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A B S T R A C T   

Chemotherapy for peritoneal dissemination is poorly effective owing to limited drug transfer from the blood to 
the intraperitoneal (i.p.) compartment after intravenous (i.v.) administration. i.p. chemotherapy has been 
investigated to improve drug delivery to tumors; however, the efficacy continues to be debated. As anticancer 
drugs have low molecular weight and are rapidly excreted through the peritoneal blood vessels, maintaining the 
i.p. concentration as high as expected is a challenge. In this study, we examined whether i.p. administration is an 
efficient route of administration of high-molecular-weight immune checkpoint inhibitors (ICIs) for the treatment 
of peritoneal dissemination using a model of peritoneal disseminated carcinoma. After i.p. administration, the 
amount of anti-PD-L1 antibody transferred into i.p. tumors increased by approximately eight folds compared to 
that after i.v. administration. Intratumoral distribution analysis revealed that anti-PD-L1 antibodies were 
delivered directly from the i.p. space to the surface of tumor tissue, and that they deeply penetrated the tumor 
tissues after i.p. administration; in contrast, after i.v. administration, anti-PD-L1 antibodies were only distributed 
around blood vessels in tumor tissues via the enhanced permeability and retention (EPR) effect. Owing to the 
enhanced delivery, the therapeutic efficacy of anti-PD-L1 antibody in the peritoneal dissemination models was 
also improved after i.p. administration compared to that after i.v. administration. This is the first study to clearly 
demonstrate an EPR-independent delivery of ICIs to i.p. tumors by which ICIs were delivered in a massive 
amount to the tumor tissue via direct penetration after i.p. administration.   

1. Introduction 

Peritoneal metastasis is one of the most common patterns of tumor 
progression in gastrointestinal, pancreatic, and ovarian cancer [1,2]. 
Because the peritoneal-plasma barrier reduces the transfer of drugs from 
plasma into peritoneal tumor nodules and the ascites after intravenous 
(i.v.) administration, [3,4] systemic perfusion of anticancer drugs has a 

limited effect on peritoneal lesions. On the contrary, it has been hy-
pothesized that chemotherapeutic agents would be cleared more slowly 
from the peritoneal cavity than from the systemic circulation owing to 
the peritoneal-plasma barrier, which would increase drug exposure to 
the tumor-containing peritoneal cavity [5]. Therefore, clinical trials of 
intraperitoneal (i.p.) administration of small-molecule anticancer drugs 
have been conducted to improve the delivery of these anticancer drugs 
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to i.p. tumors [6–10]. Although there are reports that i.p. administration 
of anticancer drugs prolonged the overall survival (OS) compared to i.v. 
administration, [6,7] there are also reports where no clear benefit was 
observed after i.p. administration [9,10]. Thus, the benefit of i.p. 
administration to anticancer drugs is still under debate. A potential 
reason is that small-molecule anticancer drugs are easily transferred into 
the blood circulation through peritoneal capillaries even after i.p. 
administration; therefore, the concentration of drugs in the ascites 
cannot be maintained for a long time [11,12]. Thus, drug concentration 
in tumor tissues in the peritoneal cavity may not be increased as much as 
expected [13]. 

Immune checkpoint inhibitors (ICIs), such as anti-programmed cell 
death 1 (PD-1) and its ligand (PD-L1) antibodies, have been widely 
applied to treat many types of incurable cancers, including peritoneal 
metastasis [14]. Although some patients experience dramatic outcomes 
with ICIs, the response rate is as low as 20%, and improving the response 
rate is an issue that needs to be resolved [15]. In the clinic, cancer pa-
tients are treated with ICIs via i.v. administration. After reaching the 
tumor site, ICIs enter tumor tissues by leakage and accumulation 
through neovasculature, which is recognized as the enhanced perme-
ability and retention (EPR) effect or the convective transport [16–18]. 
Thereafter, the antibody drugs penetrate the tumor tissue and bind to 
the target molecule on the target cells to exert their effect. The transfer 
of antibody drugs to the tumor mediated by passive permeation is the 
rate-limiting step and is highly dependent on the structure of tumor 
blood vessels and the concentration of antibody drugs in blood [19–22]. 

As high-molecular-weight (approximately 150 kDa) agents, antibody 
drugs are thought to be less likely to be transferred to blood through 
peritoneal capillaries and to stay longer in the peritoneal cavity, from 
where they could be eliminated mainly through lymphatic systems. In 
addition, cancer cells in the abdominal cavity are thought to metastasize 
mainly through the lymphatic system [23]. Therefore, as a delivery 
route to i.p. tumors, i.p. administration is more suitable for antibody 
drugs, such as ICIs, than for low-molecular-weight anticancer drugs. 
However, no comprehensive and quantitative studies have been con-
ducted to examine how ICIs are distributed in tissues after i.p. admin-
istration, and whether the amount of ICIs in i.p. tumors is increased after 
i.p. administration compared to that after i.v. administration even in 
animal models. 

