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1 | INTRODUCTION

| Shiro Morit"?® | Tetsuya Kodama®?*

Abstract

Delivery of chemotherapeutic agents into metastatic lymph nodes (LNs) is challeng-
ing as they are unevenly distributed in the body. They are difficult to access via tra-
ditional systemic routes of drug administration, which produce significant adverse
effects and result in low accumulation of drugs into the cancerous LN. To improve the
survival rate of patients with LN metastasis, a lymphatic drug delivery system (LDDS)
has been developed to target metastatic LN by delivering chemotherapy agents into
sentinel LN (SLN) under ultrasound guidance. The LDDS is an advanced method that
can be applied in the early stage of the progression of tumor cells in the SLN before
tumor mass formation has occurred. Here we investigated the optimal physicochemi-
cal ranges of chemotherapeutic agents’ solvents with the aim of increasing treatment
efficacy using the LDDS. We found that an appropriate osmotic pressure range for
drug administration was 700-3,000 kPa, with a viscosity < 40 mPa:-s. In these phys-
icochemical ranges, expansion of lymphatic vessels and sinuses, drug retention, and
subsequent antitumor effects could be more precisely controlled. Furthermore, the
antitumor effects depended on the tumor progression stage in the SLN, the injection
rate, and the volumes of administered drugs. We anticipate these optimal ranges to
be a starting point for developing more effective drug regimens to treat metastatic
LN with the LDDS.
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Thus, the prognosis is worse for patients with LN metastases than

Lymph node (LN) metastasis is one of the most salient prognostic fac-
tors for many types of cancer. Despite recent advances in the treat-
ment of metastasis, the 5-year survival rate of patients remains poor,
particularly for head and neck cancer, with average 5-year survival
rates of approximately 77%, 52%, and 35% for patients with local,

regional LN, and distant sites exhibiting metastases, respectively.

for those patients with only localized tumors.>? Survival rates depend
on the stage of the cancer metastasis and are mostly correlated with
the numbers of LN containing metastases. Therefore, controlling the
regional LN is extremely important. Intravenous (i.v.) administration
of chemotherapeutic agents is widely used for the treatment of met-
astatic LN. Most small molecule drugs (<10 nm) have poor aqueous

solubility, low bioavailability, and little tissue selectivity.3 In addition,
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drugs leak from blood capillaries into the interstitium and are subse-
qguently absorbed by the lymphatic system and then reabsorbed into
the blood vascular system because the lymphatic molecular absorp-
tion windows are 10-100 nm*°; an optimal range is 20-50 nm.*”

A two-stage approach to maximize drug delivery to the LN was
inspired by the trafficking route of particulate antigens.8 After in-
tradermal injection of approximately 27-nm diameter nanoparticles,
they were transported from the interstitial space to downstream
LN%* and accumulated there.®? Access of drugs to the lymphatic
network is dependent on their molecular size®®'%!: the LN sinus
allows entry of small molecules (3-5 nm in diameter) with molecular
weights <70 kDa.''2* To increase lymphatic uptake and LN ex-
posure, various approaches have been adopted to deliver lipid-like
macro or nanoparticles interstitially or orally associated with sized
colloidal lipoproteins in absorptive cells.8101118.1516 i G\wever, these
administration routes provide access only to the downstream LN.
For diseases associated with multiple LN or LN that are not accessi-
ble by injection, delivery of therapeutic agents is challenging.

LNs are organs rich in vascular networks;"? therefore, tumor
cells that have metastasized to LN can proliferate by replacing paren-
chyma with tumor cells but without inducing tumor neovasculariza-
tion at an early stage (i.e., formation of a perfusion defect).?%23 Thus,
the effect cannot be relied upon to deliver macromolecular drugs
during the early stage of LN metastasis.?? Therefore, there is an ur-
gent need to develop new ways to treat tumor cells in LN independent
of hematogenous delivery. One potential approach is to deliver drugs
directly through the lymphatic system. However, this approach can-
not be readily verified in wild-type mice for two main reasons. First,
the lymphatic system in mice is not easily visualized by the naked eye,
partly because the LN are 1-2 mm in size and may be obscured by ad-
ipose tissue and partly because the lymphatic vessels are transparent.
Second, at present, there is no reproducible LN metastasis model that
can accurately predict the timing of the development of LN metas-
tasis, excluding our MXH10/Mo/lpr mouse model. Even if metastasis
is induced in LN in these mice, the metastatic LN exhibit extranodal
invasion or parenchyma replacement by tumor cells during the early
stage of nodal metastasis due to the small sizes of the LN.2*

Therefore, we established MXH10/Mo-lpr/lpr (MXH10/Mo/
Ipr), a recombinant inbred mouse that develops systemic swelling
of LN that enlarge to 10 mm in diameter (equivalent size to LN in
the human)?® from 2 months of age due to the accumulation lpr-T
cells (CD4"CD8 B220*Thy*).?® Focusing on the positional relation-
ship between the upstream and downstream LN in the mouse lym-
phatic network, we developed a reproducible LN metastatic mouse
model by inoculating tumor cells into the upstream LN so that the
tumor cells were directed to the downstream LN via the lymphatic
vessels. 2”28

The aim was to increase treatment efficacy with higher deliv-
ery of particles or chemotherapeutic agents into the lymphatic
system using a one-stage approach, based on the knowledge that
the lymphatic network is further controlled by its anatomical struc-
ture.'%1214 We used the mouse model to develop a lymphatic drug
delivery system (LDDS)?’ that could treat sentinel LN (SLN) and their

