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Angiogenesis is an important component in tumor development, progression and spread. As 
a result, there are ongoing efforts to combine existing cytotoxic therapy with anti-angiogenic 
therapy to enhance the efficacy of cancer treatment. However, the optimal scheduling of anti-
angiogenic therapy with cytotoxic therapy, although crucial for maximizing treatment efficacy, 
remains unclear. Here, we investigated an optimal protocol for combining Avastin anti-
angiongenic therapy with photodynamic therapy (PDT), a cytotoxic therapy for various diseases
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Angiogenesis, or sprouting of new blood vessels, is a critical component in the development of primary, 
recurrent and metastatic tumor [1]. As a result, strategies to inhibit the angiogenic process have been 
extensively investigated as an approach to treat local and distant disease. Monotherapies using anti-
angiogenic agents so far resulted in modest clinical response, suggesting to the need for combination with 
cytotoxic therapies for enhanced tumor control and clinical outcome [2]. Combination of anti-angiogenic 
therapy with cytotoxic therapy has shown positive outcome in various preclinical studies [3-5]. However, 
these promising results did not always translate to clinical efficacy [6], demonstrating the complexity of 
combination strategies.

The efficacy of combination strategies can be enhanced by understanding and exploiting the mechanism 
of interaction between anti-angiogenic therapy and cytotoxic therapy [7,8]. Although such mechanismsare 
still being elucidated [6], several hypotheses have been proposed. Neo-adjuvant anti-angiogenic therapy 
could lead tovascular normalization, in which subsequent tumor oxygenation and physiological changes 
enhance the efficacy of radiotherapy and chemotherapy [9,10]. It is also suggested that radiotherapy and 
chemotherapy could target endothelial cells, augmenting the anti-vascular effect of anti-angiogenic therapies 
[11].

PDT - Photodynamic Therapy.
VEGF – Vascular Endothelial Growth Factor
BPD - Benzoporphyrin derivative 
ELISA - Enzyme Linked Immunosorbent Assay

Recent reports suggest that various cytotoxic therapies can potentially lead to a pro-angiogenic response. 
Upregulation of angiogenic cytokines following cytotoxic therapy was observed in preclinical [3,12-14] as 
well as clinical studies [15-17]. The increased angiogenic response following cytotoxic therapy correlated 
with poor clinical outcome [17]. Furthermore, suppression of the upregulated angiogenic response resulted 
in enhanced local tumor control as well as decreased metastasis [3,5].  As a result, inhibition of the pro-
angiogenic response following cytotoxic therapy can provide an additional hypothesis for the mechanism of 
combination anti-angiogenic therapies.

including cancer. We demonstrate that PDT leads to a temporally-transient regulation of 
vascular endothelial growth factor (VEGF) following treatment. More importantly, combination 
Avastin therapy was most effective in inhibiting lung metastasis when delivered around the peak 
of VEGF response following PDT. Considering that temporally transient VEGF regulation was 
observed following PDT, radiotherapy and chemotherapy, optimal scheduling of combination 
anti-angiogenic therapy based on temporal dynamics of the VEGF response has implications in 
a wide range of cancer treatments.

Abbreviations
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The aim of this study is to investigate VEGF regulation following cytotoxic therapy as a basis for the efficacy 
of combination anti-angiogenic therapy. Furthermore, we utilized this mechanistic understanding to devise 
an optimal strategy for scheduling and sequencing combination anti-angiogenic therapy. Complementary to 
previous studies, we investigated the optimal strategy to effectively control not only the primary tumor but 
also distant metastasis. In particular, we investigated the effect of the combination treatment strategy on the 
two major patterns of metastasis: hematogenous as well as lymphatic metastasis [18]. We demonstrate that 
the temporal dynamics of the VEGF response following cytotoxic therapy provides important insights into 
the optimal scheduling of combination anti-angiogenic therapy to inhibit lung metastasis.

Materials and Methods

Avastin anti-VEGF antibody and liposomal benzoporphyrin derivative (BPD) were a kind gift from 
Genentech (South San Francisco, CA) and QLT (Vancouver, Canada), respectively. PC-3 prostate cancer 
cells were maintained in F-12K (Mediatech, Herndon, VA) supplemented with 10% fetal calf serum 
(Invitrogen, Carlsbad, CA), 100 unit’s/mL penicillin, 100 Ag/mL streptomycin (Mediatech).

