0.124-1.098 .0761
" nonlung cann b '
Prior surgcry no vs'yes 0474 0.,109‘—1.457‘ 2072
Prior WBRT: no vs yes 0908 0.049-4.797 9265
- GKRS procedures. L
- Continuous 1.153  0.820-1.524 3830
' Single vs multiple 1.155 04243225 7775
Tumor numbers : s
Contmuous , 1.066 0.968-1.131 .1567
Solitary vs mulnplc : 0.699 0;266-15841 4710
Tumor volume S o
Cumu]auvc 1.090 1022 1 151, 0117,
Largest tumor* 1091 10181154 0174
<I0covs>10ce o4 343‘_. 1444-12.14 0108
f‘Tumor nature o .
- Solid vs cystic S 'I 057‘_ 10335-4.644 9313
Peritumoral edema yesvsno  1.589 0.574-4.167 3586
Accompanymg hemorrhage NA . NA 1783
yes vs no : i
- Area of prolongcd 8.7511, 1785-157.9 0037
 enhancement: ~*Yes'irs noT e o L
Dose . ~ B s
Mmlmum - - 1.008 0905-1.147 8977
Maximum 1025 0961-1.096 4517
Confomuty mdex* 1033 03553784 1765
GTadlem 1ndex . ; 1427; . 0601 23125 AL86
; kBram volume rcccwmg ‘ 1000' 0. 994 1003i 8558
Bram volumc rccemng . 1.005” . 0,983-1;021 5915
Abbrevx 'ans I :conﬁdencc m’cerval‘

; radlosurgery, HR HR = hazaxd ratio; KPS Kamofsky performancek'
: status; NA = not avaﬂ ble, WBRT = wh bra.m rad;lamon therapy .
o Tumors causing delayed comphcatlons i the comphcatlon B

- ‘group and the 1a1gest tumors in the. comphcamon € ) group.
T Demonstrated on magnetlc Tesonance imaging. (MRT) perfonned‘
b nt month or later (16 patlents were excluded”,
hecause MRI es ere not ava:lable) :
1 Based on 162 patlents (5 were excludf;d beczmse meatment da’ca .
‘ 'were lost owmg to te,chmcal prohlems)

formation, Va;rious]y sized vessels, endothelial proliferation,
various stages of hemorrhage, and hemosiderin deposits.

Discussion

Historically, the purpose of treating patients with brain metastases
has been symptom palliation and maintenance of good condition
during the patient’s relatively short remaining life expectancy.
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Fig. 2.

Sequential magnetic resonance (MR) images, methionine positron emission tomographic (PET) scans, or proton MR spectro-

grams of 8 patients. Patient numbers are shown above each column. MRI was performed af the time of Gamma Knife radiosurgery (GKRS)
(top row), at the time of confirmed tumor control (at the time of the second GKRS for a left temporal tumor in patient 3) (second row), and
at the time of the development of delayed complications (third row). Methionine PET scans or proton MR spectrograms were obtained at
nearly the same times as the upper MR examinations (bottom row).

Therefore, treatment-related complications occurring with a long
latency period have seldom been a matter of primary concermn.
However, SRS, which is a less invasive procedure and allows
long-term tumor control, has recently become a common treat-
ment for brain metastases (1, 2). As we have reported elsewhere,
GKRS was shown to benefit patients by decreasing the likelihood
of death from neurologic causes (approximately 10%) (8, 13). The
widespread use of SRS for patients with brain metastases has
recently prompted physicians to continue, rather than give up, as
in the former era, aggressive treatment of original tumors and/or
extracranial metastases. With recent advances in cancer treatment,
considerable numbers of patients can survive for many years after
the initial diagnosis. This has raised concern regarding post-SRS
complications occurring with a prolonged latency period. Very
recently, learning how to avoid and treat these complications has

been seen as crucial. To the best of our knowledge, this retro-
spective investigation is the first to analyze the long-term toxicity
of SRS in patients surviving at least 3 years after treatment of
brain metastases.

Incidences of complications

Williams et al (14) recently reported the incidences of post-SRS
complications and their predictive factors based on a comprehen-
sive review of 273 patients (316 treated lesions) undergoing SRS
for 1 or 2 brain metastases. According to their investigation,
complications, mostly seizure onset, were associated with 127
{40%) of 316 treated lesions. Severe complications were more
likely to occur more than 30 days after SRS. Progression of the

Fig. 3.