downstream LN at the early stage of metastasis. This is achieved by
the local injection of chemotherapy drugs into the SLN under ultra-
sound guidance or during intraoperative or image-guided surgery.
Specifically, the LDDS can be used to administer chemotherapy
drugs at the early stage of tumor cell spread through the lymphatic
network and, therefore, inhibit distant metastasis induced by LN-
mediated hematogenous metastasis theory. The advantages of the
LDDS compared with other conventional cancer metastasis che-
motherapy routes are extensive, such as the use of much lower
concentrations of drugs and minimal side effects. The upstream
and downstream LN are connected by lymphatic vessels, and the
lumens of the lymphatic vessels have semilunar valves that prevent
regurgitation from upstream to downstream flows.° In the LDDS,
since there is no driving force (i.e., the blood circulatory system),
the pressure difference between upstream and downstream flows
caused by injecting the drug into the upstream LN opens the semilu-
nar valve in the lymphatic vessel, which is then directed toward the
downstream LN. When the drug is delivered in one direction and the
pressure difference disappears, the drug is retained in the lymphatic
network for a long time by the semilunar valve. This hydrodynamic
property has never before been utilized in the current drug delivery
system but confers a very important advantage for the treatment
of LN metastasis.>° The flow pattern differs from the normal phys-
iological flow because of the synchronization of the lymphatic con-
traction and semilunar valve opening.3*%2 In experiments using the
LDDS to administer chemotherapeutic drugs (CDDP or 5-FU) at an
early stage of LN metastasis, the drug dose required to produce an
antitumor effect in the metastatic LN was much smaller than that
needed for systemic chemotherapy.®2®> Furthermore, plasma bio-
chemistry showed no evidence of acute renal failure, acute pancre-
atitis, or liver dysfunction when such low doses were used. Thus,
it is believed that drug administration using the LDDS will produce
little risk of adverse side effects yet will be a highly effective an-
titumor treatment.®?%> The results indicated that the LDDS was
effective in suppressing tumor growth in metastatic LN compared
to conventional hematogenous (systemic) chemotherapeutic agent
treatment. The pathological analysis, however, revealed that cells
growing densely in the lymphatic sinus were not markedly affected,
suggesting that the lymph sinus was occluded by the presence of
multiple tumor cells. In other words, the drug was not delivered
around the tumor.3%33

Preliminary studies have shown that physicochemical ranges
were determined by two independent factors: osmotic pressure and
viscosity for LDDS.¢ In the present study, we hypothesized that
when a chemotherapeutic agent solution with high osmotic pressure
and viscosity was given through the LDDS, expansion of lymphatic
vessels and sinuses, drug retention, and the subsequent antitumor
effect could be controlled. When tumor cells proliferate in the lym-
phatic sinuses, tumor embolism occurs in the lymphatic sinuses. Even
if the drug reaches the lymphatic vessels from the upstream LN, the
drug is not delivered due to embolization. However, increasing the
osmotic pressure of the solvent of chemotherapy drugs to a certain
level increased the amount of fluid stored in the lymphatic sinuses
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and dilated the lymphatic sinuses, thus creating gaps between the
tumor and endothelium of the lymphatic sinus. We used docetaxel
(DTX) as the chemotherapeutic agent because the osmotic pressure
and viscosity varied by changing the solvent’s concentration, which
allowed us to establish an optimal osmotic pressure and viscosity
range for use with the LDDS. Furthermore, we found that the anti-
tumor effects depended on the LN’s tumor progression stage, the
injection rate, and the volume administered. We anticipate these
optimal ranges to be a starting point for the development of more
effective drugs to treat metastatic LN using the LDDS. The results
are considered applicable to most chemotherapeutic agent solutions
and are expected to guide drug design for the LDDS.

2 | MATERIALS AND METHODS

2.1 | Solutions

Two types of solutions were prepared:12 test solutions (A-L,
Table S1) and four DTX solutions (Table S4). The 12 test solutions
consisted of polysorbate 80 (NOF), 100% ethanol (Fuji Film Wako
Pure Chemical), distilled water, and 0.5 mg/mL of indocyanine green
(ICG, Daiichi-Sankyo). Four DTX solutions were prepared using DTX
(Sanofi K. K), polysorbate 80 (NOF), 100% ethanol (Fuji Film Wako),
saline (Otsuka Pharmaceutical Factory), distilled water, and 0.5 mg/
mL of ICG (Daiichi-Sankyo). For the control group, polysorbate 80
was used instead of DTX. The final concentration of ICG for both
solutions was 100 pg/mL. Osmotic pressure IT was calculated using
the following equation:

IT = CRT, o))

where C denotes the molar concentration, R denotes the ideal gas
constant, and T denotes the absolute temperature. The viscosity (p) of
each solution was measured by two tuning-fork vibration viscometers
(SV-1H and SV-1A, A & D) at room temperature (25.6-25.8°C).

2.2 | Animal models

Animal experimental procedures were conducted in compliance
with the Institutional Animal Care and Use Committee of Tohoku
University’s approved guidelines. MXH10/Mo-Ipr/Ipr (MXH10/Mo/
Ipr) mice (aged 16-18 weeks) 2>%2 and MXH51/Mo-Ipr/lpr (MXH51/
Mo/lpr) (aged 16-20 weeks)*>%” were housed at the Animal Research
Institute, Tohoku University under specific pathogen-free condi-
tions. MXH10/Mo/lpr and MXH51/Mo/lpr mice are remarkable in
that their peripheral LN enlarge to 10 mm in size when they are 2.5
to 3 months old, and furthermore, they do not develop severe au-
toimmune disorders. To allocate the right anatomical positions and
nomenclatures to murine LN, we used the term “subiliac LN (SiLN)”
instead of “inguinal LN” and “proper axillary LN (PALN)” instead of

“axillary LN” 253238
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2.3 | Determination of optimized osmotic
pressure/viscosity ranges for lymphatic drug
delivery system

To evaluate the effects of the viscosity and osmotic pressure of the
solvent on the delivery and the sustainability of delivered drug to
the targeted downstream LN using the LDDS, the 12 test solutions
(Table S1) were administered into the subiliac LN (SiLN), to be de-
livered to the downstream LN, proper axillary LN (PALN) of each
mouse. Using a 27-G butterfly needle and syringe pump, 200 pL of
solution was administered into the SiLN at a rate of 10 pL/min. The
fluorescence from ICG was measured using an in vivo imaging system
(IVIS; PerkinElmer Waltham, MA, USA) on day O (before and after test

solution injections) and on days 1, 7, 14, and 21 post-injection.?”323%

2.4 | Tumor cell implantation into the SiLN

As previously stated, all in vivo experiments were carried out on mice
under general anesthesia (2.5% isoflurane in oxygen), and great care
was taken to reduce animal suffering.32’39'42 The day on which the

SiLN was inoculated with tumor cells was defined as day 0' (Data S1).

