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phenomenon was also reported on various kinds of polymeric micelles
[11,12].

TI antigens like PEGylated liposome can activate B cells and induce
IgM antibodies production at the early stage of immunization [13,14].
On the other hand, at high doses, they lack the activation ability on B
cells, and immune tolerance against PEGylated liposome was developed
[15]. The ABC phenomenon is therefore suppressed by high-dose
PEGylated liposome {15-19]. In this study, Lactosome with high dose
is examined on the immune tolerance and the Lactosome ABC
phenomenon.

2. Materials and methods
2.1. Materials

All regents and solvents were purchased commercially and used with-
out further purifications. Poly(sarcosine)ss-block-poly(i-lactic acid)so
(poly(Sar)es-block-PLLAzp) and indocyanin green (ICG) labeled PLLA
30mer (ICG-PLLA3p) were synthesized as previously reported {5,20,21].
For the preparation of Lactosome, poly(Sar)ss-block-PLLAsg (1, 5,
10, 15, 25, 35 mg) in test tube was dissolved into chloroform, and
then evaporated to form polymer film on the test tube. Water was
added to the tube so as concentration of the amphiphilic polymer
to be 1 mg/mL (1-10 mg) or 5 mg/mL (15-35 mg). The dispersion
was heated at 85 °C for 20 min. After freeze-drying of the solution,
saline (1 mL) was added, and the solution was filtered with using
syringe filter (pore size: 0.20 um) just before administration. For
the preparation of ICG-Lactosome, [CG-PLLA3o (0.5~1 nmol) was
additionally mixed into chloroform solution on polymer film forma-
tion step. Molar number of ICG-PLLA3g was determined using UV
absorbance of ICG-Sulfo-OSu at 795 nm. Subsequent protocol is the
same with above.

2.2. Instruments

Hydrodynamic diameter of Lactosome was measured by dynamic
light scattering (DLS) on a Nano-ZS (Malvern, United Kingdom).
Near infrared fluorescence (NIRF) images were taken by Clairvivo
OPT (Shimadzu Corp. Japan, ex. 785 nm/em. 845 nm). The pseudo
images were constructed from the photon counts. ELISA assay for
anti-Lactosome antibody was performed using Multiskan Spectrum
Microplate Photometer (Thermo Scientific, USA).

2.3. Preparation of tumor-bearing mice

BALB/c nu/nu mice (Body weight: 20-22 g) were purchased from
Japan SLC, Inc. (Japan). SUIT-2/pEF/luc cells (5 x 10° cells) were
dissolved in phosphate-buffered saline (PBS, 20 pL), and subcutane-
ously inoculated into right femoral region of 7-week-old male nude
mice [5]. The mice were used for in vivo experiments after 2 weeks
from the tumor transplantation.

2.4. In vivo near-infrared fluorescence (NIRF) imaging

On experiment, which evaluate effect of first Lactosome dosage
amount to the Lactosome ABC phenomenon, tumor bearing mice
were divided into 7 groups (n = 3). To the mice of each group,
Lactosome of 35 nm in diameter was intravenously injected (5, 25,
50 mg/kg/100 pL, 150, 250, 350 mg/kg/200 pL). To the control mice
(Lactosome 0 mg/kg), saline (100 pL) was injected. After 7 days
from the first Lactosome dosage, 1CG-Lactosome (diameter: 35 nm)
was intravenously injected (100 pL, 5 mg/kg) to the mice. Injected
ICG amount was set to be 5 nmol/kg. NIRF images were taken at
5 min and 24 h after the administration. During the imaging process,
the mice were held on the imaging stage under anesthetized condi-
tion with 2.5% of isoflurane gas in air flow (1.5 L/min).

On experiment, which evaluate effect of second Lactosome dosage
amount to the Lactosome ABC phenomenon, tumor bearing were di-
vided into 6 groups (n = 3). To the all mice except control group
ones, Lactosome of 35 nm in diameter was intravenously injected
(100 pL, 5 mg/kg). To the mice of control group (Lactosome 0 mg/kg),
saline (100 pL), was injected. At 7 days after the first Lactosome admin-
istration, ICG-Lactosome (diameter: 35 nm) was intravenously injected
(5, 25, 50 mg/kg/100 plL, 150, 350 mg/kg/200 pL) to the mice. Injected
ICG amount was set to be 5 nmol/kg on all groups. NIRF images were
taken in the same method with above.