Histopathologic findings in 6 patients. Excluding 1 deceased patient {patient 8), the remaining 5 agreed to the use of their

histopathologic photographs for this publication. Patient numbers are shown in each image. Notice variously sized vessels (short arrows),
endothelial proliferation (long arrows), sinusoid formation (arrowhead), fluid exudation (FE), various stages of hemorrhage (H), and
hemosiderin deposits (circle). (Hematoxylin and eosin, original magnifications not available.)
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primary cancer and tumor location in the eloquent cortex were
significantly associated with complications. However, no chro-
nologic data were presented in their article, and there was no
description of delayed complications. Varlotto et al reported {11}
that among 137 patients with brain metastases who survived for at
least 1 year after GKRS, postradiosurgical sequelae developed in
2.8% and 11.4% of patients at the first and fifth year, respectively,
after GKRS. The incidence of 11.4% at the fifth post-GKRS year
was far higher than our result, 4.2%. In their study, only the
standard Kaplan-Meier method was used. This method assumes
that follow-up of those developing a competing event (death) is
simply censored. We consider competing risk analysis to have
been necessary for evaluation of their data (6, 7). Furthermore,
their Kaplan-Meier plot of the proportion without neurologic
sequelae showed that none of their patients experienced neuro-
logic sequelae between the 24th and 120th post-GKRS months. In
other words, Varlotto et al (11) observed complications that
occurred in a somewhat earlier post-GKRS period, 2 years or less.
By contrast, herein we have described delayed complications
occurring 24 months or more after GKRS, and our data demon-
strated a time-related increase in the incidence (Fig. 1).

Predictive factors

Several authors have shown correlations with tumor volume and/
or WBRT and complications (11, 14-17). In our present study, the
only factor associated with delayed complications was larger
tumor volume. Nakagawa et al reported prior or concomitant
WBRT to be a possible risk factor for low-grade dementia (16).
We also observed 1 patient in whom severe dementia occurred
after WBTR followed by GKRS (8). However, in our series,
a small number of patients—only 4—underwent WBRT, so the
correlation between WBRT and delayed complications was
unclear. It is common knowledge in radiobiology that higher
irradiation doses carry a higher risk of complications. The median
peripheral dose, 24.0 Gy, in the subset reported here was higher
than the 21.0 Gy in our entire cohort (2000 cases). We cannot deny
that such a relatively high dose may have an impact on delayed
complications, although univariate analysis did not demonstrate
the peripheral dose to be a predictive factor for delayed compli-
cations in this study (Table 3).

Paddick and Lippitz (10) found, among several radiosurgical
parameters, the gradient index to be a crucial factor for compli-
cation avoidance. Also, Ishikawa et al (3) described, as noted in
our previous report on delayed cyst formation after GKRS for
patients with brain metastases, that a poor gradient index may
partially explain the observed phenomenon. However, univariate
analysis did not demonstrate the gradient index to be a predictive
factor for delayed complications in this study. Although Varlotto
et al (11) found that complications correlated with brain volume
receiving >12 Gy and we reported receiving >5 Gy to be
important (12), neither >12 Gy nor >5 Gy irradiated brain volume
was associated with delayed complications in our present study.

Pathogenesis

The first author (M.Y") previously reported post-GKRS sequelae (ie,
expanding mass lesions with or without cyst formation) occurring
many years after GKRS for arteriovenous malformations (18, 19).
Our present study revealed similar complications to occur in long-
term survivors after GKRS for brain metastases. As noted in our
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previous report, the mechanism of delayed cyst formation after
GKRS for brain metastases is speculated to be increased perme-
ability through partially injured blood vessel walls within the
degenerated or scar tissue (3). However, the mechanism of
enhanced mass lesions has yet to be fully elucidated. The histo-
pathologic changes of resected specimens in the 6 cases reported
herein were characterized as degenerated tissue mainly consisting
of fibrous tissue and various stages of hemorrhage, from fresh to
organized with hemosiderin deposits. Also, there was evidence of
neovascularization, enlarged vessels, and albuminous fluid exuda-
tion. In most cases, the irradiated metastatic lesions showed find-
ings from coagulation necrosis to liquefaction necrosis and
ultimately collapsed, as Szeifert et al very recently described (20).
However, we speculate that in some other cases, degenerated tissue
remains for many years and reparative processes may occur after
repeated intranidal microhemorrhage, which may finally cause an
expanding mass lesion, although the triggering mechanism remains
unknown. Therefore, the existence of a long-standing enhanced
area may be a risk factor for delayed complications.