2.5 | Administration of docetaxel solutions to the
SiLN and PALN within optimized osmotic pressure/
viscosity ranges

Experiments were divided into two types: (1) evaluation of antitu-
mor effects within optimized osmotic pressure/viscosity ranges;
and (2) assessment of the injection rates and volumes of DTX solu-
tion introduced into the SiLN within optimized osmotic pressure/
viscosity ranges. In Group 1, mice were randomly divided into
six groups: (1,140 kPa, 4 mPa-s, control, n = 6), (1,140 kPa, 4 mPa-s,
DTX, n = 7), (1,960 kPa, 12 mPa-s, control, n = 6), (1,960 kPa,
12 mPa-s, DTX, n = 6), (2,780 kPa, 38 mPa:s, control, n = 6),
(2,780 kPa, 38 mPa-s, DTX, n = 6), and (695 kPa DTX i.v., 2 mPa-s,
control, n = 6), as shown in Table S4. Injection of DTX solution
(200 pL) into the SiLN was carried out manually with a 27-G injec-
tion needle on day 7 after inoculation day 7'. The day in which
DTX solution was injected into the SiLN was defined as day 0". The
concentration of DTX per mouse was 10 mg/kg when the body
weight was assumed to be 40 g. In Group 2, mice were divided into
two treatment groups: treatment day 7' (day 7 after inoculation)
and treatment day 21! (day 21 after inoculation). Each group was
divided into four subgroups that received DTX at different injec-
tion rates and volumes: (200 pL, 200 pL/min, n = 6), (400 uL, 200
uL/min, n = 6), (200 pL, 2,400 pL/min, n = 6), and (400 uL, 2,400
uL/min, n = 6). Injection of the solution (1,140 kPa, 4 mPa-s) into
the SiLN was carried out through a 27-G injection needle driven
by a syringe pump. The injection rate of 2,400 uL/min was similar
to that of a manual injection rate. The concentration of DTX per
mouse was 10 mg/kg for a 200-pL injection and 20 mg/kg for a
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400 plL injection, respectively. For assessment of tumor growth in
the SiLN and PALN in the two groups, luciferase activity was meas-
ured. In the tumor growth observation groups, luciferase activity
was measured on day 7' for the D7' group and on days 7', 14', and
21' for the day 21' group. Treatment days were defined as 0. In
Group I, luciferase activity was measured on O (before treatment),
3T 6" and 9". In Group Il, luciferase activity was measured on
days 0" (before treatment), 3, 6", and 97 for the day 7' and day 21
treatment groups. On every experimental day, 10 min after post-
intraperitoneal administration of luciferin (150 mg/kg; Promega,
Madison, WI, USA), luciferase activity was measured. SiLN and
PALN volumes were measured using a high-frequency ultrasound
imaging system (VEVO770, FUJIFILM VisualSonics) with a 25 MHz
transducer (RMV-710B; Visual Sonics) on days 0' (before tumor
cell inoculation) and 7' (0T before treatment) for the day 7' group
and on days 0', 7', 14!, and 21' (0" before treatment) for the day
21' group, then on 37, 67, and 97 for Group 1 and Group 2. The step
size between each B-mode slice was 0.1 mm, and the field of view
was set to 12 x 12 mm. Values were normalized to those on day 0'

(before inoculation) to obtain normalized volume values.

(A) BT AT 6hr D1 D7 D14 D21 (B)

SolutionA
1kPa
1 mPa's

SiLN

Solution B
588 kPa
1 mPa's

Solution E
1,740 kPa
6 mPa's

Solution K
3,481 kPa
427 mPa's

Solution L
5,221 kPa
8,020 mPa's

Contrast agent (817 kPa, 1 mPas)

3 | RESULTS

3.1 | Optimized osmotic pressure and viscosity
ranges for lymphatic drug delivery system delivery

The concept of the LDDS is that a drug can be administered into
the sentinel LN (SLN) or the upstream LN of a latent metastatic LN
to treat the SLN and its downstream LN. To optimize the ranges
of the osmotic pressure and viscosity of the solvent that are ef-
fective for the LDDS, we used polysorbate 80 and prepared test
solutions adjusted to 12 levels of osmotic pressure and viscos-
ity, as shown in Table S1 (Solution A: 1 kPa, 1 mPa-s; Solution B:
588 kPa, 1 mPa-s; Solution C: 695 kPa, 2 mPa-s etc.). Test solutions
A (1 kPa, 1 mPa-s), B (588 kPa, 1 mPa-s), E (1740 kPa, 6 mPa-s), K
(3481 kPa, 427 mPa-s), and L (5221 kPa, 8020 mPa-s) were ad-
ministered to the SiLN, and the flow dynamics of the solutions
from the SiLN to the PALN were visualized by biofluorescence im-
aging. The retention of each solution in the SiLN and PALN was
measured before treatment (BT) and up to day 21 after treatment
(AT) (Figure 1a). Each solution flowed from the SiLN into the PALN

Solution F (1,897 kPa, 11 mPa-s)
+ Contrast agent

125 min 5min 125 min

FIGURE 1 Determination of optimized osmotic pressure/viscosity ranges for lymphatic drug delivery system. (a) Two-hundred microliters
of test solutions (A, B, E, K, L) were injected into the subiliac lymph nodes (SiLN) toward the proper axillary lymph nodes (PALN) at an
injection rate of 10 pL/min. Fluorescence from indocyanine green (ICG) was measured with an in vivo biofluorescence imaging system. All
solutions reached the PALN from the SiLN. The solution retention in the SiLN increased with increasing osmotic pressure and viscosity.
Solutions E, K, and L induced edema in the SiLN, as indicated by circles. The onset of edema induced by solution C was shorter than that
of solutions K and L. Solution A (IT: 1 kPa, p: 1 mPa-s, n = 4), Solution B (IT: 588 kPa, p: 1 mPa-s, n = 4), Solution E (IT: 1,740 kPa, u: 6 mPa-s,
n = 4), Solution K (I1: 3,481 kPa, pu: 427 mPa-s, n = 4), Solution L (IT: 5,221 kPa, p: 8,020 mPa-s, n = 4). (b) Two-hundred microliters of test
solution (F) were injected into the SiLN toward the PALN at a rate of 10 pL/min, and the contrast agent was injected 5 min afterwards as

