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Review Article 

Hematoporphyrin phototherapy of cancer 

Michael W. Berns and Alan G. Wile 

Beckman Laser Institute and Medical Clinic, Department of Surgery, University of California, lrvine, CA 92717, U.S.A. 
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Summary 

Hematoporphyrin phototherapy of cancer is a new modality for cancer diagnosis and treatment that is 
currently undergoing clinical trials worldwide. A variety of tumors have been studied, e.g., breast (mostly 
recurrent skin), lung, bladder, eye, head and neck, gynecological and brain. The most success to date has 
been with lung and the gynecological tract. Cell and animal studies are being conducted to elucidate the basic 
photobiological mechanisms involved, as well as the histopathological events associated with tumor destruc- 
tion. Although major questions remain to be resolved, hematoporphyrin phototherapy is an exciting new 
therapeutic modality for the treatment of cancer, especially in sites where the unique features of lasers and 
fiber optics are advantageous. 

Introduction 

The selective concetitration of porphyrins by malig- 
nant tissue has been known for decades, and has 
been thoroughly reviewed in several recent sym- 
posium volumes [4,11,20]. From these symposia, as 
well as the many papers published in refereed jour- 
nals, a rather complex picture emerges. It has been 
demonstrated that (i) some porphyrins are concen- 
trated selectively in malignant tumors in animals 
and man, (ii) the concentrated porphyrins can be 
detected by fluorescence emission, thus facilitating 
identification of malignancy, (iii) the concentrated 
porphyrins will absorb light of particular wave- 
lengths leading to a photochemical destruction of 
the tumor, and (iv) in some human cases, localized 
tumors have been eradicated by this method, with 

no regrowth detected for up to 2 years. The general 
scheme of porphyrin phototherapy is depicted in 
Fig. 1. 

Despite these positive indications, the following 
questions remain: 1. It is not known which of the 
porphyrins in the complex hematoporphyrin de- 
rivative (HpD) mixture are concentrated in the 
malignant tissue. 2. It is not known whether the 
same components of HpD that fluoresce are the ones 
that confer photosensitivity. 3. It is not known 
whether singlet oxygen is really the photoproduct 
responsible for cell killing. 4. It is not known 
whether tumor destruction is a result of actual HpD 
phototoxicity to the proliferative ceils and/or 
whether the tumor destruction is a result of damage 
produced to the tumor vasculature. 5. It is not 
known why some malignancies respond well and 
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PHOTORADIATION THERAPY OF CANCER 
(Laser + Hematoporphyrin Derivative) 

 oner ,  , ours I  ,see ve, 
b retained by cancer 

cells 

~ ~  ~ n j e c t  HpD (drug) 

sens + hv . Isens, 
Isens* . 3sens* 
3sens*+ 302 �9 102 + sens 
~02+ substrote ~ oxidotion 

sens = HPD 

Fiber optic 
bundle ~- -~)  

(Argon - -  
488 nm 625-655 nm [ 

(Blue-Green Light) (Red Light) 

, 'O2,o2O .i ob i: 
""?~~ 

lo 2 Kills Cells 

Fig. 1. Schematic representation of hematoporphyrin derivati- 
ve-photoradiation therapy (HpD-PRT). 

others do not. 6. It is not known which clinical 
situations warrant the use of hematoporphyrin 
phototherapy, either alone or in combination with 
some other modality. 

Despite these apparent unanswered questions, it 
is clear that HpD-PRT (hematoporphyrin deriva- 
tive photoradiation therapy) does work in certain 
situations and holds tremendous promise in cancer 
detection and treatment. Because of the magnitude 
of the cancer problem in society, as well as the often 
inadequate methods to treat many types and stages 
of cancer, any new approach that shows promise 
must be carefully examined. This review will deal 
with the current status of HpD-PRT and the pro- 
gress being made to resolve some of the key unans- 
wered questions. 