Treatment

Observation alone is reasonable for compensated and asymp-
tomatic patients because spontaneous regression can be expected
in some, as is the case in patients with arteriovenous malforma-
tions. When delayed cysts and/or enhanced mass lesions are
symptomatic, surgical intervention should be considered. Even if
these conditions have not yet produced neurologic symptoms,
surgical intervention is recommended for patients whose cysts
and/or mass lesions show continuous expansion. For a patient with
a simple cyst, we believe that Ommaya reservoir placement may
be a better choice than fluid aspiration without a reservoir, because
some patients require reaspiration. Moreover, Ommaya tube
placement may maintain the drainage tract from the cyst to the
subarachnoid space, thereby preventing cyst regrowth. For
a patient with an enhanced mass lesion with or without cyst
formation, however, surgical resection should be considered even
if the mass lesion is not particularly large. In any case, the surgical
results of our present series were favorable.

Conclusions

In conclusion, 10.2% of long-surviving patients showed delayed
comiplications, with a median interval of 53 months (range, 24.0-
121.0 months) after GKRS for brain metastases. A larger tumor
volume, particularly larger than 10 cc, was a risk factor for these
complications. Long-term follow-up is crucial for patients with
brain metastases treated with GKRS because the risk of compli-
cations long after treatment is not insignificant. However, if
a delayed complication does occur, a favorable outcome can be
expected with timely surgical intervention. This is considered to
be quite different from WBRT, which causes the untreatable
complication of decreased NCF.
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Abstract. Reliable prognostic biomarkers of grade I1 gliomas
remain unclear. This study aimed to examine the role of
mutations of isocitrate dehydrogenase (/DH1/2), 1p/19q
co-deletion, and clinicopathological factors in patients with
grade I1 glioma who were primarily treated with radiotherapy
or chemoradiotherapy after surgery. Seventy-two consecutive
patients, including 49 cases of diffuse astrocytomas (DA), 4
oligodendrogliomas (OL) and 19 oligoastrocytomas (OA), who
underwent treatment from 1991 to 2010 at a single institution
were examined. The overall survival (OS) of the DA patients
(8.3 years) was significantly shorter than that of the OL and OA
patients (11.7 years). {DH1/2 mutations were found in 46.9%
of the DA patients and 82.6% of the OL and OA patients. The
progression-free survival (PFS) and OS of the patients with
IDH1/2 mutations (8.4 and 16.3 years) were significantly longer
than those of the patients without /DH1/2 mutations (3.3 and
4.5 years). Among the patients with IDH /2 mutations, those
who were initially treated with chemoradiotherapy including
nimustine hydrochloride (ACNU), had significantly longer
PFS than those treated with radiotherapy alone, whereas no
significant difference in PFS was observed between the chemo-
radiotherapy and radiotherapy groups in the patients without
IDH1/2 mutations. Oligodendroglial tumors, age <40 years,
initial Karnofsky performance status (KPS) =80, and IDH1/2
mutations were favorable prognostic factors regarding PFS and
OS. IDH1/2 mutation was a predictive factor of response to
chemoradiotherapy in grade II gliomas. Patients with {DH1/2
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mutations may benefit more from chemoraiotherapy than those
without /DH /2 mutations.

