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Abstract. Malignant brain tumors, including gliomas, brain 
metastases and anaplastic meningiomas, are associated with 
poor prognosis, and represent an unmet medical need. ASA404 
(DMXAA), a vascular disrupting agent, has demonstrated 
promising results in several preclinical tumor models and 
early phase clinical trials. However, two phase III trials in non-
small cell lung cancer reported insufficient results. The aim of 
the present study was to determine the effects of ASA404 on 
brain tumors. The effects of ASA404 were evaluated in vitro 
and in  vivo using subcutaneous, and orthotopical models 
for malignant glioma (U-87, LN-229, U-251, LN-308 and 
Tu-2449), brain metastasis (HT-29) and malignant meningioma 
(IOMM-Lee). The acute effects of ASA404 on tumor tissue 
were analyzed using conventional and immunohistochemical 
staining techniques [hematoxylin and eosin, MIB-1 antibody/
proliferation maker protein Ki-67, cleaved caspase-8, stimu-
lator of interferon genes (STING), ionized calcium-binding 
adapter molecule 1]. Furthermore, the sizes of subcutaneous 
tumors were measured and the symptom-free survival rates 
of animals with intracranial tumors receiving ASA404 treat-
ment were analyzed. ASA404 demonstrated low toxicity 
in vitro, but exhibited strong effects on subcutaneous tumors 
24 h following a single dose of ASA404 (25 mg/kg). ASA404 

induced necrosis, hemorrhages and inhibited the proliferation, 
and growth of tumors in the subcutaneous glioma models. 
However, ASA404 failed to demonstrate comparable effects 
in any of the intracranial tumor models examined and did not 
result in a prolongation of survival. Expression of STING, the 
molecular target of ASA404, and infiltration of macrophages, 
the cells mediating ASA404 activity, did not differ between 
subcutaneous and intracranial tumors. In conclusion, ASA404 
demonstrates clear efficacy in subcutaneous tumor models, 
but has no relevant activity in orthotopic brain tumor models. 
The expression of STING and infiltration with macrophages 
were not determined to be involved in the differential activity 
observed among tumor models. It is possible that the low 
penetration of ASA-404 into the brain prevents concentrations 
sufficient enough reaching the tumor in order to exhibit acute 
effects in vivo.

Introduction

Human malignant brain tumors, glioblastomas as well as 
brain metastasis and anaplastic meningiomas, are highly 
vascularized tumors (1-4). Therefore, the tumor vasculature 
is a reasonable therapeutic target. To date, the VEGF neutral-
izing monoclonal antibody bevacizumab is the only FDA 
approved antiangiogenic drug for the treatment of recurrent 
glioblastoma (5,6). However, bevacizumab failed to prolong 
overall survival (OS) in two phase III trials for newly 
diagnosed glioblastoma and in glioblastoma at first recur-
rence (7,8). Beyond bevacizumab there has been a wealth of 
antiangiogenic compounds in clinical trials interfering with 
different pathways of angiogenesis (cilengitide, cediranib, 
enzastaurin, etc.)  (5,9-12). ASA404 belongs to the class of 
vascular disrupting agents (VDA) and showed encouraging 
preclinical activity in a number of solid tumor models (13-20). 
Treatment with VDAs usually results in a rapid shut down 
of blood flow, resulting in extensive tumor necrosis without 
affecting normal blood vessels (21). In addition, ASA404 is 
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able to induce an anti-tumor immunity in vivo  (18,22-25). 
Several studies showed that stimulator of interferon gene 
(STING) is the molecular target of ASA404, mediating the 
increase of inflammatory cytokines (23,24,26-29). Moreover, 
it has been shown that only murine STING but not human 
STING has the ability to sense ASA404 (23,24,26,27,29-30). 
This might explain why ASA404 has failed in a larger clinical 
trial (31,32). Further, tumor associated macrophages seem to 
be the cellular mediator of ASA404 activity (22,33).

Here we report on our findings on the treatment of several 
subcutaneous and intracranial brain tumor models with 
ASA404, including colon carcinoma, malignant gliomas and 
meningioma.

