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Deciphering PDT-induced inflammatory responses 
using real-time FDG-PET in a mouse tumour model  

Nicole Cauchona, Haroutioun M. Hasséssianb,c, Eric Turcottea, Roger Lecomtea 
and Johan E. van Liera,1  

Dynamic positron emission tomography (PET), combined with constant infusion of 2-deoxy-2-[18F]fluoro-

D-glucose (FDG), enables real-time monitoring of transient metabolic changes in vivo, which can serve to 

understand the underlying physiology. Here we investigated characteristic changes in the tumour FDG-

uptake profiles in relation to acute localized inflammatory responses induced by photodynamic therapy 

(PDT). Dynamic PET imaging with constant FDG infusion was used with EMT-6 tumour bearing mice. 

FDG time-activity uptake curves were measured simultaneously, in treated and reference tumours, for 3 h, 

before, during, and after PDT.  Inflammation was studied when evoked by PDT using either a 

trisulfonated porphyrazine photosensitizer (ZnNPS3C6), or lipopolysaccharide (LPS), and inhibited using 

indomethacin. The distinct transient patterns, characterized by drops and subsequent recovery of tumour 

FDG uptake rates, were also analysed using immunohistochemical markers for apoptosis, necrosis, and 

inflammation. Typical profiles for tumour FDG-uptake, consisted of a drop during PDT, followed by a 

gradual recovery period. Tumours treated with LPS, but not with light, showed a continuous increase in 

FDG-uptake during the 3 h experimental period. Treatment with indomethacin, inhibited the rise in FDG-

uptake observed with either LPS or PDT. Tumour FDG-uptake profiles correlated with necrosis markers 

during PDT, and inflammatory response markers post-PDT, but not with an apoptosis marker at any time 

during or after PDT. Dynamic FDG-PET imaging combined with indomethacin reveals that, the drop in 

the tumour FDG-uptake rate during the PDT illumination phase reflects vascular collapse and necrosis, 

while the increased tumour FDG-uptake rate immediately post-illumination involves an acute localized 

inflammatory response. Dynamic FDG infusion and PET imaging, combined with the use of selective 

inhibitors, provides unique insight for deciphering the complex underlying processes leading to tumour 

response in PDT, and allows for rapid as well as cost effective optimization of PDT protocols. 
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Introduction 

Use of 2-deoxy-2-[18F]fluoro-D-glucose (FDG) tracer is the 
most common (about 90%) type of positron emission 
tomography (PET) imaging in standard medical care for 
cancer. Therefore, being able to predict therapeutic outcome 
from tumour FDG-uptake profiles at the start of the treatment, 
will be a powerful tool, and very useful in treatment 
optimization protocols. Earlier, we demonstrated that different 
mechanisms of action correlate with real-time changes in the 
tumour FDG uptake profile, during photodynamic therapy 
(PDT), monitored by dynamic PET.1 We showed that the 
FDG-uptake changes, which take place early in the PDT 
protocol, have predictive value for the outcome of the 
treatment.2,3  
 Induction of an acute localized inflammatory response is of 
benefit to PDT. It contributes to the antitumour effects of PDT, 
and helps to facilitate the development of a systemic immune 
response, which is of a longer time scale.4,5 The acute 
localized inflammatory response requires constant stimulation 
to be sustained. It ceases once the stimulus is removed, since 
inflammatory mediators have short half-lives and are rapidly 
degraded in tissue. Understanding such acute localized 
inflammation, with the goal to control it, is of vital 
importance.5  
 Typically, FDG-PET imaging conducted concurrently with 
PDT showed a drop in tumour FDG-uptake rates during 
illumination, with a progressive increase in the FDG-uptake 
rates, toward recovery, post-illumination.1 We also detected 
significant differences in the delay-to-response times (∆1), 
which denotes the time required for PDT to affect the FDG-
uptake rate, and the delay-to-recovery times (∆2), which 
denotes the time required for recovery of the FDG-uptake rate 
post-illumination.1 A short delay-to-response combined with a 
drop in the FDG uptake rate during illumination, indicates a 
major contribution by a direct cell kill pathway, such as 
induction of apoptosis and/or necrosis.1 In contrast, a long 
delay-to-response, combined with a long delay-to-recovery, 
signifies cell death via predominantly an indirect cell kill 
pathway, such as damage to tumour vasculature, leading to 
oxygen starvation of cells.1 A short delay-to-response 
together with a strong drop in the tumour FDG-uptake rate 
during illumination, followed by a complete recovery of the 
tumour FDG-uptake rate, corresponded to the greatest PDT 
efficacy, and best long-term tumour response outcome.1 Thus, 
using FDG-PET imaging, within 60 min after start of the PDT 
protocol, it is possible to predict the long term tumour 
response outcome.  

