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Molecular mechanism of transforming growth fagteimediated cell-cycle
modulation in primary human CD34orogenitors

Mo A. Dao, Joseph Hwa, and Jan A. Nolta

The mechanisms by which transforming
growth factor B (TGF-B) exerts a negative
effect on cell-cycle entry in primary hu-
man hematopoietic stem/progenitor cells
were examined at the molecular and cellu-
lar levels. After treatment of primary hu-
man CD34 * progenitors with TGF- B there
was a decrease in the levels of cyclin D2
protein and an increase in levels of the
cyclin-dependent kinase inhibitor (CDKI)
pl5 as compared to the levels in un-

treated cells. The converse was true after
addition of neutralizing anti-TGF- g anti-
body. Administration of TGF- B to CD34*
cells in the presence of cytokines pre-
vented retinoblastoma protein (pRb) phos-
phorylation, which occurred in the same
cells treated with cytokines alone or cyto-
kines and anti-TGF- B antibody. Neutral-
ization of TGF- B during 24 to 48 hours of
culture with cytokines significantly in-
creased the number of colony-forming

progenitors, but did not modulate the
human stem cell pool, as measured in 6-
to 12-month xenotransplantation assays.
Equivalent numbers of human B, T, and
myeloid cells were obtained after trans-
plantation of cells treated with or without
neutralization of TGF- B. (Blood. 2002;99:
499-506)
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Introduction

Transforming growth factop (TGF) is a pleiotropic cytokine that In primary hematopoietic progenitors that express the CD34
exerts inhibitory effects on mesenchymal cells, including hematopoiegintigen, it was previously shown that addition of T@Fesulted in
stem and progenitor cells. The binding of T@Fesults in recruitment decreased proliferatimnd that neutralization of TGB-n culture
and autophosphorylation of the heterodimeric form of the BGF+ecruited the quiescent progenitors into cy&leAlthough numer-
receptor. Subsequently, the T@Rype 1 receptor kinase phosphory-ous reports have confirmed the inhibitory effect of T@Fen
lates Smad2 or Smad3 promoting their dissociation from the recepfmimary CD34 hematopoietic progenitors, little is known about
allowing their association with Smad4 for nuclear translocation. In thiee molecular mechanism by which TG#Fnhibits proliferation of
nucleus, Smads have been shown to activate transcription of extraceliese cells, which is the topic of the current studies. It is of
lar matrix proteins such as collagen al and elastin while inhibitingarticular interest to understand the pathways regulated by @GF-
transcription of cell-cycle—related genes such-asycandcdc25A(for  in primary CD34 progenitors. TGH3 is secreted via autocrine as
areview, see Massagdiie well as paracrine pathways in hematopoietic CD8dlls?1°Thus,

The functional role of TGH as an inhibitor of the cell cycle neutralization of TGH3 may alter differentiation or pluripotential-
has been investigated in numerous cell types, but not yet in primaty of the primitive hematopoietic progenitors. The effect of TGF-
human hematopoietic progenitors, at the molecular level. In mirdn cells can vary depending on the cell type and the level of
lung epithelial cells, addition of TGB-induces an increase in the maturationt!12so elucidation of the molecular events occurring in
p15ink4 levels and a decrease in cdk4 levels, thus arresting cellshie exact cells of interest is crucial. It has been proposed that
mid G..2® TGF{3 blocked mouse keratinocytes in late; By cycling hematopoietic stem/progenitor cells do not engraft as well
altering the transcription of cyclin A and B-myln the monocytic as quiescent cells in bone marrow (BM) transplantation set-
cell line THP-1, TGFB enhanced the binding between T@GR!  tings1315>Because TG is a major factor in maintaining quies-
receptor and cyclin B1. Consequently, cdc2 bound to the cyclaence in murine and human hematopoietic stem cells, it was
B1/TGF{3 Il receptor complex becomes phosphorylated on itsossible that TGR neutralization could have adverse effects in a
threonine residues, down-modulating cdc2 kinase activity amdhnsplantation setting. Our goal in the current study was to
arresting the cell cycle in the /1 phase® In the murine elucidate the molecular pathways by which T@Riters cell-cycle
hematopoietic progenitor cell line 32D3, TGRreatment resulted progression in CD3% cells as well as the impact of TGE-
in G; arrest due to decreased cdk4 kinase activifjirough an neutralization on primary human hematopoietic stem/progenitor
alternate route, TGB- prevented cell-cycle progression via up-<cell transplantation and differentiation. We demonstrate that
regulation of p27Kip1, a cyclin-dependent kinase inhibitor (CDKIYGF-B inhibits the proliferation of CD34 cells and that
that binds and inhibits the activity of cyclin E/cdk2. neutralization of TGR3 in primary human stem/progenitor cell
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culture leads to cell-cycle induction but does not lead to a@mmunoprecipitation at 4°C. A/G-agarose beads were purchased from
induction of differentiation or a loss of the stem cell pool. Santa Cruz Biotechnology (Santa Cruz, CA). At the end of the serial
immunoprecipitation, all samples were washed twice in immunoprecipita-
tion buffer, followed with 3 washes in buffer containing 50 mM Hepes and
1 mM dithiothreitol. Sample buffer was added and boiled samples were run

