Biochemistry and Biophysics Reports 38 (2024) 101710

Contents lists available at ScienceDirect

Biochemistry and Biophysics Reports BB

Reports

ELSEVIER journal homepage: www.elsevier.com/locate/bbrep

Liposome-encapsulated progesterone efficiently suppresses B-lineage
cell proliferation

Toshiro Seki?, Rikio Suzuki®, Shino Ohshima °, Yoshiyuki Manabe 4¢ Shion Onoue°,
Yuki Hoshino ¢, Atsushi Yasuda ?, Ryoji Ito’, Hiroshi Kawada ", Hitoshi Ishimoto ¢,

. c,h,*

Takashi Shiina “", Yoshie Kametani

2 Department of Internal Medicine, Division of Nephrology, Endocrinology, and Metabolism, Tokai University School of Medicine, Isehara, Japan
Y Department of Hematology and Oncology, Tokai University School of Medicine, Isehara, Japan

¢ Department of Molecular Life Science, Division of Basic Medical Science, Tokai University School of Medicine, Isehara, Japan

4 Department of Chemistry, Graduate School of Science, Osaka University, Osaka, Japan

¢ Forefront Research Center, Osaka University, Osaka, Japan

f Central Institute for Experimental Medicine and Life Science, Kawasaki, Japan

8 Department of Obstetrics and Gynecology, Tokai University School of Medicine, Isehara, Japan

" Institute of Advanced Biosciences, Tokai University, Hiratsuka, Japan

ARTICLE INFO ABSTRACT

Keywords: Progesterone suppresses several ancient pathways in a concentration-dependent manner. Based on these char-

Progesterone acteristics, progesterone is considered a candidate anticancer drug. However, the concentration of progesterone

Liposome used for therapy should be higher than the physiological concentration, which makes it difficult to develop

B cell lymphoma . . . .

Myeloma pr.ogesterone—based' anticancer drugs. .We previously developed.llposome:encapsulated progesteron‘e (ngo—Pfl)
with enhanced anticancer effects, which strongly suppressed triple-negative breast cancer cell proliferation in
humanized mice. In this study, we aimed to clarify whether Lipo-P4 effectively suppresses the proliferation of B-
lineage cancer cells. We selected six B-cell lymphoma and two myeloma cell lines, and analyzed their surface
markers using flow cytometry. Next, we prepared liposome-encapsulated progesterone and examined its effect on
cell proliferation in these B-lineage cancer cells, three ovarian clear cell carcinoma cell lines, two prostate
carcinoma cell lines, and one triple-negative breast cancer adenocarcinoma cell line. Lipo-P4 suppressed the
proliferation of all cancer cell lines. All B-lineage cell lines, except for the HT line, were more susceptible than the
other cell types, regardless of the expression of differentiation markers. Empty liposomes did not suppress cell
proliferation. These results suggest that progesterone encapsulated in liposomes efficiently inhibits the prolif-
eration of B-lineage cells and may become an anticancer drug candidate for B-lineage cancers.

1. Introduction cancer types, such as breast cancer, issues remain in inducing significant
output.

Progesterone (P4) and progestins, which are analogs of P4, play The relationship between P4 and other steroid hormones, including
crucial roles in immune regulation during pregnancy [1]. They suppress estrogen and glucocorticoids, has been reported [6,8-10]. Previously,
the T cell response [2], NK cell survival [3], and dendritic cell function we reported that high-dose P4 treatment for 6 h transiently suppressed
[4] in a concentration-dependent manner. In contrast, progestins regu- T-cell proliferation; however, transient exposure did not affect T-cell
late proliferative signals common in cancer cells and have been survival or protect T cells from exhaustion in the presence of glucocor-
considered anti-cancer drug candidates [5,6]. Progestins are useful in ticoids in humanized mice [11]. Moreover, this treatment enhanced
the treatment of endometrial and cervical cancer [7]. However, for other cytotoxic T-cell engraftment in vivo. However, to obtain an efficient

Abbreviations: P4, Progesterone; Lipo-P4, Liposome-encapsulated progesterone; PBMC, Peripheral blood mononuclear cells; Lipo-Emp, Empty control liposome;
PR, Progesterone receptor; FCM, Flow cytometry; PBS, Phosphate-buffered saline.
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outcome, the dose of P4 must be higher than the physiological con-
centration. In some studies, the effect of P4 has been reported to depend
on its concentration and receptor expression [12]. To deliver a higher
amount of P4 to cancer cells in vivo, we used a liposome-encapsulated
form (Lipo-P4) and developed an anticancer drug candidate,
Lipo-P4-aPDL1, which is a Lipo-P4 conjugated with atezolizumab [13].