a bolus. Lymphatic vessel (LV) expansion was evaluated by micro-CT for 125 min after the contrast agent injection at 5-min intervals. LV
expanded in the solution F group, and this expansion increased with time. Contrast agent (IT: 817 kPa, p: 1 mPa-s, n = 1), solution F (IT:
1987 kPa, p: 11 mPa-s, n = 4) + contrast agent. (Yellow arrow, PALN; white arrow, LV; and blue arrow, SiLN)
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and was drained from the SiLN and PALN, as measured by their
time profiles. There were significant differences in the fluores-
cent intensities among the solutions each day, except immediately
after treatment and on day 14. The retention of the solution in the
PALN for >1 day after treatment was confirmed using solution B
data (Figure 1a, Figure S1). Macroscopic observations confirmed
edema that lasted for up to 7 days after solution E delivery and
21 days for K and L (Figure 1). Statistical significance was not con-
firmed for body weight loss associated with the administration of
solutions A, B, E, K, and L (Table S2). Due to their high viscosities,
it was difficult to inject solutions K (3,481 kPa, 427 mPa-s) and L
(5,221 kPa, 8,020 mPa-s) into the SiLN. The results of these ex-
periments revealed that a drug solvent with viscosity ranges from
427 to 8,020 mPa-s would not be suitable for the clinical adminis-
tration of drugs using the LDDS.

On CT images, the lymphatic vessels from the SiLN to PALN
could not be seen after administration of a contrast agent alone
(817 kPa, 1 mPa:-s) into the SiLN (Table S3). However, when solu-
tion F (1,897 kPa, 11 mPa-s) was administered to the SiLN followed
by administration of the contrast agent into the SiLN, the dilated

(A) (B)

Before After solution After Indian Excised SiLN
'J"ecl' injection rinkinjection

4 x

Indian ink
4mPa's

1mPas

Solution C
695 kPa

1,140 kPa
4 mPa's

Solution D

Solution J
2,780 kPa
38 mPa's
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lymphatic vessels between the SiLN and PALN were clearly visual-
ized (Figure 1b).

Next, Indian ink alone (4 mPa-s) (Table S3), solution C (695 kPa,
2 mPa-s) + Indian ink, solution D (1,140 kPa, 4 mPa-s) + Indian ink,
and solution J (2,780 kPa, 38 mPa-s) + Indian ink was administered
into the SiLN of the respective mouse, and the macroscopical dis-
tribution of the Indian ink in the SiLN and the PALN was evaluated
5 min after administration (Figure 2). In the PALN of mice, to which
only Indian ink was administered into the SiLN, a small amount
of Indian ink was observed in the lymphatic sinuses, but almost
no Indian ink was delivered to the LN parenchyma. However, in
the PALN of mice to which solutions solution C (695 kPa, 2 mPa-s)
+ Indian ink, solution D (1,140 kPa, 4 mPa-s) + Indian ink, and
solution J (2,780 kPa, 38 mPa-s) + Indian ink administration was
followed by Indian ink into the SiLN, Indian ink was observed in
the lymphatic sinus and LN parenchyma. The distribution of ink
within the PALN was more widespread using solution C (695 kPa,
2 mPa-s) + Indian ink and solution D (1,140 kPa, 4 mPa:-s) + Indian
ink than when using solution J (2,780 kPa, 38 mPa-s) + Indian ink.

The lymphatic vessels connecting the SiLN and PALN were more

©
PALN
20 4x 20 x

FIGURE 2 Lymphatic vessel visualization and distribution of molecules in the proper axillary lymph nodes (PALN). (a) Two-hundred
microliters of test solutions (C, D, J) were injected into the subiliac lymph nodes (SiLN) toward the PALN at an injection rate of 2,400 pL/

min (bolus) after lymphatic and venous systems were exposed surgically. Indian ink was injected 5 min after injection of the high osmotic
pressure solution. The flow between the PALN and SiLN was observed. The lymph nodes (LN) were harvested 5 min after Indian ink
injection, and hemisected LN photos were taken immediately before paraffin embedding. Lymphatic vessel (LV) expansion was observed in
the low to high osmotic pressure solution groups. The distribution of the Indian ink in the PALN increased with increasing osmotic pressure
and viscosity. Green boxes in mouse images outline the magnified view of expanded lymphatic vessel. Indian ink (4 mPa-s, n = 4), solution
C (IT: 695 kPa, u: 2 mPa-s, n = 4) + Indian ink, solution D (IT: 1,140 kPa, u: 4 mPa-s, n = 4) + Indian ink, solution J (IT: 2,780 kPa, u: 38 mPa-s,
n =4) + Indian ink. (b and c) H&E-stained section of PALN (b) and SiLN (c) of a 2.5 pm cut section. Scale bars =200 pm (red). Boxes in H&E-
stained images outline the magnified view of H&E staining. Scale bars = 50 pm (blue)
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dilated with solution D (1,140 kPa, 4 mPa-s) + Indian ink and solu-
tion J (2,780 kPa, 38 mPa-s) + Indian ink than after administration
of solution C (695 kPa, 2 mPa-s) + Indian ink (Figure 2a). Indian
ink readily moved into the cortical, medullary, and marginal sinus
of the SiLN after its injection into the SiLN. It leaked from the
lymphatic sinuses and penetrated the LN parenchyma (Figure 2b).
However, there was no significant difference in the Indian ink
distribution in the PALN after Indian ink administration alone
and solution C (695 kPa, 2 mPa-s) + Indian ink (Figure 2c). In the
case of solution D (1,140 kPa, 4 mPa-s) + Indian ink and solution
J (2,780 kPa, 38 mPa:-s) + Indian ink, Indian ink readily penetrated
the cortical and medullary lymphatic sinus of the SiLN. Indian ink
leaked from the lymphatic sinus to the LN parenchyma (Figure 2b).
Indian ink injected into the SiLN reached the PALN through the
lymphatic vessels and was delivered into the cortical and medul-
lary lymphatic sinus of the PALN (Figure 2c). Considering solution
retention, reduced edema, body weight changes, and the ease of
solution injection, the osmotic pressure and viscosity range for

the LDDS solvents were between solution C (695 kPa, 2 mPa-s) +
Indian ink and solution J (2,780 kPa, 38 mPa-s) + Indian ink.