Materials and methods on 10% sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) gel. The gel was dried for 2 hours and exposed to autoradiogram
Isolation and culture of human hematopoietic progenitors film for 24 to 48 hours.

Normal human BM cells were obtained from screens used to filter BM

during harvest of allogeneic donors. Umbilical cord blood (UCB) Samp'ﬁ?ﬂmunoblotting

were collected at Kaiser Permanente (Los Angeles, CA). Use of these

samples was approved by the Committee on Clinical Investigations Gells (10 000 or 50 000) were incubated with and without soluble B®&IF-
Children’s Hospital of Los Angeles. CD34rogenitors were isolated from anti—-TGFf antibody in serum-free medium for the indicated times at 37°C,
Ficoll mononuclear cell fractions from both BM and UCB by incubatiorin 5% CQ,. Pelleted cells were then lysed on ice for 10 minutes in 1%
with the monoclonal antibody HPCA-1 (Becton Dickinson, San Jose, CANP-40 lysis buffer (50 mM Tris-HCL, pH 7.4, 250 mM NaCl, 2 mM EDTA,
followed by goat antimouse-conjugated immunomagnetic beads (Dyn2lug/mL aprotinin,1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM
Oslo, Norway) or by using sequential passes through 2 MiniMACSIaF, 0.5ug/mL leupeptin, 1% NP-40). The cleared lysates were boiled in
columns as directed by the manufacturer (Miltenyi, Auburn, CA)SDS sample buffer at 95°C and electrophoresed on 12% or 15% SDS-
CD34"CD38" cells were isolated from human BM by pre-enrichment oPAGE gels, then transferred onto Hybond membrane (Amersham, Arling-
CD34" cells using MiniMACS columns, followed by fluorescence-ton Heights, IL). Inmunoblotting was done as descriBeing antibodies
activated cell sorting (FACS) acquisition using a stringent gate as dgr cyclin A (H-432), cyclin D2 (SC-754), cyclin D3 (SC-182), cdk4
scribed!®-18to obtain a highly quiescent population. Cells were cultured i(gc_749), cdk6 (SC-7961), cdk2 (SC-748), p15 (SC-613) from Santa Cruz
serum-containing or serum-free medium (Ex-Vivo 15, Biowhittaker, Wa”‘BiotechnoIogy; retinoblastoma protein (pRb; G3-245) from Pharmingen; or
ersville, MD) with the cytokines interleukin (IL)-6, stem cell factor (SCF)’phospho-Ser807/811 pRb from Cell Signaling Technology.