Active components 

It is clear from numerous studies [3,5,12, 
14,15,21,24] that the HpD mixture contains 

numerous porphyrin components. HPLC analysis 
of HpD reveals a variety of peaks, some of which 
can be readily identified and others of which remain 
obscure. 

With respect to the tumor localizing and photo- 
sensitizing activity of the various components, there 
seems to be general agreement that the greatest ac- 
tivity is in the broad group of components isolated 
in one particular region of the chromatogram 
[14,15,25]. 

Finally, attention must be given to the question 
of the identity of the phototoxic species. Dougherty 
and colleagues [13] have indicated that the active 
component is a deuteroporphyrinethylether 
(DHE). These studies have yet to be confirmed by 
other investigators. Interestingly, when DHE (sup- 
plied by T. J. Dougherty, Roswell Park, Buffalo, 
NY) or Photofrin II are run through HPLC, the 
same peaks are obtained as for crude HpD. The 
major difference is in the relative proportion of the 
components. In summary, it appears that consider- 
able effort is being devoted to identification of the 
active component(s) of HpD. The most likely can- 
didate for the active ingredient of the complex HpD 
mixture is DHE. 

Fluorescence versus photosensitivity 

Cells treated with HpD fluoresce [5], and tumors 
from animals injected with HpD fluoresce [2]. 
Furthermore, it is clearly documented that both 
bladder [2] and lung cancer [1,19] can be localized 
by HpD fluorescence. The real question is whether 
or not the fluorescent component(s) are the same as 
the phototoxic components. There is evidence in 
both directions. In vitro studies on the tumor-lo- 
calizing ability of the various subcomponents sug- 
gest an inverse relationship between fluorescence 
activity and photosensitivity [24]. Recent studies 
[7,26] have demonstrated a definite correlation be- 
tween in vivo tumor fluorescence activity and tumor 
necrosis following PRT. In the latter study, it was 
demonstrated that tumors with low HpD-concen- 
trating ability (as detected by quantitative fluores- 
cence) was insensitive to light exposure. Conversely, 



a tumor with high levels of  fluorescence responded 
well to light exposure. However,  these observations 
do not prove conclusively that the fluorescent and 
phototoxic species are the same. It  is still possible 
that the two components  are different, and just fol- 
low similar patterns of  uptake and concentration 
by the tumor  tissue. In addition, Grossweiner [16] 
has suggested that photoactive H p D  may  exist in 
cells in both a fluorescent and nonfluorescent form. 

Mechanism of tumor destruction 

Studies on tissue culture cells have implicated sin- 
glet oxygen as the major  photoproduct  responsible 
for cell toxicity [33]. Recently, it has been shown 
rather convincingly that in an in vitro H p D  lipo- 
some model system, the liposome membranes  are 
damaged directly by singlet oxygen following ex- 
posure to light [16]. These effects are inhibited in a 
nitrogen-enriched, oxygen-depleted environment,  
and are accelerated in a 2H/O environment,  which 
has been shown to prolong the lifetime of  singlet 
oxygen. Though the evidence seems to indicate that, 
at the cellular level, one of  the major  phototoxic 
products is singlet oxygen, studies have not been 
performed to rule out other photoproducts  such as 
free radicals. 