2.5. Preparation of serum

On experiment, which evaluate effect of first Lactosome dosage
amount to the Lactosome ABC phenomenon, mice blood was collected
after 7 days from the first Lactosome (diameter: 35 nm, injection vol-
ume: 100 pL (5, 25, 50 mg/kg), 200 pL (100, 150, 200, 250 mg/kg))
dosage. Collected blood from inferior vena cava under anesthesia condi-
tion was transferred into Microstrainer® tube (BD Corp. USA). Blood
serum was separated by centrifugation (10 min, 3000 rpm) and saved
at —40 °C.

On experiment, which evaluate effect of second Lactosome
dosage amount to the Lactosome ABC phenomenon, mice were
occurred ABC phenomenon to be injected Lactosome (5 mg/kg). To
the mice, Lactosome (diameter: 35 nm, injection volume: 100 pL
(5, 25, 50 mg/kg), 200 pL (150, 350 mg/kg)) was injected at 7 days
after first injection. The mice blood were collected at 7 days after
second administration, and treated in the same way with above.

2.6. Enzyme-linked immunosorbent assay (ELISA) experiment

Lactosorme (0.5 pg) in 50 pL distilled water was added to 96-well
plates and air dried completely for 1 day. Then, 150 pL of blocking buffer
(2% BSA/PBS) was added and incubated for 2 h. The wells were washed
four times with washing buffer (PBS-T: 0.05% Tween 20 in PBS). Mice
serum were added to the wells and incubated for 2 h. After the incuba-
tion, the wells were washed four times using PBS-T. Peroxidase conjugat-
ed goat-anti-mouse IgM in 0.1% BSA/PBS (50 (L, Southern Biotech, USA)
was added as the secondary antibody. After incubation of the solution for
2 h, and then the wells were washed again four times with PBS-T.
o-Phenylenediamine (0.5 mg/mlL, Sigma, St. Louis, MO), which was
dissolved in 0.0003% H,0,-0.1 M citrate phosphate buffer (pH 5.0),
was added to the microplate. 10 min after the o-Phenylenediamine
addition, optical density (OD) was determined from UV absorbance
at 490/reference at 620 nm. :

2.7. Ethics

All of our in vivo animal experiments were approved by the Ani-
mal Research Committee of Kyoto University. Animals were treated
humanely.

3. Results
3.1. Preparation of Lactosome and ICG-Lactosome

Lactosome, which is composed of poly(Sar)g4-block-PLLAso amphi-
philic polydepsipepitde, was prepared by the film rehydration method.
ICG-Lactosome was prepared by the same method with Lactosome but
with an appropriate amount of ICG-labeled poly(i-lactic acid) 30mer
(ICG-PLLA3p) in addition to the amphiphilic polydepsipeptide on poly-
mer film preparation (Fig. 1). Lactosome showed no toxicity up to
2000 mg/kg (Fig. S1) and blood-half time of ICG-Lactosome was calcu-
lated to be 17.8 h in mice (Fig. S2).
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Fig. 2. The effect of the first Lactosome dose on the Lactosome ABC phenomenon. NIRF images of mice at (a) 15 min (view from A in Fig. 2d) and (b) 24 h (view from C in Fig. 2d)
after ICG-Lactosome of 2nd dose. Lactosome (5, 25, 50 mg/kg/100 L, 150, 250, 350 mg/kg/200 uL) were injected to the mice 7 days before the ICG-Lactosome administration.
SUIT-2/pEF/luc cells were transplanted at the right femoral region of mice, which tumor sites are indicated by white arrows. The fluorescein signal ranges were set to be the
same for all the images from max count 5000 to min count 1000. (c) Time schedule for the NIRF imaging. Black and green arrows indicate the injection time points of Lactosome
and ICG-Lactosome, respectively. NIRF imaging was performed at red arrows. (d) NIRF images were taken with using Shimadzu Clairvivo OPT, which can take five images from
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3.2. Effect of the first Lactosome dose on the ABC phenomenon