3.2 | Evaluation of the therapeutic effect of
docetaxel at optimized osmotic pressure and viscosity
ranges on metastatic LNs using lymphatic drug
delivery system

Therapeutic effects of the LDDS on the tumor-bearing SiLN were
evaluated using an osmotic pressure-adjusted solution containing DTX
optimized for LDDS. Tumor growth and invasion patterns in the SiLN
varied with the time elapsed from the date of tumor cell inoculation. In
the present study, the tumor bearing SiLN on days 7' (early stage) and
21' (late-stage) after inoculation were targeted for treatment, where
the tumor cell inoculation into the SiLN was defined as day 0'. Tumor
mass formed as small separate foci in the SiLN by day 7', whereas
separate foci were enlarged in the SiLN at day 21 (Figure S2a). Ex vivo

(A)
1,140 kPa — 2780 kPa
695 kPa
1,960 kPa —
(B) 1140kPa 1,140kPa 1960kPa 1,960kPa 2780kPa 2,780kPa 695 kPa FIGURE 3 Flow dynamics of docetaxel
Icontroll DTX . Icontrol_ . DTX , Icomroll . DTX X :DTX (i.vl) (DTX) solutions between the subiliac
8 X = 1 lymph nodes (SiLN) and proper axillary
§ . lymph nodes (PALN). (a) DTX solution
25 was injected into the SiLN on day 0.
<7} . T
3= Flow dynamics were observed on days O
% ‘@ (after DTX injection), 3T 6" and 9". Except
% é for 695 kPa DTX (i.v.), solutions were
g retained in the SiLN and PALN until day
= §55% 545 5554 A565 4505 S454 Sa88 ;?T-<b>F'uore)scenceinteTsitvintheS;LN
Days after the treatment upper graph) and PALN (lower graph).
Fluorescence values were normalized to
1,140kPa 1,140kPa 1,960 kPa 1,960 kPa 2,780 kPa 2,780kPa 695 kPa T .
Jcontrol DX control DTX ~‘control  DTX = DTX(iv) those before treatment on 0" to obtain a
§ norm'alized fluorescence intensi.ty. Data
3 ok - o are given as the mean +SEM. Differences
& Z 1,000p X ** X% * Kok _
o = e — o et Pl between groups were tested by two
% S ool ! L e — o way ANOVA and Tukey’s post hoc test.
S| SO Y - **P < .01, P <001, ***P < .0001.
40 = = 1,140 kPa control (n = 6), 1,960 kPa
E - 1 i i ' ’ ' control (n = 6), 2,780 kPa control (n = 6),
2 I U J 1,140 kPa DTX (n = 6), 1,960 kPa DTX

(n=5),2,780 kPa DTX (n = 5), 695 kPa
(DTXi.v.) (n = 6)
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luciferase activity of the SiLN was 10-fold higher on day 21' than on
day 7', and luciferase activity in the SiLN on day 21' rapidly increased
from day 14" after tumor cell inoculation (Figure S2b). LN volume in-
creases were observed on day 7' after tumor cell inoculation at day 7'
and day 21', and tumor cell inoculated SiLN volume increased almost
onefold in the day 21' group (Figure $2b). The ratio of tumor cells in
the LN cross-sectional area was 4% at 7' and 21' days.

Next, we verified the antitumor effect of solutions, which were
adjusted to four different osmotic pressures and viscosities and used
in the LDDS with and without DTX (Table S4) to treat metastatic LN
onday 7' (Figure 3). The day when treatment solutions were injected
into the SiLN was defined as day O". The fluorescence intensities of
SiLN and PALN were increased immediately after treatment (AT) of
the DTX solution into the SiLN on day O". The fluorescence intensity
decreased to approximately half on day 6 after injection of the treat-
ment solution (Figure 3b). These decreases exhibited similar tenden-
cies, as shown in Figure 1 and Figure S1. Fluorescence intensity in
the SiLN and PALN on day O' differed between solutions and sig-
nificant differences were detected in both LN on day O (Figure 3b).
However, there was no apparent retention among the solutions in

both LN within 3-6 days of treatment. In the i.v. injection group,

(A) -
Control
1,140 kPa —
DTX
Control
1,960 kPa —
DTX
FIGURE 4 Antitumor effects of L
docetaxel (DTX) solutions at different
. . L (B)
osmotic pressures in the subiliac lymph 1,600

nodes (SiLN) and proper axillary lymph
nodes (PALN). (a) Bioluminescence (in vivo)
representative images. Luciferase activity
in the SiLN and PALN were measured

on days 0", 3" 6", and 9". (b) Luciferase
activity in the SiLN (upper side) and PALN

retention of DTX solution could not be detected in the SiLN nor in
the PALN, except immediately after treatment.

Figure 4 shows the antitumor effects of the solutions on tumors
in the SiLN and the PALN as revealed by an in vivo bioluminescence
imaging system (Figure 4a). In the control groups injected with
three different solutions that did not contain DTX and the groups
that received DTX i.v. injections, luciferase activity in the SiLN was
progressively increased. In these groups, the luciferase activity in
the SiLN was approximately 10 to 100-fold higher on day 9T than
on day 0" (Figure 4b). On the other hand, in the PALN and SiLN in
the DTX groups in which DTX solutions with different osmotic pres-
sures and viscosities were injected into the SiLN, luciferase activity
was suppressed (Figure 4a,b). These findings suggested that the de-
livery of drugs with an osmotic pressure and viscosity range (695 kPa,
2 mPa-s-2,780 kPa, 38 mPa:-s) that induced lymphatic vasodilatation
(Figure 1b and Figure 2a) dramatically improved the antitumor effect.

