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Abstract

We established feeder-free and serum-free two-step culture method for highly efficient
production of brown adipocytes (BA) during the study for hematopoietic differentiation
induction of human ESAPS cells. First step is a sphere-making floating culture in the
presence of cytokines (VEGFA, IL-6, SCF, Flt-3L, BMP4), and the second step is an adherent
culture in the presence of similar cytokines (VEGFA, IL-6, SCF, Flt-3L. BMP7). Human BA
induced from human ES/iPS cells by our novel two-step system showed typical morphology of
this kind of cells under the both light and electron microscopy, and express BA-specific genes
such as PRDM16, UCP1, PGC1A, CIDEA and ELOVLS3, adipocyte-specific genes such as
PPARG and ADIPOQ, but not white adipocyte (WA)-specific genes such as PSAT1 and
EDNRA. During the differentiation process, cells in our culture system express myoblast
specific gene MYF5, suggesting human BA produced by our method are classical BA induced
via myoblastic pathway.

Human BA produced by our method were highly functional effector cells. Upon
stimulation with B-adrenergic agonist, mitochondrial respiration determined by oxygen
consumption rate (OCR) of Aluman BA was markedly enhanced, whereas OCR of
undifferentiated human ES/iPS cells and WA was not enhanced. We also evaluated skin
temperature of mice transplanted with human cells by using infrared camera, and observed
B-adrenergic stimulation-dependent elevation of skin temperature of mice transplanted with
human BA. Thus, human BA showed adrenergic stimulation-dependent oxygen consumption
and heat production.

Then, we evaluated the effect of human BA on the metabolism of lipid and glucose.
Transplantation of human BA into the mice lowered the plasma concentration of
triacylglycerol although this effect was also observed in human WA. In regard to the glucose
metabolism, different effects of the transplantation were observed between BA versus WA.
BA lowered the fasting blood glucose concentration whereas WA did not. BA improved glucose
tolerance whereas WA worsened that, and in addition, BA cancelled the unfavorable effect of
WA on glucose tolerance. Thus, BA could exert several favorable effects on lipid and glucose
metabolism as compared with WA.

These exciting findings were published in the top international journal (Cell Metab), and
were reported by the press. In addition, the first author of the published paper (Cell Metab)
was awarded with the prize of the society.

Based upon this system established, we obtained the evidence for soluble factor(s) secreted
from BA to induce metabolic improvement, leading to the understanding of the molecular

mechanism of BA function and the drug discovery for various metabolic disorders.
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In the initial experiment, we prepared conditioned medium without serum of BA induced
from human ES/iPS cells. By using conditioned medium described above, we observed
improvement of oral glucose tolerance test in mice administered the conditioned medium, and
the results suggested the presence of both insulin secretion stimulating factor and
insulin-sensitivity promoting factor in the conditioned medium.

To confirm that our differentiation technique correctly reproduced classical BA
development via myoblastic differentiation, the expression of a series of developmental
markers was examined. Myoblastic MYF5 expression was transiently upregulated during the
initial floating culture step of differentiation. Moreover, the expression of a paraxial
mesoderm marker, platelet-derived growth factor receptor a (PDGFRA) was upregulated. By
contrast, the levels of immature mesenchymal stem cell marker, NG2 and PDGFRB, as well
as a lateral plate mesoderm marker, VEGFR2 were reduced. The precedence of myoblastic
differentiation was further confirmed by the transient induction of PAX3/7, which are
involved in myogenic commitment. Thus, our method correctly mimics the classical BA
development but not a brite adipocyte pathway via immature mesenchymal stem cell
differentiation. We further evaluated the detailed role of each hematopoietin. The absence of
any one of the components of hematopoietic cytokines lowered the quality of BA
differentiation, reducing cellular viability and/or percentages of multilocular lipid-containing
cells. Gene expression studies further showed that VEGF was required for PRDM16
expression, whereas SCF, IL-6, or Flt-3L was required for subsequent UCP1 expression.
Surprisingly, depletion of either SCF, IL-6, or Flt-3L paradoxically induced the expression of
a white adipocyte marker, phosphoserine aminotransferase 1 (PSAT1), and a lateral plate
mesoderm marker, VEGFR2. Thus, the hematopoietic cytokine is essential for the
differentiation of human pluripotent stem cells into classical BA, and the omission of any of
the hematopoietic cytokine components results in white adipocyte lineage commitment.

To examine possible hematopoiesis-stimulating activity of BA induced from human ES/APS
cells, human umbilical cord blood CD34+ hematopoietic progenitor cells were cultured on BA
layers for 1 week in the absence of any recombinant hematopoietic cytokines. Then, floating
cells were subjected to intrabone marrow transplantation (IBM-T) into alymphocytic NOG
mice, and after 8 weeks, splenic chimerisms were measured to assess the expansion of CFU-S.
For a control, CD34+ cells were directly transplanted without culturing on BA layers. Splenic
chimerisms were significantly higher in BA-cocultured CD34+-transplanted mice than in
mice with direct transplantation. Moreover, percentages of human CD33-positive myeloid
cells were larger in cocultured CD34+-transplanted mice, while no significant changes in B
lymphocyte percentages were observed. These findings indicate that BA serves as a stroma
for human umbilical cord blood CD34+ hematopoietic progenitor cells, promoting their
expansion/differentiation and homing to the spleen. We also examined the expression of
hematopoietic cytokines involved in the expansion and differentiation of committed
hematopoietic progenitor cells. Various hematopoietin genes including thrombopoietin (TPO) ,
IL-6, IL-3, GM-CSF, G-CSF, and erythropoietin (EPO) were expressed in BA. Moreover, the
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expression levels of the hematopoietin genes in BA were upregulated by isoproterenol
treatments, further supporting the notion that BA serves as stromal for committed
hematopoietic progenitor cells. To evaluate in vivo relevance, we examined whether
isoproterenol treatment could enhance the recovery from antitumor agent-induced
myelo-suppression by enhancing the expansion/differentiation of MPCs. Mice were treated
with 5-fluorouracile (5-FU), and bone marrow cells were collected and analyzed over time. As
reported by others, 5-FU-treated mice were at the nadir at day 3, when a decline in total
enucleated cell number as well as a reduction in early myeloid cells were observed. Although
total cell number and the percentages of immature myeloid cell fraction and were eventually
upregulated at day 7 as a sign of a recovery from myelo-suppression, the mice still suffered
from a shortage of mature myeloid cells. By contrast, isoproterenol-treated mice showed
higher enucleated cell number significantly larger mature myeloid cell fraction percentages.
We established feeder-free and serum-free two-step culture method for highly efficient
production of BA during the study for hematopoietic differentiation induction of human
ES/iPS cells. First step is a sphere-making floating culture in the presence of several
hematopoietic cytokines, and the second step is an adherent culture in the presence of similar
cytokines. We then performed several experiments regarding the storage and transportation
of BA in cooperation with a company. In the initial experiment, we tested the ability of cell
storage agent (Hibernate®-A, Life Technologies) to maintain viability of BA, because we
observed that transportation of BA at room-temperature profoundly reduce the viability of BA.
After incubating first step spheres in the agent (Hibernate®-A, Life Technologies) for 2 days
at 4°C, second step differentiation culture was successfully performed, and the almost all cell
in the sphere adhered to the culture plates and the differentiated cells showed multi-locular

lipid droplets with sufficient induction BA marker genes such as UCP1 and PDRM16.
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