Orthotopic prostate tumors were implanted in the prostate of 6-week-old male severe combined 
immunodeficient mice weighing 20-25 g (Cox Breeding Laboratories, Cambridge, MA). Animals were 
anesthetized with a 7:1 mixture of ketamine/xylazine. The prostate was exposed by retracting the bladder 
cranially following laparotomy. 1x106 PC-3 cells in 50% Matrigel (BD Biosciences, San Diego, CA) were 
injected into the stroma of the prostate ventral lobe. The incision was closed with 2-0 suture. Tumor with a 
diameter of 4-5 mm was developed at 2 weeks following implantation. 

For PDT, 0.25 mg/kg liposomal BPD was injected intravenously (i.v.) in the tail vein of the tumored mouse. 
One hour following photosensitizer delivery, laparotomy was performed to expose the tumor in the prostate. 
690 nm diode laser module (High Power Devices, North Brunswick, NJ) was irradiated on the tumor at 
an irradiance of 100 mW/cm2 and a fluence of 50 J/cm2. Following PDT, the incision was closed with 2-0 
suture. Avastin was injected intraperitoneally (i.p.) at a dose of 100 ug in 1mL phosphate buffer saline (PBS).

Tumors were harvested at various time points following PDT and frozen in liquid nitrogen. The frozen 
tumors were pulverized with a tissue homogenizer and lysed in lysis buffer. The total protein concentration 
was determined using a standard Lowry method. A human VEGF DuoSet enzyme linked immunosorbent 
assay (ELISA) Development System (R&D Systems, Minneapolis, MN) was used to quantify human 
VEGF levels. Resulting VEGF concentrations were normalized by total protein concentration.

Reagents and cell lines

Animal model

Cancer therapy

VEGF ELISA
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The number of human AsPC-1 cells metastasized to the lung was quantified from the level of human and 
mouse GAPDH housekeeping genes. Lung was harvested two weeks following PDT and snap frozen in 
liquid nitrogen. Frozen lung tissues were pulverized and RNA was extracted using RNeasy Protect Mini 
Kits (Qiagen, California, USA) according to the manufacturer’s instructions. Human GAPDH gene was 
measured using forward primer, 5’-GAG TCC ACT GGC GTC TTC-3’; reverse primer, 5’-GGA GGC 
ATT GCT GAT GATC-3’; with a 165-bp amplified fragment (accession number, NM_002046). Mouse 
GAPDH was used as reference housekeeping gene for controlling the initial amount of cDNA from each 
sample (accession number, BC0095932; forward primer, 5’-GCC TTC CGT GTT CCT ACC-3’; reverse 
primer, 5’-GCC TGC TTC ACC ACC TTC-3’; with a 101-bp amplified fragment). Primers were custom 
synthesized from Invitrogen (Carlsbad, California). Primers were used at 0.5 uM and 95°C for 10 min, 
followed by amplification of 40 cycles at 60°C for 30 secs, an extension step at 72°C for 20 secs, and 
denaturation at 95 C for 10 secs. For each specimen, the cycle threshold (Ct)from human GAPDH was 
normalized by Ct from mouse GAPDH. The normalized Ct was quantified into number of metastatic cells 
using a standard curve generated with a set of lung lysate from healthy, non-tumored mice mixed with 
different numbers of AsPC-1 cells (0, 8, 40, 200, 1,000, 5,000, 25,000 and 125,000 cells).

Five um thick, paraffin-embedded sections were obtained from iliac lymph node harvested from tumored 
mice at 2 weeks following PDT. The sections were stained with hematoxylin and eosin (H&E) and 
investigated under bright field microscopy to identify any metastatic cancer cells.

Prostate tumors were harvested one hour following intravenous injection of 0.25 mg/kg liposomal BPD. The 
harvested tumors were snap frozen in liquid nitrogen. The frozen tumors were pulverized using a mortar and 
pestle containing liquid nitrogen. Pulverized tumors were lysed in 25 mL 1% SDS lysis buffer overnight. 
The tumor lysate was centrifuged at 14,000 rpm for 10 minutes and the supernatant was collected for further 
analysis. Fluorescence intensity was measured at 680 nm excitation and 690 nm emission. To quantify 
photosensitizer concentration in the lysis buffer based on the fluorescence intensity, a set of standards were 
generated by mixing supernatant from lysed prostate tumors with liposomal BPD at a concentration of 0, 
0.2, 1.1 and 5.5mg/mL. Lysis buffer photosensitizer concentration was multiplied by the volume of lysis 
buffer (25 mL) and divided by the tumor weight to estimate the photosensitizer concentration in the tumor.

