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Optimization of lymphatic drug
delivery system with carboplatin
for metastatic lymph nodes
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Shiro Mori%23 & Tetsuya Kodama®-3**

Systemic chemotherapy is a common method for treatment of metastatic lymph nodes (LNs), but it
has low tissue selectivity and high toxicity. Lymphatic drug delivery system (LDDS) is a novel approach
to treat and prevent LN metastases. In a previous study, it was found that the increase of osmotic
pressure with varied viscosity of the drug reagent enhances drug retention in the LNs. Here, we
optimized the administration conditions to achieve a long-term therapeutic response by varying the
dosages and injection rate, using the optimized osmotic pressure and varied viscosity of drug reagent
for LDDS. A metastatic LN mouse model was created with MXH10/Mo/lpr mice. Luciferase labelled
FM3A mouse mammary carcinoma cells were inoculated in subiliac LN (SiLN) to induce metastasis to
the proper axillary LN (PALN). 4 days post tumor cell inoculation, carboplatin (CBDCA) was injected
into the tumor-bearing SiLN under different administration conditions. Superior drug retention was
observed in the group that received two-doses of CBDCA solution adjusted to an osmotic pressure and
viscosity of 1897 kPa and 12 mPa-s, at an injection rate of 10 pL/min. Furthermore, this effect persisted
for 42 days. This effect was accompanied by an upregulated expression of CD8, IL-12a, and IFN-y in the
spleen. These results suggest that dual-dose administration at 10 pL/min with hyper-osmotic and high
viscosity formulation is optimal and can improve the long-term therapeutic efficacy of LN metastasis.

Keywords Lymph node metastasis, Chemotherapy, Carboplatin, Lymphatic drug delivery system, Osmotic
pressure and viscosity

Abbreviations

CBDCA Carboplatin

cDNA Complementary deoxyribonucleic acid
D10 Double injection at 10 uL/min

DB Double bolus injection

dLN Downstream lymph node

DNA Deoxyribonucleic acid

EPR Enhanced permeability and retention
ICG Indocyanine green

ICP-MS Inductively coupled plasma mass spectroscopy
v Intravenous

IVC Inferior vena cava

IVIS In vivo Imaging system

LDDS Lymphatic drug delivery system

LN Lymph node

LS Lymphatic sinus

LV Lymphatic vessel

MLN Metastatic lymph node

mRNA Messenger ribonucleic acid
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MS Marginal sinus

PALN Proper axillary lymph node

Pt Platinum

qRT-PCR  Real-Time Quantitative Reverse Transcription Polymerase chain reaction
S10 Single injection at 10 pL/min

SB Single bolus injection

SiLN Subiliac lymph node

N Subclavian vein

Tc T cell

Tcl Type 1 T cell

Lymph node (LN) metastases occur in many types of cancer. Early treatment of LN metastases is essential
to prevent distant metastases and reduce mortality!™. Systemic drug delivery strategies fail to effectively
treat metastatic LNs (MLNs) due to a number of reasons>®. These include the formation of angiogenesis,
partial pressure of oxygen, and perfusion defects within the MLN, which itself is an organ with an abundant
vascular network that does not change partial pressure of oxygen as metastatic cells proliferate, replacing
parenchyma with tumor tissue without forming new tumor vessels’®. Therefore, in MLNs, accumulation of
high-molecular-weight anticancer drugs by the enhanced permeability and retention (EPR) effect does not
occur when administered intravenously. Therefore, we developed a new drug delivery method that does not
rely on the hematogenous route, the lymphatic drug delivery system (LDDS). The LDDS entails injection of
the drug formulation directly into the LN for delivery into it and its downstream LN (dLN) to prevent and
treat LN metastasis. LDDS significantly enhances drug delivery and retention in the metastatic LN°"!! and
thus significantly suppresses tumor growth, compared to intravenously administered chemotherapy. In using
LDDS, parameters that can amplify the therapeutic response are formulation osmotic pressure and viscosity,
the injection rate, and the number of dosages. Recent studies, using chemotherapeutic agent cisplatin (CDDP),
DTX, etc., have revealed that the optimal range of osmotic pressure and viscosity for LDDS is approximately
1000 ~ 3000 kPa and 1 ~12 mPa-s'2"1%,