Tumor bearing mice were divided into seven groups and Lactosome
was pre-administrated at different doses of 5, 25, 50, 150, 250, and
350 mg/kg. As a control group, only saline was administrated. At 7 days
after the first Lactosome administration, ICG-Lactosome (5 mg/kg) was
injected, and NIRF images were taken at 15 min and 24 h after the second
injection (Fig. 2a and b). The Lactosome ABC phenomenon, which is indi-
cated by accumulation of NIRF signal at liver instead of spreading over the
whole body, was observed with the groups of the first Lactosome doses in
the range of 5-50 mg/kg. With increasing the amount of Lactosome
pre-dose over 150 mg/kg, the NIRF signals were found to spread over
the whole body via blood stream, followed by accumulation in the
transplanted tumor regions in the NIRF images at 24 h.

The region of interest (ROI) analyses at liver were carried out with
taking the fluorescence intensity at the healthy left femoral region as
background using NIRF images, which were taken 15 min after
ICG-Lactosome administration (Figs. 2a, d, and S3). The signal intensi-
ty ratios at liver against background (L/B) are summarized in Table 1

with those at the single Lactosome dose (corresponding to the case of '

1st dose of 0 mg/kg), (L/B)o. Occurrence of the Lactosome ABC phe-
nomenon can be evaluated by the numerical values of (L/B)/(L/B)o
taking more than the critical value of 2.0 according to Table 1.

Since the Lactosome ABC phenomenon is well related with pro-
duction of anti-Lactosome IgM induced by the first Lactosome admin-
istration irrespective of ICG labeling {G], the levels of anti-Lactosome
IgM at 7 days after the dosing in the range of 5-250 mg/kg were eval-
uated by ELISA (Fig. 3). The group of the Lactosome dose of 5 mg/kg
showed the highest IgM production. As the Lactosome dose was in-
creased, the amount of anti-Lactosome IgM was inversely decreased.

3.3. The dose dependence of Lactosome pharmacokinetics at the second
administration

With using mice immunized with the Lactosome pre-dose of
5 mg/kg (Fig. 2), ICG-Lactosome (5-350 mg/kg with keeping ICG con-
centrations the same for all the groups) was administered to evaluate
the dose dependence of the pharmacokinetics. NIRF images were
taken at 15 min and 24 h after the administration (Figs. 4a, b, and S4).
When the second Lactosome dose was as low as 5 or 25 mg/kg, the
Lactosome ABC phenomena were observed. On the other hand, with
the second Lactosome doses over 50 mg/kg, ICG-Lactosome spread
over the whole body, and ICG signal was detected from the transplanted
tumor region at 24 h after the Lactosome second administration.

Table 2 shows the results of the ROI analyses on NIRF imaging at
15 min after ICG-Lactosome administration (Figs. 4a and S4). When
the second Lactosome doses were 5 and 25 mg/kg, (L/B)/(L/B), became
10.8 and 6.32, respectively, indicating occurrence of the ABC phenome-
non. Whereas, (L/B)/(L/B)o decreased below 2.0 in the cases that the
second doses were over 50 mg/kg.

Table 1
The effect of first Lactosome dose on Lactosome biodistribution at second administration.
Lactosome administration ~ (L/B) (L/B)/(L/B)e*  ABC phenomenon®
(mg/kg)
0 1.03 £ 008 - -
5 111455 108 £ 54 Yes
25 8.67 + 642 840 £ 622 Yes
50 6.57 £+ 5.09 636 £ 4.93 Yes
150 1.80 £ 053  1.74 £ 0.52 No
250 115+ 017 112 £ 017 No
350 147 £022 143 £ 022 No

2 The (L/B)o value was determined to be 1.03 from NIRF images of mice at 15 min
after single administration of ICG-Lactosome (Lactosome pre-dosage of 0 mg).