Assessment of lung metastasis

Assessment of lymph node metastasis

Western blot

Ex vivo photosensitizer extraction

Fluorescence images of the prostate tumor were acquired in vivo with an intravital fluorescence microscope 
described in [19]. Briefly, the microscope is composed of (i) red light emitting diode (LED) illumination 
(LXHL-LD3C, Lumileds Lighting, San Jose, CA), (ii) 455 nm exciter filter (455/70, Chroma Technology, 

In vivo fluorescence imaging of photosensitizer delivery
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Rockingham, VT), (iii) long working distance objective suitable for in vivo imaging (M Plan 40x, Mitutoyo, 
Aurora, IL), (vi) 700 nm emitter filter (HQ700/75, Chroma Technology, Rockingham, VT), and (v) high 
sensitivity CCD camera (Cascade 512F, Photometrics, Pleasanton, CA). The tumor was imaged one hour 
following intravenous injection of 0.25 mg/kg liposomal BPD. Exposure time was 200 msec.

Data are presented as the mean ± SE. Significance of the difference in occurrence of metastasis was evaluated 
using Fisher’s exact test for independent binomial proportions. The significance of the difference in all other 
data was evaluated with unpaired Student’s t-test. P<0.05 was considered statistically significant.

Tumoral VEGF levels in PDT-treated and non-treated tumors at various time points were quantified ex 
vivo using the ELISA assay. The tumoral VEGF level increased approximately two-fold in PDT-treated 
mice compared to non-treated mice one day following PDT (Figure 1A). Subsequently, tumoral VEGF 
level in PDT-treated mice decreased, reaching approximately one-third of non-treated tumors at one week 
following PDT. The tumoral VEGF level following PDT remained low for up to two weeks. The tumoral 
VEGF level in non-treated mice remained almost uniform during the two weeks.

Statistical Analysis

Results

Post-PDT VEGF response is transient

Effect of Avastin therapy, an antibody that blocks VEGF, on tumoral VEGF level was investigated ex vivo 
using the ELISA assay. For two days prior to PDT, 100 ug Avastin was delivered i.p. to the tumored mice. 
One day following PDT, the VEGF level in tumors treated with both PDT and Avastin was significantly 
lower than that measured from tumors treated only with PDT (p<0.05) and slightly below that from non-
treated tumors, although statistically not significant (p=0.21) (Figure 1B). Tumoral VEGF level in mice that 
were treated with both Avastin and PDT remained low at two weeks following PDT.

Avastin therapy results in decreased tumoral VEGF following PDT
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Figure 1: A. Tumoral VEGF concentration measured from non-treated (solid diamond) and PDT-treated (gray 
circle) animals at different time points following PDT. 
B. Tumoral VEGF concentration measured from non-treated (slide bars) and PDT-treated (white bars) animals as 
well as those treated with both PDT and Avastin (gray bars) at one day and 14 days following PDT. VEGF levels 
were quantified ex vivo using ELISA and normalized by protein content. Error bars show one standard error.

Avastin results in decreased lung metastasis if timed right following PDT

Metastasis of PC-3 human cancer cells to the lungs were evaluated from whole lungs harvested two weeks 
following PDT. RT-PCR was used to quantify human (cancer cells) RNA levels compared to mouse (host) 
RNA levels in the lungs. Metastatic burden was characterized using two approaches: (i) by occurrence, which 
is the percentage of animals with lung metastasis in each group (Figure 2A), and (ii) by the extent, which 
is the average number of metastasized cancer cells per lung among mice that developed metastasis (Figure 
2B). All the non-treated animals developed lung metastasis, with an average of 15,460 cancer cells per lung. 
Avastin therapy or PDT, when delivered alone, did not result in significant changes in the occurrence or 
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extent of lung metastasis. Two doses of Avastin, each delivered i.p. at a dose of 100 ug, did not affect the 
occurrence of lung metastasis. The extent of lung metastasis following Avastin therapy decreased to 6,981 
cancer cells/lung, although the difference was not statistically significant (p=0.32). PDT treatment resulted 
in a non-significant decrease in both occurrence (79%, p=0.22) and extent (2,490 cancer cells/lung, p=0.12) 
of lung metastasis. Readers may yet ask a question. How can so many people be persuaded to practice self-
destruction? The answers bring Freud again into the picture, or rather his nephew, whose name is gradually 
becoming familiar to many, namely, Edward Bernays and his techniques [7].

