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Anti-tumor immunological response induced by local intervention is ideal for treatment
of metastatic tumors. Laser immunotherapy was developed to synergize photothermal interaction
with immunological stimulation for cancer treatment. Using an infrared laser, indocyanine
green (ICG, as a light absorbing agent), and glycated chitosan (GC, as an immunostimulant),
laser immunotherapy has resulted in tumor suppression and anti-tumor responses in pre-clinical
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as well as clinical studies. To further understand the mechanism of laser immunotherapy,
the effects of laser and GC treatment without specific enhancement of laser absorption were
studied. Passive adoptive immunity transfer was performed using splenocytes as immune cells.
Spleen cells harvested from tumor-bearing mice treated by laser + GC provided 60% immunity in
naive recipients. Furthermore, cytotoxicity and TNF-a secretion by splenocytes from treated
mice also indicated that laser + GC induced immunity was tumor-specific. The high level of
infiltrating T cells in tumors after laser + GC treatment further confirmed a specific anti-tumor
immune response. Therefore, laser + GC could prove to be a promising selective local treatment
modality that induces a systemic anti-tumor response, with appropriate laser parameters and

GC doses.
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1. Introduction

Laser immunotherapy (LIT) was developed to
combine photothermal interaction with immuno-
logical stimulation to treat metastatic tumors."? Its
selective photothermal effect serves as the first line
of assault on the tumor, using a combination of a
near-infrared laser irradiation and a light-absorbing
dye.” An immunological stimulant is used con-
currently to induce immunological responses. A new
compound, glycated chitosan (GC), derived from
chitosan by attaching galactose molecules to the
chitosan molecules, was developed as a mnovel
immunostimulant."* GC, as a water soluble com-
pound, is more suitable for in vitro and in vivo bio-
medical applications.”® LIT using dye-enhanced
thermal interaction and GC has been proven to be
highly effective in the treatment of metastatic tumors
in animal studies and pre-clinical studies.” !

The immune system can respond to cancer cells
by reacting against tumor-specific antigens or
tumor-associated antigens. Previously, antibodies
binding to the plasma membrane of both living and
preserved tumor cells were detected in sera from
LIT-cured tumor bearing rats using histochemical
analysis.” The induction of tumor-selective anti-
bodies were also revealed by western blot analysis
performed in sera from rats that were successfully
treated by LIT.? Further investigation on how
immune system responds to LIT is crucial in
understanding the mechanism of LIT and in effec-
tively applying this new therapy for clinical use.
Specifically, the functions of different components in
LIT need to be clarified to further improve the
efficacy of LIT.

The work presented here is an in vivo study de-
signed to understand the immunological mechanisms

of LIT in the treatment of murine mammary tumors,
using a combination of a 980 nm laser irradiation
and GC stimulation. Splenocytes activation and
T cells infiltration were analyzed to understand the
immunological response induced by laser + GC
treatment.

2. Materials and Methods
2.1. Animal tumor model

EMT6 cells (1 x 10%) in a 100-ul solution were
injected into the flank region of female Balb/c mice,
age 6-8 weeks. Animals were used in experiments 7
to 10 days after tumor cell inoculation, when the
tumors reached a size of approximately 300 mm?.

2.2. Laser+ GC treatment
of animal tumors

Tumor-bearing mice were divided into four different
treatment groups (10 mice/group). A solution of
100 ul containing 5mg/ml (25mg/kg) GC was
directly injected into the center of each tumor, 2h
before irradiation with a 980-nm laser. The light
was delivered to the tumor noninvasively using a
fiber optic delivery system. The power density at
the treatment area, which encompassed the tumor
and 0.5 to lcm of the surrounding skin, was
0.75W/cm?® for a treatment duration of 10min.
During laser irradiation, mice were anesthetized
with an intraperitoneal injection of pentobarbital
sodium and were restrained in a specially designed
holder. After treatment, the mice were observed
daily and the tumors were measured every other
day for a period of 100 days.
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2.3. Determination of spleen cell cyto-
toxicity after laser + GC treatment

For cell death statistic analysis in vivo, the tumors
were harvested 3h after treatment and physically
dissociated. Single cells in suspension were stained
with Annexin-V-FITC (Becton Dickinson, Moun-
tain View, CA, USA), and analyzed by FACScanto
IT flow cytometry (Becton Dickinson) with exci-
tation at 488 nm. Fluorescent emission of FITC was
measured at 530 nm.

Seven days after treatment of the EMT6 tumors
in mice, mouse spleens were harvested and co-cul-
tured with mitomycin-C-treated EMT6 cells stained
with calcein acetoxymethyl. Stimulated effector
cells were tested for cytolytic activity against EMT6
cells five days later by fluorescence detection of
calcein acetoxymethyl in the tumor cells, which
were excited with 488-nm light and detected with
emission at 530 nm using a microplate reader (IN-
FINITE M200). The cytolytic effect of splenocytes
was expressed as % specific lysis, defined as (Emcon-
Emtre)/Emcon x 100% (where Emcon was the
emission intensity at 530nm of control cells and
Emtre was the emission intensity at 530nm of
treated cells).