To evaluate human immune conditions reconstructed under the
treatment of cancer drugs, experimental animals, such as immune hu-
manized mice, are necessary [14]. Therefore, several types of immu-
nodeficient mice, and immunohumanized mice based on these
immunodeficient mice, have been developed [15-18]. However, the
reconstruction of the individual immune environment is difficult
because peripheral blood mononuclear cells (PBMCs) should be used for
the reconstruction of human immunity in mice; however, PBMCs induce
graft versus host disease when they are transplanted into severely
immunodeficient mice. Therefore, we developed a new tumor-bearing
humanized mouse system constructed by transplanting human PBMCs
into a tumor-bearing NOG-hIL-4-Tg mouse system (PBL-NOG-hIL-4-Tg)
to evaluate the effects of human immune drugs [13]. In the humanized
NOG-hIL-4-Tg mouse system, human T and B cells were engrafted effi-
ciently, whereas other PBL-humanized mice could not maintain human
B cells [14]. The immunity of the mice did not induce graft versus host
disease, but lymphocytes remained functional, and the engrafted T cells
secreted both Th1l and Th2 cytokines after T-cell receptor stimulation. B
cells secrete antigen-specific antibodies via immunization [19].
Lipo-P4-aPDL1 effectively suppressed the growth of the triple-negative
breast cancer cell line MDA-MB231, which expresses PD-L1 when
transplanted into PBL-NOG-hIL-4-Tg cells [13]. Moreover, we found that
the proportion of human immune B cells engrafted in mice was signifi-
cantly decreased, suggesting that Lipo-P4-aPDL1 may efficiently sup-
press the survival of the B-cell lineage. The anticancer effect of P4 on
B-lineage cancer cells has not yet been reported and is worth examining.

Therefore, in this study, we aimed to clarify whether Lipo-P4 sup-
presses the growth of B-lineage and other cancer cell lines at physio-
logical concentrations.

2. Materials and methods
Ethical approval

The experiments involving humanized mice were conducted in
accordance with the guidelines of the Declaration of Helsinki and the
Japanese federal regulations required for the privacy protection of
human participants. The study protocol was approved by the Tokai
University (12R-002/20R211/21R277) and Central Institute for Exper-
imental Animals (08-01) Human Research Committees. Written
informed consent was obtained from all participants. All animal pro-
cedures were conducted in accordance with the Guidelines for the Care
and Use of Laboratory Animals and approved by the Animal Care
Committees of Tokai University School of Medicine (185016,/191073/
202049/213047/224039) and the Central Institute for Experimental
Animals (20045). The study was conducted in compliance with the
ARRIVE guidelines. As we created a healthy donor immune environment
in multiple mice, the experimental design did not require blinding.

2.1. Preparation of Lipo-P4

Lipo-P4 and empty control liposomes (Lipo-Emps) were prepared as
described previously [13]. Details are provided in the Supplemental
Materials.
2.2. Humanized mouse

NOG-hIL-4-Tg  (NOD.Cg-Prkdcscidll2rgtm1Sug/Tg(CMV-IL4)/Jic)

mice were maintained under specific pathogen-free conditions at the
animal facilities of the Tokai University School of Medicine and the
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Central Institute for Experimental Animals. Offspring expressing human
IL-4 were identified as previously described [19]. DNA was extracted
from ear tissue collected at the time of genotyping. Human IL-4 protein
levels were measured using a Human IL-4 ELISA Set BD OptEIA Kit (BD
Biosciences, Franklin Lakes, NJ, USA). Human PBMCs (5 x 10° cells)
were intravenously injected into 8-week-old NOG-hIL-4-Tg mice
(hu-PBL NOG-IL-4-Tg mice). Female mice were used, while previous
studies with hu-PBL NOG IL-4-Tg mice showed no influence of sex with
respect to the lymphocyte engraftment [13,19]. On the same day,
Lipo-anti-PD-L1-P4 was administered intraperitoneally, and this treat-
ment continued every five days, for a total of six times. As a negative
control, an equal volume of PBS was injected into hu-PBL NOG-hIL-4-Tg
mice. The mice were sacrificed 28 days after PBMC transplantation, and
the engrafted lymphocytes were analyzed by flow cytometry.