and FLT; ligand (50 ng/mL, Biosource, Camarillo, CA) and IL-3 (10 T4 ensure equal loading of proteins, membranes were incubated with
ng/mL, Biosource). Cells were cultured on the COOH-terminal domain @fnido black stain (Sigma, St Louis, MO), which stains all proteins. The
fibronectin (Retronectin, Takara, Otsu, Japan), with and without addition Qfain was prepared according to the manufacturer’s instructions. Mem-
neutrahzm.g antibody to TGB(panspecnﬁcR & D Systems, M|nne§po||s, branes were incubated with the stain for 4 hours, then washed in 10% acetic
MN) at a final concentration of hg/mL. Immediately after the designated acid/40% methanol/50% water, with 8 to 10 washes of 30 minutes each at

culture period, cells were taken for molecular analyses, colony-forming urpgom temperature on a shaker. The membranes were then rinsed 3 times in
(CFU) analysis, and transplantation into immune-deficient mice. To det%éter alone, dried, and photographed

mine the clonogenic potential after culture in the different conditioalis
were plated in methylcellulose colony-forming assay, then counted at day
21 as describetf. Mice

Studies used 6- to 8-week-old beige/nude/xid (bnx) homozygous mice
(bg.bg/nu.nu/xid.xid NIH-3) bred at Children’s Hospital, Los Angeles.
Following culture at the indicated time points, progenitors were collectégotransplantation of human progenitors and mesenchymal stem/progenitor
using cell dissociation buffer and subjected to Ki67/7-aminoactinomycin eglls producing IL-3 was performed as previously publisted:?2Suble

(AAD) staining as described by Jordan e?@Briefly, cells were washed in thal conditioning was done by administering 400 rads or 1&fkg
phosphate-buffered saline (PBS)/1% fetal calf serum (FCS) and fixed Srfluoruacil 48 hours prior to injection of human cells. Mice were killed by
PBS/0.4% formaldehyde for 30 minutes on ice. Permeabilization wi0% CG/10% O, narcosis 6 to 12 months after receiving transplanted
PBS/0.2% Triton X-100 was performed overnight at 4°C. Cells were thdruman cells. BM was flushed from the tibiae and femurs of each mouse into
washed and resuspended in PBS/1% FCS and stained witnl10 PBS, dispersed with a fine needle, counted, and used for the assays
Ki-67-fluorescein isothiocyanate (FITC; Immunotech). After washing, celdescribed below.

were resuspended in PBS/1% FCS/Q&/mL 7-AAD overnight at 4°C.

Acquisition and analyses were performed on the FACS Calibur flow )

cytometer (Becton Dickinson, San Jose, CA). Freshly isolated periphefACS analysis

blood T cells and phytohemagglutinin (PHA) plus IL-2—stimulated T Ce"%ingle-cell suspensions recovered from the BM of mice undergoing

were used as controls fo@nd cycling cell populations, respectively. cotransplanation were blocked by preincubation for 15 minutes on ice with
unconjugated mouse immunoglobulin (MslgG, Coulter, Hialeah, FL).
35S metabolic labeling Directly conjugated antibodies used to identify human-specific cell surface
antigens were HLE-1 (anti-CD45, Becton Dickinson [BD]), My9-RD1
anti-CD33, Coulter), Leu-12 (anti-CD19, BD), Leu-3a (anti-CD4, BD),
. . ) ._and Leu-2a (anti-CD8, BD). Samples were acquired on a Becton Dickinson
E;gsence_ Of 2% dlal.yzed.FCS, IL-3, ”".6’ and SCF. Fifty MICrOCUNEEAcScan and analyzed using the CellQuest software package (BD). Ten
-methionine/cysteine with the appropriate amount of TRS6F anti— th d t ired f h le. Parallel staini dFACS
TGF{ antibody was then added and labeling proceeded for 18 hours a?usan events were acquired for each sample. Farariel staining an
o ; . o . analyses were done on healthy human and nontransplanted bnx mouse BM
37°C. Cells collected using dissociation buffer were washed in PBS, then ) - L
lysed in 500uL immunoprecipitation buffer as described by Matsushime e(iqntrols Fo confirm that none of the human-specific antibodies cross-reacted
al2tIn brief, cells were sonicated twice with 10 seconds each time at 4°&’fth murine cells.
then were clarified at 10 000 rpm for 5 minutes. Lysate (BQ was
collected from each sample and frozen-&0°C for Western analysis. The giatistical analyses
remaining 450pL was transferred to a new tube containing gh
agarose-coated cdk4 polyclonal antibody and incubated for 2 to 6 hoursdtanalyses were done using Excel 5.0 software (Microsoft Corporation).
4°C. The immunoprecipitated samples were then spun at 10 000 forABerage values are listed with SDs. SEM was used if all values were listed
minutes and the supernatants were transferred to another tube containingn28ble format to provide the range. The significance of each set of values
L agarose-coated cyclin D2 polyclonal antibody for a subsequent 4-houas assessed using the 2-taitéelst assuming equal variance.