Figure 2: A. Occurrence of lung metastasis, calculated as the percentage of animals with lung metastasis in each 
treatment group. 
B. Extent of lung metastasis, calculated as the average number of cancer cells per lung among animals with lung 
metastasis in each treatment group. NT: non-treated group (N=14), Av: Avastin monotherapy group (N=12), 
PDT: PDT monotherapy group (N=16), Av(-1d)+PDT: combination therapy group where Avastin was delivered 
one day prior to PDT (N=10), PDT+Av(1d): combination therapy group where Avastin was delivered one day 
after PDT (N=15), PDT+Av(3d): combination therapy group where Avastin was delivered three days after PDT 
(N=6), PDT+Av(7d): combination therapy group where Avastin was delivered seven days after PDT (N=5). 
Error bars show on standard error. *: P<0.05 (compared to NT), **: P<0.01 (compared to NT).
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Combination of Avastin and PDT did result in statistically significant decreases in both the occurrence and 
the extent of lung metastasis only if the Avastin was delivered at an appropriate schedule. When Avastin was 
delivered immediately after PDT, the occurrence and extent of lung metastasis decreased to 47% (p<0.05) 
and 357 cancer cells/lung (p<0.05), respectively. Similarly, the occurrence and extent of lung metastasis 
decreased to 55% (p<0.05) and 1,660 cancer cells/lung (p=0.09), respectively, if Avastin was delivered 
immediately before PDT. However, if Avastin was delivered either 3-days or 7-days following PDT, both 
the extent and occurrence of lung metastasis was comparable to those of animals treated only with PDT and 
did not demonstrate any significant change compared to non-treated animals.

PDT and Avastin, either as monotherapy or in combination, does not affect lymph node metastasis

Metastasis of PC-3 human cancer cells to the lymph node was assessed from H&E stained sections. Only 
the iliac lymph nodes were evaluated in this study as none of the mice developed metastasis to the inguinal 
lymph node (data not shown). Representative H&E images of normal and metastatic lymph nodes are 
shown in Figure 3A. Hyperchromatic cancer cells with high nuclear-to-cytoplasmic ratio are observed in 
the metastatic lymph node but is absent in the normal lymph node. Metastatic burden was determined by 
the occurrence of metastasis. Unlike lung metastasis, monotherapy nor combination treatment with PDT 
and Avastin did not have a significant effect on lymph node metastasis. Approximately half of the tumored 
mice developed lymph node metastasis, regardless of the mode of treatment (Figure 3B). Similar to the 
role of VEGF-A in vascular angiogenesis, VEGF-C plays an important role in lymphangiogenesis as well 
as lymphatic metastasis [20]. VEGF-C levels following PDT monotherapy and combination with Avastin 
were examined with Western blots (Figure 3C). Neither modes of treatment lead to any significant change 
in tumoral VEGF-C expression.
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Figure 3: A. Histological slides from a non-involved (left) and metastatic (right) lymph node imaged using a 10X 
objective. Inset shows a magnified image with a 40X objective. 
B. Occurrence of lymph node metastasis, calculated as a percentage of animals with lymph node metastasis in each 
treatment group. NT: non-treated group (N=8), Av: Avastin monotherapy group (N=7), PDT: PDT monotherapy 
group (N=8), Av(-1d)+PDT: combination therapy group where Avastin was delivered one day prior to PDT 
(N=6), PDT+Av(1d): combination therapy group where Avastin was delivered one day after PDT (N=7).  C. 
Western blots of VEGF-C and GAPDH in tumors treated with PDT alone (PDT), combination of Avastin and 
PDT (Avastin+PDT) as well as non-treated tumors (NT).
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Additional Avastin therapy does not enhance local tumor control by PDT

The effect of different treatment modalities on local tumor control was assessed by measuring the tumor 
weight at two weeks following PDT (Figure 4A). The average weight of non-treated tumors was 266 mg. 
Two doses of 100 ug Avastin did not have a significant effect on primary tumor control. PDT treatment 
alone resulted in approximately 40 % decrease in tumor weight (p<0.05). Combination of Avastin with 
PDT did not result in additional decrease in primary tumor weight compared to PDT monotherapy. It is 
interesting to note combination therapy was less effective in local control than PDT alone when Avastin was 
delivered a day prior to PDT. Decrease in tumor weight was not significant compared to the no treatment 
group (p=0.34).