Introduction

World Health Organization (WHO) grade II gliomas (low-grade
gliomas) are slow-growing tumors that include several subtypes,
such as diffuse astrocytomas, mixed oligoastrocytomas, and
oligodendrogliomas (1). The 10- and 20-year survival rates for
patients with grade II glioma are reported to be 48 and 22%
(2), reflecting the malignant potential of these tumors in long-
term survival. Radiotherapy is often the treatment of choice for
patients with incompletely resected grade II gliomas. However,
the timing of radiotherapy for patients with these malignancies
remains controversial and no difference in overall survival (OS)
between groups receiving early and delayed radiation has been
reported (3). Moreover, the efficacy of chemoradiotherapy for
grade 11 gliomas is largely unknown. The addition of procarba-
zine, lomustine, and vincristine (PCV) therapy to radiotherapy
for grade 11 gliomas conferred a significant increase in OS and
progression-free survival (PFS) of »2 years in the Radiation
Therapy Oncology Group (RTOG) 9802 study (4), suggesting
that chemoradiotherapy might be effective for a subset of these
patients.

Several studies have attempted to identify prognostic factors
for grade II gliomas. To date, older age, astrocytic histology,
the presence of neurologic deficits before surgery, larger tumor
diameters, and tumors crossing the midline have been proposed
as unfavorable prognostic factors (5-9). Several genetic markers,
such as 1p/19q codeletion or mutations of the isocitrate dehydro-
genase 1 and 2 genes (/DH1/2), have also been associated with
patient survival. Oligodendrogliomas typically show 1p/19q
codeletion (<70%) (10,11), and its presence is reported to predict
longer survival in oligodendroglial tumors (12). The 1p/19q
codeletion is also a statistically significant predictor of prolonged
survival in patients with astrocytomas (13). Furthermore, 1p/19q
codeletion was associated with longer survival in all types of
adult gliomas, independent of age and diagnosis (14,15). On the
other hand, 1p/19q codeletion did not appear to be a sensitive
prognostic biomarker in patients with either grade II astrocytic
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or oligodendroglial tumors who did not receive radiotherapy or
chemotherapy after surgery (16).

Mutations of the {DHI/2 genes are common events
in gliomas (17), especially among grade II gliomas, where
IDHI mutations are observed in 70-80% of cases (11,17,18).
Glioblastomas and anaplastic astrocytomas (WHO grade III)
with IDH1/2 mutations have more favorable prognoses than
those with a wild-type phenotype (17). Several studies have
indicated that /DH/2 mutations are significantly associated
with positive prognosis and chemosensitivity in low-grade
gliomas (19,20), whereas others have reported that IDHI/2
mutations were not associated with prognosis (21,22). Thus,
the prognostic or predictive values of these genetic markers in
grade II gliomas remain controversial.

In the present study, the clinicopathological factors, including
age, Karnofsky performance status (KPS), histology, extent of
resection, radiotherapy, chemoradiotherapy, largest tumor diam-
eter, and MIB-1 staining index, as well as /DH1/2 mutations and
1p/19q codeletion, were analyzed in grade II gliomas and corre-
lated with the clinical course of the patients. Oligodendroglial
tumors, age <40 years, initial KPS =80, and /DH /2 mutations
were favorable prognostic factors for PFS and OS. The IDH1/2
mutation was a predictive factor of response to chemoradio-
therapy in grade II gliomas.

Materials and methods

Patients and tissue collections. The data were collected from
72 patients who were found with WHO grade 11 gliomas at
the first surgery. These included 49 diffuse astrocytomas and
23 oligodendroglial tumors, including 4 oligodendrogliomas
and 19 oligoastrocytomas (male-female, 40:32; median age,
39.0 years). These consecutive cases were diagnosed and
treated between 1991 and 2010 at the National Cancer Center
Hospital in Japan. The clinical records of the patients were
reviewed, and the data on the extent of tumor resection were
obtained from the surgical report. Total or subtotal resection
was defined as the removal of 90% or more of the tumor based
on the surgeon's clinical report. Fifty-eight patients (80.6%)
underwent initial surgeries followed by radiotherapy (22.2%)
or chemoradiotherapy with ACNU (58.3%). T hree patients with
total or subtotal removal and 11 with partial resection or biopsy
(19.4%) were followed-up without radiotherapy until progres-
sive disease. Of the remaining patients, those who underwent
initial treatment between 1991 and 2006 were treated with
chemoradiotherapy and those treated between 2007 and 2010
underwent radiotherapy alone based on our treatment proto-
cols. The radiation doses were 60 Gy before 2006 and 54 Gy
after 2007. The chemotherapy in the diffuse astrocytoma cases
consisted of ACNU administered twice during radiotherapy
and 3 additional doses every 2 months after radiotherapy.
The patients with oligodendroglial tumors received ACNU +
VCR (vincristine) twice during radiotherapy, and thereafter,
PAV [ACNU + VCR + PCZ (procarbazine)] was administered
in 3 cycles every 2 months after radiotherapy. Each patient
was worked up by MRI every 3-4 months until 2 years from
the initial treatment and then every 6 months after 2 years.
Progression was determined when the MRI showed a new
enhancing lesion with Gd-DTPA, a new high intensity lesion or
an obvious increased lesion (at least 20% larger than previous
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MRI in diameter) on T2/FLAIR images. Clinical deterioration
of a patient was also determined as progression.