Cell-cycle analysis by Ki67/7-aminoactinomycin D staining

CD34" progenitors were plated in Dulbecco modified Eagle mediu
(DMEM)-methionine free medium for a 4-hour starvation period in th
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Results - «— p15inkdb

Effects of TGF- B addition versus neutralization on cell-cycle

progression at the DNA level Anti-TGFB Ab : = 0.002 0.02 0.2

Figure 2. Optimizing the amount of anti-TGF- B antibody to decrease pl15
To determine the effect of TGB-on primary hematopoietic protgin levels. ‘UCB CD34* proggnitors were incubateq for 18 hqurs in serum-free
progenitors, freshly isolated CD3els from BM or UCE were T 4751 e presecens nssng e o w1055 st
incubated for 24 hours in the presence of cytokines alon@munobiotting with a polyclonal antibody to p15inkab.
cytokines with soluble TGRB, or cytokines with addition of
neutralizing anti—-TGH antibody. The percentages of cells ig, G
Gy, and S/IGM phases were analyzed using Ki67/7AAD staining agrogenitors were cultured in serum-free medium for 24 hours in the
described® There was an increase in the fraction of cells in Gpresence of increasing amounts of anti-T&ntibody. As shown
phase when TGRB-was added, as compared to cells cultured i Figure 2, a minimum concentration of 0.2 ng/mL anti-TGF-
cytokines alone and in cytokines plus anti-T@BEntibody (Figure antibody was required to detect a significant decrease in p15 levels.
1, P<.05, n=5). Cells treated with TG had significantly
lower levels that progressed from the, @hase into the Gor  Effects of TGF- B addition versus neutralization on cyclin
SIGM phases of the cell cycle, in comparison to the othefq cdk levels and association
conditions (Figure 1P < .05, n= 5).

Following culture of the primary CD34cells in cytokines plus To examine the molecular mechanisms by which T&#ecreases
anti-TGFg antibody, there was consistently a higher percentage @Il proliferation, protein analyses for cell-cycle-related proteins
cells in G, as compared to culture in cytokines alone (Figure avere performed on CD34cells. D-type cyclins (cyclin D1, D2,

P < .05, n= 5). However, there were no statistical differences iand D3) are cell-cycle-modulated proteins, and adequate levels of
the number of cells that progressed from the ghase into the atleastone of the isotypes are required for progression through the
SIGM phase following treatment with anti-TGF-antibody early G phase. Hematopoietic cells express cyclin D2 and D3, but
(Figure 1). These data indicate that a portion of the CD&dlls not cyclin D124 No alterations in the levels of cyclin D3 were
were prompted from the §@o the G phase of the cell cycle by observed after addition of TGE- Immunoblot analyses showed a
TGF-3 neutralization, but that they did not progress further througpecific decrease in cyclin D2 levels and an increase in levels of the

the cycle after this treatment. CDKI p15 in human CD34 cells after 18 hours of culture with
TGFB (Figure 3). The levels of the cdk2, cdk4, and cdk6 proteins

Determining the minimal amount of anti~TGF- B antibody were not modulated in CD34cells cultured in medium with

required to decrease p15Ink4b levels cytokines alone compared with the addition of T@FFigure 3).