Site of phototoxicity 

The question of  the site of  phototoxicity is unre- 
solved. Some studies suggest that  the outer cell 
membrane  is the target site [5,16]. However,  other 
studies have implicated mitochondria [6,15,28], and 
lysosomes [30]. With respect to the mitochondria,  
selective damage can be demonstrated in cell cul- 
tures treated with H p D  (25 ~g/ml) as soon as 1 
minute after laser exposure (total laser energy was 
5-25 J/cm 2 at 625 nm). The general cell damage 
became progressively more severe as the time after 
laser exposure increased, with general nuclear pyk- 
nosis and cytoplasmic disruption evident by 12 
hours following light exposure (Fig. 2A-C).  This 
study demonstrated that the mitochondria are the 
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Fig. 2. A. Electron micrograph of a cell from a kidney epithelial 
cell culture that was exposed to HpD (25 ~g/ml) for 18 hours, 
and then exposed to 630 nm light, 5 J/cm 2. The cell was fixed 
for electron microscopy 10 minutes after light exposure. Note 
selective degradation of mitochondria (arrows). Nuclear enve ~- 
lope and chromatin (lower right corner) are normal. Magnifi- 
cation, 16,000 • B. Similar culture and HpD-PRT exposure as 
in A, except the cells were fixed 12 hours after light exposure. 
Note the generally damaged cytoplasm, condensed pyknotic 
nuclei. Magnification, 14,000 x. C. Similar cells as above, but 
exposed to 25 J/cm 2, and fixed 1 minute after light exposure. 
Note the selective disruption of the mitochondrial matrix and 
cristae. Magnification, 9600 • 

initial cellular sites to exhibit morphological  alter- 
ations. It  is quite possible that  there are multiple 
pr imary and secondary target sites. Until the active 
components  are identified and their subcellular 
binding determined, the answer to these questions 
will remain unresolved. 
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In add i t ion ,  since mos t  o f  the mechan is t i c  s tudies 

have been pe r fo rmed  in h o m o g e n e o u s  t issue cul ture  

systems,  the ques t ion  o f  app l icab i l i ty  to in vivo tu- 

mor s  mus t  be raised.  Both  the cel lular  he te rogene i ty  

o f  an  in vivo t u m o r  and  the vascu la r  supp ly  to the 

t u m o r  mus t  be cons idered .  Evidence exists tha t  the 

p r i m a r y  site o f  d a m a g e  leading  to t u m o r  des t ruc-  

t ion  is ac tual ly  in the t u m o r  vascula ture .  This  mech-  

an i sm was suggested by  Bugelski  and  col leagues  [9] 

who  d e m o n s t r a t e d  a 5-fold increase o f  3 H - H p D  in 

the vascu la r  s t r o m a  in exper imenta l  an ima l  tumors .  

A subsequen t  s tudy came to the same conc lus ion  

[18]. In  tha t  s tudy,  cells were t aken  f rom H p D -  

P R T - t r e a t e d  an imal  t umors  and  c lonal  g rowth  in 

vi t ro  was de t e rmined  soon  af ter  exposure  to the 

light.  N o  de layed  or  r educed  g rowth  was obse rved  

in v i t ro ,  bu t  in vivo t u m o r  necrosis  was observed.  

These  obse rva t ions  w o u l d  suggest  tha t  the vascu-  

la ture  is des t royed ,  thus  lead ing  to subsequen t  cell 

dea th .  

A n o t h e r  s tudy  e m p l o y e d  a ra t  m a m m a r y  t u m o r  

g rowing  in an obse rva t ion  c h a m b e r  i m p l a n t e d  in a 

ra t  [29]. This  system pe rmi t t ed  direct  mic roscop ic  

v isua l iza t ion  o f  the t u m o r  vascula ture .  F o l l o w i n g  

systemic inject ion o f  H p D ,  the ent i re  t u m o r  plus  

vascu la tu re  was exposed  to 630 m m  light.  The  ob-  

served effect a p p e a r e d  to be a b leach ing  o f  the 

b l o o d  vessels fo l lowed by a cessa t ion  o f  b l o o d  flow. 

The  a u tho r s  conc luded  tha t  t u m o r  cure was a resul t  

o f  the des t ruc t ion  o f  mic roc i r cu la t ion  fo l lowed  by  

t u m o r  cell dea th .  

