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An ideal treatment modality for metastasizing tumors
should eradicate the primary tumor and elicit a systemic,
tumor-selective response leading to elimination of metasta-
ses and long-term tumor resistance. Also, it should be
induced by local treatment at the primary site, to limit
adverse systemic effects. A new method for treating meta-
static tumors which utilizes a combination of a near-infrared
laser, a photosensitizer and an immunoadjuvant has been
developed. It involves intra-tumor injection of the sensitizer/
adjuvant solution, followed by local non-invasive laser irradia-
tion. It has produced regression and total eradication of
treated primary tumors and untreated metastases at remote
sites against mammary tumors in rats. Successfully treated
tumor-bearing rats showed total tumor resistance to subse-
quent tumor rechallenge. Our histochemical results showed
that sera from cured tumor-bearing rats contained antibod-
ies that bound strongly to the plasma membrane of both
living and preserved tumor cells. Western blot analysis of
tumor cell proteins using sera from successfully treated rats
as the source of primary antibodies also showed distinct
bands, indicating induction of tumor-selective antibodies.
Our findings indicate that a systemic, long-term effect on
metastatic tumors can be induced by local application of laser
photo-immunotherapy. Int. J. Cancer 81:808-812, 1999.
© 1999 Wiley-Liss, Inc.

untreated metastases. The mechanism of laser immunotherapy has
been suggested to involve an induced tumor-selective immune
response. The objectives of the current research are to further
investigate the systemic effects of this treatment modality on
metastatic tumors, to analyze the long-term tumor immunity
induced by such treatment and to examine the possible immunologi-
cal mechanisms using histochemical assays and Western blot
analysis.

MATERIAL AND METHODS
Metastatic tumor model

DMBA-4 transplantable, metastatic mammary tumor cells (Kim,
1977) were implanted in young Wistar Furth female rats (Harlan
Sprague-Dawley, Indianapolis, IN), ranging in age from 6 to 8
weeks and weighing 150 to 200 g. The tumor line was passed
serially through living hosts in our laboratory. Rats were inoculated
with 1CP viable tumor cells s.c. in one of the inguinal fat pads 7 to
10 days before treatment. The primary tumor usually became
palpable in 5 to 7 days, and the metastases in the remote inguinal
and axillary areas appeared 15 to 20 days after inoculation. Without
treatment, tumor-bearing animals had an average survival time of
approximately 33 days.

Systemic cure and long-term resistance to recurrence of malfgotosensitizer and immunoadjuvant

nant tumors of the same type have been elusive goals in thelThe photosensitizer used in our experiments was indocyanine
treatment of human cancer. Current systemic treatments, suctgegen (ICG) (Becton-Dickinson, Cockeysville, MD). The immuno-
chemotherapy, have had limited success due to severe toxic sidgiivant used was glycated chitosan (GC) prepared in our labora-
effects and a high rate of tumor recurrence. Even though singtery by incubating an aqueous suspension of chitosan with a 3-fold
modality treatments such as radiation and surgery can be curatixgess of galactose and subsequent stabilization by borohydride
locally, they lack systemic effects and fail to elicit long-ternreduction of the Schiff bases. Aqueous ICG solution has an
anti-tumor responses. Conventional immunotherapy depends ai#sorption peak near 800 nm. The final aqueous solution contained
either cross reactive tumor-specific antigens or the use of ndh25% ICG and 1% GC. A volume of 200 pl of the solution was
specific immunological stimulation. The former has been unsucce#ected directly into the center of each primary tumor before laser
ful because the ubiquitous tumor-specific antigens that can tgatment, resulting in an ICG dose of 2.5 mg/kg and a GC dose of
isolated in all human tumors of the same type are not available; thé mg/kg.