2.3. Cell lines

The cells used in this study are listed in Table 1, along with the
culture conditions. Fetal calf serum was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Each cell line was cultured in the presence of 0-200 pM P4, 2-20 pM
Lipo-P4, or Lipo-Emp (the amount was equivalent to 20 pM Lipo-P4).
The cells were cultured under the conditions listed in Table 1, and the
cell number was counted.

2.4. Flow cytometry

Fluorochrome-conjugated anti-human monoclonal antibodies were
used to analyze the B-cell lines and human immune cells. The antibodies
used in this study are listed in Table S1. The cells were incubated with
appropriate dilutions of fluorescently labeled mouse anti-human
monoclonal antibodies for 15 min at 4 °C, washed with PBS contain-
ing 1 % (w/v) bovine serum albumin (Sigma-Aldrich), and analyzed
using a FACS Fortessa or Verse flow cytometer (BD Biosciences). For
each analysis, a live gate with white blood cells or lymphocytes was
used, based on human CD45 expression. Data were analyzed using the
FlowJo software (PRID:SCR_008520; BD Biosciences).

2.5. Statistics

Significant differences between groups were calculated using one-
way analysis of variance or two-sided Student’s t-tests in Microsoft
Excel 2021 (Microsoft Corporation, WA, USA).

3. Results

Previously, we showed that the number of engrafted B cells
decreased after Lipo-P4 treatment in humanized tumor-bearing mice. As
shown in Fig. 1, CD5" human T cells and CD19" human B cells were
engrafted into the spleens of NOG-hIL-4-Tg mice 4 weeks after PBMC
transplantation. Most B cells became antibody-secreting, plasmablast-
like cells. In mice injected with Lipo-P4, which is targeted to PD-L1-
expressing immune cells, the proportion of B cells decreased, although
PD-L1 was not significantly expressed compared to T cells (Fig. 1B).
Moreover, the proportion of plasmablasts in B cells did not substantially
change, as we previously reported in tumor-bearing PBL-NOG-hIL-4-Tg
mice [13]. This suggests that P4 specifically suppresses the differentia-
tion of plasmablasts.

Therefore, we attempted to determine the stage of B cells in which
their fate is affected by Lipo-P4. To examine whether cell proliferation
was inhibited at the plasmablast differentiation stage, we selected
various lymphoma and myeloma cell lines and examined whether the
proliferation of each cell line was inhibited. For this purpose, we
examined the surface markers of B-lymphoma and myeloma cells, as
listed in Table 1. As shown in Table S2, the B-lymphoma and myeloma
cell lines expressed different surface marker profiles. The B-lymphoma