However ,  c o n t r a r y  to the several  s tudies  jus t  dis-  

cussed,  n u m e r o u s  t u m o r  cell f luorescence s tudies  do  

suggest  tha t  some H p D  c o m p o u n d s  reach  the p ro -  

l i ferat ive tissue. I t  seems poss ib le  tha t  t u m o r  de-  

s t ruc t ion  by  H p D - P R T  m a y  be a resul t  o f  a com-  

b ina t i on  o f  vascu la r  and  pro l i fe ra t ive  cell des t ruc-  

t ion by  H p D  pho to tox ic i ty .  F u r t h e r m o r e ,  recent  

s tudies by  W a l d o w  et al. [32] indica te  a poss ib le  

synergism be tween  h y p e r t h e r m i a  and  H p D - P R T .  

This  wou ld  suggest  tha t  a c o m b i n a t i o n  o f  m o d a l -  

ities may ,  in fact ,  be the mos t  effective w a y  to de- 

s t roy tumors .  

Variability of tumor response and clinical trials 

A subs tan t i a l  n u m b e r  o f  cl inical  t r ials  o f  H p D - P R T  

have been u n d e r t a k e n  which  cons is ten t ly  d e m o n -  

s t ra te  benefit  for  t rea ted  pat ients .  A series o f  

pa t ien ts  t r ea ted  by  us is represen ta t ive  o f  the  resul ts  

o f  these cl inical  tr ials  and  are  summa r i z e d  in Tab le  

TABLE I 

Results of the clinical use of laser hematoporphyrin derivative photoradiation therapy (HpD-PRT). 

Site of cancer No. of No. of Response 
patients sites 

CR PR SD NR Unknown 

Head and neck 39 114 28 42 3 34 7 
Breast cancer 33 395 222 74 1 92 6 
Lung cancer* 5 6 0 1 1 1 3 

Data are from Ref. 35. Response was determined at the examination performed 4 weeks after illumination with laser light. A complete 
response (CR) was disappearance of all visible tumor, A partial response (PR) was resolution of more than half of the bulk of visible 
tumor. Stable disease (SD) was defined as a response of some sort with no tumor growth but less than a PR. NR is no response. An 
unknown response was either a tumor that was not evaluable because the tumor was infiltrating rather than exophytic or because the 
patient was not able to be examined 4 weeks following treatment. All tumors were estimated to be less than 2 cm in thickness at the 
time of light exposure, and had a measured width of no greater than 5 cm. The length of light exposure varied depending upon the 
power density (watts/cm 2) and the total light dose (joules/cm2). Power density was in the range of 5-250 mW/cm 2 and total energy was 
5-100 J/cm 2. Duration of light exposure ranged from 15 seconds to 1 hour. 
* There were five patients treated; one patient was treated twice for a total of six treatments. Of the five sites treated, one of the sites 

was treated twice for a total of six sites. 



I. One must bear in mind that a criterion of  entry 
into our study has been the failure of  conventional 
therapy. Hence, all patients were heavily pretreated 
with surgery, radiotherapy, and/or chemotherapy 
and possessed resistant tumor. 

Initial at tempts at using P R T  have been phase I 
trials investigating feasibility and toxicity. Param- 
eters of  t reatment in terms of  total light dose (Jou- 
les/cm 2) and dose rate (mw/cm 2) were established. 
Toxicity has been minimal, with the other observed 
indirect effect o f  P R T  being a sensitivity to bright 
artificial or natural  light for periods of  a month  or 
more. This sensitivity is manifested by erythema 
and edema of the skin which is usually of  brief dur- 
ation. 

It has been determined that light of  wavelength 
630 nm can penetrate only 1-2 cm of  tissue with 
sufficient intensity to initiate the photochemical  re- 
action necessary for ant i - tumor therapy. This depth 
of  penetration is further reduced when treating 
through intact skin containing melanin, which will 
absorb light at this wavelength. Early investigators 
did not appreciate the physical barriers of  light pen- 
etration. Hence, any tumor  of  thickness greater 
than 2 cm or a tumor  deeper than 2 cm from a body 
surface could not be illuminated with light of  suf- 
ficient intensity to induce adequate therapeutic re- 
sponse. 