Materials and methods

Cell lines. The malignant human glioma cell lines 
(U-87, LN-229, U-251, LN-308) were kindly provided by 
Professor N. de Tribolet (Lausanne, Switzerland). Tu-2449 
is a glioma cell line derived from a spontaneous tumor 
in GFAP‑v‑src‑transgenic mice and was provided by 
J. Weissenberger (Frankfurt, Germany)  (34). HT-29 colon 
carcinoma cells were purchased from the American Type 
Culture Collection (ATCC; Manassas, VA, USA). The malig-
nant meningioma cell line IOMM-Lee was kindly provided 
by David H. Gutmann (Department of Neurology, Washington 
University School of Medicine, St. Louis, MO, USA) (35-39). 
Mouse brain endothelial cells bEnd.3 immortalized with the 
polyoma virus middle T oncogene were kindly provided by 
Werner Risau (Max-Planck Institute for Physiological and 
Clinical Research, Bad Nauheim, Germany) (40-42). All cells 
were maintained in DMEM containing 10% fetal calf serum, 
2 mM glutamine and penicillin (100  IU/ml)/streptomycin 
(100 µg/ml) (43).

Reagents. ASA404 (DMXAA, vadimezan) was provided as a 
dry powder by Novartis (Nürnberg, Germany). ASA404 was 
dissolved in 50 mM Tris buffer at a concentration of 10 mg/ml 
and the pH was adjusted to 7.8-8.2. For the used concentra-
tions ASA404 stock solution was diluted with PBS.

Cell viability and cell death assays. For cytotoxicity assays, 
the cells were seeded at a density of 104 cells/well in 96-well 
plates, adhered for 24 h and then exposed to ASA404 for 72 h 
in medium including 5% fetal calf serum. Cell density was 
assessed by crystal violet staining.

Animal models. The animal studies in this study have been 
approved by our local authority (Regierungspräsidium, 
Darmstadt, Germany). Experiments have been performed in 
accordance with European guidelines on animal experiments 
and the ARRIVE guidelines.

For generation of subcutaneous tumors 3x106 tumor cells 
in 100 µl PBS were injected subcutaneously in the lower back 
sides of 6 weeks old female athymic nude mice (Foxn1nu, 
Harlan, Indianapolis, IN, USA). Tumor size was evaluated 
twice per week using a manual caliper. Tumor volume was 
estimated by multiplying the three dimensions of the tumor 
(x*y*z) and dividing the result by 2. The tumors were allowed 
to grow to a diameter of 10 mm before randomized treatment 

started. Mice were treated with a single intraperitoneal dose of 
ASA404 with 25 mg/kg body weight or with PBS. 24 h after 
treatment mice were sacrificed. The subcutaneous tumors were 
removed for further histopathologic analyses. For longitudinal 
tumor volumetric measurements, mice were treated twice per 
week.

For orthotopic tumors, 1x105 cells (U-87 and U-251) in 
4 µl PBS were injected stereotactically into the right striatum. 
Animals were observed daily for weight loss or neurological 
deterioration. At first symptoms three mice were treated with 
ASA404 (25 mg/kg) and three mice with PBS. After 24 h 
mice were sacrificed and brains removed for further histologic 
analyses. For evaluation of symptom-free survival mice were 
continuously treated with ASA404 (25 mg/kg) or PBS twice a 
week starting at day 7 after tumor implantation. When mice 
developed neurologic symptoms or showed a weight loss of 
more than 10% they were sacrificed.

As a syngeneic glioma model Tu-2449 cells were injected 
into the right striatum of B6C3F1 hybrid mice (Taconic Farms, 
Cologne, Germany). For a brain metastasis model we stereo-
tactically injected HT-29 cells to the right striatum and treated 
the animals with ASA404 at first symptoms. For a malignant 
meningioma model, orthotopic, subarachnoidal tumor cell 
inoculation with IOMM-Lee cells was done as previously 
described (36).