Since blockage of VEGF-A can lead to decreased vascular permeability [21], we investigated whether Avastin 
therapy prior to PDT had an effect on subsequent intravenous delivery of PS. PS delivery following Avastin 
therapy was monitored in vivo with intravital fluorescence microscopy (Figure 4B). Significant decrease in 
PS fluorescence was observed in tumors treated with PDT compared to non-treated tumors, suggesting less 
efficient PS delivery. In order to validate the results of in vivo imaging, we harvested the tumors one hour 
following PS injection and quantified the tumoral PS concentration ex vivo. Avastin therapy resulted in a 
33 % decrease in tumoral PS concentration compared to non-treated tumors.

Avastin delivered prior to PDT affects the delivery of PS
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Figure 4: A. Average tumor weight per animal in each treatment group assessed at two weeks following PDT. NT: 
non-treated group (N=14), Av: Avastin monotherapy group (N=12), PDT: PDT monotherapy group (N=16), Av(-
1d)+PDT: combination therapy group where Avastin was delivered one day prior to PDT (N=10), PDT+Av(1d): 
combination therapy group where Avastin was delivered one day after PDT (N=15), PDT+Av(3d): combination 
therapy group where Avastin was delivered three days after PDT (N=6), PDT+Av(7d): combination therapy 
group where Avastin was delivered seven days after PDT (N=5).  
B. Representative in vivo fluorescence images showing PS distribution in a non-treated tumor (left) as well as 
Avastin-treated tumor (right) imaged one hour following intravenous injection of PS. C. Average PS concentration 
quantified ex vivo in non-treated (left) and Avastin-treated (right) tumors one hour following intravenous injection 
of PS. Error bars show one standard error.*: P<0.05 (compared to NT).
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A wide range of cytotoxic cancer therapies are effective at controlling the primary tumor. However, their 
capabilities to control metastasis are less understood. In certain cases, cytotoxic therapies can accelerate 
metastatic development, as observed in both the clinical and preclinical setting as well as across different 
treatment modalities [22-27]. Considering that metastasis is the primary cause of cancer-related mortality 
[28], there is an urgent need to devise treatment strategies to control not only the primary tumor but 
also metastatic development. The objective of this study was to investigate an optimal treatment regimen 
that combines PDT, a cytotoxic local therapy, with Avastin, an anti-angiogenic agent, to effectively control 
metastatic development.

Discussion

For the treatment of primary tumors, the importance of optimal scheduling in combination therapies has 
been demonstrated previously. Winkler et al. showed that anti-angiogenic treatment using VEGFR2-
blocking antibody created a dynamic change in tumor oxygenation [9]. Subsequent radiation therapy was 
most effective in local tumor control only when it was delivered during the normalization window, or the 
time of maximal tumor oxygenation. In a separate study, Williams et al. found that VEGFR2 tyrosine kinase 
inhibitor was more effective when it was delivered sequentially following, rather than concurrently with, 
radiation therapy [29]. These studies reiterate the significance of understanding and exploiting appropriate 
physiological changes to enhance the efficacy of combination therapies. However, optimal scheduling of 
combination therapies to control metastatic development is not well understood. This is the first report 
investigating the optimal scheduling of anti-angiogenic therapy with PDT-based cytotoxic therapy to 
effectively inhibit metastasis.