In our study as well as those of  others, there was 
a distinct number  of  cases where the tumors did not 
respond at all, or where some tumor  sites in the 
same patient responded and other tumor  sites did 
not (Fig. 3) [10,12,22]. The only systematic effort to 
examine some of  the possible causes for varied tu- 
mor  response was a study comparing the response 
of  primary tumors and metastatic tumors in the 
head and neck [34]. It  can be seen in Tables II  and 
I I I  that considerably more favorable responses to 
H p D - P R T  were achieved in the pr imary site tu- 
mors. 

Numerous  factors may determine the response of 
any given tumor  site or patient. Some of these de- 
terminants, such as general patient health and vari- 
ations in metabolism, may actually affect the serum 
levels of  H p D  and ultimately the amount  of  H p D  
that reaches the tumor. For  this reason, studies 
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Fig. 3. Patient with extensive chest wall recurrence of breast can- 
cer treated by HpD-PRT 24 hours earlier. Note differential re- 
sponse of tumor nodules, large arrows indicate necrotic response 
of tumor nodules, small arrows indicate tumor nodules that did 
not respond to the phototherapy. 

should be conducted that correlate serum (and 
possibly urine) content of  H p D  with tumour  con- 
tent. I f  positive correlations are detected, then 
H p D - P R T  can be tailored to individual patient 
conditions. 

Another  source of  variability may  be in the 
amount  of  vascularity associated with different 
types of  tumors and tumor  locations. The impor-  
tance of  the vasculature in terms of  H p D  uptake 
and excretion as well as in nourishment  of  the tu- 
mor  has already been discussed. In fact, it is pos- 
sible that  much of  the variable response observed 
in the clinical trials may be due to variations in tu- 
mor  vasculature. Indeed, this could explain why 
different tumor sites in the same patient may  re- 
spond quite differently. This could also provide a 
partial explanation of  why different total light doses 
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TABLE II 

Response of head and neck cancer recurrent in primary site 

Tumor site No. of CR PR SD NR 
patients 

Tongue 9 2 6 0 1 
Nasopharynx 3 1 1 0 1 
Floor of mouth 2 1 1 0 0 
Soft palate 2 1 1 0 0 
Oropharynx 1 0 1 0 0 
Buccal mucosa 1 1 0 0 0 
Maxilla 1 0 1 0 0 
Vocal cord 1 1 
Nevus syndrome 1 1 

Total 21 6 13 0 2 

Data are from Ref. 34. Abbreviations are as in Table I. 

are needed  to affect t umors  in the skin (10-20 

J /cm z) [10] versus tumors  in the lung (50-200 
J /cm z) [1,17,22,35]. 

A n o t h e r  m a j o r  source  o f  var iab i l i ty  is in the H p D  

itself. Cur ren t ly  no s t a n d a r d  m e t h o d s  o f  hand l ing  

the d rug  are  fo l lowed by  the different  inves t iga tors  

(such as ref r igera t ion ,  s to rage  in the da rk ,  utiliz- 

a t ion  o f  ma te r i a l  once the vial is opened) .  In  add i -  

t ion,  va r i a t ion  in the f luorescent  and  cy to tox ic  ac-  

t ivi ty o f  different  lots  o f  the same d rug  m a y  be sig- 

nificant.  Unt i l  more  s t anda rd ized  me thods  o f  d rug  

p r e p a r a t i o n  and  hand l ing  are  a d o p t e d ,  this source  

o f  va r i a t ion  in t u m o r  response  will be present .  

However ,  cur ren t  efforts by  the U.S.  M a n u f a c t u r e r  

o f  H p D  (Pho to f r in  II)  a re  a i m e d  at  s t a nda rd i z ing  

the p r o d u c t i o n  and  hand l ing  o f  the c o m p o u n d s .  