latter, using immunotherapy with adjuvants such as bacille Calmet{esser photo-immunotherapy in the treatment of metastatic rat
Guain (BCG), C. parvumand Freund's adjuvant, has also failednammary tumors

due to lack of speC|f|C|t¥. o ) Laser treatment was performed when the primary tumors
The use of lasers is gaining widespread acceptance asr@fched a size of 0.2 to 0.5 énTwo hours after the ICG/GC
effective local treatment due to the precision of energy deliveftra-tumor injection, the tumor was irradiated using an 805-nm
achieved with the assistance of photosensitizers, as in the casgigfie laser (Diomedics, Woodlands, TX) in a non-invasive mode.
photodynamic therapy (PDT) (Doughegyal, 1978, 1989; Fisher The tip of the optical fiber was maintained at a 4-mm distance from
etal, 1995). However, the immunological effects of PDT on cancehe skin overlying the tumor, and the fiber tip was moved smoothly
treatment are unclear. Some groups have reported increaggdr the entire tumor. A laser spot 3 mm in diameter was produced
activities of T cells and local macrophages following PDT (Cetti on the treatment surface. The laser was operated at 2 watts for 10
al., 1994; Korbelik and Krosl, 1994; Krosdt al, 1995, 1996), min, delivering a total energy of 1,200 J to the tumor. The total
while others have reported immune suppression by PDT (Elmets
and Bowen, 1986; Gomet al, 1988; Lynchet al,, 1989; Obochi
etal, 1995).

Laser immunotherapy (Cheet al, 1997) was developed to '
achieve a systemic anti-tumor response in the treatment of canceréCOffeSp%nﬁ/ff}%e tOit, Deriéllgf{le'\?t LQf Plhyfa‘lfsd Ogll(?hr?ma SCC'POOCI) }gf
_ i i >lence an athematics, . Lincoin blvd., anoma City,
It uses laser-dye photothermal tissue destruction and E}._%104, USA. Fax: (405) 521-6442. E-mail: wchen@ossm.edu
administered immunoadjuvant for immune stimulation. Initia
results indicate success in the treatment of metastatic mammary

tumors in rats, including total eradication of primary tumors and Received 13 October 1998; Revised 18 December 1998
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TABLE | — RECHALLENGE WITH TUMOR CELLS OF RATS PREVIOUSLY CURED

100 | BY LASER-ICG-GC TREATMENT
b Nun;ber Death Death Survival
~ 80 —— Controls (20 rats) Group Number o Tumor  rate  rate urvival
93 —— Laser-ICG-GCG (16 rats) of rats tgg?lgr occurrence (f;r;1 fs% ([;r;1 ;15(; (days)
)
T 60 | Cured rats 15 10 0% 0% 0% >120
e Age-matched 18 10 100% 83% 100% 28.Z 2.8
S tumor control
2= 40 F ratg
£ Youngtumor 20 16  100% 20% 100% 32.% 3.5
(7] control rat§
20 .
Tumor-bearing rats cured by laser-ICG-GC treatment. These
tumor-free rats were rechallenged with? 1able tumor cells 120 days
0 . . . e - after the initial inoculation.2Jntreated rats of the same age as the
cured rats at the time of inoculation, without previous exposure to
0 20 40 60 80 100 120 tymor.2Same tumor-bearing control rats shown in Figure 1, with

Days After Tumor Transplantation tumor inoculation at the age of 8 weeks.

Ficure 1- Kaplan-Meier plot of rat survival rate after tumor . . . )
inoculation. Thick curve represents 16 rats treated with an intra-tum@@shed 3 times in PBS, which was followed each time by
injection of 200 pl aqueous solution (0.25% ICG and 1% GCJpw-speed centrifugation, to remove unbound antibody. Cells were
followed by laser irradiation at 2 watts for 10 min. Thin curvethen incubated with secondary fluorescein-labeled goat anti-rat
represents 20 untreated control tumor-bearing rats, all of which diggiti-serum (Sigma, St. Louis, MO) for 1 hr at room temperature
within 40 days of tumor inoculation, with an average survival time oAnd rinsed in PBS 3 times. Finally, cells were mounted in an
32.7 days £3.5 days SD). aqueous mounting medium and viewed immediately with a fluores-

cence microscope.

ABC kit (Vector, Burlingame, CA) and viewed by optical microscopy.