It has been shown that TGEF-can be secreted via an autocrine

pathway in human CD34cells and that neutralizing antibody toP-tyPe cyclins associate with cdkd to form

TGF- can overcome the inhibitory effects on cell cy8fé.we active kinase complexes

have previously demonstrated that neutralizatio_n of Meatly To measure the amount of cyclin D/cdk4 complexes formed in

reduces levels of the CDKI pF32 To determine the optimal |, cp34+ cells were metabolically labeled witS-methionine

concentration of anti-TGE- antibody needed to neutralize theq, 1g hoyrs. Serial immunoprecipitations were performed to

autocrine TGR and decrease endogenous pl5 levels, CD34, aniitate the levels of associated cyclin D2/cdké4 complexes.

There was no detectable association of cyclin D2/cdk4 complex in

&0 g CD34" cells treated with TGHR (Figure 4. Compared to the

control, treatment with anti—~TGB- antibody significantly in-

% S ' creased the levels of cyclin D2/cdk4 complexes (Figure 4). In
. summary, our data show that addition of T@Ro cultures of

* i B9 ' primary human CD34 cells caused a decrease in the levels of

B cyclin D2, resulting in a decrease in cyclin D2/cdk4 complexes,

] Neall e whereas neutralization of TGE€aused an increase in the levels of

cyclin D2 and in its association with cdk4. Association of cyclin D
with cdk4 allows cells to progress from quiescence into the initial
stages of cell-cycle progression.

20 41—

Effects of TGF- B addition versus neutralization
Go GL Sfazm on phosphorylation of pRb
Figure 1. Cell-cycle analysis of CD34 * progenitors incubated with soluble . .
TGF-B1 or anti-TGF- B antibody. After 48 hours of incubation, CD34+ celisisolated 10 further examine the consequences of TGHnediated alter-
from UCB were collected, fixed, permeabilized, and stained with Ki67-FITC. Cells  ations in cyclin-dependent kinase activity in primary human

were then stained with 7-AAD overnight before acquisition analysis by FACS Calibur P . _
flow cytometry. Controls for the Go population were peripheral blood T cells starved hemat0p0|et|c cells, we analyzed phosphorylatlon of the down

overnight in serum-free medium. Controls for the cycling cell population were stream target prOtein: pr- pr, a substrate of the CyCIin Dicdk4
peripheral blood T cells stimulated with PHA and IL-2 overnight. White bars indicate  and cyclin E/cdk2 kinase complexes, can be detected as 3 isoforms:
F:ells |ncub§ted with the cytoklnes I_L—3, IL-Q, and SCF alone. Black bars indicate cells underphosphorylated, hypophosphorylated, and hyperphosphory-
incubated in the same cytokine mixture with addition of soluble TGF-B1. Gray bars . .

indicate cells incubated in the same cytokine mixture with addition of anti—-TGF-B— lated. Phosphorylatlon of pr by CyCIIn D/cdk4 causes release of

neutralizing antibody. *P < .05. E2F, which allows cell-cycle progression through thepBase.
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Figure 4. Immunocomplexes between cdk4 and cyclin D2 were detected only in
the presence of anti-TGF- B antibody. After starvation in methionine-free DMEM for
4 hours, CD34" progenitors were metabolically labeled for 18 hours with 35S-
methionine/cysteine in the presence or absence of soluble TGF-B1 or anti-TGF-f
antibody. Cell lysates were first immunoprecipitated with agarose-coated polyclonal
- CDK4 antibody. Subsequent serial immunoprecipitation was then carried out further
CYC"nDz using agarose-coated polyclonal cyclin D2 antibody. Samples were run on a 10%
SDS-PAGE gel, dried, and exposed to autoradiogram film.

with anti-TGFg antibody increased the levels of association of

this complex, which resulted in increased phosphorylation of pRb
p15 at Ser811 (Figure 5B). The phosphorylated form of pRb allows

progression from the g3o the G phase of the cell cycle.