The present study focuses on carboplatin (CBDCA), because!®~!® while CBDCA and CDDP have comparable
antitumor effects against cancer, CBDCA has greatly reduced systemic toxicity, such as nephrotoxicity,
neurotoxicity, and ototoxicity, in comparison to CDDP!8-2%, Importantly, CBDCA also has good osmotic and
viscosity suppressant properties. Unlike CDDP, CBDCA can be dissolved in both glucose and polysorbate while
retaining its cytotoxic activity, allowing evaluation of the drug’s efficacy under conditions where it is dissolved
in a formulation containing both as major components. Another important factor is the effect of carboplatin
on the immune system. Recent studies have shown that CBDCA has potential to induce immunogenic cell
death (ICD), in the process of causing DNA inhibition?!. Since the plasma half-life is independent of the dose??,
we believe that varying the osmotic pressure, viscosity, and number of dosages can change the CBDCA half-
life and approach both cytotoxicity and anti-tumor immunity, thereby enhancing long-term anti-tumor effects.
However, the long-term therapeutic efficacy has not been investigated when the injection rate and number of
doses are varied using a solvent adjusted to this optimal osmotic pressure and viscosity. Therefore, the purpose
of this study was to evaluate the administration conditions to sustain the therapeutic effect for a long period of
time using a solvent with an optimized osmolarity with varied viscosity (Fig. 1).

Results

Evaluation of drug delivery and retention using in vivo ICG biofluorescent intensity
measurement

In all groups, the ICG solution administered in SILN was delivered to the downstream LN, PALN through
lymphatic vessel (Fig. 2A). The low-viscosity (1 mPa-s) formulation adjusted by glucose, injected by bolus (1897G
SB group), was delivered instantaneously to the PALN. The high-viscosity (12 mPa-s) formulation adjusted by
polysorbate, injected by bolus (1897P SB), showed higher ICG accumulation in the SiLN and lesser in PALN.
The group of high-viscosity (12 mPa-s) formulation injected at 10 uL/min (1897P S10) achieved the best delivery
in both SiLN and PALN in this study. In mice that received two doses of high viscosity formulation injected by
bolus (1897P DB group), mass of tumor was formed between SiLN and PALN and caused to lymphatic blockage
after day 21 (Table 1). However, when the same formulation was administered at 10 pL/min (1897P D10 group),
no lymphatic blockage formed, and the highest ICG retention was received in SiLN and PALN up to day 42
(Fig. 2B-E). This result showed no significant difference from the group that received a single dose of the same
solvent (1897P S10 group) at day 42; however, a trend toward increased retention volume with two doses was
observed. With quantification of 195Pt using ICP-MS using tumor-free mice (Table 2), the highest concentration
of Pt was 774 ng/L for the SiLN of 1897G S10 on the day of treatment (D0Y), whereas 442.8 ng/L for 1897P S10
(DOT). On DO, accumulation of Pt was found to be high in the kidney and liver among the other organs in
both groups. Nine days after the treatment (D97), a higher concentration of Pt was found in the liver and lung
of 1987G S10, followed by SiLN. In the 1897P S10 group, the highest concentration was found in liver, kidney,
and SiLN. Overall, a higher retention rate was detected in the 1897P S10 group than in the 1897G S10 group.

Evaluation of tumor growth using in vivo bioluminescent intensity measurement

The in vivo bioluminescent intensity in SiLNs and axillar regions including metastatic PALNs increased over
the time until day 42 in all experimental groups (Fig. 3 A, B and D). In the group of 1897P D10, the in vivo
bioluminescent intensity was significantly reduced until day 18 compared to Placebo group (Fig. 3 C and E).
Thereafter, tumor cells in SiLN and PALNs increased over time until day 42, as evidenced by the increasing
bioluminescent intensity but still remained the lowest among all experimental groups (Fig. 3C, E).
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Fig. 1. Treatment schedule and tumor growth and side effect evaluation days.

Evaluation of metastatic LN volume changes

SiLN volume increased dramatically in Placebo and 1897G SB groups but stayed fairly constant/increased only
slightly in groups that received two dosages, 1897G DB and 1897P D10 groups (Fig. 4A). LN volume changes in
PALN did not drastically differ between all experimental groups or change across time but was the smallest in
the 1897P D10 group on day 42 (Fig. 4B, C).