 Recovery of the FDG-uptake rate, observed post-
illumination, may result from metabolic activity induced in the 
tissue due to several possible factors.6,7 These factors may 
include additional metabolic activity contributed by: 1) 
increased energy requirements of surviving tumour cells due to 
repair mechanisms, or cell death pathways,8 and/or 2) 
gathering inflammatory cells.9 One or a combination of such 
factors could explain the increase in the FDG-uptake rate 
observed in tumours post-illumination.10,11 
 The participation of prostaglandins (PGE2) and 
thromboxanes in post-illumination (post-PDT) inflammatory 
responses is well documented.5,12 Non-steroidal anti-
inflammatory drugs (NSAIDs) are widely used as inhibitors of 
inflammation. Among these drugs, indomethacin is used as a 
potent, non-specific, inhibitor of cyclooxygenase (COX) 
enzymes which metabolize arachidonic acid to PGE2, 
prostacyclins (PGI2), and thromboxanes.13 Bacterial 
lipopolysaccharide (LPS), a well-known antigen,14 triggers cell 
death and activates inflammation.15 Studies have shown that 
LPS administration provokes a partial anti-tumour effect, 
although under these circumstances, complete tumour 
regression requires a systemic immune response.16-18 
 Our current study addresses the role of acute localized 
inflammation in hexynyl trisulfobenzo-mononaphtho-
porphyrazine (ZnNPS3C6) based PDT1,19 induced tumour 
response as monitored by real-time FDG-PET. We used 
immunohistochemistry (IHC) to evaluate the role of specific 
inflammatory mediators immediately post-illumination, and 
pharmacology to evaluate their role in correlation with the 
increased tumour FDG-uptake rate.  
 

Materials and Methods  

Photosensitizer 

All solutions were prepared with ultra-pure water (>18.0 MΩ 
cm resistivity). About 10 mg of photosensitizer ZnNPS3C6,1,19 
was formulated in 1% PBS (3 mL), sonicated for a few 
minutes, and filtered over a 0.22-µm filter (Millipore). The 
final concentration of the photosensitizer was adjusted with 
1% PBS to 100 µM after determining the concentration by 
UV-Vis spectroscopy of a 50-fold diluted sample in methanol. 

Cell cultures 

The EMT-6 murine mammary tumour cell line was maintained 
in Waymouth MB 752/1 medium culture (Sigma-Aldrich, St 
Louis, MO, USA) supplemented with 15% foetal bovine 
serum (FBS), 1% glutamine and 1% pen-strep (Gibco, 
Burlington, ON, Canada). 
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Animal model 

The experiments were conducted in accordance with protocols 
approved by the Canadian Council on Animal Care, and the 
Université de Sherbrooke Ethics Committee. Animals were 
allowed free access to water and food during the progression 
of the experiments. All experiments were performed on Balb/c 
female mice (19-21 g) (Charles River Breeding Laboratories). 
Before tumour implantation, hair on the hind legs, and the 
back of the animals, was removed by shaving and epilating. 
The two tumours were introduced approximately 1.8 cm from 
each other on the back of the animals, by i.d. injection of 2-3 × 
105 EMT-6 cells, suspended in 0.05 mL Waymouth growth 
medium.  

Photodynamic therapy  

The PDT protocol was similar to what was previously 
described.1 Briefly, one week after tumour implantation, when 
tumour diameters had reached 5-8 mm (2-3 mm thick), 
animals received photosensitizer (ZnNPS3C6, 1 µmol.kg-1, i.v.) 
or PBS, followed 24 h later by 670±10 nm diode laser-light 
treatment (model BWF-670-300, D&W TEK, Newark, DE, 
USA) of one tumour. The companion tumour was shielded 
from light and served as a reference. The light beam (~8 mm, 
200 mW.cm-2) was spread uniformly over the whole tumour 
area. The light delivery was applied cyclically: 5 min 
illumination followed by 2 min dark. The illumination time 
was spread over 40 min. Taking into account the dark periods, 
a total fluence of 365 J.cm-2 was delivered.  
 