Histology/Immunohistochemistry. Subcutaneous tumors and 
mouse brains were formalin-fixed and paraffin-embedded. 
Thick sections (8 µm) were cut and deparaffination proce-
dures were performed according to standard protocols. 
Hematoxylin and eosin (H&E) stainings were analyzed by 
experienced neuropathologists (P.N.H, M.M. and C.M.). 
Immunohistochemistry was carried out using a monoclonal 
mouse antibody against the human Ki67-antigen (clone MIB-1; 
Dako, Glostrup, Denmark), against cleaved caspase-3 (Asp175, 
5A1E, #9664; Cell Signaling, Leiden, The Netherlands), 
a polyclonal antibody against human and rodent STING 
(PA5-23381; Thermo Fisher, Dreieich, Germany) and a rabbit 
antibody against Iba1 (Wako Chemicals, Neuss, Germany) 
on the Ventana Discovery IHC system (Ventana, Strasbourg, 
France). Iba1 staining was performed using the Leica BOND 
III automated IHC system (Leica Biosystems, Nussloch, 
Germany). Only nuclear Ki67/MIB-1 staining was counted as 
positive. Ten high-power fields (HPF) were evaluated for the 
percentage of Ki67/MIB-1 positive cells.

Results

ASA404 shows low cytotoxicity in vitro. As shown in Fig. 1 
ASA404 results in a reduced cell density after 72 h of treat-
ment. This effect is limited to higher concentrations of ASA404 
(≥0.1 mg/ml). No relevant differences between effects on the 
tumor cell lines (U-87, LN-229, HT-29) and a brain endothelial 
cell line (bEnd.3) were observed.

ASA404 induces large necrosis and hemorrhage in subcu-
taneous tumors. Acute effects of ASA404 were evaluated in 
subcutaneous tumor models. Tumors were excised 24 h after a 
single, intraperitoneal treatment with ASA404 (25 mg/kg) or 
PBS as control. All examined tumors showed large areas of 
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necrotic tissue and hemorrhages shortly after treatment. Fig. 2 
shows macroscopic and microscopic effects in U-87 and 
HT-29 tumors. Similar results have been observed in LN-229, 
U-251 and LN-308 tumors (data not shown).

Decreased proliferation after treatment with ASA404. We 
further analyzed the expression of the proliferation marker 
Ki67/MIB-1 in subcutaneous tumors treated with ASA404. 
As expected, Ki67/MIB-1 expression was not evaluable in 
necrotic tumor areas. Interestingly, Ki67/MIB-1 expression 
was markedly reduced in vital areas of the ASA404 treated 
tumors compared to tumors treated with PBS. As shown 
in  Fig.  3, immunohistochemical staining for Ki67/MIB-1 
in U-87 tumors treated with PBS (Fig. 3A) and treated with 
ASA404 (Fig. 3B). Fig. 3C and D show LN-308 tumors treated 
with PBS (Fig. 3C) and ASA404 (Fig. 3D). In LN-308 tumors 
we quantified the Ki67/MIB-1 expression by assessing the 
percentage of tumor cells that show nuclear expression of 
Ki67/MIB-1.

ASA404 induces cleavage of caspase-3 in subcutaneous 
tumors. As we found apoptotic figures in the necrotic areas of 
all subcutaneous tumors we analyzed the tumors for expres-
sion of cleaved caspase-3, an indicator for apoptosis. As shown 
in Fig. 4, immunohistochemistry for cleaved caspase-3 in 
subcutaneous U-87 tumors. The large necrotic areas on the 
H&E slides (Fig. 4A and C) show strong expression of cleaved 
caspase-3 (Fig. 4B and D). In vital tumor areas of ASA404 

treated tumors and in tumors treated with PBS cleaved 
caspase-3 is absent.

ASA404 dramatically reduces tumor growth in a subcuta-
neous glioma model. To evaluate long-term effects of ASA404 
on tumor growth we continuously treated mice with subcuta-
neous LN-229 tumors. After all tumors reached a sufficient 
size (diameter 5 to 10 mm) animals were randomized to receive 
PBS or ASA404 (25 mg/kg) twice per week. Treatment started 
on day 25. Animals treated with PBS showed the expected 
increase in tumor volume  (Fig.  5A, blue line), while in 
animals treated with ASA404 tumor size decreased (Fig. 5A, 
red line). After 60 days the study was stopped and tumors 
excised. The mean tumor volume of PBS treated mice reached 
0.96 cm³ (Fig. 5A and B, left column), while tumor volume in 
ASA404 treated mice reached 0.17 cm³ (Fig. 5A and B, right 
column).