Our preliminary study found that i.p. administration of an anti- 
programmed cell death 1 ligand (PD-L1) monoclonal antibody (aPD- 
L1 mAb) and an anti-CD40 immunostimulatory mAb into the abdominal 
cavity of healthy mice increased the amount of antibodies transferred to 
the pancreas and ovaries, whereas the amount of those transferred into 
other organs, such as the liver and spleen, remained unchanged (Figs. S1 
and S2). This indicates that there is a pathway by which ICIs adminis-
tered into the i.p. space can efficiently migrate to several organs in the 
abdominal cavity, unlike that with i.v. administration. In the present 
study, we hypothesized that i.p. administration dramatically enhanced 
the amount of ICIs delivered to tumors compared with i.v. administra-
tion in peritoneal dissemination models, which enhanced therapeutic 
efficacy of ICI. 

2. Materials and methods 

2.1. Cell culture 

Murine colon adenocarcinoma MC38 cells (Kerafast, Boston, MA, 
USA) were cultured in Dulbecco’s Modified Eagle’s Medium (044- 
29765; Wako, Tokyo, Japan) supplemented with 10% fetal bovine 
serum (S1820; Biowest, Nuaille, France), 10 mM Hepes (17557-94; 
GIBCO, Carlsbad, CA, USA), 1% non-essential amino acids (06344-56; 
Nalgene), 1 mM sodium pyruvate (GIBCO), L-glutamine, and 1% 
penicillin-streptomycin (26253-84; Nacalai Tesque, Kyoto, Japan). The 
murine pancreatic ductal adenocarcinoma cell line KPC (#147) isolated 
from LSL-KrasG12D;LSL-Trp53flox/+;Pdx-1-Cre (KPCflox) mouse, a mouse 

model of pancreatic ductal adenocarcinoma [24]. KCP cancer cells were 
cultured in Dulbecco’s Modified Eagle’s Medium (044-29765; Wako) 
supplemented with 10% fetal bovine serum and 1% penicillin- 
streptomycin. 

2.2. Radiolabeling of antibodies with In-111 

aPD-L1 mAb (10F.9G2; Bioxcell, West Lebanon, NH, USA) was 
conjugated with N-[(R)-2-amino-3-(p-isothiocyanatophenyl)propyl]- 
trans-(S,S)-cyclohexane-1,2 diamine-N,N,N′,N′′,N′′-pentaacetic acid (p- 
SCN-CHX-A′′-DTPA; B-355; Macrocyclics, Plano, TX, USA) according to 
previous reports [22,25]. Briefly, mAb (5 mg/mL) in 0.1 M borate buffer 
(pH 8.5) was incubated with a solution of p-SCN-CHX-A′′-DTPA (5 mg/ 
mL) in 0.1 M borate buffer (pH 8.5) at 37◦C for 16 h. The conjugate was 
purified via a centrifuged column procedure using a Sephadex G-50 fine 
column (17-0042-01; GE Healthcare, Piscataway, NJ, USA), equili-
brated, and then eluted with 0.25 M acetate buffer (pH 5.5). [In-111] 
InCl3 (874300; Nihon Medi-Physics, Tokyo, Japan) was added to 1 M 
acetate buffer (pH 5.5), and the mixture was incubated for 5 min at 
25◦C. Each conjugate was added to the solution, and the mixture was 
incubated at 37◦C for 1 h, followed by the addition of 2 mM DTPA so-
lution to a final concentration of 500 μM. Each mixture was incubated 
for 5 min, purified by a centrifuged column procedure using a Sephadex 
G-50 fine column, equilibrated, and eluted with phosphate-buffered 
saline (PBS) to provide a solution of In-111-labeled mAb. The radio-
chemical purity was >95%, as determined by size-exclusion HPLC and 
thin-layer chromatography (Fig. S3). 

2.3. Tumor models 

C57BL/6JJ mice (6 weeks old, female) were purchased from Japan 
SLC (Shizuoka, Japan). MC38 was transplanted to the i.p. area of 
C57BL/6JJ mice at 5 × 105 cells per 100 μL Hanks’ balanced salt solu-
tion (#14025-092; Gibco). Pancreatic cells derived from KPC mice were 
orthotopically transplanted into the pancreas of C57BL/6JJ mice. After 
shaving the skin over the pancreas/spleen location, a 8-mm incision was 
made, and KPC cells (5 × 105 cells in 25 μL of Hanks’ balanced salt 
solution) were directly injected into the pancreas. Next, the incision was 
closed using wound clips. All animal procedures were approved by the 
Chiba University Institutional Animal Care and Use Committee (A3-92). 

2.4. Biodistribution and pharmacokinetic analysis of radiolabeled mAb 

C57BL/6JJ wild-type and tumor-bearing mice were treated with i.p. 
or i.v. injection of In-111-labeled mAb at various doses in 100 μL of PBS. 
At 5 min, 6 h, 24 h, 48 h, and 72 h post-injection, the blood, heart, lung, 
liver, spleen, kidney, muscle, skin, pancreas, peritoneum, diaphragm, 
intestine, stomach, ovary, and tumor were collected under anesthesia 
with isoflurane and weighed. The radioactive counts in each tissue were 
determined using the Wizard 3 counter (Waltham, MA, USA). The per-
centage of injected dose per gram (%ID/g) was calculated. The area 
under the concentration-time curve (AUC) was calculated through 
moment analysis with a log-linear trapezoidal rule. As all animals were 
sacrificed for collection of biological specimens at each time point in this 
study, the concentration data were averaged at each time point for 
pharmacokinetic analysis. The analyses were performed using Napp 
(Numeric Analysis Program for Pharmacokinetics) ver. 2.31 [22]. 