We focused on a combination treatment strategy based on anti-angiogenic therapy because our group as 
well as others observed a pro-angiogenic response including VEGF upregulation following cytotoxic cancer 
therapy [3,19,30]. Furthermore, inhibition of the pro-angiogenic response was effective in controlling the 
primary tumor [31-33]and metastasis [26,34]. In this study, we investigated an optimal schedule for the 
administration of Avastin anti-angiogenic therapy in combination with PDT. In particular, we focused on 
the significance of the temporally-transient tumoral VEGF response following PDT, in which the peak 
response occurred one day following PDT. A combination, low-dose Avastin therapy with PDT resulted in 
a significant 50 % reduction in the occurrence of lung metastasis only when Avastin delivery was scheduled 
appropriately to target the peak VEGF response following PDT. A same dose of combination anti-
angiogenic therapy did not help control lung metastasis when delivered under other scheduling protocols.

The potential mechanism of how the transient increase in VEGF expression following cytotoxic therapy 
contributes to the development of lung metastasis is complex. Tumoral VEGF expression can lead to various 
local effects involved in metastasis. VEGF can lead to increased vascular permeability, which can facilitate 
the intravasation of tumor cells into the tumor vasculature. Furthermore, VEGF can help tumor cells survive 
at a new target organ by helping recruit new vasculature [1]. VEGF could also stimulate the endothelial cells 
and pericytes to help develop metastatic micronodules during intravasation [35]. In addition to interaction 
with tumor vasculature, VEGF can also directly stimulate tumor cells and promote their migration and 
invasion to facilitate metastasis [36,37]. Regardless of the mechanisms, results of this study point to the 
significance of the temporal VEGF regulation following cytotoxic cancer therapy as an important regulator 
of metastasis.
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It is particularly important to note that temporally transient VEGF response was observed previously in 
various studies following PDT, radiotherapy and surgery [38-41]. This suggests that optimal scheduling of 
combination anti-angiogenic therapy is potentially applicable to a wide range of cytotoxic cancer therapies. 
The molecular mechanism of temporal regulation of VEGF following cytotoxic therapy is complex. Various 
molecular mechanisms can induce VEGF overexpression following cytotoxic therapy, including hypoxia, 
inflammatory response and stress signaling [31,40,42,43]. VEGF expression levels subsequently decrease 
with time as the growth-factor inducing cancer cells die from cytotoxic therapy or the tumor tissue is re-
oxygenated by the pro-angiogenic response [38].

It is interesting to note that the combination Avastin therapy decreased the tumoral VEGF levels comparable 
to non-treated tumors (Figure 1B). Yet the occurrence of lung metastasis with combination therapy was 
significantly lower than non-treated animals (Figure 2A). At the same time, suppression of constitutively-
expressed tumoral VEGF with Avastin monotherapy did not affect the occurrence of lung metastasis. 
These results suggest that the acute VEGF expression following PDT plays a particularly important role 
in the subsequent development of lung metastasis. Recently, Roodkink et al. [44] suggested a differential 
role of constitutively-expressed VEGF as well as hypoxia-induced VEGF. Normoxic tumor regions with 
homogeneous distribution of constitutively expressed VEGF were characterized by dense blood vessels. 
On the other hand, tumor regions of hypoxia-induced VEGF expression presented low density of dilated 
vessels. Similarly, acute VEGF expression following cytotoxic therapy may result in vascular response and 
metastatic potential different from constitutively-expressed, baseline VEGF expression.

In our study, a relatively low dose of Avastin (100 ug/injection, 2 sequential injections) significantly inhibited 
metastasis when combined optimally with PDT. Avastin and A4.6.1 (murine antibody equivalent of Avastin), 
either as monotherapy or in combination, are often administered at multiple days spanning several weeks 
to achieve an effective a positive outcome [45]. In particular, two-week-long administration of angiostatin 
anti-angiogenic therapy was required to significantly reduce the metastatic burden when combined with 
radiotherapy [34]. A short-term anti-angiogenic therapy for two days did not reduce the post-treatment 
metastatic outcome. The results from our study suggest that optimal scheduling can potentially help reduce 
the dose of combination anti-angiogenic therapy and yet achieve a significant outcome.

In addition to local effects, acute VEGF regulation following PDT could potentially lead to systemic 
consequences. Blocking angiogenic molecules in the primary tumor can systemically inhibit angiogenesis at 
a secondary site and suppress metastatic development [46,47]. Similarly, VEGF upregulation in the primary 
tumor may also lead to systemic consequences, promoting angiogenesis and metastatic development at the 
secondary site. To test this hypothesis, we also measured the serum VEGF levels at various time points 
following PDT. However, we did not detect VEGF levels in the circulation within two weeks following 
PDT (data not shown), suggesting post-PDT VEGF upregulation is confined in the local tumor and may 
not have systemic effects in our tumor model.