® The (L/B)/(L/B), values taking more than 2.0 are indication of occurrence of the
ABC phenomenon.
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Fig. 3. (a) The anti-Lactosome 1gM level at 7 days after the Lactosome administration with
varying the amounts (5, 25, 50 mg/kg/100 L, 100, 150, 200, 250 mg/kg/200 pL). Each
value was normalized with taking the IgM production with 5 mg/kg dose as a reference.
(b) Time schedule for the experiment. Black arrow indicates the injection time point of
Lactosome. The serums were collected at 7 days after the injection (the green arrow)
and subjected to ELISA. ** represents significant difference from 5 mg/kg dose groups
with p < 0.01.

The second dose dependence of anti-Lactosome IgM productions
was evaluated by ELISA. At 7 days after the Lactosome second admin-
istration with varying the doses from 5 to 350 mg/body, mice serums
were collected to evaluate the anti-Lactosome IgM level. At any doses,
anti-Lactosome IgM was found to maintain the high level (Fig. 5).

4. Discussion

The first Lactosome dose dependence of the ABC phenomenon
shows a critical value of 50 mg/kg dose. When the first Lactosome
dose was below 50 mg/kg, the ICG-Lactosome at the second adminis-
tration was entrapped in liver (Fig. 2) with high (L/B)/(L/B)o values
(Table 1), indicating occurrence of the Lactosome ABC phenomenon
as previously reported [6]. On the other hand, when the first Lactosome
dose was over 150 mg/kg, the ICG-Lactosome at the second administra-
tion spread over the whole body followed by the accumulation in the
tumor region by the EPR effect (Fig. 2) with low (L/B)/(L/B)o values
below 2.0 (Table 1). These results suggest that tolerance to immuno-
genic Lactosome was developed with high dose similarly to the report
that high-dose PEGylated liposome evaded from the ABC phenomenon
[22]. However, the anti-Lactosome IgM levels in serums decreased just
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The injected ICG amounts were kept the same to be 5 nmol/kg for all the groups. NIRF images of tumor-transplanted mice at 15 min (a) and 24 h (b) after ICG-Lactosome administration.
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imaging. The black and green arrows indicate the injection time points of Lactosome and ICG-Lactosome to the tumor-transplanted mice, respectively. NIRF imagings were performed at

the time points of red arrows.

monotonously with increasing the first Lactosome doses without show-
ing any critical value (Fig. 3), meaning that the development of immune
tolerance is insufficient with these doses even though the anti-
Lactosome IgM level diminished with a large amount of Lactosome
dose. In order to analyze the immune response more quantitatively,
Lactosome doses at the second administration were varied.

When the ICG-Lactosome dose over 50 mg/kg was administered
to the immunized mice, the NIRF signals spread over the whole
body followed by accumulation in the tumor region (Fig. 4). However,
anti-Lactosome IgM in serum kept high level irrespective of the
second doses in the range from 5 to 350 mg/kg (Fig. 5). The high
doses therefore did not develop the immune tolerance. The ABC
phenomenon was still there, but anti-Lactosme IgM should be

Table 2
The effect of second Lactosome dose on its biodistribution.
Lactosome administration  (L/B) (L/B)/(L/B)o®  ABC phenomenon®
(mg/kg)
0 1.03 £ 008 - -
5 11.1 £ 55 108 + 54 Yes
25 652 £ 1.85 632 £ 1.80 Yes
50 1.65 + 067 1.60 & 0.64 No
150 0.91 + 0.01 0.88 + 0.01 No
350 091 4+ 006  0.88 & 0.06 No

@ The (L/B)o value was determined to be 1.03 from NIRF images of mice at 15 min
after single administration of ICG-Lactosome (Lactosome pre-dosage of 0 mg).

> The (L/B)/(L/B)o values taking more than 2.0 are indication for occurrence of the
ABC phenomenon.

consumed with excessive doses of over 50 mg/kg at the second
Lactosome administration, leading ICG-Lactosome free from binding
of anti-Lactosme IgM.