N

Tumor tissue immunoperoxidase

l Death Tumor tissue was fixed in 2% paraformaldehyde, then dehy-
o 6 drated and embedded in paraffin. Sections were cut, mounted on
E glass slides and then rehydrated. Sections were incubated for 1 hr
= - ® - -Left Inguinal (Controf rat) with the diluted serum (1:1,000) from a control tumor-bearing rat
2 o [lignt Axilary {Control rat) and from a successfully treated tumor-bearing rat (32 days after tumor
[ —A——Left Axillary (Control rat) . . . . L
514 —o—Right Axillary (Cured rat) rechallenge), respectively. Sections were then rinsed 3 times in PBS.
m —&—Left Axillary (Cured rat) After the final wash, sections were labeled with peroxidase using an
1
=
£
3
|—

Western blot analysis

As the sources of primary antibodies, sera were collected from
naive and untreated tumor-bearing rats, as well as from success-
fully treated tumor-bearing rats at different times after tumor
0 20 40 60 80 100 120 rechallenge. Tumor tissue collected from a control tumor-bearing
rat was homogenized to a single-cell suspension. Cells were
washed twice in PBS at 4°C and then lysed in Laemmli’s sample
buffer (Bio-Rad, Hercules, CA) containing 5gemercaptoethanol

FiGURe 2 Size of metastatic tumors in unimplanted axillary areag; 3 fina| concentration of & 10¢ cells/ml. Protein extract from
for a successfully treated tumor-bearing rat (open circles and trlang%)

Days After Tumor Transplantation

and in the axillary and inguinal areas of an untreated contr S'é X 10 tumor_cells was loaded into each well of a 10%.
tumor-bearing rat (solid squares, circles and triangles). The prime S-polyacrylamide gel and electrophoresed at 100 V for 15 min
tumor site in both cases was the right inguinal fat pat inoculated wigind then at 200 V for 50 min. Proteins on the gels were transferred
106 viable tumor cells. Laser—ICG-GC treatment took place on day ® a Hybond-ECL nitrocellulose membrane (Amersham, Arlington
For the treated rat, the metastatic tumor burden continued to increéteights, IL) with a 250-mA current at 4°C for 2.5 hr. The
immediately following treatment, then began to decline between 3lembrane was soaked in a blocking solution [50 mM Tris (pH 7.5),
and 35 days; the last metastatic tumor disappeared around day 55, @, NaCl, 0.05% Tween-20, 3% non-fat dry milk] for 2 hr at
no recurrence was found throughout 240 days of observation. For {lgm temperature and incubated in a blocking solution containing
untreated rat, metastases continued to grow until the time of deathl%?serum (1:100) overnight at 4°C. After incubation, the membrane
day 31, as noted by the arrow. was washed 3 times and then incubated with the secondary
antibody (anti-rat Ig, horseradish peroxidase—linked whole anti-
. . body; Amersham) in a 1:5,000 solution for 1 hr at 4°C. The
fluence delivered to each tumor was 68,000 J/ower the entire membrane was then washed 3 times with blocking buffer and

surface area. rinsed twice with cold PBS. Bands were visualized on X-ray film
) o using a chemiluminescent detection system (Amersham) according
Fluorescent labeling of living tumor cells to the manufacturer’s specifications.

A tumor-bearing rat successfully treated by laser-ICG-GC was
rechallenged with 1Oviable tumor cells 120 days after the initial RESULTS
inoculation. Sera from the rechallenged rat (32 days after rechal- . . .
lenge) and from a control tumor-bearing rat were collected at@Ng-term survival of tumor-bearing rats and regression
diluted 1:1,000 in PBS. Freshly collected tumor tissue wd¥ untreated metastases after laser immunotherapy
dispersed to a single-cell suspension by grinding in a loose-fittingAfter treatment of primary tumors by laser-ICG-GC, increased
ground glass homogenizer. Approximately® XQmor cells were survival and total tumor eradication were achieved. A recent
incubated with 1 ml diluted serum for 1 hr at room temperature amperiment yielded 38% long-term survival 120 days after tumor
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Ficure 3 — Detection of tumor-selective antibodies in the sera of successfully treated tumor-bearifg-htRepresentative photomicro-
graphs of a single living tumor cell and a cluster of living cells incubated with sera from an untreated tumor-bearing rat 32 days after tumor
inoculation(a, c)and from a successfully treated tumor-bearing rat 32 days after tumor rechglbedyd here is minimal fluorescence in the cell
stained by serum from untreated tumor-bearing rats. In contrast, the tumor cell stained with sera from cured tumor-bearing rat shows greater
fluorescence intensity and a uniform staining pattern over the plasma memtaaf)®hotomicrographs of tumor sections incubated with sera
from an untreated tumor-bearing rat 32 days after tumor inoculééipand from a successfully treated tumor-bearing rat 32 days after tumor
rechallenggf). Note in(e)the lack of brown reaction product that indicates peroxidase activity. In contrast, intense staining iS§eliote the
intense staining at the plasma membrane (arrows) and the lack of staining within the cells. Scale bar: 20 uM.