The LN volumes were measured before the implantation treat-
ment and every experimental day (Figure 5). In mice treated with con-
trol solution, regardless of the osmotic pressure, the SiLN volume on
day 97 was three to four times higher than on day 0. In contrast, the

SiLN volume was little changed or lower on day 9T (vs day 0') in mice

2,780 kPa <

: 1,140 kPa (Control)
: 1,960 kPa (Control)

11,140 kPa (DTX)

(lower side) normalized to day O. There
were significant differences in luciferase
activity in the SiLN and PALN between
control and DTX solutions at each osmotic

or

pressure. Data are given as the mean g . g
+SEM. Differences between groups were -‘% Z 100
tested by two-way ANOVA and Tukey’s = é
post hoc test. *P < .05. O, 1,140 kPa g2 19
control (n = 6); [, 1,960 kPa control g '*% 1
o
z

(n=6); /\, 2,780 kPa control (n=6) ; @,
1,140 kPa DTX (n = 6); B, 1,960 kPa DTX 0.1

Normalized luciferse
activity (SiLN)
o -~ 3
- = o o
2 d K 1 aul@]

Days after the treatment

(
(
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(
(

- 1,960 kPa (DTX)
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3' 6 9r

.
(n=5); A, 2,780 kPa DTX (n = 5); ¢, 0

695 kPa (DTXi.v.) (n = 6)

3" 6" o'

Days after the treatment
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treated with DTX-containing solution (including the DTX i.v. group)
(Figure 5a,b). A similar tendency was observed in the PALN; the PALN
volume on day 9" was approximately two times greater than on day 0'
after treatment with DTX-containing solution (Figure 5b).

Figure 6 and Figure 7 shows representative histological data
of the SiLN and PALN after treatment with solutions on day 9.
LN were excised under the same conditions for all groups. Tumor
proliferation and invasion along the lymphatic channels were ob-
served in the parenchyma of the SiLN in the control solution groups
at 1,140 kPa, 1,960 kPa, and 2,780 kPa (Figure 6a). In some cases,
in the SiLN of the control solution groups, tumor proliferation in
the marginal sinus and invasion into the efferent lymphatic vessel
were detected, while in the PALN of the same groups, tumor inva-
sion from the afferent lymphatic vessels into the marginal sinuses

was found (Figure 7a). There were no significant differences in

histological characteristics between tissues examined after control
solution injections at different osmotic pressures and viscosities. In
the SiLN of groups of mice treated with DTX solutions at different
osmotic pressures and viscosities, tumor proliferation and invasion
in the parenchyma of the LN, such as those observed in the control
groups, were almost entirely replaced by necrotic tissue or dead
tumor cells within the lymphatic sinuses. There was no tumor in
most areas of the SiLN parenchyma (Figure éb). In the PALN groups
of mice treated with DTX solutions at different osmotic pressures
and viscosities, although a small number of tumor cells were ob-
served in the lymphatic channel, these cells showed karyomegaly,
karyopyknosis, karyorrhexis, or karyolysis, which suggested a loss
of proliferative activity (Figure 7b). Tumor cell proliferation was
found after 695 kPa (DTX i.v.) was administered to the SiLN, and

tumor cells were found in the parenchyma of its PALN.

FIGURE 5 Evaluation of the subiliac
lymph nodes (SiLN) and proper axillary
lymph nodes (PALN) volumes after

the injection of solutions at different
osmotic pressures. (a) 3D ultrasound
representative images of the SiLN and
PALN (control and docetaxel (DTX)-
containing solutions at 2,780 kPa; 695 kPa
DTXi.v.) on day 0' and day 9". (b) SiLN
(upper side) and PALN (lower side) volume,
normalized to day 0', at different times
after tumor cell inoculation. Data are
given as the mean +SEM. Differences
between groups were tested by two-

way ANOVA and Tukey's post hoc

test. *P < .05, **P < .001, ***P < .001,
%P < .0001. O, 1,140 kPa control

(n = 6); [, 1,960 kPa control (n = 6); A\,
2,780 kPa control (n = 6); @, 1,140 kPa

SILN PALN
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FIGURE 6 Histological analyses

of the subiliac lymph nodes (SiLN)
treated by docetaxel (DTX) solutions at
different osmotic pressures. (a) Control.
Three solutions with different osmotic
pressures. H&E staining and LYVE1 and
CD31 immunohistochemistry staining
results in the SiLN of a 2.5-um section.
Scale bars =1 mm (black). The dotted
square was enlarged and analyzed by
H&E, LYVE1, and CD31. Scale bars =
200 pm (red). (b) DTX treatment. H&E and
LYVE1 and CD31 immunohistochemistry
staining results in the SiLN of a 2.5-um
section. Scale bars = 1 mm (black). The
dotted square was enlarged and analyzed
by H&E, LYVE1, and CD31. Scale bars =
200 pm (red). N, necrosis; T, tumor

(A)

H&E

Control

(8)

DTX

LYVE1

CD31

In contrast, when the effect of the treatment method was ex-
amined from the viewpoint of body weight changes, there were
no statistically significant differences for each experimental group
(Table S5). We also performed biochemical tests for DTX in the
different osmotic pressure groups. No obvious level changes were
revealed by the biochemical tests, and there were no statistically
significant differences (Table Sé).

3.3 | Intranodal delivery of docetaxel at optimized
osmotic pressure and viscosity varied with the
volume and rate of injection for different stages of
metastatic lymph nodes

When we applied the LDDS to treat metastatic LN, differences were
detected in the responses to treatments in the metastatic LN be-
tween those at an early or advanced stage. Based on previous stud-
ies, the LN 7 days after tumor cell inoculation (day 7') were defined

Cancer Science Nls s o

1,140 kPa 1,960 kPa 2,780 kPa
: i &

as the early metastatic LN model, and the LN 21 days after tumor cell
inoculation (days 21') defined as the advanced metastatic LN model;
experimental treatments were conducted using each metastatic LN
model.