Table 1
Cell lines and conditions.
Type Subtype Strain Morphology Disease Culture Medium Number of Day of Provider
) Seeded Cells Culture
Tissue
Leukemia B-lymphoma HT B-lymphoblast Lymphoma RPMI1640 10% 1 x 10%/48 well 3 American Type Collection Center (ATCC) (CRL-2260)
FCS plate
OCI-LY3 B-lymphoblast Diffuse Large Cell Lymphoma (Non- ~ RPMI1640 10% 1 x 10%/48 well 3 DSMZ (ACC761)
Hodgkin’s B cell) FCS plate
OCI-LY10 B-lymphoblast Diffuse Large Cell Lymphoma (Non- ~ RPMI1640 10% 1 x 10%/48 well 3 kindly provided by Dr. Kawada (the Tokai University
Hodgkin’s B cell) FCS plate School of Medicine)
RI-1 B-lymphoblast B cell lymphoma (Non-Hodgkin’s B RPMI1640 10% 1 x 10%/48 well 3 DSMZ (ACC585)
cell) (ABC-like) FCS plate
Raji B-lymphoblast Burkitt’s Lymphoma RPMI1640 10% 1 x 10%/48 well 3 American Type Collection Center (ATCC) (CCL-86)
FCS plate
Toledo B-lymphoblast Diffuse Large Cell Lymphoma (Non- ~ RPMI1640 10% 1 x 10%/48 well 9 American Type Collection Center (ATCC) (CRL-2631)
Hodgkin’s B cell) FCS plate
Myeloma RPMI8226 B-lymphoblast Myeloma RPMI1640 10% 1 x 10%/48 well 3 the Japanese Collection of Research Bioresources cell
FCS plate bank (Osaka, Japan)
U266 B-lymphoblast Myeloma RPMI1640 10% 1 x 10%/48 well 5 kindly provided by Dr. Shinsuke Iida (Nagoya City
FCS plate University, Aichi, Japan)
T lymphoma Jurkat T-lymphoblast Acute T cell leukemia RPMI1640 10% 1 x 10%/48 well 3 American Type Collection Center (ATCC) (TIB-152)
FCS plate
Adeno- Ovarian Clear Cell ES-2 Ovary Clear Cell Carcinoma McCOy’ s 5A 1 x 10%/48 well 5 kindly provided by Dr. Mikio Mikami (the Tokai
carcinoma Carcinoma 10%FCS plate University School of Medicine)
HUOCAII Ovary Clear Cell Carcinoma HAM’S F12 10% 1 x 10%/48 well 5 kindly provided by Dr. Mikio Mikami (the Tokai
FCS plate University School of Medicine)
RMG-1 Ovary Clear Cell Carcinoma HAM’S F12 10% 1 x 10%/48 well 3 kindly provided by Dr. Mikio Mikami (the Tokai
FCS plate University School of Medicine)
Prostate Carcinoma LNCap Prostate Carcinoma RPMI1640 10% 1 x 10%/48 well 6 kindly provided by Dr. Susumu Takekoshi (the Tokai
FCS plate University School of Medicine)
PC-3 Prostate Adeno-carcinoma HAM’S F12 10% 1 x 10%/48 well 6 kindly provided by Dr. Susumu Takekoshi (the Tokai
FCS plate University School of Medicine)
TN Breast Cancer MDA-MB- Breast Mammary Adeno-carcinoma L-15 15%FCS 1 x 10%/48 well 3 European Collection of Authenticated Cell Cultures
Carcinoma 231 Gland plate

0 32 jos L

0IZI0T ($Z0T) 8€ s1oday sasAydorg pup Lasnuayoorg



T. Seki et al.

Biochemistry and Biophysics Reports 38 (2024) 101710

A.
I Day 0 II Day5 II Day 10 II Day 15 I I Day 20 II Day 25 lI Day 28 l
\ v Vv v ¥ ¥ ¥
=»" FCM
PBMCs 5 X 10¢ Lipo-P4 or PBS Preparation
. cells/head injection of human cells
transplantation in the spleen
NOG-hIL-4-Tg mice
B.
T cell B cell
0
15k
200
PBS
200
500
0
0 L T
o e W ot " w0 10 1f
o] cosawen o
2
o 250
0* ' we S | 20k
. o 9 7 0 20
Lipo-P4
1ok
10? 107 4 "
o CO19, subset o4 na soxd
o 013 . 286 0
T T T T L ‘l" Ty T T T
a0® 10 10t 10 0 10° w0t 10° o - . od
0.13 0w W T AR
wn ~
(=) o
= S
CD19 CD38 PD-L1 PD-L1

Fig. 1. Effect of Lipo-P4 on B-cell engraftment in humanized mice. (A) Protocol for Lipo-P4 evaluation using PBL-NOG-hIL-4-Tg. (B) Typical FACS patterns of human
CD457 leukocytes in the humanized mouse spleen (n = 4). The numbers shown in each panel are the percentages of the gated cells. Left two panels: expression of CD5
and CD19 in the human CD45™ cell-gated cells. Middle two panels: expression of CD27 and CD38 in the human CD19™ cell-gated cells shown in the left panels.
Human CD19 (B cells), CD5 (T cells and B1 cells), CD27 (memory and plasmablast B cells), and CD38 (plasmablast and plasma cells). Right four panels: expression of

PD-L1 in CD5" T cells (left panels) and CD5™ B cells (right panels).

cell lines expressed CD45 and CD19, whereas the myeloma cell lines did
not express CD45 but expressed CD138. None of the cell lines expressed
CD5, and the expression of CD27 and CD38 varied among cell lines.