Induction and/or inhibition of inflammation 

Animals were divided into five groups. One group of mice, 
received intratumoural 50 µL of LPS (5 mg.ml-1) in one 
tumour 30 sec prior to imaging, to activate localised 
inflammation, and did not receive PDT. The second group, 
received i.v. 0.1 mL indomethacin (2 mg.kg-1), 30 sec prior to 
imaging, after which PDT started 30 min later. The third group 
received both indomethacin and LPS within 30 sec prior to 
imaging, without PDT. The fourth group received only PDT. 
The fifth group of animals received no treatment. 

Radiopharmaceuticals 

Fluorine-18 was prepared by the 18O (p,n) 18F reaction on 18O-
enriched water as target material using a TR-19 cyclotron 
(Advanced Cyclotron Systems Inc., Richmond, BC, Canada). 
FDG was prepared on site following established procedures.20 
FDG activity was measured with a CRC-35R dose calibrator 
(Capintec, Ramsey, NJ, USA). 

PET imaging 

PET was performed using a LabPET™ (Gamma Medica, 
Sherbrooke, QC, Canada) small animal scanner, with a 3.75 
cm axial field of view, and a transaxial resolution of 1.35 mm 
FWHM (full width at half-maximum peak height) (Bergeron et 
al., 2009).21 The mice were anesthetized (2.5% isoflurane in 
medical O2), and a butterfly needle-30G1/2 was placed in the 

tail vein. After fixing the cannula, mice received indomethacin 
or LPS, depending on the group selected, and were then placed 
supine on the temperature regulated heating bed of the camera. 
The position of the scanner bed was adjusted in order to place 
the tumours, with the help of a laser pointer, at the center of 
the axial field of view. A 3 h dynamic PET image acquisition 
was then launched. After a 30 sec delay, the mice were 
continuously infused with FDG (70-80 MBq in 1 mL of 0.9% 
NaCl at 0.003 mL/min). For animals receiving PDT, the 
treated tumour was exposed to red light from the laser diode 
30 min after starting FDG infusion. PET imaging was then 
continued for about 2 h more, to complete the total 3 h scan 
sequence. The vital signs of the animals were monitored and 
recorded throughout the 3 h imaging period to ensure a stable 
physiology at all times. Three or four mice were scanned for 
each group. To get a more accurate measure of the injected 
FDG dose, the radioactivity in each animal was quantified in a 
well counter at the end of imaging, and the mice were then 
euthanized. 

Image Analysis 

The images were reconstructed using 10, 15, and 20 iterations, 
of a 2D maximum likelihood expectation maximization (ML-
EM) algorithm, which models detector response. Overall, 31 
images in 128 × 128 pixels format (voxel size of 0.50 × 0.50 × 
1.19 mm3) were obtained axially, covering 37 mm of tissue. 
PET image series consisted of 90 frames of 120 s. Regions of 
interest (ROI) were traced over the reference and treated 
tumours, on the last frame of the dynamic image series, and 
applied to all preceding frames. Radioactive decay corrected 
FDG-uptake curves were generated, and analysed according to 
a previously described mathematical model.1,2 The PET 
images were analysed with the Sherbrooke LabPET software 
(Université de Sherbrooke, Sherbrooke, QC, Canada). Kinetic 
analysis and curve-fitting were performed using the GraphPad 
Prism software (GraphPad Software Inc., San Diego, CA, 
USA).  
 

Immunohistochemical analysis (IHC) 