In  a d d i t i o n  to  d rug  var iab i l i ty ,  there  is a large  

va r i a t ion  in the ac tua l  e q u i p m e n t  a s soc ia t ed  with  

l ight  del ivery.  This  m a y  be in the fo rm o f  different  

lasers used,  shifts in wave lengths  emi t t ed  by  the dye  

lasers,  and  ac tua l  va r i a t ion  in p o w e r  and  energy  

o u t p u t  f rom the laser  du r ing  o r  be tween  t r ea tmen t s .  

TABLE III 

Response of head and neck cancer metastatic to soft tissues of head and neck 

No. of CR PR SD NR 
patients 

Tonsil 
Larynx 
Tongue 
Parotid 
Gingiva 
Skin 
Floor of mouth 

Total 

3 1 1 0 1 
t 0 1 0 0 
2 0 0 0 1 
1 0 0 1 0 
2 1 0 0 0 
1 0 0 0 1 
I 0 0 0 I 

11 2 2 1 4 

Data are from Ref. 34. Abbreviations are as in Table I. 



The methods used by different investigators to de- 
termine power and energy densities at the tumor  
site also are variable. Similarly, the variation in fi- 
ber optic delivery systems may be substantial and, 
therefore, affect the success of  the treatment.  This 
variation may be in several areas: (i) type of  fiber 
used (quartz, glass, diameter), (ii) preparat ion of  
fiber tips (cut, polished, etc.), (iii) geometry of  fiber 
tips (flat cut, bulb, diffusing, angle of  divergence). 
The way in which the fiber delivers the light to the 
tumor  also will play a major  role in tumor  response: 
interstitial placement of  the fiber versus external 
surface exposure of  the tumor. Finally, the ultimate 
durability of  the fiber will be important  in its suc- 
cessful use. For  example, we have used fibers that  
have had a light-diffusing material annealed along 
a certain length of  its tip. The stability of  this ma-  
terial has been quite variable, and in the case of  one 
patient it actually deteriorated during the treatment 
resulting in substantial heat damage in malignant 
and surrounding normal  tissue. However,  despite 
all the variations that can occur with respect to the 
equipment, there appear  to be real efforts underway 
to standardize all of  these variables just mentioned. 

With respect to the worldwide clinical applica- 
tion of H p D - P R T ,  a recent review [4] listed 14 in- 
vestigators in the U.S. involved in clinical trials us- 
ing HpD-PRT.  It has been estimated that 1500- 
2000 patients have been treated worldwide [12], 
with nine U.S. institutions accounting for over 500 
patients, and 900 patients f rom other countries (500 
from Japan alone at 7-10 centers) listed as receiving 
HpD-PRT.  These tumors have been of  a variety of  
types, including breast (mostly recurrent to skin), 
skin (mostly basal cell carcinoma, squamous cell 
carcinoma and melanoma),  lung, bladder [12], eye 
[8], head and neck [34], gynecological [27], and 
brain [23]. 

Though most  of  the human treatments have been 
on advanced stage malignancy, results are now 
being obtained on earlier malignancies such as car- 
cinoma in situ of  the bladder [2,31], lung [17], and 
gynecological tract [27]. In the case of  the lung and 
gynecological tract, a few patients treated only with 
H p D - P R T  are approaching 2 years without evi- 
dence of  recurrence of the disease. 
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In summary,  H p D - P R T  has been demonstrated 
to be a viable therapeutic modali ty in the manage-  
ment of  cancer. It is a modali ty which has only re- 
cently completed its phase I trial and is beginning 
its phase I I  trials evaluating efficacy in selected sites 
of  human malignancy. It  is apparent  that param-  
eters of  t reatment can and should be standardized. 
It  is also apparent  that tumors will respond to 
H p D - P R T  even after failure of  multiple modali ty 
therapy. Even though the future role of  H p D - P R T  
in the diagnosis and treatment of  malignancy is un- 
clear at the present time, this new modal i ty  could 
have a significant impact. 
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