Evaluation of ex vivo bioluminescent intensity and histopathological analysis

The ex vivo bioluminescence in PALN on day 42 showed strong bioluminescent intensity on the SiLN and PALN
in the Placebo group and only partially existed in the 1897G SB group (Fig. 5A). The lowest mean bioluminescent
intensity was detected in the SiLN and PALN in 1897P D10 group (Fig. 5B). The lungs of all mice in the Placebo
group showed strong bioluminescent intensity (Fig. 5A, B). In contrast, the lungs of mice in the 1897G SB had
significantly lower bioluminescent intensity than the Placebo group (Fig. 5B). The mice in 1897P D10 group
showed individual differences in lung bioluminescent intensity, with 3 out of 5 mice showing high level (Fig. 5B).
Overall survival was found to be 50.0% in 1897G SB, 1897G DB, 1897P S10 and 1897P D10 groups (Fig. 5C).
Overall survival benefits did not have any direct correlation with treatment efficacy.

The results of histopathological analysis of SILN and PALN in Placebo, 1897G SB, 1897G DB, and 1897P
D10 groups are shown in Fig. 6. In the HE-stained specimen of SiLN, the entire LN was filled with tumor cells
in Placebo group, and the parenchyma was replaced by tumor cells in all mice (Fig. 6(A) a, b). In 1897G SB and
1897G DB groups, tumor cells occupied a relatively large area of the LN (Fig. 6(A) c~f). On the other hand,
similar to the ex vivo bioluminescence intensity results, three out of five mice in 1897P D10 group showed low
tumor growth grades of 0 ~ 1, indicating a narrow range of tumor cells in the SiLNs (Fig. 6(A) q ~h, Fig. 6C).

In PALN HE-stained specimen, the tumor growth grade within the LN was higher in Placebo and 1897G DB
groups (Fig. 6A, D). In contrast, no tumor cells were observed in the LN of all mice in the 1897P D10 group, and
the tumor growth grade was 0 (Fig. 6D).

Quantitative RT-PCR analysis

The Fig. 7 shows the mRNA expression levels of cell surface antigens (CD4, CD8) and cytokines (IL-6, IL-12 3
, IL-12 o, TNF-q, IFN-v) measured by quantitative RT-PCR in the spleens excised from treated mice. Among
them, the Fig. 7A shows the group sampled on day 10, and the Fig. 7B shows the group sampled on day 42. On
day 42, the expression levels of CD8, IL-10, IFN-vy and IL12-« were the highest in the 1897P D10 group and
were increased compared to the Placebo group. Among them, IL-12 o was statistically significantly increased
compared to 1897G SB group. On the other hand, the expression levels of IL-6, CD4, and TNF-a were decreased
compared to the Placebo group. On day 10, the expression levels of CD4, CD8, IL-10, TNF-q, IL-12 3 and IFN-
~ were increased in the 1897P D10 group compared to the Placebo and 1897P S10 groups. Notably, CD4, CD8,
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Fig. 2. Drug delivery under different dosing conditions. (A) Representative ICG fluorescence intensity
images immediately after administration of each dose group. 1897G SB: in vivo ICG fluorescence intensity
image immediately after LDDS bolus administration of ICG solvent with osmotic pressure of 1897 kPa and
viscosity of 1 mPa-s to SiLN, 1897P SB: in vivo ICG fluorescence intensity image immediately after LDDS
bolus administration of ICG solvent with osmotic pressure of 1897 kPa and viscosity of 12 mPa-s to SiLN.
1897P S10: in vivo ICG fluorescence intensity image immediately after LDDS administration of ICG solvent
with osmotic pressure of 1897 kPa and viscosity of 12 mPa-s at 10 uL/min to SiLN. (B) Representative in vivo
ICG fluorescent images in the single-dose group. (C) Representative in vivo ICG fluorescent images in the
double-dose group. (D) in vivo ICG fluorescence intensity changes in SiLN on days 4, 18 and 42. 1897G SB,
n=4, 1897P SB,n=2, 1897P §10,n=2, 1897G DB, n=5, 1897P DB n=5, 1897P D10, n=5. Mean+S.E.M.
ns, nonsignificant. (E) in vivo ICG fluorescence intensity changes in PALN on days 4, 18 and 42. 1897G SB,
n=4,1897P SB,n=2, 1897P §10,n=2, 1897G DB, n=5, 1897P DB n=5, 1897P D10, n=>5. Mean + S.E.M. ns,
nonsignificant.
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Experimental group | Osmotic pressure [kPa] | Viscosity [mPa-s] | Number of dosages
1897G SB ) 1
1897G DB 2
1897P SB 1
1897
1897P S10 1
12
1897P DB 2
1897P D10 2