2.5. SPECT/CT imaging 

For SPECT/CT imaging, In-111 labeled aPD-L1 (1.59 MBq, 20 μg/ 
100 μL/mouse) was administered via i.p. or i.v. injection into MC38 
tumor-bearing mice (n = 3 per group) on day 11 after tumor inoculation. 
At 5 min, 3 h, 24 h, 48 h, and 96 h after the injection, an emission scan 
was conducted for 15–30 min using a VECTor/CT system with a clus-
tered multi-pinhole high-energy collimator (MILabs, Utrecht, 
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Netherlands). The SPECT images were reconstructed using a pixel-based 
ordered-subset expectation maximization algorithm with two subsets 
and eight iterations on a 0.8-mm voxel grid without attenuation 
correction. After the SPECT scan, CT scans were acquired with an X-ray 
source set at 60 kV and 615 μA, and the images were reconstructed using 
a filtered back-projection algorithm for the cone beam. SPECT and CT 
images were merged by the PMOD software (ver. 3.4; PMOD Technol-
ogies, Zürich, Switzerland). 

2.6. Treatment of tumor-bearing mice with mAb 

To the i.p. MC38 tumor-bearing model, anti-PD-L1 mAb (200 μg/ 
mouse) in 100 μL of PBS was injected at days 3, 6, 8, 10, and 13 after 
inoculation. At day 15, tumor was collected and weighed to compare the 
therapeutic effects between i.p and i.v. injection. For the orthotopic 
pancreas tumor model, anti-PD-L1 mAb (200 μg) and anti-CD40 mAb 
(100 μg) in 100 μL of PBS were co-injected at 3 days after inoculation. In 
addition, anti-PD-L1 mAb (200 μg) was injected at day 5, 8, and 11. 
Tumor was collected and weighed at day 18. 

2.7. Immunofluorescence staining 

After the administration of aPD-L1 mAb at various doses into MC38 
tumor-bearing mice, organs including tumors were harvested at 
different time points. Organs were fixed in 4% paraformaldehyde in PBS 
for 24 h at 4◦C. The tissues were transferred to 20% sucrose in PBS for 3 
h, and then incubated with 30% sucrose in PBS overnight at 4◦C. Finally, 
the tissues were frozen in OCT compound (#4583; Sakura Finetek 
Tokyo, Japan). Fixed tissues were sectioned (10 μm) on glass slides 
(SFRC-01; Matsunami glass, Osaka, Japan). The slides were blocked 
with 1% bovine serum albumin in PBS, stained with primary antibodies 
at 4◦C overnight, and then stained with the appropriate secondary an-
tibodies at 25◦C for 1 h, as listed in Table S1. Next, the slides were 
incubated with fluorescence-conjugated secondary antibodies and DAPI 
(1:5000, 62248; Thermo Scientific, Waltham, MA, USA) for 60 min at 
25◦C. After incubation, coverslips were mounted on the slides using 
ProLong Glass Antifade Mount (P36984; Invitrogen, Cambridge, MA, 
USA). Images were captured using a BZ-X710 microscope (Keyence, 
Tokyo, Japan). Fluorescence was quantified using the ImageJ software 
[26]. 

2.8. Statistical analysis 

Data are presented as the mean value ± standard deviation (S.D.) or 
standard error (S.E.). Pair-wise comparisons of subgroups were per-
formed using Student’s t-test with Welch’s correction, and multiple 
comparisons were conducted using one-way ANOVA with Tukey–K-
ramer test. P values (both sides) were considered significant if <0.05. 
Statistical analyses were performed using GraphPad Prism 5.0 (Graph-
Pad software, San Diego, CA, USA). 

3. Results 

3.1. Enhanced delivery of aPD-L1 mAb into i.p. tumors by i.p. 
administration 

We hypothesized that i.p. administration accelerates the distribution 
of aPD-L1 mAb to peritoneal metastasis cancers, resulting in improved 
antitumor efficacy. It is well known that the complex of In-111 and CHX- 
A-DTPA, a chelating agent, is stable enough for in vivo imaging [27], 
thus, we utilized aPD-L1 mAb radiolabeled with In-111 via DTPA to 
analyze biodistribution of aPD-L1 mAb (Fig. S3A). The radiochemical 
purity of aPD-L1 mAb labeled with In-111 was >98% and no disasso-
ciation of In-111 was detected from aPD-L1 mAb in the mouse serum up 
to 24 h (Fig. S3B and C). The expression of PD-L1 in MC38 cancer cells 
was detected and PD-L1 mAb labeled with In-111 bound to MC38 cells 