Next, we compared the effect of P4 on suppressing the proliferation
of B-lymphoma and myeloma cell lines. In a previous report, we clarified
that, in cell lines such as JEG-3, BeWo (placental choriocarcinoma),
MDA-MB-231 (triple-negative breast cancer), HEK293 (a kidney cell
line), and Karpus707H (myeloma), Lipo-P4 had an approximately ten
times stronger anticancer effects than P4 alone [13]. Therefore, we
examined whether the effect of Lipo-P4 on B-lineage cell lines was
stronger than that of P4 alone. To avoid any effects caused by the
liposome itself, we prepared Lipo-Emp, which was used as a negative
control. As shown in Fig. S1, in OCI-LY3, a non-Hodgkin diffuse
large-cell lymphoma cell line, cell proliferation was suppressed at all
time points. We also selected non-targeting Lipo-P4 to avoid a decrease
in the targeting efficiency of cell lines that did not express PD-L1.
Therefore, we compared the cell number on the 3rd day and found
that Lipo-P4 almost completely suppressed cell growth at a dose of 20
pM, which is equivalent to the P4 concentration in the placental inter-
villous blood. In contrast, Lipo-Emp did not suppress cell proliferation.
All cell lines listed in Table 1 showed the same kinetics, and we deter-
mined the best time point to compare the effects of P4, Lipo-P4, and
Lipo-Emp. The result for OCI-LY3 suggests that P4 efficiently suppressed
OCI-LY3 proliferation in a dose-dependent manner, and the effect was
enhanced if P4 was encapsulated in the liposome.

Next, we examined the effects of these reagents on other B-lym-
phoma and myeloma cell lines. We also examined a T-cell line and

various carcinoma cell lines for comparison with the B-cell lines. In-
formation regarding the cancer cell lines is shown in Table 1. As shown
in Fig. 2, all cell lines examined showed a significant dose-dependent
decrease in the number of cells in the presence of P4. Moreover, Lipo-
P4 suppressed cell proliferation more efficiently than P4. In some cell
lines (R1-1, Toledo, Raji, and U266), a more than ten times greater effect
was observed.

In contrast, Lipo-Emp did not suppress the proliferation of most of
the cell lines examined. Among them, LNCap, a prostate cancer cell line,
and MDA-MB-231, a triple-negative breast cancer cell line, showed
significant decreases in cell numbers. However, the cell number in these
cell lines tended to be higher than that in the Lipo-P4-treated group,
suggesting that some suppressive effects of liposomes may exist in these
cell lines.

These results suggest that P4 effectively suppressed the proliferation
of most of the cancer cell lines examined when encapsulated in lipo-
somes. Liposomes did not affect the proliferation of many cell lines;
however, a suppressive effect was observed in some cell lines.

Because the suppression of proliferation varies among cell lines, we
compared the relative suppression effect of Lipo-P4 based on the cell line
subtype. Relative growth was calculated as Lipo-P4/Lipo-Emp because
the scores showed the effects of P4 without the effect of the liposomes.
As shown in Fig. 3, the relative growth was the lowest in the B-lym-
phoma cell lines, except for the HT and myeloma cell lines. Compared
with these B-lineage leukemia cell lines, carcinoma cell lines showed
higher relative growth, suggesting that the effect was the highest in B-
lineage leukemia. Although LNCap cells showed low proliferation, the
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Fig. 2. Differences in the effects of P4 on cancer-cell proliferation. Left panels: leukemia cell lines (B-cell lymphoma, myeloma, and T-cell lymphoma); right panels:
carcinoma cell lines (ovarian clear cell carcinoma, prostate cancer, and triple-negative breast cancer). Data are expressed as the mean =+ standard deviation (SD) (n =

3). Student’s t-test was performed, and significance is shown as *.
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Fig. 3. Comparison of the relative cell growth among cell lines. The relative cell growth score was calculated using Lipo-P4/Lipo-EMP. The results of each cell line
were categorized and are shown in different colors (red, B lymphoma; orange; myeloma, Green; T lymphoma; pale blue, clear cell carcinoma; pale green, prostate
cancer; dark blue, triple-negative (TN) breast cancer). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

Lipo-Emp score was also low, which caused the relative growth to
decrease. These results suggest that the effects of Lipo-P4 are the highest
for B-cell lymphoma and myeloma among the cancer subtypes.