Table 1. Experimental groups and different dosing conditions in this study. Placebo group (n=11), 1897G SB
(one dose of solvent with an 1897 kPa of osmotic pressure and 1 mPa e s of viscosity at bolus) group (n=8),
1897G DB (two doses of solvent with an 1897 kPa of osmotic pressure and 1 mPa e s of viscosity at bolus)
group (n=10), 1897P SB (one dose of solvent with an 1897 kPa of osmotic pressure and 12 mPa e s of viscosity
at bolus) group (n=5), 1897P S10 (one dose of solvent with an 1897 kPa of osmotic pressure and 12 mPa e s
of viscosity at 10 uL/min) group (n=4), 1897P DB (two doses of solvent with an 1897 kPa of osmotic pressure
and 12 mPa e s of viscosity at bolus) group (n=10), 1897P D10 (two doses of solvent with an 1897 kPa of
osmotic pressure and 12 mPa e s of viscosity at 10 uL/min) group (n=10).

1897G S10 1897G S10 1897P S10 1897P S10

Pt concentration (ng/L) | (DOT) (D9T) 1897G S10 retention | (DOT) (D9T) 1897P S10 retention
SiLN 774.0 (172.3) | 1.9 (0.8) 0.25% 442.8 (354.0) | 9.3 (2.0) 2.1%
PALN (312390) 04(04) | 1.2% (1:.19) 54(02) | 32.0%
Lung 211922) 3.2(2.5) 6.5% (lgg) 6.5(0.1) 43.8%

. 2624 201.1
Liver (41.8) 8.0 (7.0) 3.0% (31.2) 30.1(2.9) 15.0%
- . 165.8 .

idney 654.9 (133.6) | 0.2(3.0) | 0.03% (60.) 125(28) | 7.5%

Table 2. Accumulation and retention of Carboplatin using ICP-MS based on Platinum (Pt) concentration.
Data given as mean (SEM). Carboplatin in 1897 kPa osmotic pressure with different viscosity solutions
injected via LDDS on Day 0 (DOT). Platinum concentration in the SiLN, PALN, lung, liver and kidney were
quantified on day 0 and/or day 9 after injection of Carboplatin using ICP-MS. Platinum retention in per organs
were calculated with D0T/D97*100. 1897G S10 (D0T), n=3; 1897G S10 (D9T), n=3; 1897P $10 (D0T), n=3;
1897P S10 (DOT), n=2.

IL-10, TNF-o and IL-12 3 were statistically significantly increased compared to 1897P S10 group in the 1897P
D10 group.

Discussion

This study underscores the importance of drug retention in the therapeutic efficacy of carboplatin when
administered via LDDS (Lymphatic Drug Delivery System) for treating metastatic lymph nodes (LNs). Our
results show that the 1897P D10 group demonstrated significantly higher drug retention in SiLN, PALN, liver,
lung, and kidney, suggesting that increasing drug retention can enhance its therapeutic efficacy. Specifically, we
observed that higher drug retention was associated with lower tumor progression and reduced bioluminescence
intensity in the SiLN and PALN. This finding highlights that improved drug retention within the lymphatic
system plays a critical role in optimizing treatment outcomes for metastatic LNs.

Furthermore, the in vivo bioluminescence intensity measurements indicate that the anti-tumor effect was not
solely dependent on the amount of drug administered but also on how effectively the drug remained in the target
areas. The fact that the 1897P D10 group exhibited lower tumor grades and reduced bioluminescence intensity
compared to the 1897G DB group, which suggests that even small adjustments in drug delivery parameters,
such as viscosity and injection rate, can have significant therapeutic implications. Despite substantial individual
variation for the 1897P D10 group, the therapeutic effect tended to improve with two doses. Furthermore, based
on the results of Fig. 7, we consider it reasonable that individual differences occur, as immune-related factors
also change with two doses.

One of the most notable findings in this study was the influence of injection rate and viscosity on drug
retention. Specifically, the 10 uL/min injection rate, when paired with the high-viscosity formulation, resulted
in significantly lower in vivo bioluminescence intensity in the SiLN and PALN. This suggests that modifying the
drug delivery conditions can effectively prolong drug retention and enhance therapeutic efficacy, even without
increasing the overall drug dose.