with a Kd of approximately 2.6 nM, which is consistent with Kd values in 
previous reports (Fig. S4) [28,29]. We evaluated the pharmacokinetics 
of aPD-L1 mAb labeled with In-111 in a murine colon cancer MC38 
intraperitoneal metastasis model after i.v. and i.p. injection (Fig. 1A). 
The variance of tumor size did not affect the distribution of aPD-L1 mAb 
in tumors in this study (data not shown). The concentration of aPD-L1 
mAbs in blood after i.p. administration was almost comparable to that 
after i.v. administration; the time profiles were comparable until 72 h; 
and the total clearance after i.p. injection was also equivalent to that 
after i.v. injection, as indicated by the comparable area under the curve 
(AUC) (Fig. 1B). However, the tissue distribution of aPD-L1 mAbs was 
not comparable between the two administration routes. Following i.p. 
administration, aPD-L1 mAb was efficiently delivered to MC38 i.p. tu-
mors within 1 h post-injection compared to that after i.v. injection 
(Fig. 1C). The ratio of AUC0–72 of i.p. injection (AUCi.p.) to AUC0–72 of i. 
v. injection (AUCi.v.) was approximately eight-fold. In addition, changes 
in the distribution pattern of aPD-L1 mAb in normal organs were 
observed between i.v. and i.p. injection (Fig. 1D). A higher amount of 
aPD-L1 mAbs was found in the liver, spleen, heart, lungs, and kidneys 
after i.v. injection than that after i.p. injection. On the contrary, i.p. 
administration increased the amount of aPD-L1 mAb delivered to the 
pancreas, ovaries, and peritoneum/diaphragm, in addition to MC38 
tumors. Cyclophosphamide, a small molecular drug, was excreted at a 
similar rate from the ascites after both i.p. and i.v. administration; thus, 
cyclophosphamide was not maintained at high concentrations in peri-
toneal tumors even after i.p. administration (Fig. S5). According to the 
results, the i.p. administration route was favorable for delivering aPD-L1 
mAb to MC38 tumors as well as to the pancreas, ovaries, and perito-
neum/diaphragm (Fig. 1E). 

Because a significant change in the disposition of aPD-L1 mAb into 
the abdominal organs was observed as early as 1 h with i.p. adminis-
tration compared to that with i.v. administration, we evaluated the 
distribution of aPD-L1 mAbs after i.v. or i.p. injection with SPECT/CT 
imaging (Fig. 2). When the radiolabeled antibodies were degraded, the 
complex of In-111 with CHX-A-DPTA is rapidly excreted in urine. 
However, little urine excretion was found, suggesting degraded anti-
bodies were little during the experimental period. At 5 min after i.v. 
administration, aPD-L1 mAb was mainly observed in the heart and liver 
(Fig. 2A). This should have reflected a high level of aPD-L1 mAb in blood 
after i.v. administration. However, aPD-L1 mAb was hardly detected in 
MC38 tumors after 96 h. On the contrary, after i.p. administration, the 
highest level of radioactivity was observed in the intra-abdominal space, 
and aPD-L1 mAb had already been distributed in MC38 tumors within 5 
min (Fig. 2B). aPD-L1 mAb reached an axillary lymph node within 5 min 
after i.p. administration presumably because high-molecular-weight 
drugs, such as antibodies, are likely to be eliminated from the 
lymphatic system [30]. aPD-L1 mAb was detected in the intra- 
abdominal tumor for up to 48 h. Taken together with the bio-
distribution analysis results, these findings indicate that i.p. adminis-
tration maintains higher concentration of ICIs in intraperitoneal tumors 
than i.v. administration. 

3.2. Direct diffusion of aPD-L1 mAb into i.p. tumors after i.p. 
administration 

Because i.p. administration increased the amount of aPD-L1 mAb 
distributed in i.p. tumors, we observed the intratumoral distribution of 
aPD-L1 mAb after either i.v. or i.p. injection. Only a few signals of aPD- 
L1 mAb was detected in tumors at 30 min after i.v. injection, and aPD-L1 
mAb was found around blood vessels at 6 to 24 h after i.v. injection 
(Fig. 3A). This indicated that following i.v. injection, aPD-L1 mAb could 
not penetrate the deep regions of MC38 tumor tissues after reaching 
MC38 tumors through the EPR effect. In contrast, after i.p. injection, 
aPD-L1 mAb was found in the surroundings of MC38 tumors at 30 min 
after injection and had penetrated MC38 tumors over 24 h (Fig. 3B). We 
also examined the dose dependence of the distribution in tumor tissues. 
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Fig. 1. Difference in pharmacokinetics between i.p. and i.v. injection of aPD-L1 mAb in MC38 i.p. tumor-bearing mice. 
(A) aPD-L1 mAb labeled with In-111 (2 μg/mouse) was administered via i.v. or i.p. injection into MC38 i.p. tumor-bearing mice, and its radioactivity in mouse blood 
and organs was detected at 1, 6, 24, and 72 h post-injection. (B) The time profiles of the blood concentration of radioactive In-111. Left: Blood concentrations are 
presented as %ID/g blood. Data are presented as mean ± SE (n = 3–5). Right: Pharmacokinetic parameters of aPD-L1 mAb. (C) Biodistribution of aPD-L1 mAbs in 
MC38 tumors. *P < 0.001. (D) Biodistribution of aPD-L1 mAb in normal organs. *P < 0.05, #P < 0.01 (E) The value of log2(AUCi.p./AUCi.v.) in each tissue. I.D.: 
Injected dose, AUCi.p. and AUCi.v.: Area under the curve with i.p. and i.v. injection, respectively. t1/2, elimination half-life time; Cmax, the maximum observed blood 
concentration. 