The formalin-fixed paraffin-embedded tumor samples and
frozen specimens, when available, were collected from the
primary resection for all the patients who underwent surgery
in the National Cancer Center and whenever possible for those
operated at other hospitals. The samples were examined for
I{DH /2 mutations and 1p/19q codeletion only when suffi-
cient material for DNA extraction was available at either the
primary or secondary resection. The study was approved by
the internal review board of the National Cancer Center. The
detailed information for all the 72 patients is listed in Table I.

Hematoxylin and eosin staining and immunohistochemical
staining for MIB-1 and IDH1.The surgical specimens were fixed
in 10% formalin and embedded in paraffin. The hematoxylin and
eosin-stained specimens were examined to determine the histo-
logical tumor type. The multiple serial sections were subjected to
immunohistochemical analyses (IHC) to visualize local staining.
Antigen retrieval was carried out by exposing the tissue sections
to 15 min of microwave heating in 0.1-mol/l sodium citrate
(pH 6.0). This was followed with immunostaining of the speci-
mens with the streptavidin-biotin-peroxidase complex method
(Vectastain, Vector Laboratories, Inc., Burlingame, CA, USA).
The samples were incubated in human monoclonal antibodies
against MIB-1 (Dako, Tokyo, Japan). Positive immunostaining
results were detected with the diaminobenzidine reaction, and
the slides were subsequently counterstained with hematoxylin,
dehydrated, cleared, and mounted.

Cell counting was performed with the aid of a light micro-
scope (Olympus Corp., Tokyo, Japan). Cell counting was done at
amagnification of x400. At least 200 tumor cells were counted,
and the results were expressed as the mean of the counts
obtained from 3 different locations within each specimen. The
MIB-1-stained cells were also counted, and the percentage of
the MIB-1-stained cells was calculated within the observed field
and expressed as the MIB-1 index.

Human monoclonal antibodies specific against IDH1-
R132H and IDH1-R1328 were used to identify these 2 types of
IDH1 mutations (Medical & Biological Laboratories, Tokyo,
Japan). Positive immunostaining results were detected with the
diaminobenzidine reaction, and the slides were subsequently
counterstained with hematoxylin, dehydrated, cleared, and
mounted. The positive granular cytoplasmic staining of the
tumor cells was evaluated for mutant /DHI (23).

Extraction of nucleic acids. The tumor samples were immedi-
ately frozen inliquid nitrogen and stored at -80°C. A peripheral
blood sample was drawn from each patient and stored at -80°C.
Total DNA was extracted from either frozen tissue samples or
paraffin-embedded specimens and from the patients' blood with
a DNeasy Blood & Tissue kit (Qiagen Sciences, Germantown,
MD, USA) according to the manufacturer's instructions.