Dosing at 10 pL/min was effective in high-viscosity solvents because of its superior delivery compared to
bolus administration. Our previous study using fluorescent dyes to compare drug delivery to downstream LNs
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Fig. 3. Antitumor effect on metastatic LN. (A) Representative in vivo bioluminescent images. (B) in vivo
bioluminescence intensity normalized by Day 4 in SiLN. (C) Normalized in vivo bioluminescence intensity

of SiLN at days 18 and 42. Placebo, n=3; 1897G SB, n=4; 1897P SB, n=2; 1897P S10, n=2; 1897G DB, n=5;
1897P DB n=5; 1897P D10, n=5. Mean + S.E.M. ns, not significant. (D) in vivo bioluminescence intensity
normalized by Day 4 in PALN. (E) Normalized in vivo bioluminescence intensity of PALN at days 18 and 42.
Placebo, n=3; 1897G SB, n=4; 1897P SB, n=2; 1897P S10, n=2; 1897G DB, n=5; 1897P DB n=5; 1897P D10,
n=5. Mean +S.E.M. ns, not significant.

at 10 uL/min and bolus administration showed that the mean fluorescence intensity in downstream LNs was
significantly higher in 10 uL/min than bolus administration?”. Moreover, at the 10 uL/min injection rate, the
fluorescence intensity in the dLN, PALN increased as the drug volume infused into the upstream LN, SiLN,
whereas the bolus administration remained consistently low. Thus, the low injection rate ensured delivery to
the dLNs, and the internal penetration of the drug inhibited lymphatic and vascular drainage, contributing to
its retention. On the other hand, in the group that received two bolus injections of the same solvent with an

Scientific Reports|  (2025) 15:16037 | https://doi.org/10.1038/s41598-025-99602-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Normalized LN
volume change in SiLN

Days after inoculation

o

=z 103

<

o
5 = 102_

e}
S
§ 5 107
%-S ns
z g 100{1——UM$ E §
=)
[
10'1 T 1 T 1 T T T
O X 22X LR P e G
Days after inoculation
C ns
8_

& — 3 Placebo
2 X 6- B3 1897G SB
25 Em 1897P SB
>
= 94 m= 1897P S10
- T
IS 5 - =1 1897G DB

o =3 1897P DB

=3 1897P D10

O 1 1 1 1 1

Fig. 4. LN volume changes. (A) Normalized LN volume changes in SiLN. (B) Normalized LN volume changes
in PALN. (C) PALN volume changes on day 42 in PALN.

osmotic pressure of 1897 kPa and viscosity of 12 mPa-s (1897P DB group), tumor growth was observed in the
lymph vessels on Day 21 and formation of tumor mass was confirmed. This suggests that two dosages of bolus
administrations of a hyper osmotic and high viscosity formulation are not an appropriate condition for clinical
use.

Quantitative PCR results on day 42 showed that CD4 expression was relatively low, while CD8 and IFN-y
expression was high in the 1897P D10 group, which had the best response to treatment (Fig. 7A). These results
suggest that systemic anti-tumor immunity was activated by CBDCA increasing in IFN-y from CD8*T cells
rather than CD4* T cells. CD8* and CD4*T cells are responsible for directing the overall immune response
and directly killing tumor cells. These functions are usually mediated by CD4*and CD8" T cells, among which
CD8*T cells generally secrete high levels of IFN-y and act to kill tumor cells and infected cells. Several Tc subsets
with different functions have been identified in CD8' T cells, and each CD8" T cell subset has a different role in
anti-tumor immune responses®,

Among them, Tcl cells, in which CD8* T cells are differentiated by IL-12a, produce more IFN-y and TNF-a
and have a role in efficiently killing tumor cells?*-3!.
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Fig. 5. ex vivo bioluminescent intensity. (A) Representative ex vivo bioluminescence images of SiLN, PALN,
lung and liver. (B) ex vivo bioluminescence intensity in SiLN, PALN, lung and liver. Placebo group, n=3;
1897G SB group, n=4; 1897P SB group, n=2; 1897P S§10 group, n=2; 1897G DB group, n=>5; 1897P D10
group, n=>5. (C) Overall survival rate.