Effects of TGF- B neutralization on human hematopoietic
stem cell engraftment and differentiation in a
+ long-term xenograft model

TGFB Recently, several reports have suggested that cycling human and

murine hematopoietic stem cells display reduced levels of homing

Figure 3. Addition of soluble TGF-  B1 alters the levels of cyclin D2, not cyclin D3, ; ;
cdk2, cdk4, or cdk6. After incubating with and without soluble TGF-B1 for 18 hours, and engraftment, as gompared to their qwes.cent counteilﬁé?ts.
CD34" progenitors were lysed in 1% NP-40, loaded onto a 10% or 15% SDS-PAGE We sought to determine whether neutralization of TgRwhich
gel, and transferred to Immunobilon PSQ membrane. Immunoblotting with antibodies ~ we have demonstrated in the current studies to enhance cell-cycle

to cdk4 (SC-749), cdké (SC-7961), cyclin D2 (SC-754), cyclin D3 (D-7), and p15 progression at the molecular |eve|, had an effect on human
(SC-613) was then performed.

To assess the effect of TqFon Fhe phosphorylat!on of pRb, A0 IgG TGFb a-TGFb
CD34" cells were treated with cytokines, cytokines with T@Fer —
cytokines with anti-TGF antibody. After an 18-hour incubation,
cells were directly lysed for total protein analysis. Immunoblotting | ©
with a monoclonal antibody that recognizes all isoforms of pRb|
was performed to assess the effect of T@Bn the phosphoryla-
tlop of pRb. TGFB treatment §|gn|f|c§1ntly reduced the phosphory-B 0 IeG TGFb a-TGFb
lation of pRb at the 48-hour time point, as shown by a decrease i :

the high molecular weight pRb and an increased detection of th
lower molecular weight pRb (Figure 5A). The broad appearance o
the band is due to the fact that there are at least 16 potenti
phosphorylation sites on the pRb protein. However, a key residu [
that is a target for phosphorylation, to allow conformational change
on pRb, is Ser811> Using an antibody specific to phosphorylated
Ser811 for immunoblotting, we observed an increase in intensity or -
pr phosphorylation at Ser811 in CD34ells that had been F|gure 5. So+luble TGF- Bl specﬁlcallydecrgased the level of pRb phosphoryla-

N . A i ion. CD34* progenitors were incubated in the presence or absence of soluble
cultured in the presence of antl—TCB:antlbody (Flgure 5B)- TGF-B1 or neutralizing antibody to TGF-B1 (a-TGFB) for 48 hours. Total lysates were
Equal protein loading was measured by incubating the blot im on 7.5% SDS-PAGE gel and transferred onto Immunobilon membrane. (A)
amido black staining as a final step to stain all proteins. We ha%nunoblotting with an antibody that recognizes underphosphorylated, hypophos-

. . T . phorylated, and hyperphosphorylated forms of pRb. (B) Immunoblotting with an
shown that treatmemf with antl—Tngntlbody ledto ar?' 'ncreaSEd antibody specific to Ser811 pRb. Membranes were also stained in amido black
level of the cdk4/cyclin D complex (Figure 4). Neutralizing TGF- staining to ensure equal protein loading in all lanes.

—— ppRb
—pRb

—— ppRb (Ser811)

Amido Black
Stain of Blot
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hematopoietic stem/progenitor cell engraftment and subsequemteloid cell development. Similar results were obtained for T- and

lineage development in an immune-deficient mouse xenogr&ft lymphocyte development, as is shown in Table 1. No significant

system. For the in vivo assays, we used bnx mice, which havelifferences in development of any human hematopoietic lineage by
longer life span than the commonly used nonobese diabetic/sevenéiure of the human stem/progenitor cells with neutralization of

combined immunodeficiency (NOD/SCID) strain, which can sucFGF{ prior to transplantation were detected.

cumb to thymoma at 4 to 6 months of afjéChe bnx strain has a  As a final measure to ensure that there was no significant effect
2-year life span and thus allows relatively long-term analysis @h long-term human hematopoiesis from culturing stem and

engrafted human cells (6-12 months), as we have deséfibed:>28  progenitor cells for 24 to 48 hours with neutralization of T@F-