ASA404 has no activity in orthotopic glioma models. U-87 
cells were implanted stereotactically in athymic nude mice. 
When the first mouse showed symptoms all animals were 
randomized to receive either PBS (Fig. 6A and C) or ASA404 
(25 mg/kg, Fig. 6B and D) intraperitoneally. 24 h after treat-
ment mice were sacrificed and brains excised. We did not find 
relevant differences on H&E slides between PBS and ASA404 
treated tumors (Fig. 6A-D). Especially, we did not find necrotic 
areas or an increase in intratumoral hemorrhage. Identical 
results were found for U-251 and Tu-2449 tumors.

Figure 1. Cytotoxicity of ASA404 in vitro. Survival of LN-229 (A), U-87 (B), HT-29 (C) and bEnd.3 (D) cells after 72 h treatment with increasing concentra-
tions of ASA404 (open circles) or solvent alone (Tris buffer, filled circles) is shown. Survival was assessed by crystal violet staining. Data are expressed as 
mean percentages of survival compared to control and SEM (n=3).
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Further, we evaluated the influence of ASA404 on 
symptom-free survival. Athymic nude mice with U-87 tumors 
were continuously treated with PBS or ASA404 twice a week 
starting at day 7 after tumor implantation. Median survival 
for PBS was 36 days  (Fig. 6E, blue line) and for ASA404 
40 days (Fig. 6E, red line).

ASA404 has no activity in models for CNS metastasis and 
malignant meningioma. To further evaluate the brain activity 
of ASA404 we applied an animal model for CNS metastasis 
using the colon carcinoma cell line HT-29 injected to the right 
striatum. As a meningioma model the malignant meningioma 
cell line IOMM-Lee was inoculated into the subarachnoid 
space. Mice were sacrificed 24 h after treatment with PBS or 
ASA404 (25 mg/kg) and brains/tumors excised for histological 
analyses (Fig. 7). As shown in Fig. 7A and C (PBS treated mice) 
HT-29 cells formed large and necrotic tumors. After treat-
ment with ASA404 (Fig. 7B and D) viability was not reduced 
and we did not see additional necrotic areas, suggesting that 
ASA404 had no activity in this model. No obvious activity 

of ASA404 has been detected in the malignant meningioma 
model (Fig. 7E and G shows PBS treatment, Fig. 7F and H 
shows ASA404 treatment).

STING expression and iba1 positive cells in subcutaneous 
and intracranial U-87 tumors. As STING is the molecular 
target of ASA404 in a murine setting we examined tumor 
tissue for STING expression using a monoclonal antibody 
recognizing both human and murine STING. As shown 
in Fig. 8 STING expression in a subcutaneous (Fig. 8A) and 
an intracranial (Fig. 8B) U-87 tumor. We did not find a clear 
difference in STING expression explaining the differential 
activity of ASA404. Notably, STING expression was more 
focused in the intracranial tumor, while most cells in the 
subcutaneous tumor showed a more widespread, cytosolic 
STING expression.

As macrophages in the tumor microenvironment are 
recognized as the mediator cells of STING activity we used 
iba1 immunohistochemistry to stain for macrophages and 
microglia. Again no relevant differences were observed 
between subcutaneous (Fig. 8C) and intracranial (Fig. 8D) 
tumors. We found a high number of iba1 positive cells in both, 
subcutaneous and intracranial tumors.

Figure 3. Expression of the proliferation marker Ki67/MIB-1 in subcu-
taneous tumors treated with ASA404. Subcutaneous U-87  (A  and  B) 
and LN-308 (C and D) tumors are shown. A and C shows expression of 
Ki67/MIB-1 in tumors treated with PBS and B and D shows tumors treated 
with ASA404. The percentage of Ki67/MIB-1 nuclear positive tumor cells 
was evaluated in 10 high power fields in subcutaneous LN-308 tumors treated 
with PBS (E, left bar) or ASA404 (E, right bar).

Figure 2. Acute effects of ASA404 treatment in subcutaneous tumors. 
(A-D) show acute effects (24 h) of ASA404 treatment in subcutaneous U-87 
tumors. A and C show control tumors treated with PBS. B and D show 
subcutaneous U-87 tumors 24 h after treatment with ASA404 (25 mg/kg 
body weight). (A and B) Macroscopic images of the tumors after excision. 
(C and D) Overview on the H&E staining with large areas of necrotic tissue 
(N, necrosis; V, vital tumor). (E and F)  show images of HT-29 tumors. 
(G and H) show histological images of H&E staining with marked hemor-
rhages (arrows).
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Discussion

More efficacious therapies are desperately needed for patients 
with malignant brain tumors, in particular for glioblastoma. 
One new approach is using VDA. ASA404, or DMXAA/vadi-
mezan, is a vascular disrupting agent that has shown preclinical 
activity in several different tumor models (17-20). Earlier phase 
clinical trials showed promising results, but a phase III trial in 
non-small cell lung cancer was negative (31,32). Preclinical 
studies on the efficacy of ASA404 in brain tumors are rare, 
clinical trials do not exist (20,44).