In this study, CD8 and IFN-y expression was higher in the 1897P D10 group, suggesting that CD8" T cells were
the major factor (Fig. 7B). In the treated groups, CD8* T-cell expression increased as the time of drug retention
in the LN increased (Fig. 7B). These results suggest that the drug retention time in the LN is related to the
expression level of CD8" T cells in spleen. Therefore, CD8 expression was highest in the 1897P D10 group, which
had the longest drug retention time in the LN, and CD8 expression was lowest in the 1897G SB group, which
had the shortest drug retention in the LN. On the other hand, the 1897P D10 group showed high expression
of IL-10, which is indicative of an immune tolerance response (Fig. 7B). This may be due to the increased
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Fig. 6. HE stained histopathological images. (A) Representative HE stained histopathological images of SiLN.
(a, b) Placebo group, (c, d) 1897G SB group, (e, f) 1897G DB group, (g, h) 1897P D10 group. b, d, f, h are
magnified views of the regions indicated by a, ¢, e, g, respectively. T: tumor, Scalebar: black, 200 (m; white,

50 um. (B) Representative HE stained histopathological images of PALN. (a, b) Placebo group, (¢, d) 1897G SB
group, (e, f) 1897G DB group, (g, h) 1897P D10 group. b, d, f, h are magnified views of the regions indicated
by a, ¢, e, g, respectively. T: tumor, Scalebar: black, 200 pm; white, 50 um. (C) Tumor growth grade in SiLN by
histopathological analysis. (D) Tumor growth grade in PALN by histopathological analysis.

expression of IFN-y, which suppresses the excessive immune-promoting response and maintains the balance
of the body’s immune system. Furthermore, a recent study reported that CBDCA activates the NF-kB pathway,
which plays a central role in immune responses, and increases IL-6 production through DNA damage induced
by platinum drugs®. These findings are consistent with the quantitative PCR results in this study, suggesting
that CBDCA is involved in antitumor immunity. However, it is known that chemotherapy treatment of tumors
producing IL-6 prior to therapeutic intervention results in a more pronounced bias of monocyte differentiation
toward tumor-promoting M2-like macrophages, leading to a higher production of IL-10 and a decrease in IL-
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Fig. 7. Quantitative RT-PCR analysis. (A) Expression levels of cell surface antigens and cytokines in spleen
at day 10. IL-6, TNF-qa, IL-12a, IL-12f, IFN-y, CD4, CD8 and IL-10 in CBDCA group were upregulated
compared to Placebo group. The upregulation of TNF-a, IL-12a, IL-123, CD4, CD8 and IL-10 in 1897P D10
group being especially significant. (B) Expression levels of cell surface antigens and cytokines in spleen at day
42.1L-6, IL-12a, IFN-y, CD8 and IL-10 were upregulated in 1897P D10 group and IL-12a being especially
significant.

12 production, and enhanced resistance to chemotherapy known®2. In the early stages, the 1897P D10 group
showed increased levels of IL-6, TNF-a, IL-12f, IFN-y, CD4, and CD8, indicating an initial immune response
against tumor progression. This likely involved pro-inflammatory cytokines and T cell responses. In later stages,
the 1897P D10 group exhibited elevated levels of IL-6, IL-12a, IFN-y, CD8, and IL-10 on day 42, suggesting a
sustained or evolving immune response. This phase may involve ongoing T cell activation, regulation of immune
responses (IL-10), and potentially a shift towards a more balanced immune profile with decreased TNF-a, IL-
12f, and CD4. Therefore, examination of the intratumoral microenvironment will be needed before therapeutic
intervention with platinum drugs.
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This is the first study to quantitatively demonstrate the relationship between the long-term therapeutic
effect on metastatic LNs and the administration conditions. However, the dosing schedule to achieve a greater
therapeutic efficacy on metastatic LNs is not yet perfect and needs further investigation.

Based on the results of previous studies, we investigated the importance of osmotic pressure and viscosity
adjusted formulation in the LDDS treatment of metastatic LNs and the therapeutic efficacy of multiple dosages
of hyper osmotic and high viscosity and injection rate to improve the long-lasting effect.

Material and Methods

Mice

MXH10/Mo/lpr mice, are recombinant inbred strains originating from MRL/Mp]-lpr/lpr (MRL/lpr) and C3H/
HeJ-lpr/lpr (C3H/lpr) mice**?*, MXH10/Mo/lpr mice were bred under pathogen-free conditions at Animal
Research Institute, Tohoku University. These mice exhibit systemic lymphadenopathy. At 3 months of age, LNs
in these mice enlarge to 10 mm in diameter, a size similar to that of human LNs. This feature makes it possible
to reliably perform experiments using murine LNs. In this experiment, to study LN metastasis two LNs were
utilized, which are upstream of the subiliac LN (SiLN) and its downstream of the proper axillary LN (PALN). The
experimental protocol was approved by the Institutional Animal Care and Use Committee of Tohoku University.
All methods were reported in compliance with the ARRIVE guidelines. All in vivo experimental procedures
were conducted using the inhalation of 2% isoflurane (Pfizer Inc., New York, United States) in oxygen. Mice were
euthanized by cervical dislocation under isoflurane anesthesia at the end of the experiments.