Our previous studies*® have shown that when using the LDDS
to deliver drugs from upstream to downstream LN, the volume and
injection rates of LDDS in the upstream LN dictates the amount
of drug delivered to the downstream LN. In the present study, we
examined antitumor effects by varying the volume and injection
rates into the LN, which were examined on days 7' and 21'. A DTX
solution with optimized osmotic pressure and viscosity (solution D,
1,140 kPa, 4 mPa-s) was used. The volumes (200 pL, 400 pl) and
injection rates (200 pL/min, 2,400 pL/min) were selected, where
2,400 plL/min was defined as a bolus rate.324

When the DTX solution was injected into the SiLN on different
tumor proliferation days with various injection volumes and rates,
the solution readily moved from the SiLN to the PALN under these
conditions (Figure 8a and Figure 3a), and the flow pattern was similar
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(A) 1,140 kPa 1,960 kPa 2,780 kPa
H&E
H&E
Control
LYVE1
(B)
H&E
H&E
DTX
LYVEA1
CD31

to that observed in Figure 3. A statistically significant difference in
the fluorescence intensity was confirmed immediately after the
drug’s injection into the SiLN (Figure 8b). The highest fluorescence
intensity signal in the SiLN was observed on day 21" in the 400 pL
groups. Please refer the data of the 1,140 kPa group in Figure 3a,
Figure 4a and Figure 6a for the 200 pL, 2,400 pL/min of days 7'
group indicated in Figure 8a, Figure 9a, and Figure S4a.

Figure 9a shows luciferase activity day 7' and day 21' treat-
ment results with varied injection volume and rates. Less lucif-
erase activity was detected in the SiLN and PALN after 200 pL,
2,400 pL/min on day 7', which signaled tumor inhibition. On day
21!, 400 puL and 200 pL/min exhibited the least luciferase activity
in the SiLN, and no luciferase activity was detected in the PALN.
No significant differences were found in the volume and injection
rates that improved the antitumor effect after drug administration
into the SiLN on days 7" and 21' (Figure 9b). Tumor proliferation
and invasion were entirely suppressed in the SiLN and PALN on

FIGURE 7 Histological analyses of
the metastatic proper axillary lymph
nodes (PALN) treated by docetaxel (DTX)
solutions at different osmotic pressures.
(a) Control. Three solutions with different
osmotic pressures. H&E staining and
LYVE1 and CD31 immunohistochemistry
staining results in the PALN of a 2.5-pm
section. Scale bars = 1 mm (black). The
dotted square was enlarged and analyzed
by H&E, LYVE1, and CD31. Scale bars =
200 pm (red). (b) DTX treatment. H&E,
LYVE1, and CD31 immunohistochemistry
staining results in the PALN of a 2.5-pm
section. Scale bars = 1 mm (black). The
dotted square was enlarged and analyzed
by H&E, LYVE1, and CD31. Scale bars =
200 pm (red). T, tumor

day 7% on day 21!, slight tumor cell growth inhibition was found
(not at a level to suppress tumor proliferation completely). From
ultrasound imaging results, tumor cell inoculated SiLN volume was
reduced to the same size as the implantation day on day 7' after
treatment with DTX at 200 pL or 2,400 pL/min (bolus) (Figure S3a).
Conversely, the tumor cell inoculated SiLN volume was not re-
duced on day 21' after treatment with DTX at 400 pL or 200 pL/
min. In these experiments, we observed temporary edema around
the SiLN into which treatment solutions were injected at the fol-
lowing volumes and rates: 200 pL, 200 pL/min; 400 pL, 200 pL/min
and 400 pL, 2,400 puL/min groups for day 7'; and all groups on day
21'. Regarding the suppression of tumor growth in the LN, statis-
tically significant differences were found in the SiLN between the
groups in the day 7' and day 21' groups, and increasing volume of
the LN was observed on day 21' (Figure S3b). No noticeable vol-
ume changes were observed in the PALN of all groups; therefore,
statistically significant differences were not found in the PALN
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between the day 7' and day 21' groups. In the histological analyses,
tumor cells were found located in the parenchyma and marginal
sinus of the SiLN of the 200 pL day 7' group, excluding the 2,400
pL/min group (Figure S4a). For the 200 pL and 2,400 uL/min group
on day 7', tumor cells were replaced with necrotic tissue. On the
other hand, extranodal and intranodal tumor invasion was found
for SiLN on day 21', with the exception of the 400 pL and 200 pL/
min treated group (Figure S4b). There were no statistically signifi-
cant differences in mouse body weight during the study between

groups (Table S7).

4 | DISCUSSION

Our study produced four significant findings. First, the optimal os-
motic pressure range of LDDS solutions for the treatment of meta-
static LN is 695-2,780 kPa; for viscosity, it is <40 mPa-s (Figures 1
and 2 and Figure S1). Up to this viscosity value, the macroscopic

Days after the treatment

flow dynamics of the drug did not significantly differ. Second, the
lymphatic vessels from the SiLN to the PALN and lymphatic chan-
nels were dilated in the optimal osmotic range, and the drug was
delivered into the parenchyma of the LN (Figure 4). Third, for early
(day 7') and late (day 21') metastatic LN, LDDS applied chemothera-
peutic agents showed antitumor effects against the SiLN and PALN.
For late metastatic LN (day 21"), the dose volume (400 ul) and rate
of administration (200 uL/min) showed significant antitumor effects
(Figure 9). Fourth, severe adverse effects were not observed after
administering the optimal solution (Figure 5, Figure S2, Table S5,
Table Sé, and Table S7).