LASER IMMUNOTHERAPY AND TUMOR RESISTANCE 811

and a successfully treated tumor-bearing rat. Apparently, the naive

133 kDa rat does not contain any tumor-selective antibody, as evidenced by

93 kDa —— | the lack of staining in the Western blot (Figa)4 Sera from rats
successfully treated by laser immunotherapy show 2 distinct bands

67 kDa —— (Fig. 4c—g) at approximately 45 and 35 kDa. The 45-kDa band was
also observed after probing the blot containing the tumor proteins

56 kDa —— with serum from the control tumor-bearing rat but with much
weaker intensity (Fig. ). The second band at 35 kDa was absent

42 kDa —— when the serum from the control tumor-bearing rat was used for
probing.

28 kba ——

DISCUSSION

(@) (b) (c) (d) (e) (f) (9)

Stimulation of a systemic and long-term anti-tumor response
) ) ) following localized tumor treatment was achieved using laser

Ficure 4 —Western blot analysis of tumor cell proteins using serghoto-immunotherapy. In this treatment modality, the laser and
from different rats as the source of primary antibod{@sTumor cell ICG provide a selective local photothermal reaction (Caeal,

proteins probed using serum of a naive @) Tumor cell proteins ’
probed using serum from an untreated control tumor-bearingorgg) L9950, 1996). Although ICG and the laser are known to yield a

Tumor cell proteins recognized using serum of a tumor-bearing raYtotoxic photochemical product, such as singlet oxygen (Fick-
cured by laser immunotherapy and 0(by, 1 week(d), 2 weeks(e), 1 weiler et al,, 1997; Reindlet al,, 1997), our results indicate that
month (f) and 2 monthgg) after tumor rechallenge. There was veryphotothermal destruction of tumor tissue was the dominant reaction
light antibody binding when the serum from the naive rat was (agd (Chenet al,, 199%,b,1996). Introducing the immunoadjuvant GC
Note the differences in the 2 bands at approximately 45 and 35 kiaéds an immunological component to the treatment since chitosan

between the tumor control rét) and the cured rdt—g). There are also  stimulates an immune response in animals (Maetlal, 1992;
heavy bands at the bottom of the gel below 28 kDa (not showry,,,ixiet al. 1986).

recognized by the serum from the cured rat. : . . S .
The tumor strain used in these experiments is highly aggressive;

99% of untreated tumor-bearing rats died with multiple metastases
proximately 33 days after tumor cells were implanted (Table I).

. . . . . a
inoculation, a 300% increase in the length of survival comparqff rats successfully treated using laser—-ICG-GC, total eradication

with untrteated coPtlroI tutmor-bearl_ngl ratts (Fig. ﬁ)' AIthtc_)ugh dtTSf both primary and metastatic tumors and long-term resistance to
primary tumors ot fong-térm survival rats usually Continued 19,4 rechallenge were observed. We attribute these results to an

tgrow i[)nmdediat’;ely fo{lm&ving treatm%n;[r,] aIter 4 éc.’ 6 Weekz th g(ﬁced immunological reaction. The effectiveness of this treat-
umor burden beégan to decrease and the tumor disappearea In gl s due to the immunoadjuvant GC since the photothermal