Fig. 2. SPECT/CT imaging of MC38 tumor-bearing 
mice after i.v. or i.p. injection of In-111-labeled 
aPD-L1 mAb. 
MC38 tumor-bearing mice (n = 3 per group) received 
either an (A) i.v. or (B) i.p. injection of aPD-L1 mAb 
labeled with In-111 (20 μg/mouse). SPECT/CT scan 
was conducted at 5 min, 3 h, 24 h, 48 h, and 96 h 
after injection. Representative coronal SPECT/CT 
images are shown, where areas surrounded by lines 
indicate the abdominal cavity, and areas surrounded 
by dashed lines indicate tumors. B, the bladder; H, the 
heart; L, the liver; LN, the lymph node; T, tumor. 
Images on the right show MC38 i.p. tumors in mice by 
surrounded dashed lines.   
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Fig. 3. Intratumoral distribution of aPD-L1 mAb after i.v. or i.p. injection. 
aPD-L1 mAb (20 μg/mouse) was administered via (A) i.v. or (B) i.p. injection into i.p. MC38 tumor-bearing mice, and the tumors were collected at 30 min, 6 h, and 
24 h post-injection. aPD-L1 mAb and blood vessels were immunostained as described in the Materials and methods. Lower images showed enlargement of dotted 
areas in the upper images. Blue, red, and green represent nuclei, CD31 (endothelial cells), and aPD-L1 mAb, respectively. Scale bar in the upper images: 1000 μm; 
scale bar in the lower images: 100 μm. (C) aPD-L1 mAb was administered via i.v. injection at the indicated doses into i.p. MC38 tumor-bearing mice, and tumor 
samples were collected at 6 h post-injection. aPD-L1 mAb was immunostained as described above. Green and red represent aPD-L1 mAb and CD31 (endothelial cells), 
respectively. Scale bars: 100 μm. (D) aPD-L1 mAb was administered via i.p. injection at the indicated doses into i.p. MC38 tumor-bearing mice, and tumor samples 
were collected at 6 h post-injection. aPD-L1 mAb was immunostained as described above. Green represents aPD-L1 mAb. Scale bar: 1000 μm. 
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We found that aPD-L1 mAb was localized to the tumor vascular regions 
after i.v. administration, regardless of the dose (Fig. 3C); however, i.p. 
administration resulted in a dose-dependent increase in the penetration 
of anti-PD-L1 mAb into tumor tissue (Fig. 3D). These results suggested 
that aPD-L1 mAb directly penetrated MC38 tumors from the surround-
ings to the deeper regions, resulting in the efficient delivery of aPD-L1 
mAb to i.p. tumors via the i.p. route. 

We further investigated the mechanisms by which i.p. injection 
improved the delivery of aPD-L1 mAb to i.p. tumors. We evaluated the 
contribution of the lymphatic system to the improved distribution of 
aPD-L1 mAb in tumors. Following injection via the footpad, the anti-
bodies mainly migrate to lymph vessels via lymphatic flow (Fig. 4A) 
[31]. Considering that the Fc region of an antibody can be recognized by 
the Fcγ receptors expressed on the surface of immune cells, we examined 
whether aPD-L1 mAb was accompanied by immune cells. Our results 
showed that even after the Fc region was depleted, the Fab fragment was 
highly distributed in MC38 tumors (Fig. S6). aPD-L1 mAb was detected 
around lymph vessels at 30 min after footpad injection, but no extensive 
diffusion of aPD-L1 mAb from lymph vessels was observed until 24 h 
after the injection. This indicated that the contribution of the lymphatic 
system to the diffusion of aPD-L1 mAb into MC38 tumors after i.p. in-
jection was minor. Next, we evaluated the penetration of aPD-L1 mAb to 
tumors ex vivo. Harvested tumors were incubated with a solution con-
taining aPD-L1 mAb and observed for 24 h (Fig. 4B). aPD-L1 mAb 
penetrated MC38 tumors in a time-dependent manner (Fig. 4C). Pene-
tration of aPD-L1 mAb was also found in the pancreas, while, aPD-L1 
mAb was only detected on the surface of the spleen and no further 
penetration of aPD-L1 mAb into the spleen was observed (Fig. S7). The 
degree of antibody penetration from the surface of ex vivo organs was 
correlated with increase in accumulation of aPD-L1 mAb in organs after 
i.p. administration (Fig. 1). Taken together, these findings suggest that 
penetration of aPD-L1 mAb from the surroundings was a major route for 
its distribution to MC38 i.p. tumors after i.p. injection, which resulted in 

an efficient delivery of aPD-L1 mAb to i.p. tumors. 