The concentration of anti-Lactosome IgM in serum at 5 days after
the first Lactosome administration was roughly determined to be
49 pg/mL by the Mouse IgM ELISA quantitation set (Table S1). With
using a total blood pool of a nude mouse and the molecular weight of
1gM of ca. 2.0 mL and 970 kDa, respectively [23], the total amount of
anti-Lactosome IgM in blood is calculated to be ca. 5 nmol/kg. Under
the assumption that Lactosome is consisted of ca. 200 amphiphilic
polydepsipeptide, Lactosome of 50 mg/kg corresponds to 35 nmol/kg.
The Lactosome dose over 50 mg/kg is thus far excessive to the amount
of anti-Lactosome IgM. In other words, anti-Lactosome IgM does not
work sufficiently against the high dose of Lactosome.

Taken together, all the data presented here can be interpretable as
follows. With increasing the first Lactosome dose, the anti-Lactosome
IgM level decreases gradually due to partial immune tolerance. When
the anti-Lactosome IgM level becomes lower than the amount re-
quired for opsonization of Lactosome of 5 mg/kg, the ABC phenome-
non disappears at the second administration of the ICG-Lactosome
of 5 mg/kg. On the other hand, even mice, which produce the high
level of anti-Lactosome IgM with Lactosome pre-dose of 5 mg/kg,
do not show the ABC phenomenon when the ICG-Lactosome is
administered together with excessive amount of Lactosome, which
should consume anti-Lactosome IgM produced in immunized mice.

It is considered that immune tolerance is induced by frequent
administration of low dose antigen or administration of high dose
antigen [24,25]. As far as TI antigens are concerned, PEGylated
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Fig. 5. (a) The effect of second Lactosome dose on the produced anti-Lactosome IgM
level. Each value was normalized by anti-Lactosome IgM production level when
5 mg/kg of Lactosome was singly administrated to the mice. (b) Time schedule for
the experiments. The black arrows indicate the injection time points of Lactosome.
The serums were collected at 7 days after the second Lactosome administration
(5, 25, 50 mg/kg/100 pL, 150, 250, 350 mg/kg/200 pL), which is indicated by the
green arrow. * and ** represent significant difference from the groups of single
administration of 5 mg/kg with p < 0.05 and p < 0.01, respectively.

liposome was shown to induce immune tolerance with administra-
tion of high dose PEGylated liposome [15-19]. Similarly, TI antigen
of Lactosome is shown here to induce partial immune tolerance at
higher doses of first administration. In this case, the immune toler-
ance is usually interpretable as B cell's anergy or apoptosis [23]. In
order to get more information on it, the regular dose of Lactosome
was administered to the partially immunized mice with a high dose
at first administration (Fig. S5 and Table S2). The NIRF imaging
using ICG-labeled Lactosome clearly shows the occurrence of the
ABC phenomenon upon the second regular dose. It is therefore
suggested that B cell's apoptosis is a more plausible explanation
than the establishment of negative signaling to B cell against the
immunogenic Lactosome.

Once anti-Lactosome IgM level was raised by Lactosome administra-
tion, the production could not be suppressed by following Lactosome
administration with high doses. Lactosome is found to be one of strong
TI-2 antigens, which may be ascribed to the long clearance time from
the blood stream and also to the repetitive and regular epitope presen-
tation on the surface of nanoparticles. Lactosome, therefore, effectively
activates B1 to generate IgM with the first administration of Lactosome,
which may lead to keep the memory effect [26,27]. The repeated expo-
sure to Lactosome may induce the strong immune response of B cells,
but which details remain to be studied.

5. Conclusion

T-cell independent immune response is known to be tolerated by
high-dose antigens. In this study, the Lactosome ABC phenomenon,
which is caused by production of anti-Lactosome IgM, could be
suppressed by high-dose Lactosome at either first or second adminis-
tration, and transplanted tumor could be imaged. In terms of the
anti-Lactosome IgM level, the high dose at the first administration
develops a partial immune tolerance, but at the second administra-
tion does not. Importantly, any acute toxicity with Lactosome of
high dose was not observed. Therefore, high-dose Lactosome is a
considerable approach to evade from the Lactosome ABC phenome-
non, which makes it possible to use Lactosome for multiple imaging.
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