Briefly, EMT-6 tumour bearing mice were injected through the 
caudal vein with PBS or indomethacin, and 30 min later, mice 
were treated with PDT or LPS as described above. Tumours 
were excised, washed with PBS, and fixed with 2% buffered 
formaldehyde; immediately, 1, 2 and 3 h after PDT, or 3 h 
after LPS injection. After a 24 h fixation period, tumours were 
embedded in paraffin for sectioning. Paraffin embedded 
histological sections (5µm) were sectioned with a microtome, 
mounted on silanized slides (in duplicate), dewaxed in xylene, 
and rehydrated through graded alcohols. An additional set of 
sections, which served as negative controls, were treated 
similarly, but without the primary antibody. Other sections, 
known to react with antibody, were used as positive controls. 
First, antigen retrieval was performed by heat treatment in 
citrate buffer for 30 min, using a vegetable steamer. After 
blocking overnight with 20% BSA, sections were incubated 2 
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h at room temperature, with the following primary antibodies, 
directed against the following proteins: Annexin V (1:100; 
Santa Cruz Biotechnology, USA, CA), and PMN directed 
against rat neutrophils (1:100, Cedarlane, Canada, ON). For 
macrophage detection, sections were incubated 2 h at room 
temperature with IBA 1 (1:100; Wako Chemical USA, VA) 
without the blocking step. The appropriate HRP-conjugated 
secondary antibody (goat anti-rabbit; sc-2004 from Santa Cruz 
Biotechnology, USA, CA) was used for each primary 
antibody, and incubated for 1 h at room temperature. Labeling 
was revealed using diaminobenzidene (DAB) (Roche, QC, 
Canada). Slides were counterstained with hematoxylin. Slides 
were dehydrated through graded alcohols, cleared with xylene, 
and cover-slipped using Permount mounting media (Fisher 
Scientific, Canada, ON).22  
 All slides were analysed using light microscopy under 
either 400X or 600X magnification. Staining intensities of 
each slide (6-8 fields) were quantified using the Image J 
program (NIH, USA), and thus used to quantify the response.23 
Although IHC may be less sensitive than Western blotting, the 
advantage of IHC is that it allows observation of intact tissues, 
and this without extraction or digestion procedures. With IHC, 
the detection of a given antigen, provides a reliable basis for 
comparisons between tissues that are treated with the same 
experimental conditions. 
 
Data analysis 
 
Data are presented as mean ± standard error of the mean 
(SEM) taken from 3-4 animals. Comparisons between 
different conditions were performed using analysis of variance 
(ANOVA) with Tukey's multiple comparisons test. A 
probability of P ≤ 0.05 was considered statistically significant. 
Due to multiple comparisons, and for the purpose of clarity, 
we have given the degree of statistical significance in the 
legend to the figure, as opposed to labels (such as asterisk), 
directly on the graphs or within the tables.  

Results 

Response to LPS and inhibition by Indomethacin 

Table 1.  FDG tumour uptake rates after LPS injection, with and without 
Indomethacin, over a 3h period. 

a The average FDG tumour uptake rates during a 3h infusion are expressed 
relative to the total amount of FDG at the end of the scan (Cauchon et al, 
2012). Probability values P are, LPS vs Reference: P<0.0001, LPS + 
Indomethacin vs Reference: P<0.01, LPS vs. LPS + Indomethacin: 
P<0.0001. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Effect of LPS and Indomethacin on tumour FDG-uptake during a 3 h 

period. Top panel: PET scans showing FDG uptake in transaxial slices of LPS 

treated and reference tumours, with and without Indomethacin, at different 

time intervals after the start of FDG infusion. (A) Reference tumour; (B): 

Tumour directly injected with LPS; (C) LPS-treated animals which received 

Indomethacin (i.v.) 30 s prior to starting the PET scan. Lower panel: 

corresponding FDG uptake curves generated from such tumours during a 3 h 

period. Probability values are: LPS (B, blue) vs Reference (A, black), P<0.0001; 

LPS + Indomethacin (C, red) vs Reference (A, black), P<0.01; LPS (B, blue) vs LPS 

+ Indomethacin (C, red), P<0.0001. 

 

 Over the 3 h scanning period, a progressive increase in 
tumour FDG-uptake was visible on the PET scans immediately 
after LPS injection (Fig. 1: top panel), and the corresponding 
curves of FDG uptake in relation to time (Fig. 1: lower panel) 
were derived from the PET scans.  
 
 Compared to the reference tumour, treatment with LPS 
resulted in a 40% increase in the FDG-uptake rate (Table 1), 
and a 37% higher total tumour FDG accumulation at the end of 
the scan. Pre-administration of indomethacin to LPS treated 
mice, caused a reduction of about 50% in the FDG-uptake rate 
when compared to animals which received LPS but no 
indomethacin (Fig. 1; lower panel and Table 1). 
Administration of indomethacin alone had no significant effect 
on the tumour FDG-uptake rate (data not shown).  
 
 Immunostaining of tumours excised 3 h after LPS 
injection, revealed an increase in activated macrophages, and 
partial induction of cell death (Fig. 2). Pre-administration of 
indomethacin to LPS treated mice strongly inhibited 
macrophage activation, and partially reduced PMN expression, 
but had no significant effect on cell death (Fig. 2). 
 