3.3. Improved therapeutic efficacy of aPD-L1 mAb by i.p. administration 

We investigated whether the improved delivery and distribution of 
aPD-L1 mAb in MC38 i.p. tumors after i.p. injection enhanced its ther-
apeutic effect compared with that after i.v. injection. Briefly, i.p. MC38 
tumor-bearing mice were treated with either i.v. or i.p. injection of aPD- 
L1 mAb (200 μg/mouse). Although there was no difference in tumor 
weight between the control and i.v. aPD-L1 mAb groups, efficient tumor 
suppression was observed in mice treated with i.p. aPD-L1 mAb 
(Fig. 5A). Ascites volume was decreased in MC38 tumor-bearing mice 
treated with i.p. aPD-L1 mAb compared to that in mice receiving i.v. 
aPD-L1 mAb (Fig. 5B). An increase in CD8+ T cells in tumors was also 
observed after i.p. administration of aPD-L1 mAb, suggesting that the 
anti-tumor effect was caused by immunoregulatory function of aPD-L1 
mAb (Fig. S8). However, there was no significant difference in body 
weight between the groups, indicating that i.p. administration of aPD-L1 
mAb induced no acute toxicity in mice (Fig. 5C). Even though the 
amount of distributed aPD-L1 mAb increased after i.p. administration 
compared to that after i.v. administration (Figs. 1D and S9), no obvious 
toxicity was observed in the pancreas and ovaries following i.p. injection 
of aPD-L1 mAb (Fig. S10). 

Because i.p. administration increased the amount of aPD-L1 mAb 
delivered to the pancreas, we further evaluated whether i.p. injection 
improved the delivery of ICIs to pancreatic tumors. KPC pancreatic 
cancer cells express PD-L1 to which aPD-L1 mAb labeled with In-111 
were bound with a Kd of approximately 2.5 nM (Fig. S4). Thus, 
tumor-bearing mice were prepared by orthotopic inoculation of KPC 
pancreas cancer cells. Establishment of pancreatic tumors were 
confirmed by Cre gene expression derived from KPC cells and an in-
crease in α-SMA as an index of development of pancreatic tumors [32] 
(Fig. S11). KPC orthotopic tumor-bearing mice were treated with i.v. or 

Fig. 4. Evaluation of distribution mechanisms of aPD-L1 mAb to i.p. tumors. 
(A) Schematic illustration of the migration route of aPD-L1 mAb after footpad injection. aPD-L1 mAb (20 μg/50 μL) was injected to MC38 i.p. tumor-bearing mice via 
the footpad. Tumors were harvested at 30 min, 6 h, and 24 h after injection. aPD-L1 mAb and lymph vessels were observed with immunofluorescence staining. Green 
and red represent aPD-L1 mAb and Lyve-1 (lymph endothelial cells), respectively. Scale bar: 50 μm. (B) Schematic illustration of ex vivo penetration analysis of aPD- 
L1 mAb in MC38 tumors. Harvested MC38 tumors were incubated with aPD-L1 mAb (50 μg/mL) for 1 s, 30 min, 6 h, and 24 h. aPD-L1 mAb in tumors was observed 
with immunofluorescence staining. Green represents aPD-L1 mAb. Scale bar: 100 μm. (C) Fluorescent intensity of aPD-L1 mAb at 20 different locations was 
quantified using the ImageJ software. The X-axis indicates the distance from the surroundings (μm), and the Y-axis is the fluorescent intensity of aPD-L1 mAb. Left 
graphs: bold lines indicate the average intensities; backgrounds represent the S.D. at each indicated time point. Right graph: the average fluorescent intensities at the 
indicated time points. 
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i.p. injection of In-111-labeled aPD-L1 mAb. The accumulation of aPD- 
L1 mAb in tumors after i.p. injection was enhanced compared to that 
after i.v. injection (Fig. 5D). aPD-L1 mAb was distributed in KPC tumors 
after i.p. injection, while was found around blood vessels after i.v. in-
jection (Fig. 5E). These results suggested that i.p. administration also 
improved delivery of aPD-L1 mAb to pancreas tumors. However, PD-1/ 
PD-L1 blockade alone is not expected to be effective because pancreatic 
cancers have few neoepitopes and are therefore not easily recognized by 
the immune system [33–35]. Thus, combination therapy with other 
drugs is required to treat pancreatic cancers. The combination with 
aCD40 mAb increased the sensitivity to PD-1/PD-L1 blockade and 
improved the overall survival in the spontaneous KPC model via 
macrophage activation and subsequent infiltration into tumors, and T 
cell activation by stimulated antigen presenting cells [36–38]. More-
over, the difference in biodistribution of aCD40 mAb between the i.p. 
and i.v. routes was comparable to that of aPD-L1 mAb (Fig. S2). 
Therefore, we treated an orthotopic pancreas tumor model with i.v. or i. 
p. injection of aPD-L1 and aCD40 mAbs (Fig. 5F). The tumor weight was 
decreased after i.p. injection compared to that in the control, with no 
change in body weight between the treated groups and the control 
(Fig. 5G and H). These results suggested that i.p. administration might 
be the favorable route for the efficient delivery of ICIs to pancreatic 
cancers. 