4. Discussion

In this study, we showed that the proliferation of all the cell lines
examined was significantly suppressed in the presence of high-dose P4
and Lipo-P4. This indicates that suppression may be common in cancer
cells. The physiological concentration of P4 was sufficient to suppress
growth when P4 was delivered in a liposome-like form because the

concentration (20 pM) was similar to that in the placenta.
Progesterone and progestins induce GO/G1 cell cycle arrest and
mitochondria-dependent apoptosis [20]. Therefore, it is plausible that
high concentrations of P4 inhibit the proliferation of cancer cell lines. In
contrast, in our previous study, P4 treatment decreased B-cell engraft-
ment, which was confirmed in this study [13]. Almost all human B cells
engrafted into NOG-hIL-4-Tg mice were plasmablasts. Therefore, we
hypothesized that plasmablasts and plasma cells are affected by P4, but
that naive and developing B cells might survive. However, in our study,
the proliferation of all B-cell lymphoma lines was suppressed, suggesting
that this suppression was not specific to plasma cell differentiation. In
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contrast, based on the effects of P4 on proliferative signaling pathways,
P4-sensitive B cells may be proliferating B cells. This is because P4 can
downregulate Bcl-2 expression in various cancer cell lines, although the
extent of apoptosis depends on its concentration [21]. Moreover, P4 and
progestins regulate various pathways related to cell proliferation and
apoptosis [22]. These pathways include the PI3K/AKT, Ras/Raf/ME-
K/ERK, and WNT/p-catenin signaling pathways. Therefore, the sup-
pression of cell growth may be induced through the regulation of these
pathways. For example, multiple myeloma cells [23] and B-lineage
acute lymphoblastic leukemia cells [24] activate the PI3K/AKT
pathway. In contrast, low concentrations of P4 enhance cancer pro-
gression [25]. These results suggest that progesterone signaling involves
complicated dose-dependent signaling cascades, and the regulation of
these signaling molecules by different progesterone receptors (PRs) or
their strength is pivotal to induce specific outcomes.

As the expression of PRs is reportedly necessary to induce suppres-
sive activity [12], they might have been expressed in the cells we
examined. PRs include nuclear and membrane PRs. Although nuclear
PRs are expressed in a limited number of cancer cell lineages, membrane
PRs are widely expressed in many cancer cell lines [26]. B cells have also
been reported to express PRs [27,28]; however, enhanced expression of
PRs has not been reported in B cells or B-lineage cancer cell lines.
Therefore, in B-lineage cancer cells, unidentified receptors may be
expressed and involved in this function. To understand the specific ef-
fects of P4 among the many points of action, exploring drug delivery
systems with modified forms and doses of P4 could be important.

Because Lipo-P4 is not toxic to T and myeloid cells engrafted into
humanized mice [13], suggesting that normal lymphoid cells other than
B cells are not significantly affected, it could be a powerful drug
candidate for B-lineage cancer cells. The anticancer effect might not be
limited to B-lineage cancer cells because the cell growth of other cancer
cell lines was affected as well, while some of those cell lines were also
affected by Lipo-Emp. Among them, MDA-MB231 was sensitive to only
P4-Lipo in the humanized mouse system, and Lipo-Emp did not signif-
icantly suppress tumor growth [13]. Therefore, high amounts of lipo-
somes might be toxic to some cell lines, and this toxicity should be
carefully examined further. As we have not identified the receptors and
molecular mechanisms involved in the enhancement effects of Lipo-P4,
this should be addressed in the near future.

5. Conclusion

P4 suppressed the proliferation of cancer cell lines in a dose-
dependent manner. This effect was greater with the liposome-
encapsulated form of P4. B-lineage cells are highly susceptible to Lipo-
P4. Thus, Lipo-P4 is a good candidate as a cancer drug targeting B-
lineage cancer cells.
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