2.4. Adoptive immunization

Seven days after treatment, the treated mice were
terminated and their spleens were dissected free of
fat. Single cell suspensions were prepared by
mechanical disruption of mouse spleens into med-
ium with 10% FCS. Spleen cells and viable tumor
cells were counted on a hemocytometer before
admixing. The admixture had a 500:1 spleen cell to
tumor cell ratio. Naive mice were inoculated with a
0.2-ml admixture containing 5 x 107 spleen cells
and 10° tumor cells.

2.5. Infiltration of T cells to tumor sites
after laser + GC treatment

Seven days after treatment, the treated mouse
tumors were excised, dissociated into single cell
suspensions and labeled with FITC-conjugated
anti-CD4 or phycoerythrin-conjugated anti-CD8
mADb (eBioscience) and analyzed by FACS with
excitation at 488 nm. Fluorescent emission of FITC
was measured at 530 nm and that of phycoerythrin
complexes at 575 nm.

2.6. Detection of TNF-a secreted by
spleen cells due to laser+GC
treatment

To detect TNF-a secretion by splenocytes from
treated mice, harvested splenocytes were incubated
with mitomycin C-treated tumor cells in 24-well
tissue culture plates. After incubation of 48h, the
supernatants were collected for ELISA detection.

3. Results
3.1. In vivo tumor killing effects
of laser+GC

After the tumor size reached approximately
300 mm?, the animals were divided into four differ-
ent groups (10 mice per group) and treated by laser,
GC or laser + GC. After treatment, the mice were
observed daily and the tumor volume was measured
using a caliper every other day. The mice treated by
laser or laser + GC had an average tumor burden
noticeably smaller than that of the control mice [see
Fig. 1(a)]. To determine tumor destruction by the
treatment, single cells dissociated from treated
tumors were analyzed by FACS. Laser or laser +
GC treatment induced about 50% cell death rate
[see Fig. 1(b)].

3.2. Anti-tumor immune effect
of laser + GC treatment

Splenocytes from treated mice were harvested as
immune cells, and were admixed with viable tumor
cells at a ratio of 500:1. Naive mice were inoculated
by 10° viable tumor cells with 5 x 107 splenocytes
harvested from mice of different treatment groups.
Figure 2 shows the survival rates of mice inoculated
with the mixture of splenocytes and tumor cells.
The splenocytes from laser + GC treated mice pro-
tected 60% of the recipients, while the splenocytes
from laser treated mice protected only 20% of the
recipients.

3.3. Induction of anti-tumor immunity
by laser + GC treatment
Seven days after treatment, mice were sacrificed

and splenocytes were harvested. Levels of TNF-«
secretion from the splenocytes were detected using
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Fig. 1. In wvivo cytotoxicity assays. EMT6 cells were subcu-
taneously injected in the flanks of Balb/c female mice, and
treatment took place when tumors reached a size of approxi-
mately 300mm?®. Tumors were treated with intratumoral
injections of different components, followed by laser irradiation
(0.75 W/cm? for 10min): (i) Control, (ii) GC (25mg/kg),
(i) Laser only, (iv) laser + GC (25mg/kg). (a) Volumetric
changes in tumor sizes of different treatment groups. (b)
Analysis of cell death. Tumors were excised 3h after different
treatments, dissociated into single cell suspensions and labeled
with Annexin V-FITC, analyzed by FACS. Bars, means + SD
(n=4), *p < 0.05.

ELISA. After incubating with mitomycin C-treated
EMT6 cells, the splenocytes harvested from laser +
GC treated mice significantly increased TNF-«
secretion, as shown in Fig. 3(a). These results
indicated a tumor-specific immune response when
the mouse tumors were treated with laser + GC.
In addition, laser + GC treatment increased the
cytotoxicity of splenocytes [see Fig. 3(b)], indicating
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Fig. 2. Anti-tumor immune effect of laser + GC treatment.
Animal survival mice in the adoptive immunity experiments
using splenocytes from treated mice as immune cells. Viable
tumor cells were admixed with splenocytes from different mice,
then injected into naive mice. The splenocytes to tumor cell
ratio was 50,000,000:100,000 per mouse. The splenocytes from
mice treated by laser + GC protected 60% of the recipients and
splenocytes from mice treated by laser only protected 20% of
the recipients.

the induction of tumor-specific cytotoxic T lym-
phocytes (CTLs), in the presence of target tumor
cells. Next, we assessed the recruitment of T cells
into the tumors 7 days after different treatments.
There was a dramatic increase in the percentage of
both CD44 and CD8+ cells within the tumor after
laser + GC treatment (see Fig. 4). These results
indicate that laser + GC treatment induces specific
anti-tumor immune responses, mediated by T cell
response.

4. Discussion

The ideal treatment modality for cancer, particu-
larly metastatic cancer, should achieve a systemic,
tumor-specific immunological response through a
minimally invasive, local intervention. Such an
approach could potentially suppress local tumors
and at the same time eradicate metastases at dis-
tant sites, while providing anti-tumor immunity to
the host with minimal adverse side effects. Photo-
thermal interaction using laser is an ideal local
intervention due to its precise energy delivery to
target tissue and the sensitivity of tumor tissue to
temperature increase.'”'?