Drug efficacy depends on drug bioavailability, solubility, selec-
tion of an appropriate delivery system, and an appropriate admin-
istration route. Conventional treatments for metastatic LN include
subcutaneous administration,** intraperitoneal administration,*®

3246 of antitumor molecules delivered into

and oral administration
the lymphatic system to treat metastatic LN, even though multi-

ple SLN exist around the primary lesion.*?*” For clinical use of an
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FIGURE 9 Antitumor effects of
optimized osmotic pressure solutions of
docetaxel (DTX) using different injection
rates/viscosity ranges in the subiliac
lymph nodes (SiLN) and proper axillary
lymph nodes (PALN). Please refer the
data of 1,140 kPa group in Figure 4a for
200 pL 2,400 pL/min of days 7' group. (a)
Bioluminescence (in vivo) representative
images. Luciferase activities in the SiLN
and PALN were measured on days o,

37 6", and 9". (b) Luciferase activity in
the SiLN (upper side) and PALN (lower
side) normalized to day O". There were
significant differences in luciferase
activity in the SiLN between D7' 200 pL
2,400 pL/min (control)* and DTX solutions
at each injection rate/volume range. No
significant difference was observed in
the luciferase activity of the PALN. Data
are given as the mean +SEM. Differences
between groups were tested by two-
way ANOVA and Tukey’s post hoc test.
**p < 01, ***P < .001. O, D7', 200 pL,
200 pL/min, n = 6; O, D7', 200 pL 2,400
uL/min (control)*, n = 6); ®, D7', 200 pL,
2,400 uL/min** n = 6); 0, D7', 400 pL,
200 pL/min, n = 6; M, D7', 400 pL, 2,400

pL/min, n = 6; O, D21, 200 pL, 200 pL/
min, n = 6; ® D21' 200 pL, 2,400 pL/min,
n=6;00,D21', 400 pL 200 uL/min, n = 6;
W, 21', 400 pL 2,400 ulL/min,n =6
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LDDS, from a technical point of view, the regional LN, which can
be detected by ultrasound imaging, will receive the drug. From the
pathological point of view, LN at the level of intramodular invasion
would be selected for LDDS, and all injectable LN downstream of
the tumor draining LN would be selected for treatment.?%? When
hyperosmotic fluid was injected into the SLN, it was assumed that
blood components would flow out of blood vessels and high en-
dothelial venules (HEV)®2*® to reduce the osmotic pressure in the
SLN. In addition, high osmotic fluid flows in the efferent lymphatic
vessels. Lymphatic vessels are bound to the surrounding extracel-

lular matrix via anchoring filaments®24? 82,50,51

containing fibrillin.
When the osmotic pressure in the lymphatic vessels increases, the
anchoring filaments promote the opening of the interendothelial
gap and the lymphatic vessels dilate as fluid from the interstitium,
macromolecules, and cells flow into the lymphatic vessels. Due to
the dilation of lymphatic channels and vessels, hyperosmotic ly-
sates cover tumor cells growing in these pathways, resulting in the
delivery of chemotherapeutic agents into tumor cells by passive
diffusion.

As shown in a previous study, we found that the optimal ranges
of osmotic pressure were greater than for saline and <3,000 kPa.3¢
The optimal conditions of osmotic pressure and viscosity presented
in this study were not limited to DTX. In the LDDS, a solvent with
an osmotic pressure and viscosity of 1,960 kPa and 12 mPa-s would
be appropriate. These values would apply to most of the drugs cur-
rently used in systemic chemotherapy and also for repurposed and
newly developed chemotherapeutic agents. This technique would
be independent of the intra-tumor heterogeneity that is a problem
with marker-based antitumor treatments. Conventional drugs, due

8252 are solubilized

to their high lipophilicity and low water solubility,
with high concentrations of surfactants and co-solvents, thus induc-
ing side effects.

In the present study, a single dose of DTX at 10 mg/kg ad-
ministered using the LDDS was sufficient to achieve an antitumor
effect, and there were no noticeable side effects. However, this
dose is much smaller than the total dose of 20-116 mg/kg32'53 of
DTX administered multiple times to treat solid tumors of differ-

ent tumor types in nude mice. In our study, the maximum osmotic
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pressure was assumed to be 3,000 kPa (40 mPa-s), and edema was
likely to occur around the LN above this level. Although edema
was localized and does not represent a functional impairment of
the body, such as a postoperative disfunction associated with LN
dissection, local edema around the LN needs to be investigated in
clinical practice.

Currently, the clinical significance of LN dissection is debated
based on survival data, regardless of the tumor type.®?°4>7 Our
group has proposed the LN-mediated hematogenous metastasis the-

18193258 5d argued that during LN metastasis at the early stage,

ory
tumor cells metastasize systemically via blood vessels. Studies re-
lated to this theory have been published recently.>?>%% |n addition,
our research group has shown that LN dissection induces activation
of tumor cells that have metastasized to distant organs.323941:42

In summary, the rationale for LDDS targeting metastatic LN is to
treat tumor tissue within metastatic LN, prevent distant metasta-
sis of tumor cells from metastatic LN, avoid vascular damage, nerve

3261 associated with LN

damage, incisional infection, lymphedema
removal, and the activation of tumor cells in distant organs associ-
ated with LN dissection and minimizing side effects. Therefore, the
injection duration of chemotherapy drugs using the LDDS will be less
than for the intratumoral or intralesion methods used in the clinic,
and systemic toxicity will be less than for tumor-targeted therapy or
systemic chemotherapy. Moreover, administrable drugs in this novel
method of ultrasound-guided LDDS or LDDS at intraoperative or
image-guided surgery are not limited to chemotherapeutic agents.
This method can use a wide range of other types of injections and
infusions, such as antitumor vaccines, immune-checkpoint inhib-
itors, and cytokines at lower concentrations compared to optimal
biological doses of those with a higher accumulation in the target
area over a short period of time. Ultrasound-guided LDDS can be
used in outpatient clinics without hospitalization immediately after
the primary tumor has been identified. In cases of LDDS use during
intraoperative or image-guided surgery, the advantages are real-
time feedback with precise intervention, greater control of the area
of SLN (tumor area), and being less invasive than other cancer me-
tastasis therapies.

Advances in the understanding of immune modulation have led
to the development of various new therapies to treat and prevent
diseases such as cancer metastasis, immune disorders, metabolic
disorders, infections, and allergies. Immunotherapy requires the en-
gagement of immune cells, including antigen-presenting cells such
as B cells, T cells, and dendritic cells, which are heterogeneously dis-
tributed throughout the body and concentrated in specific areas of
the LN and lymphoid organs, but they are not easily accessible by
systemic administration.

In the future, optimizing factors, such as particle size, molecular
weight, surface charge, lipophilicity, concentration, and the surface
modification of biomaterials®?*¢ to provide optimal osmolality and
viscosity, will enable immunological strategies that can efficiently
deliver biomaterials to these immune cells. For clinical translation,
lymph drainage processes and LN structures appear to be similar
across species, highlighting the relevance of animal studies.
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