Cell line

FM3A-Luc (luciferase gene expressing mouse breast cancer) cells?®*® were cultured in RPMI-1640 (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), 1% L -glutamine-
penicillin-streptomycin (FUJIFILM Wako Pure Chemical Industries, Osaka, Japan) and 0.5 mg/mL Geneticin
(G418; FUJIFILM Wako Pure Chemical Industries) under 37 °C, 5% CO2. The medium was changed every 3
to 4 days. Cells were routinely checked for mycoplasma contamination using a detection kit (R&D System Inc.,
Minneapolis, MN, USA) and used for experiments after three passages.

Creating tumor bearing LN mouse model

Tumor cell suspension was prepared by adjusting the volume of 3.3 x 10° cells/mL using PBS (Sigma-Aldrich)
and Matrigel (Collaborative Biochemical Products, Bedford, MA, USA) in a 3:1 volume ratio. 60 pL of cell
suspension was inoculated into right SiILN of MXH10/Mo/lpr mouse to induce metastasis in the PALN.

Injection of carboplatin under the different conditions

Six experimental groups, using constant osmotic pressure, with varied viscosity, number of doses and injection
rate were prepared (Table 1)—Placebo group (n=11), 1897G SB (one dose of solvent with an 1897 kPa of
osmotic pressure and 1 mPa-s of viscosity at bolus) group (n=8), 1897G DB (two doses of solvent with an
1897 kPa of osmotic pressure and 1 mPa-s of viscosity at bolus) group (n=10), 1897P SB (one dose of solvent
with an 1897 kPa of osmotic pressure and 12 mPa-s of viscosity at bolus) group (n=5), 1897P S10 (one dose of
solvent with an 1897 kPa of osmotic pressure and 12 mPa-s of viscosity at 10 uL/min) group (n=4), 1897P DB
(two doses of solvent with an 1897 kPa of osmotic pressure and 12 mPa-s of viscosity at bolus) group (n=10),
1897P D10 (two doses of solvent with an 1897 kPa of osmotic pressure and 12 mPa-s of viscosity at 10 pL/min)
group (n=10).

In these groups, treatment was performed 4 days or 4 and 6 days after tumor cell inoculation (Fig. 1).

For Placebo group, saline (Otsuka Pharmaceutical Company, Tokyo, Japan) was adjusted to 1897 kPa of
osmotic pressure and 1 mPa-s of viscosity using glucose (Otsuka Pharmaceutical Company) and distilled water.
For the treatment group, carboplatin (CBDCA; FUJIFILM Wako Pure Chemical Industries) was administered at
200 pL with final concentration of 15 mg/kg. The group of 1897 kPa of osmotic pressure and 1 mPa-s of viscosity
formulation was diluted with glucose (Otsuka Pharmaceutical Company), saline (Otsuka Pharmaceutical
Company) and distilled water. The group of 1897 kPa of osmotic pressure and 12 mPa-s of viscosity formulation
was diluted with polysorbate 80 (NOF, Tokyo, Japan), saline (Otsuka Pharmaceutical Company), 100% ethanol
(FUJIFILM Wako Pure Chemical Industries) and distilled water. Osmotic pressure and viscosity were determined
from previous studies and adjusted based on theoretical values'?-1°. To monitor drug retention, 100 pg/mL of
ICG solution (Daiichi Sankyo Co., Tokyo, Japan) was mixed with CBDCA for all experimental groups.

Evaluation of drug retention

In vivo ICG fluorescent intensity was measured using in vivo bioluminescence/biofluorescent imaging system
(IVIS, Perkin Elmer, Inc, Waltham, MA, USA). The retention of administered drug was monitored on days 4, 6,
8,11, 18, 21, 28, 35 and 42 after inoculation (Fig. 1). Biodistribution of carboplatin was a quantified expression
of 195Pt using inductively coupled plasma mass spectroscopy (ICP-MS) according to previously mentioned
protocol'®. Briefly, in 1897 kPa osmotic pressure, Carboplatin with different viscosity solutions was injected via
LDDS into tumor -free mice on Day 0 (DOT). Pt concentration in the SiLN, PALN, lung, liver, and kidney were
quantified on day 0 and/or day 9 after treatment. Pt retention per organ was calculated with DOT/D9” x 100%.