In the initial series of studies, primary CDB4rogenitor cells prior to transplantation, in comparison to culture with cytokines
from human BM were cultured on the fibronectin fragment CH-298lone, we measured the human-specific colony-forming progeni-
(Retronectin) with cytokines for 24 to 48 hours, with and withoutors that could be recovered from both groups of long-term
neutralizing antibody to TGR- The Retronectin molecule wasengrafted mice. In addition to the lack of effect on lineage
used because we have previously demonstrated that it maintainsdbeelopment by neutralization of TGFeduring the in vitro culture
regenerative capacity of long-term engrafting human hematopgieriod prior to transplantation, there were also no significant
etic cells through an in vitro culture peri@8iFollowing the culture differences in the numbers of total (erythroid, myeloid, or mixed
period, a small portion of the cells from each sample was plated ifimeage) CFUs recovered from the BM of mice given transplants
CFU assay and the remainder was transplanted into immunodefith cells cultured in the absence or presence of anti—BGF-
cient mice as describéd?%2227.2€CFU assays were enumerated orantibody, as shown in Table 1. An average of 4t.8.4 versus
days 14 to 21 after plating. The average number of colonid$.9+ 4.8 total colonies were grown from>3 10° bnx BM cells,
obtained after 48 hours of culture in 5% serum-containing mediuptated from each mouse in the respective groups (Table 1). Again,
with cytokines was 52& 44 CFU/1x 1P CD34" cells plated there was no significant difference in these values. Together, the
versus 770 54 after the same duration of culture in identicalineage development and colony replating data demonstrate that
conditions, but with neutralizing antibody to TGFadded to a there was no differentiation effect imposed on the reconstituting
final concentration of fug/mL (7 separate experiments). Additionhematopoietic cells by 24 to 48 hours in culture with neutralization
of neutralizing antibody to TGIB-significantly increased the levels of TGF-3 prior to transplantation, in comparison to cells cultured
of the colonies that develope® & .004). However, because thefor the same period with cytokines alone. In summary, we have
colony-forming assay measures effects on relatively mature, codietermined that neutralization of TG -during 1 to 2 days of
mitted progenitors, the effects of neutralization of T@/n the culture induced cell-cycle progression from quiescence into the G
more primitive, engrafting cells in an in vivo transplantatiorphase of the cycle, but did not have an impact on the long-term
system were also examined. hematopoietic capacity of primitive hematopoietic progenitors.

Both CD34" cells and CD34/CD38" cells, which are a rare
and quiescent subset of the CD3dopulationté-17were used in the
in vivo studies. Each cell sample, cultured with and without
addition of neutralizing antibody to TGB; was transplanted into Discussion
immune-deficient bnx mice with IL-3—secreting mesenchymal
stem cells to provide species-specific cytokine support, as we haweltipotential hematopoietic progenitors are highly responsive to
previously described in detd?:286 Mice were harvested 6 to 12 TGF31, and less responsive to TG#.3° Secretion of TGH3 has
months after transplantation and the human hematopoietic de¢len shown to occur via autocrine as well as paracrine pathways.
content in the murine BM was assessed by labeling with humahreatment with soluble TGB1 has been shown to reduce the
specific antibodies and flow cytometry. The total human leukocypgoliferation of CD34 cells as measured by CFU assay, whereas
levels in the BM of bnx mice receiving transplants of humaraddition of anti-TGH3 antibody increased in vitro CFU cour??
CD34* and CD34/CD38 cells cultured for 24 to 48 hours in We also saw this effect in the current studies; however, addition of
medium containing cytokines alone versus the percentage afti—-TGFg antibody did not alter the number of human CFUs that
human leukocytes in the BM of mice receiving transplants with theould later be grown from the marrow of long-term engrafted
same cell populations, cultured in identical conditions but wittnmunodeficient mice. These data suggest that neutralization of
addition of neutralizing antibody to TGE; were not significantly TGF{3 alone may not significantly alter the most primitive human
different (Table 1). The total percentage of human CDdélls in hematopoietic stem cell compartment.
the BM of each group of mice, as detected by FACS, was Cashman et &made the seminal observation that the levels of
15.8+ 2.4 for the cytokines alone group én11) versus 17.72 2.1  TGF-3 accumulate with time in the medium of long-term cultures,
for the cytokines plus anti-TGB-group (n= 21, Table 1). inhibiting cell cycle entry of progenitors within the stromal