Sequencing of IDH1/2. A 129-base pair (bp) fragment of IDHI
containing codon 132 or a 150-bp fragment of IDH2 containing
codon 172 was PCR amplified using the forward primer IDH1f
(CGGTCTTCAGAGAAGCCATT) and reverse primer IDH1r
(GCAAAATCACATTATTGCCAAC) for IDHI and the
forward primer IDH2f (AGCCCATCATCTGCAAAAAC) and
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reverse primer IDH2r (CTAGGCGAGGAGCTCCAGT) for
IDH? (18). The thermocycling conditions consisted of 5 min at
95°C, 35 cycles for 30 sec at 95°C, 40 sec at 56°C, and 50 sec
at 72°C, followed by 10 min at 72°C. For confirmation, the
forward primer IDH1fc (ACCAAATGGCACCATACGA) and
reverse primer IDH1rc (TTCATACCTTGCTTAATGGGTGT)
generating a 254-bp fragment and the forward primer IDH2fc
(GCTGCAGTGGGACCACTATT) and reverse primer IDH2rc
(TGTGGCCTTGTACTGCAGAG) generating a 293-bp frag-
ment were used for amplification with the same thermocycling
conditions (24). After the purification of the PCR products using
the QIAquick PCR Purification kit (Qiagen), DNA sequencing
for the IDH1/2 gene was performed with an ABI PRISM 310
Genetic Analyzer (Applied Biosystems), using the same primers
as for PCR

Ip and 19q status by fluorescence in situ hybridization. For fluo-
rescence in situ hybridization (FISH), the tumor sections were
deparaffinized in Hemo-De (Falma, Tokyo, Japan), dehydrated
with 100% ethanol, and digested using a Paraffin Pretreatment
kit (Vysis-Abbott, Tokyo, Japan) according to the manufacturer's
protocol. Each section was hybridized with LSI 1p36/1¢25 and
LSI 19q13/19p13 probes (Vysis-Abbott). The probes and target
DNA were denatured individually at 72°C for 5 min, followed by
2 overnight incubations at 37°C. Posthybridization washes were
carried outin standard saline solution twice, and the sections were
air-dried. The nuclei were counterstained with 4,6-diamidino-
2-phenylindole. The sections were analyzed using a fluorescence
microscope (Biorevo BZ-9000, Keyence, Japan).

The 1p or 19q deletions were considered present when the
population of the cells with single 1p36 or single 19913 was <50%
of the cells with double 1p36 or double 19pl3, respectively. At
least 100 non-overlapping nuclei were counted per hybridization.

Ip and 19q status by multiplex ligation-dependent probe
amplification analysis. We used the SALSA P088 kit (MRC
Amsterdam, The Netherlands) containing 16 1p probes (6
probe at 1p36), 8 19q probes, and 21 control probes specific to
other chromosomes, including 2 probes for 19p. Information
regarding the probe sequences and ligation sites can be found
at http:/www.mlpa.com. Multiplex ligation-dependent probe
amplification (MLPA) analysis was performed as described
previously (25,26). The 1p36 or 19q deletions were considered
present when 5 of 6 markers for 1p36 and 5 of 8 markers for 19q
in each chromosome arm had normalized ratios <0.75.

Statistical analysis. All the statistical analyses, including the
Kaplan-Meier survival analysis, were performed using the JMP
ver. 8 software (Tokyo, Japan). The multivariate analysis with
Cox regression, which was used to assess the independent prog-
nostic factors for all the 72 cases, was performed only for the
variables with p<0.1 and which included the data obtained in
the univariate analysis for all the patients. A similar analysis was
performed for 58 cases with radiotherapy or chemoradiotherapy.

Results
Progression-free and OS. The PFS and median OS times for all

the 72 grade 11 glioma patients were 5.8 and 10.3 years, respec-
tively (male-female, 40:32; median age, 39.0 years; Table I).
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Table I. Characteristics of patients with grade II gliomas.

Characteristic No. of Years Percentage
patients (%)

Sex

Male 40 55.6
Female 32 444
Age (years)

Median 39

Range 21-75

Histology

Astrocytoma 49 68
Oligodendroglioma 4 6
Oligoastrocytoma 19 26
Extent of removal

Total removal 12 16.7
Subtotal removal 2 2.8
Partial removal 27 375
Biopsy 31 43.1
Largest diameter of

initial tumor (cm)

<6 40 556
=6 32 44.4
Initial KPS

<80 4 5.6
>80 68 94.4
MIB-1 index (%)

Median 3
IDH mutation

Mutation 42 583
Wild-type 30 41.7
Loss of 1p/19q

1p/19q codeletion 15 250
1p deletion 24 40.0
19q deletion 23 383
Initial radiotherapy

+ 58 80.6
- 14 194
Initial chemotherapy

ACNU 44 61
TMZ 2 3
None 26 36
PFS (years)

Median 58

Overall survival (years)

Median 103
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