In the current study we can show that ASA404 has 
moderate to low in vitro activity in human glioma cell lines 

(U-87, LN-229), a colon carcinoma cell line (HT-29) and a 
brain endothelial cell line (bEnd.3). In contrast, ASA404 
has dramatic effects in several subcutaneous glioma models 
(U-87, LN-229, U-251 and LN-308) and a colon carcinoma 
model (HT-29). Treatment with ASA404 resulted in exten-
sive necrosis and hemorrhages within a few hours. When 
applied continuously ASA404 lead to a marked reduction 
of tumor growth. Unfortunately, these impressive results did 
not translate to the orthotopic, intracerebral glioma models 
(U-87, U-251). To evaluate whether this could be a cell type 
specific issue, we evaluated ASA404 in a murine, syngeneic 
glioma model (Tu-2449), a model for CNS metastasis (HT-29) 
and a model for malignant meningioma (IOMM-Lee). Again, 

Figure 4. Expression of cleaved caspase-8 in subcutaneous tumors treated with ASA404. H&E slides (A and C) and immunohistochemistry for cleaved 
caspase-8 (B and D) in subcutaneous U-87 tumors is shown. The large necrotic areas on the H&E slides (A and C), show strong expression of cleaved caspase-8 
(B and D). In vital tumor areas cleaved caspase-8 is absent.

Figure 5. ASA404 reduces tumor growth in a subcutaneous glioma model. Volume of subcutaneous LN-229 tumors is shown in (A). Treatment with PBS (blue 
line) or ASA404 (red line) was started on day 25 (n=6, mean volume, SEM). After 60 days the study was stopped and the tumors excised (B).
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ASA404 was not able to induce the strong effects seen in the 
subcutaneous models. In summary, we report on diverging 
effects in subcutaneous and intracranial tumor models.

In general, this once again illustrates that subcutaneous 
animal models are usually futile for brain tumor research and 
should be limited to specific mechanistic issues.

Several explanations are conceivable for our diverging 
effects. First, it has been shown that ASA404 does not cross 
the blood-brain-barrier to a relevant degree in a syngeneic 
glioma mouse model using the GL261 glioma cell line and 
C57BL/6 mice (44). At a dose of 25 mg/kg ASA404 reached 
a Cmax of 474 µmol/l in the plasma of tumor-bearing mice. 
In contrast, Cmax in the brain of tumor-bearing mice only 
reached 6.9 µmol/l. For this pharmacokinetic analysis whole 
brain lysates but not brain tumor lysates were used  (44). 
Further, the GL261 tumors only show minor contrast enhance-
ment on MRI scans suggesting only a mild disruption of 
the blood‑brain‑barrier (45). In other tumor models and the 
clinical situation the blood-brain-barrier in malignant brain 
tumors is rather markedly dysfunctional and ASA404 might 
reach higher concentrations in tumor tissue. However, this 

issue of limited brain penetration still might be the explana-
tion why ASA404 did not show intracranial activity in our 
models. In contrast to our results, ASA404 increased survival 
in a previous study using orthotopic the GL261 and the U-87 
mouse model  (20). In both models only minimal contrast 
enhancement was detected before treatment. Notably, in both 
models marked extravasation of the contrast agent was detected 
24 h after treatment with ASA404. A more recent study did not 
find increased survival with ASA404 in an orthotopic GL261 
model corroborating our results (44).