12 weeks. All tumor-bearing rats developed metastases in st of |aser alone and of ICG alone does not result in long-term
remote inguinal and axillary areas 2 to 3 weeks after inoculation f, ;\a| (Cheret al, 1996). The tumor profile of the delayed tumor
the primary tumor. Untreated metastases of cured rats went throqg ression in successfully treated rats indicates an immune re-

a regression pattern similar to that of the successfully treatef, e intensified with time (Fig. 2). Furthermore, the regression of

primary tumors but with a much smaller burden and much earligh o ated metastases at remote sites indicates a systemic reaction.
disappearance (Fig. 2). Using laser alone and the laser—Iqye registance to tumor rechallenge in cured rats by laser immuno-
combination with the same parameters did not result in tUM@le a0y sirongly suggests tumor-selective immunity (Table I). Our
eradication (data not shown). histochemical assays using both live and preserved tumor cells
Resistance to tumor rechallenge detected tumor-selective antibodies in the sera of successfully
To determine the long-term effect of laser immunotheraptreated tumor-bearing rats, at least a subset of which strongly bound

successfully treated rats were rechallenged wihvidble cells, 10 tothe plasma mgmbrane of.tumor gell_s (Fig. 3). .
times the number of tumor cells that created the original tumgr. 1N characteristics of antibody binding to the tumor cell proteins
None of the successfully treated rats developed tumors. In contrd@f/Vestern blot analysis also suggest a mechanism for the observed
all age-matched control tumor-bearing rats died within 35 dayiti-tumor immunity induced by laser immunotherapy. Tumor cell
(Table 1), with multiple tumors in the remote inguinal and axillaryProteins probed using the sera from successfully treated rats
areas. Also shown in Table | are the data for 20 young control raf§vealed several distinct bands. Particularly interesting are 2 bands
inoculated with only 1Bviable tumor cells; all of them developed @t @pproximately 45 and 35 kDa (Fig. 4). When sera from tumor
multiple metastases but had a slightly increased survival tin§@ntrol rats were used, the 45-kDa band was observed with less

compared with the control rats inoculated with a higher tumor dosBtensity, while the 35-kDa band was absent (Fig. #he 45-kDa
band was absent when blots were incubated with sera from naive

Antibody binding to tumor cells rats; it appeared only when rats were exposed to tumor cells and

After tumor rechallenge with an increased tumor dose® (14vas enhanced markedly by laser immunotherapy (Figg)4 This
viable cells), sera obtained from successfully treated tumor-bearifigy represent a natural host immune response to tumors, but
rats were analyzed by 2 histochemical assays for tumor-selectihout the laser immunotherapy, it would not be strong enough to
antibodies. The first was an immunofluorescence assay whig@ntrol tumor growth. The 35-kDa band, however, suggests that a
allows the detection of antibodies that bind to the plasma merReW a_mtlbody was induced mtreate_d rats since this band was absent
brane of isolated live tumor cells. The second assay used preserifefaive and tumor control rats (Figa). The 35- and 45-kDa
tumor tissue and the peroxidase reaction product to determi@nds may represent specific immunodominant antigens.
antibody binding to the plasma membrane and other cellularWe hypothesize that this tumor-selective immunity is the result
antigens. Both assays showed strong antibody binding using sefa&ombined photothermal and photo-immunological interactions.
from successfully treated rats when compared with sera frohine photothermal reaction reduces the tumor burden and at the

untreated control tumor-bearing rats (Fig. 3). same time exposes tumor antigens. The immune system, enhanced
) o ) by the immunoadjuvant GC, would then recognize the exposed
Antibody binding to tumor cell proteins antigens and mount a systemic attack on the remaining cells of the

Figure 4 shows Western blots of tumor cell proteins probed witheated tumor and on the untreated metastases. Without laser—-ICG
sera from different animals: a naive rat, a control tumor-bearing rahotothermal destruction, the immune system may not be able to
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recognize the well-masked specific antigens on the tumor celbing laser alone with the same parameters was also inadequate in
surface; without the immunoadjuvant stimulation, the hostimmunesating the metastatic tumors. Although laser-ICG treatment of
system may not react fast enough or reach the required strengtiui®or may have some immunological effect, it did not induce a
control the remaining mass of the primary tumor and its metastasggtectable anti-tumor reaction under the conditions of our studies
especially against the aggressive tumor model used in our studigported here.
Moreover, this immunity is induced by laser—ICG-GC in
individual hosts bearing tumors through local treatment. This treatment
could, in effect, produce an situautovaccine without the cross-reactive
tumor antigens required by traditional immunotherapy.
Our previous study showed that without GC laser—ICG photother-We thank Ms. S. Davis for the preparation and care of the
mal interaction could not have a curative effect (Ckeal, 1996). experimental animals and Mr. Z.V. Roberts for technical assistance.
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