Evaluation of tumor growth

Tumor growth after treatment was assessed by measuring in vivo bioluminescence intensity around the PALN
and tumor inoculated SiLN using IVIS. 15 mg/mL of luciferin (D-Luciferin Potassium Salt, Cayman chemical,
MI, USA) was injected intraperitoneally at 10 uL/g after mice were weighed. Bioluminescence intensity was
measured 10 min after intraperitoneal (i.p.) injection, and exposure time was 60 s. The in vivo bioluminescence
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intensity was measured on days 4, 6, 8, 11, 18, 21, 28, 35 and 42 after inoculation (Fig. 1). The measurement of
the 1897P DB group ended at a different time point because tumor growth leading to lymphatic obstruction was
observed after day 21, requiring measurement completion by day 18. In the placebo group, the day 6 measurement
was not conducted. The ex vivo bioluminescent intensity of liver, lung, SiILN and PALN were measured on day 42
after tissue removal. Bioluminescence per unit time was calculated using the provided analysis software (Living
Image; Perkin Elmer). Metastasis induction was confirmed if luciferase intensity exceeded the background level
(5% 10A5 p/s/cm2/sr).

LN volume measurement

Tumor growth after treatment was observed by measuring LN volume using a small animal high-frequency
ultrasound imaging system (VEVO770; FUJIFILM Visual Sonics, Tokyo, Japan). An ultrasound gel (Parker
laboratories Inc., Fairfield, NJ, USA) was placed over the LNs of the mouse, and an ultrasound probe (RMV-
704; center frequency 40 MHz, spatial resolution 40 pum, azimuthal resolution 80 pm) connected to a 3D stage
controller system was placed. The probe was fixed at the position of the largest segment of each LN. Ultrasound
images of LNs were taken in B-mode on days 0, 4, 8, 11, 18, 21, 28, 35 and 42 after inoculation (Fig. 1), and
3D images were reconstructed using VEVO software (VEVO 770 V3.0.; FUJIFILM, Visual Sonics) with the
acquired 2D images. LN volumes were calculated from the 3D images, and LN volume changes after tumor cell
inoculation were evaluated by normalizing the LN volumes of PALN and SiLN on day 0 as a reference.

Histopathological analysis

On day 42, SiLN, PALN, lung, and liver were removed, and formalin fixed paraffin embedded tissues were
prepared, and 2.5 um thin sections were made to prepare histopathology specimens. SiLN, PALN, lung and liver
sections were stained with Hematoxylin and Eosin (HE). Lung tissues were also stained with Elastica Masson
(EM)?, and analyzed in each experimental group. Tumor growth in LNs graded based on Table S1.

Quantitative reverse transcription-PCR (qRT-PCR)

Spleens of Placebo, 1897G SB, 1897P S10, 1897G DB and 1897P D10 groups were removed from the mice on day
10 and 42 and immersed in RNAlater (Sigma Aldrich). Each tissue was homogenized, and mRNAs were isolated
using FastGene RNA Premium Kit (Nippon Genetics Co., Ltd, Tokyo, Japan). The concentration of isolated
mRNAs was measured using a spectrophotometer (NanoDrop ND 1000, Thermo Fisher Scientific, Waltham,
MA, USA) and adjusted to a concentration of 100 ng/uL mRNA. First, standard cDNA was synthesized with a
high-capacity cDNA reverse transcription kit (4,374,966, Applied Biosystems, Foster City, CA, USA) containing
RNase inhibitor. The expression levels of cell surface antigens (CD4, CD8) and cytokines (IL-6, IL-10, IL-12a,
IL-12pB, TNF-q, IFN-y) were measured according to the nucleotide sequences for primers and probes are listed in
Table S2. The expression levels in the carboplatin-treated group were normalized to those in the Placebo group.

Statistical analysis

The results in this study are shown as mean +standard error. Statistical analysis and graphing were performed
using statistical software (GraphPad Prism 8; GraphPad Software, Inc.). The significance tests were performed
using one-way ANOVA, Tukey’s multiple comparison test, 2-way ANOVA, Tukey’s multiple comparison test, and
uncorrelated t-test. ****P <0.0001, ***P <0.001, **P <0.01, and *P <0.05 are statistically significant differences.

Data availability

Data supporting this study’s findings are available from the K.T. upon reasonable request.
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