Second, there might be a difference in molecular 
and/or cellular effectors. In 2005 it has been shown that 
tumor associated macrophages are the main cellular target of 
ASA404 (22,33). Moreover, the STING has been identified as 
the molecular target of ASA404 recently (23,24,26,27,29,30). 
Interestingly, only murine STING binds to ASA404 and 
leads to TANK-binding kinase 1 and IFN regulatory factor 3 
signaling (25,29). Human STING failed to bind to or signal 
in response to ASA404, which might be the explanation 

Figure 6. ASA404 in an orthotopic glioma model. H&E staining of 
an orthotopic U-87 tumor 24 h after treatment with PBS  (A and C) or 
ASA404  (B and D) are shown. Influence of ASA404 on symptom-free 
survival is shown (E). Mice with orthotopic U-87 tumors were randomized 
to receive PBS (blue line) or ASA404 (red line) on day 20 and day 30 after 
tumor implantation. Tick marks indicate censored mice.

Figure 7. ASA404 in models for CNS metastasis and malignant menin-
gioma. H&E stainings of intracerebral HT-29 tumors (colon carcinoma) 
treated with PBS (A and C) or ASA404 (B and D) are shown. Intracranial 
IOMM-Lee tumors (malignant meningioma) treated with PBS (E and G) or 
ASA404 (F and H) are shown in the lower panel.
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why ASA404 failed in clinical trials for human cancer (29). 
These findings would make it essential that a relevant number 
of murine tumor associated macrophages are present in 
a tumor to make it susceptible to ASA404. Therefore, we 
screened tumor tissue for STING expression and tumor 
associated macrophages. As shown in Fig. 8 we did not detect 
fundamental differences in STING expression between subcu-
taneous (Fig. 8A) and intracranial tumors (Fig. 8B). Whether 
the more diffuse and more cytosolic expression of STING in 
subcutaneous tumors has relevance, is beyond the scope of 
this study. STING expression in intracranial tumors (Fig. 8B) 
seemed to be more focused and restricted to fewer cells. 
Moreover, we were not able to specifically detect murine 
STING as available antibodies either recognize human and 
murine STING or just human STING. In the light of the brain 
penetration issues further evaluations on this topic might be 
of limited interest. Regarding tumor associated macrophages 
we used an antibody against iba1 to detect macrophages in 
the examined tumor tissue. Obviously, iba1 can be found on 
macrophages and microglia, impeding differentiation between 
macrophages and microglia particularly in the intracranial 
tumors. Again we did not find considerable differences in the 
number of iba1 positive cells in the examined tumor tissue 
from subcutaneous (Fig. 8C) and intracranial (Fig. 8D) tumor 
tissue.

In summary, we can show that ASA404 (DMXAA, vadi-
mezan) leads to strong responses in the subcutaneous setting 
when using several human glioma cell lines and one colon 
carcinoma cell line in athymic mice. This is of particular 
importance, regarding STING, the molecular target of 
ASA404. It has been shown that ASA404 only binds to the 
murine form of STING and not to human STING. Therefore, 
effects of ASA404 cannot directly be conveyed via human 
tumor cells. On the one hand, this might be an explanation for 
failure of ASA404 in later stage clinical trials. On the other 

hand, this emphasizes the importance of tumor infiltrating 
host cells in our setting with human cancer cells growing in 
a rodent host. This renders host macrophages as a promising 
and untransformed therapeutic target. Current knowledge on 
vascular disrupting properties of ASA404 suggests that tumor 
infiltrating macrophages sense ASA404 via STING and then 
initiate the release of cytokines leading to disrupted blood 
vessels and hemorrhagic necrosis. Unfortunately, activity of 
ASA404 was limited to the subcutaneous setting and we did not 
detect changes in several orthotopic brain tumor models. This 
might be due to a different cellular composition of the tumor 
microenvironment, but most likely is the result of the missing 
ability of ASA404 to cross the blood-brain-barrier (46).

Besides vascular disruption, STING agonists also lead 
to an activation of the innate immunity  (24). STING acti-
vation results in type I interferon production and thereby 
activating dendritic cells in the tumor and augmenting the 
priming of tumor-specific T cells. Further, STING activa-
tion enhances recruitment of effector T cells into the tumor 
microenvironment (22-24,27,29,30,33,47). Several synthetic 
agonists of human STING have been developed as immuno-
therapeutics and at least one is currently tested in a phase 1 
trial (NCT02675439) (23,24,26). Whether these new STING 
agonists cross the blood-brain-barrier has not been demon-
strated so far. Nonetheless, agonists for human STING are 
highly promising new drugs as VDA and more importantly as 
immunotherapeutics.
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