In contrast to lung metastasis, inhibition of tumoral VEGF response with Avastin did not have an effect on 
the occurrence of lymph node (Figure 3B). Although the mechanisms of lymphogenous metastasis are still 
being elucidated, it is believed that VEGF-C, a growth factor which regulates lymph angiogenesis, plays a 
critical role [48,49]. More recently, there have been reports that overexpression of VEGF-A could also
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induce lymph angiogenesis and promote lymph node metastasis [50]. However, it was also found that 
VEGF-A could stimulate VEGF-C expression, and it is currently not clear whether VEGF-A overexpression 
mediates lymph node metastasis directly or indirectly through other lymphangiogenic growth factors 
[50]. In our study, PDT, either as monotherapy or in combination with Avastin, did not affect VEGF-C 
expression or the occurrence of lymph node metastasis (Figure 3). These results suggest that neither a 
transient upregulation of VEGF-A nor blockage of VEGF-A with Avastin may have a significant impact 
on lymph node metastasis. Additional, direct inhibition of lymphangiogenic growth factors may be necessary 
to control lymphatic metastasis.

In addition to scheduling, the sequence of administering anti-angiogenic therapy and cytotoxic therapy can 
have an impact on the outcome. When vascular normalization is targeted, anti-angiogenic therapy should 
be delivered prior to the delivery of cytotoxic therapy [10]. In other cases, an adjuvant protocol of anti-
angiogenic therapy following cytotoxic therapy was more effective [29]. In our study, delivering Avastin one 
day prior to or following PDT did not have a significant effect on the occurrence of lung metastasis (Figure 
2A). This suggests that the scheduling of Avastin therapy to target the peak VEGF response following 
PDT is more important than their sequence for controlling lung metastasis. However, the sequence of the 
two treatments did affect the control of the primary tumor. The neoadjuvant protocol, where Avastin is 
administered one day prior to PDT, resulted in a larger tumor burden compared to the adjuvant protocol, 
where Avastin was delivered following PDT (Figure 4A). One potential cause can be attributed to the 
physiological changes following Avastin therapy. One of the functions of VEGF is to induce vascular 
permeability [2], and the blockage of VEGF can lead to decreased vascular permeability [21]. Similarly, 
both us in vivo and ex vivo studies demonstrate that tumoral PS accumulation is significantly impeded when 
the PS is delivered one day after Avastin therapy. These results emphasize the need to carefully consider both 
the sequence and scheduling of cytotoxic therapy with anti-angiogenic therapy in order to achieve effective 
local and distant control. In particular, novel drug delivery strategies using innovative technologies can help 
realize the optimal sequence and scheduling [51].

The results of this study highlight the need for appropriate tools to monitor the temporal dynamics of 
VEGF response following cytotoxic therapy for optimal scheduling of combination anti-angiogenic therapy. 
This is particularly important since the temporal kinetics vary between different tumors and treatment 
modalities. VEGF expressed in mouse squamous cell carcinoma was upregulated at 6-hours and subsided 
to below base-line levels 48-hours following PDT [38]. In the normal rat brain, VEGF increased one week 
following PDT and remained elevated for six weeks [39]. Serum VEGF response in patients undergoing 
lung resection peaked at 12 hours following surgery [40]. Subcutaneous tumors from various cell lines 
demonstrated differential VEGF response kinetics when treated with radio immunotherapy [41]. Novel in 
vivo imaging strategies to continuously monitor VEGF expression [52] can help implement the findings of 
this study in various tumors and treatment modalities.

In conclusion, we investigated the optimal strategy to combine PDT, a cytotoxic cancer therapy, with Avastin, 
an anti-angiogenic agent, for effective control of metastasis. We found that cytotoxic therapy such as PDT 
can induce a temporally transient VEGF upregulation. Optimal scheduling of Avastin administration

Conclusion
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enabled effective control of lung metastasis even at a relatively low dose. When optimally scheduled, the 
sequence of PDT and Avastin did not have an effect on the control of lung metastasis. However, the 
sequence of two therapies did have an effect on the local control. It is important to determine the optimal 
sequence as well as scheduling of two treatments for effective control of the local tumor as well as distant 
metastasis.
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