 FDG-uptake rates a    (count/pixel/min) 

Reference 5.48 ± 0.19 

LPS  7.51 ± 0.15 

LPS + Indomethacin 4.43 ± 0.22 
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Fig. 2. Immunohistochemistry (IHC) of LPS and/or Indomethacin treated 

tumours. Tumours were excised 3 h post LPS and/or Indomethacin treatment, 

and stained with Annexin-V (cell death marker), IBA 1 (marker for activated 

macrophages), or PMN (polymorphonuclear leucocytes). Top panel shows 

immunohistochemical slides, and lower panel shows corresponding staining 

intensities relative to untreated tumour tissue (6-8 fields) presented as bar 

plots. For comparison of the difference between LPS vs Reference, a P<0.0001 

was measured for antigens (Annexin-V, IBA 1, PMN). For LPS + Indomethacin vs 

Reference, a P<0.001 was measured for antigens (Annexin-V, ABA 1, PMN). In 

contrast, for LPS vs LPS + Indomethacin, a statistically significant difference 

(P<0.001) was found for only IBA 1 and for PMN. 

 

Tumour response to PDT and effect of Indomethacin 

 

Table 2.  FDG-uptake rates before, during and after PDT, with and without 
Indomethacin, over a 3h period. 

  
FDG-uptake rates a  (counts/pixel/min) 

m1 m2 m3 

Reference 4.92 ± 0.14 6.46 ± 0.05 5.47 ± 0.02 

PDT  4.83 ± 0.11 4.04 ± 0.07 4.79 ± 0.03 

PDT + Indomethacin 5.01 ± 0.20 6.08 ± 0.19 3.02 ± 0.04 

a The FDG uptake-rates before (m1), during (m2) and after PDT (m3) are 
expressed relative to total FDG at the end of each 3 h scan and calculated 
from FDG uptake curves presented in Fig. 4. No significant (P>0.05) 
difference was detected between the m1 values of reference, PDT or PDT + 
Indomethacin. A significant difference was detected for m2 values as 
follows: PDT vs reference (P<0.0001), and PDT vs PDT + Indomethacin 
(P<0.0001). Among m3 values, a significant (P<0.01) difference was 
detected between reference vs PDT, as well as between PDT vs PDT + 
Indomethacin (P<0.0001). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Effect of Indomethacin on tumour FDG-uptake during PDT. Top panel: 

PET scans showing FDG uptake in transaxial slices of Reference tumours, and of 

ZnNPS3C6-PDT treated tumours, at different time intervals after the start of FDG 

infusion. Lower panel: FDG uptake curves generated over tumours during a 3 h 

period. (A) Reference tumour, no light (Black); (B) Light-treated tumour (Blue); 

(C) Light-treated tumour of animals which received Indomethacin (i.v.) 30 s 

prior to starting the PET scan (Red). : Probability values were: PDT (B, blue) vs 

Reference (A, black), P<0.001; PDT + Indomethacin (C, red) vs Reference (A, 

black), P<0.0001; PDT (B, blue) vs PDT + Indomethacin (C, red), P<0.01. 

 Over the 3 h scanning period, changes in tumour FDG-
uptake immediately after PDT, with and without indometha-
cin, are visible on the PET scans (Fig. 3, top panel), and on the 
corresponding FDG-uptake curves (Fig. 3, lower panel). From 
these curves the FDG-uptake rates before (m1), during (m2), 
and after (m3) PDT, were calculated (Table 2), as well as the 
percent change in the rates (Fig. 4). Delay-to-response (∆1) and 
delay-to-recovery (∆2) times were also estimated from the 
tumour FDG-uptake curves (Fig. 5).   
 

 

 

 

 
 
 
 
 
 

Fig. 4. Percent change in tumour FDG-uptake rates as a result of PDT (derived 

from Table 2). Probability values during illumination were: PDT + Indomethacin 

vs Reference, P<0.01; PDT vs PDT + Indomethacin, P<0.0001. Probability values 

after illumination were: P<0.0001 for PDT vs Reference, for PDT + Indomethacin 

vs Reference, and for PDT vs PDT + Indomethacin. 
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Fig. 5. Delay times affecting FDG uptake-rates during and after PDT (derived 

from Fig. 3). (A) Reference tumour; (B) PDT treated tumour without 

Indomethacin; (C) PDT treated tumour with Indomethacin. Probability values 

for ∆1 were as follows: PDT vs Reference, P<0.01; PDT + Indomethacin vs 

Reference or PDT, P<0.0001. Probability values for ∆2 were as follows: PDT vs 

Reference or PDT + Indomethacin, P<0.05. 