4. Discussion 

The route of administration is a critical determinant of the final 
pharmacokinetics, pharmacodynamics, and toxicity of pharmaceutical 

agents [39]. Clinical trials have been conducted to compare the effi-
ciency of i.p. and i.v. administration of anticancer drugs, but the results 
are controversial [6–10]. This may be due to the fact that the concen-
tration of chemotherapeutic drugs in tumor tissue does not improve as 
much as expected (Fig. S5). Several clinical trials comparing the i.v. and 
i.p. administration of ICIs are ongoing (NCT03508570, NCT03959761), 
but the results have not been reported. In addition, there is no report of 
comparative analysis of pharmacokinetics after i.p. and i.v. adminis-
tration of ICIs in tumor-bearing models. Because of the sparsity of in-
formation on the pharmacokinetics of ICIs after i.p. administration, 
there is a common concern that it may not be a suitable administration 
route of ICIs for cancer treatment [8,39]. 

After either i.v. or i.p. administration to subcutaneous (s.c.) tumor- 
bearing mice, antibody drugs including ICIs are transferred to the sys-
temic circulation, and they subsequently accumulate in the xenograft s. 
c. tumor via the EPR effect. After i.v. injection, the amount of aPD-L1 
mAbs accumulated in intraperitoneal MC38 tumors was approximately 
2% ID per g tumor tissue (Fig. 1D), indicating that efficient delivery is 
not always achieved via the EPR effect. This could be caused by the poor 
vascular permeability of intraperitoneal MC38 tumors, i.e. vasculature 
barrier. On the contrary, the transfer of ICIs to MC38 tumors was 
increased approximately 10-fold after i.p. administration. In the present 
study, by comparing the amounts of ICIs in i.p. tumors after i.v. and i.p. 
administration, we proved that i.p. injected ICIs were able to penetrate i. 
p. tumors directly from the intraperitoneal space, thus achieving effi-
cient delivery and therapeutic effect. 

The mAb administered via i.p. injection was found to penetrate 
MC38 tumor tissues from the tumor surface (Fig. 3). A possible reason is 

Fig. 5. Enhanced antitumor effects of ICIs by i.p. administration. 
(A) MC38 i.p. tumor weight at day 15 after treatment with either i.v. or i.p. injection of aPD-L1 mAb (200 μg/mouse) to MC38 tumor-bearing mice at days 3, 6, 8. 10, 
and 13 post-inoculation. Data are shown as mean ± SE (n = 8). The right images are representative pictures showing MC38 tumor burdens in mice (yellow regions). 
(B) The volume of ascites in the abdominal cavity at day 15. (C) The body weight of MC38 tumor-bearing mice. (D) The concentration of aPD-L1 mAb labeled with In- 
111 in the blood and pancreas tumors at 1, 6, 24, and 72 h after i.v. or i.p. injection (2 μg of labeled aPD-L1 and 198 /mouse μg of unlabeled aPD-L1) to KPC 
orthotopic pancreas tumor-bearing mice (n = 3–5). (E) Intratumoral distribution of aPD-L1 mAb in pancreas tumors in 6 h after i.v. or i.p. injection. Green and red 
represent aPD-L1 mAb and CD31 (blood vessel), respectively. Scale bars: 100 μm. (F) KPC orthotopic pancreas tumor-bearing mice were either i.v. or i.p. treated with 
aCD40 mAbs (100 μg/mouse) at day 3, and aPD-L1 mAbs (200 μg/mouse) at days 3, 5, 8, and 11. (G) KPC orthotopic tumor weight at day 18 after treatment with 
either i.v. or i.p. injection of aCD40 and aPD-L1 mAbs (n = 8). (H) The body weight of KPC orthotopic tumor-bearing mice at day 17 (n = 8). *P < 0.05. **P < 0.01. n. 
s.: not significant difference. (One-way ANOVA with Tukey–Kramer test). 
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that MC38 tumor tissues contain fewer mesothelial cells, loose connec-
tive tissues, and/or no distinct capsule structure on the surroundings, 
allowing ICIs to penetrate tumor tissues from the surface. Because aPD- 
L1 mAb was able to penetrate tumor tissues deeper at a higher dose, the 
binding site barrier could be an obstacle of the penetration [40]. A high 
matrix viscosity and density in tumors also acts as matrix barrier. It was 
reported that micelles, 30 nm in diameter could penetrate pancreatic 
tumors that had abundant matrix in stroma; in contrast, micelles that are 
70 nm in diameter could barely penetrate those tumors [41]. Asthe size 
of antibody molecules is approximately 10 nm [42], it is likely that 
diffusion of aPD-L1 mAb is not strongly hindered by the matrix in tumors 
used in this study. 

This is the first study to clearly show an EPR-independent delivery of 
an ICI to an i.p. tumor, by which the ICI was delivered to tumor tissue via 
direct penetration after i.p. administration, achieving the delivery of a 
massive amount of ICIs to i.p. tumors (Fig. 6). As i.p. administration also 
enhanced the delivery of peptide conjugations and nanoparticles to i.p. 
tumors [43–45]. efficient delivery of medium-sized molecules (such as 
peptides), biomolecules (such as antibodies), and nanoparticles (such as 
lipid nanoparticles) to i.p. tumors after i.p. administration is expected to 
occur through EPR-independent direct penetration. We also hypothe-
sized that the i.p. administration route would be efficient for treating 
hypovascular tumors. Direct penetration of ICIs should also be influ-
enced by the characteristics of the tumor microenvironment, such as 
surface structure and stroma components. Considering the clinical 
application, it is necessary to examine which tumor types would be 
applicable to direct penetration via i.p. administration in the future. As 
the depth of ICI distribution in tumors via direct penetration was 
dependent on the drug concentration (Figs. 3C and 4C), drug penetra-
tion in a deep region in a large nodule could be limited; thus, the optimal 
cytoreductive surgery for the i.p. administration of ICIs in clinical 
practice should be considered [4]. 