Anti-tumor immune response can be significantly
enhanced by introducing immunological stimulants
to the tumors, particularly when combined with
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Fig. 3. Induction of anti-tumor immunity by different treat-
ments. (a) TNF-a secretion by mouse splenocytes. Seven days
after different treatments as indicated, splenocytes from treated
mice were harvested and restimulated with mitomycin C-trea-
ted EMT6 cells for 2 days and their TNF-a secretion was
detected by ELISA. The levels of TNF-a secretion by spleno-
cytes from mice treated by laser + GC were noticeably higher
than that from mice of the other treatment groups. Bars,
means £SD (n =15), *p <0.05. (b) Tumor cytotoxicity of
splenocytes from treated mice. Harvested splenocytes were
restimulated with mitomycin C-treated EMT6 cells, stained by
calcium acetoxymethyl, for 5 days. Cytolytic activity against
EMT6 cells was tested by fluorescence assay. Bars, means + SD
(n=4), *p < 0.05.

other interventions. When used appropriately, such
immunostimulants can significantly improve the
efficacy of cancer treatment by stimulating the host
immune system, such as when Corynebacterium
parvum, bacille Calmette-Guérin, or other immu-
noadjuvants were intratumorally administered in
conjunction with photodynamic therapy treat-
ment.'*'” Some chemotherapy agents, such as
gemcitabine, serve as effective boosters of immune
response through induction of tumor-specific anti-
gen overexpression when disrupting apoptotic
tumor cells.'® Other strategies, such as GM-CSF or
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Fig. 4. Analysis of tumor-infiltrating CD4+ or CD8+ cells 7
days after different treatments of mouse tumors. Treated
tumors were excised, dissociated into single cell suspensions,
labeled with FITC-conjugated anti-CD4 or phycoerythrin-
conjugated anti-CD8 mAb, then analyzed by FACS. Bars,
means + SD (n = 4), *p < 0.05.

interleukin-2, contribute to the improved availability
of immune cells in the tumor vicinity, improving both
antigen presentation and T-cell activation and
proliferation.'?-2"

Our experiments show that the induced immu-
nity could be passively transferred using spleno-
cytes. After treatment, the splenocytes from mice
treated by laser + GC protected 60% of normal
recipient mice when the animals were injected with
a mixture of the spleen cells and tumor cells, as
shown in Fig. 2. In comparison, splenocytes from
mice treated by laser only provided only a low level
of protection to the recipient mice (see Fig. 2).
These results indicate that laser + GC could induce
long-term memory in immune cells, again, attrib-
uted to the effect of GC. It should be noted that
previous studies using indocyanine green (ICG) as a
light absorbing enhancer yielded much better out-
comes in adoptive immunity transfer.” Therefore,
appropriate thermal effect is needed to achieve op-
timal effects.

In vitro results also show immunological effects of
laser + GC, particularly in inducing tumor-specific
immune responses. The splenocytes from laser +
GC treated mice showed noticeable increase in
TNF-a secretion [see Fig. 3(a)]. The increased
cytotoxicity of splenocytes from treated mice also
demonstrated the effectiveness of laser + GC in
inducing tumor-specific responses [see Fig. 3(b)].
The high level of T cells infiltrating tumors after
laser + GC treatment (see Fig. 4) further confirmed
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The operation procedure and the working mechanism of laser—GC treatment of cancers. The laser irradiation causes the

release of tumor antigens and heat shock proteins. GC injected to the treated tumor site recruits and activates antigen-presenting
cells, such as dendritic cells (DCs). The activated DCs take up the tumor antigens and present them to the T cells. The activated T
cells infiltrate tumors to eradicate residual tumor cells at the treatment sites and at the metastasizing sites.

the anti-tumor immune response, mediated by T
cells.

The outcomes of the cancer treatment using laser
irradiation and immunological stimulation depend
on several parameters, including the intensity of the
irradiation laser, the duration of the irradiation and
the dose of the immunostimulant. The optimization
of the treatment protocol is currently underway.
The criteria for the optimization needs extensive
studies since the relationships between thermal in-
teraction and host immune response and between
immunological stimulation and tumor-specific re-
sponse are complex. Overall, the criterion should be
the maximum destruction of viable tumor cells,
reducing the tumor burden and releasing viable
tumor antigens. Our future studies will certainly
shed light on this challenging issue.

Although further investigation is needed, it can
be hypothesized that the mechanism of laser + GC
in tumor therapy relies on the synergistic inter-
action between the photothermal reaction and
the immunological stimulation. The photothermal
reaction reduces the tumor burden and at the same
time exposes the tumor antigens; the immunoadju-
vant in situ first stimulates the host immune system
(as indicated by the results in Fig. 3(a)) and then
directs the immune system against the specific
tumor cells [as indicated by the results in Figs. 3(b)
and 4], inducing T-cell immune response. The
working mechanism of laser—-GC treatment is
depicted in Fig. 5. This method, therefore, could

provide a systemic immunotherapy for each indi-
vidual host without the usually required immune
cross-reactivity.
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