 
 For PDT treated mice, the FDG-uptake rate decreased after 
a 16 min delay-to-response (∆1), and showed a 9 min delay-to-
recovery (∆2) (Fig. 5). Pre-administration of indomethacin 
prior to PDT caused a significant change in the FDG-uptake 
profile, such that during the light-on period there was an 
increase in the tumour FDG-uptake rate (Table 2). In contrast, 
immediately post-illumination (m3) a strong decrease in the 
uptake rate, relative to m1 or m2, was observed in the group 
pre-administered indomethacin (Table 2). Over the 3 h period, 
the total tumour FDG-uptake was reduced by about 12% 
following treatment with indomethacin, which amounted to a 
30% reduction when compared to the reference tumour (Fig. 
3). Treatment with indomethacin also had a significant effect 
on the delay times (Fig. 5). A change in the FDG-uptake rate 
(delay-to-response, ∆1) was increased to about 43 min, 
whereas the delay-to-recovery (∆2) was reduced to near zero 
(Fig. 5). Thus in the presence of indomethacin, the drop in 
FDG-uptake which normally occurs during PDT (m2) did not 
take place (Fig. 4 and Table 2). Instead there was a drop in 
FDG-uptake post-illumination (m3) which was very short 
lasting (Fig. 4 and Table 2). 
 
 To correlate these changes in tumour FDG-uptake rates to 
possible cellular and molecular responses which mediate acute 
localized inflammation, we analysed the treated and reference 
tumours at various times (0-3 h) post-PDT, using 
immunohistochemistry (Fig. 6). These data show that PDT 
activated macrophages immediately post-illumination, and 
macrophage levels returned to baseline by 2 h (Fig. 6A). In 
contrast, although PMN expression increased immediately 
post-illumination, it remained high, up to 2 h after PDT (Fig. 
6B). Annexin V expression (cell death) reached a maximum at 
the last observation point (3 h post-PDT) (Fig. 6C). Pre-
administration of indomethacin prior to PDT blocked 
expression of all three selected immunohistochemistry markers 
(Fig. 6). 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 6A. Immunohistochemistry (IHC) of PDT treated and Reference tumours. 

Tumours were excised 0-3 h post-PDT and stained with IBA 1. Staining 

intensities relative to untreated EMT-6 tumour tissue (6-8 fields) are presented 

as bar plots. A probability of P<0.0001 was calculated for PDT vs Reference; or 

for PDT vs Reference + Indomethacin, or for PDT + Indomethacin after 0 and 1 h 

post illumination. 

 

 

.
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Fig. 6B. Immunohistochemistry (IHC) of PDT treated and Reference tumours. 

Tumours were excised 0-3 h post-PDT and stained with PMN. Staining 

intensities relative to untreated EMT-6 tumour tissue (6-8 fields) are presented 

as bar plots. Probability values were as follows: PDT vs Reference, or for 

Reference + Indomethacin, or PDT + Indomethacin, P<0.0001 (1 and 2 h); PDT 

vs Reference, or Reference + Indomethacin, P<0.001 (0 h), PDT + Indomethacin 

vs Reference + Indomethacin, P<0.05 (1 h and 2 h) and PDT + Indomethacin vs 

Reference or PDT, P<0.01 (3 h). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6C. Immunohistochemistry (IHC) of PDT treated and Reference tumours. 