Because i.p. administration also increased the delivered amount of 
aPD-L1 mAb to the pancreas, we further evaluated whether the i.p. route 
could be applicable to pancreatic cancers. The efficient delivery of aPD- 
L1 mAb to orthotopic pancreatic tumor was also observed after i.p. in-
jection compared to that after i.v. injection. However, the therapeutic 
efficacy of aPD-L1 mAb, even when combined with aCD40 mAb, after i. 
p. administration was not markedly improved compared to that after i.v. 
administration. As pancreatic cancers are less sensitive to immune 
checkpoint blockade, [46] improved delivery of ICIs to pancreatic can-
cers may not significantly improve their efficacy. However, i.p. admin-
istration is an advantageous route that efficiently delivers antibody 
drugs to pancreatic cancer, and if appropriate antibody-based drugs for 

pancreatic cancer are selected, they are expected to achieve better 
outcome than i.v. administration. 

ICIs administered via i.p. injection migrated to the normal pancreas 
and ovaries as early as 1 h post-injection (Figs. 1C, S1, and S2). The 
surface epithelium that forms the ovarian surface has a large surface 
area with microvilli [47,48]. In addition, pinocytotic vesicles actively 
exist in ovarian surface epithelial cells [47]. Therefore, these charac-
teristics might have facilitated the uptake of ICIs from the peritoneal 
cavity through the cell surface. Pancreas is covered by a thin layer of 
loose connective tissue that does not form a distinct capsule, which 
likely eased the penetration of ICIs from the abdominal cavity into the 
pancreas [49]. In addition, the amount ICIs transferred to the liver, 
spleen, and kidneys after i.p. administration was lower than that after i. 
v. administration. These organs are covered with a capsule composed of 
mesothelial cells and dense fibrous tissues, [50–53] which are consid-
ered a barrier inhibiting the penetration of ICIs from the surroundings. 

Compared to that after i.v. administration, the migration of ICIs into 
the peritoneum/diaphragm was also increased after i.p. administration 
(Figs. 1, S1, and S2). As the migration of aPD-L1 mAb to the thoracic 
lymph node was observed as early as 5 min after i.p. administration by 
SPECT/CT imaging (Fig. 2), we hypothesized that i.p. administered ICIs 
reached the thoracic lymph node via the peritoneal lymphatics from the 
peritoneum. Because metastasis of intra-abdominal tumors from the 
abdominal cavity is considered to occur mainly via the lymphatic sys-
tem, [23] i.p. administration should be an efficient route for delivering 
ICIs to lymphatic metastases. This may realize metastasis detection and 
therapy, i.e., theranostics, for i.p. tumors. 

Because PD-L1 expression, [54,55] high microsatellite instability, 
and high tumor mutation burden [56,57] are well-correlated with 
objective response rate to ICIs, Thus, they serve as biomarkers for pre-
dicting the efficacy of ICIs. Even though MC38 has been recognized as a 
response murine tumor model to PD-1/PD-L1 inhibition, [24,58] we 
previously revealed that aPD-L1 mAb had lower therapeutic efficacy in 
tumors sensitive to PD-1/PD-L1 blockade than aPD-1 mAb owing to poor 
pharmacokinetic properties [22]. Therefore, achieving therapeutic 
outcome is difficult without proper delivery of ICIs. However, aPD-L1 
mAb showed antitumor efficacy in i.p. tumor models owing to 
enhanced delivery. These results indicate that, although the character-
istics of tumor such as PD-L1 expression and immunogenicity are 
necessary conditions to obtain clinical responses to ICIs, sufficient 
amounts of ICIs should be delivered to a tumor in order to exert their 
efficacy. Nevertheless, i.p. administration is more complicated than i.v. 
infusion, as it requires the implantation of a port; thus, i.p. adminis-
tration of ICIs has not become the standard at most institutions [8]. 

The structures of the peritoneal membrane and greater omentum are 
similar in humans and mice, and macromolecular clearance from the 
peritoneum to plasma during peritoneal dialysis in mice are in good 
agreement with human data [59–61]. Even though, the administration 
conditions should be carefully considered in humans since the volume 
and surface area of the abdominal cavity in humans and mice are 
different. However, the pharmacokinetics of aPD-L1 mAb in the peri-
toneal cavity after i.p. administration in mice is possible to be applicable 
to humans. 

The present study clearly showed that ICIs were delivered in a 
massive amount to the tumor tissue via direct penetration after i.p. 
administration. Owing to the enhanced delivery, the therapeutic effi-
cacy of anti-PD-L1 antibody in the peritoneal dissemination models was 
also improved after i.p. administration compared to that after i.v. 
administration. 
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