Tumours were excised 0-3 h post-PDT and stained with Annexin v. Staining 

intensities relative to untreated EMT-6 tumour tissue (6-8 fields) are presented 

as bar plots. Probability values were as follows: PDT vs Reference; Reference + 

Indomethacin, or vs PDT + Indomethacin, P<0.0001 (3 h); PDT vs Reference or 

Reference + Indomethacin, P<0.01 (2 h), and PDT vs PDT + Indomethacin, 

P<0.05 (2 h). 
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Discussion 

 
In the laboratory and the clinic, PET imaging is a quantifiable 
tool used in standard diagnostic nuclear medicine.1,2,23 Among 
various radiotracers used for this purpose, FDG is the most 
prominent, since it allows detection of metabolic activity, 
delineation of tumours and their metastases, as well as follow-
up to therapeutic intervention. A decrease in tumour FDG-
uptake usually correlates directly with cell inactivation, and/or 
reduced blood flow due to vascular collapse.1,2,24 In contrast, 
an increase in FDG-uptake reflects augmented metabolic 
activity, which may be related to activation of cell-death 
pathways, cell proliferation, or inflammation.2,7,25  
 Among the various photosensitizers which we have 
evaluated in this model, we found that the newly developed 
amphiphilic porphyrazine (ZnNPS3C6), together with a 
fractionated light treatment protocol, exerted the most 
dramatic effect on the tumour FDG-uptake rate.1,19 The FDG-
uptake profile associated with ZnNPS3C6-PDT was 
characterized by: a short delay-to-response (∆1), a decrease in 
tumour FDG-uptake during illumination (m2), followed by a 
strong recovery post-illumination (m3).1 We concluded that 
this response profile involved both direct as well as indirect 
cell kill pathways, and that inflammatory mediators are 
involved in both pathways.  
 Due to such a central role of inflammation, in the current 
study, we evaluated a possible correlation between the 
observed changes in tumour FDG-uptake rates and tumour 
immune responses, during and shortly after light-fractionated 
PDT with ZnNPS3C6. The current study showed that acute 
localized inflammation induced by this PDT protocol 

correlates with the post-illumination tumour FDG-uptake 
response. Late (beyond 3 h) systemic immune responses, 
which may be activated, fall outside of the time-scale of our 
current study. 
 Non-steroidal anti-inflammatory drugs, such as 
indomethacin, produce their effects through the inhibition 
of COX isoenzymes, of which three variants are known to 
exist.26,27 COX-1 is considered to be a constitutive enzyme, 
whereas COX-2 is an inducible enzyme, whose levels 
increase in activated macrophages, and other cells at sites 
of inflammation.26,28 COX-2 has also been shown to be up-
regulated in various carcinomas,29,30 and to have an 
important role in tumourigenesis.31,32 COX-3 is a splice 
variant of COX-1.26 Indomethacin is a potent inhibitor of all 
three COX isoenzymes.26 The COX isoenzymes act on 
arachidonic acid (AA), and are responsible for the 
production of Series-2 prostanoids.33 Series-1 and Series-3 
protanoids are also derived from COX activity, through 
oxygenation of di-homo-gamma-linolenic acid (DGLA) and 
eicosapentaenoic acid (EPA). However, Series-1 and 
Series-3 prostanoids are less inflammatory than Series-2 
prostanoids.33

  

 Using an air pouch inflammation model, Kamachi et al. 
showed that oral administration of indomethacin (≥ 0.01 µM) 
to mice, inhibits LPS-induced production of PGE2, and no 
concurrent infiltration of leukocytes was detected.34 A similar 
inhibition by indomethacin of PDT-induced inflammation has 
previously been reported.35,36 However, the role of PGE2 in 
PDT remains controversial. Both an increase and a reduction 
in tumour cell sensitivity, following inhibition of PGE2 
synthesis, have been observed.13,37 This discrepancy can be 
attributed to differences in tissue COX levels, competitive 
inhibition of COX by DGLA or EPA, and possible 
involvement of other AA metabolizing enzymes, as well as 
variations in PDT protocols. Nevertheless, it is clear that PGE2 
mediate inflammation, and that there is acute localized 
inflammation following PDT. 
 To establish that our FDG-PET imaging protocol can 
detect acute localized inflammation, we used direct injection 
of LPS into tumour tissue. The resulting FDG-uptake profile 
was characterized by a rapid, and almost linear, 30% increase 
in the FDG-uptake rate when compared to the reference 
tumour (Fig. 2; Table 1). Pre-administration of indomethacin, 
inhibited the LPS-induced effect, suggesting that the increase 
in tumour FDG-uptake rate corresponds to a cyclooxygenase 
mediated inflammatory response. In addition, we observed that 
compared to the FDG-uptake in the reference tumour, the 
indomethacin treated animals showed a 20% decrease in total 
tumour FDG-uptake, which likely represents inhibition of 
tumour associated inflammation.  
 We found that, contrary to LPS induced inflammation, the 
response to ZnNPS3C6-PDT involved both activation of 
inflammatory mediators and vascular effects. Macrophages are 
normally present in all tissues, including tumours, and initiate 
the process of acute localized inflammation. However, 
leukocytes which normally circulate in blood, move into the 
inflamed tissue via extravasation. Macrophages, leukocytes, 
and other cells which mediate inflammation, release 
substances which develop and maintain the inflammatory 
response. The extent of apoptosis, necrosis and inflammatory 
cell invasion was evaluated by immunohistochemistry in our 
current study. Annexin V was selected for the detection of cell 
death, including apoptosis and necrosis. IBA1 is a 17-kDa EF 
hand protein that is specifically expressed in 
macrophages/microglia and is up regulated during the 
activation of these cells. The presence of polymorphonuclear 
leukocytes (PMN) inside tumours was estimated using an 
antiserum directed against rat PMNs. LPS treated tumours 
showed a dramatic increase in the concentration of all three 
immuno markers (Annexin V, IBA 1 and PMN) (Fig. 3). 
When treated with indomethacin, we observed a decrease in 
IBA 1 and PMN, but no effect on Annexin V expression in 
LPS-treated tumours. These results show that indomethacin 
inhibited inflammation but not apoptosis. In tumours not 
treated with LPS or PDT, these immuno-markers were not 
affected by treatment with indomethacin.  This shows that 
indomethacin does not have an effect on baseline levels of 
these immuno-markers. 
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 The effects of ZnNPS3C6-PDT on tumour FDG-uptake 
were twofold (Fig. 4): first, during illumination, the uptake 
rate started to decrease 16 min after the start of illumination 
(delay-to-response, ∆1), and second, 9 min post-illumination 
(delay-to-recovery, ∆2) recovered to the same rate observed 
prior to PDT (Table 2). Immunostaining of PDT exposed 
tumour tissue, showed immediate macrophage activation, 
followed by invasion with PMN, and subsequently a 
progressive increase in Annexin V expression (Fig. 6). Hence, 
ZnNPS3C6 based PDT evokes acute localized inflammation, 
and later activates necrosis. The rapid acute localized 
inflammatory response to PDT was evident from the early 
response of PMN and macrophages.  
 Indomethacin administration prior to PDT clearly affected 
the tumour FDG-uptake profile. During the illumination phase 
(m2), the FDG-uptake rate, rather than being depressed, in fact 
increased, compared to the reference tumour (Figure 4 and 
Table 2). The augmented FDG-uptake rate during PDT is 
likely due to a facilitation of vasodilation brought about by 
treatment with indomethacin.38,39 It was more than 40 min 
after the start of illumination that the tumour FDG-uptake rate 
decreased significantly. The effect of indomethacin on the 
PDT tumour response is particularly evident when looking at 
the percent change in tumour FDG-uptake rates during [(m2-
m1)/m1] and after [(m3-m2)/m2] PDT (Fig. 5). This reveals that 
administration of indomethacin prior to PDT inverses the FDG 
uptake pattern to yield a profile similar to that of the reference 
tumour, but with a pronounced diminution of the FDG-uptake 
rate after PDT. These data are in accord with our 
immunohistochemical data (Fig. 6), which confirm that 
indomethacin blocks the inflammatory response during the 2 h 
post-PDT. Furthermore, indomethacin prolongs the delay-to-
response (∆1) time four-fold (Fig. 6), suggesting a delayed 
indirect cell kill brought about by vascular collapse.2,1 This 
delayed cell kill effect was confirmed by 
immunohistochemical staining, which clearly showed that 
apoptosis can only be detected 2 h post-PDT (Fig. 6). Thus, we 
interpret this to mean that the recovery of the tumour FDG-
uptake rate immediately after PDT does not reflect apoptosis, 
but rather involves an acute localized inflammatory response. 
Such FDG-PET imaging as we used here, combined with the 
use of selective inhibitors, allow for the rapid detection of 
inflammation, and prediction of long term tumour response to 
the PDT protocol from events within the first 60 min. An 
added appeal of this approach is the need for fewer animals 
than conventional methods to monitor a PDT response. 
 

Conclusions  

 
This is the first time IHC has been used to demonstrate 
specific mediators of inflammation correlated with the tumour 
FDG-uptake response to PDT. Using a pharmacological 
approach, we provided direct evidence for the participation of 
mediators in specific components of the FDG-uptake response 

to PDT. Our study shows the power of FDG-uptake imaging to 
quickly, and in a cost effective way, serve in the optimization 
of treatment protocols. 
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