In addition to the total human white blood cell numbers in thenonolayer. When the conditioned medium was exchanged for
BM of the mice after long-term transplantation, as determined isesh medium, the levels of TGE-dropped, and a portion of the
FACS for human-specific CD45, we also determined levels @iogenitors was released from inhibition and entered the cell éycle.
human myeloid (CD38), T-lymphoid (CD3/CD4" and CD3/ Hatzfeld and colleagues have done further elegant studies to
CD8"), and B-lymphoid (CD19) lineages. The levels of humanexamine the negative regulatory effects of T@Fen cultured
myeloid cells, as determined by labeling with an anti-CD38ells®'°These studies show the importance of TGBs an inhibi
antibody, were 2.6- 0.4 for mice given transplants with cellstor of cell-cycle entry, in primary humadrematopoietic progenitors.
cultured in cytokines alone versus 3t20.5 for mice receiving In the current studies we determined thelecularmechanisms
transplants with cells cultured in the same medium but withy which TGFg inhibits proliferation of primary human CD34
addition of neutralizing antibody to TGB-(Table 1). Again, progenitors. Using Ki67/7-AAD staining to delineate between G
culture of the stem/progenitor cells with anti—-T@Fantibody in G, and S/GM populations, we initially showed that TGEt—
vitro, prior to transplantation, did not significantly affect humarreated human CD34progenitors accumulate in they@hase of
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Table 1. Human CFUs and hematopoietic lineages recovered from BM of bnx mice 6 to 12 months after transplantation

Percentage human cells of each lineage in bnx BM

No. human
Mouse no. Culture conditions CFUs CD45 CD4 CD8 CD33 CD19

1 Cytokines only 18 14.3 2.6 34 6.5 1.2

2 30 12.0 1.8 4.4 2.8 25

3 51 24.2 5.0 6.4 10.1 2.1

4 22 6.2 1.2 2.0 3.2 0.9

5 75 7.1 1.9 2.7 2.1 1.0

6 63 30.0 34 5.7 17.9 2.9

7 33 15.7 3.1 35 7.8 0.3

8 55 22.2 4.4 5.1 8.6 0.4

9 38 16.3 15 3.2 9.5 1.1
10 40 55 0.9 1.4 24 0.6
11 29 20.4 2.4 4.2 10.3 1.4

Avg = SEM— 413 +54 15824 26+04 35+05 74*+14 1.3+0.3
12 Cytokines + Anti—-TGF-B antibody 46 21.6 3.6 5.1 10.4 2.9
13 25 7.7 15 24 3.0 0.4
14 32 26.3 5.8 7.2 11.9 1.3
15 21 11.5 2.9 3.6 3.1 1.9
16 66 124 2.3 3.8 4.8 1.4
17 39 12.9 3.4 4.4 3.2 0.9
18 48 33.8 2.1 5.4 20.1 3.9
19 ND 14.4 2.2 3.2 6.3 1.6
20 44 18.3 4.6 4.5 6.7 2.3
21 74 6.2 15 2.0 2.3 0.3
22 26 27.9 4.1 8.5 11.6 2.0
23 31 10.1 2.2 3.2 2.8 0.9
24 28 315 9.7 6.6 13.0 2.2
25 ND 175 3.1 4.3 8.9 1.1
26 15 5.0 0.8 1.6 2.1 0.4
27 40 21.8 3.6 4.7 9.4 14
28 37 42.3 6.2 12.8 16.4 3.3
29 93 14.3 1.9 35 6.1 1.5
30 81 10.5 11 25 5.0 1.0
31 46 14.3 2.9 3.7 5.4 0.8
32 42 10.8 1.4 2.6 5.1 1.0
Avg = SEM— 439*48 17.7+2.1 3.7+05 4.6 0.6 75+1.1 15+0.2

The BM cells were recovered from bnx mice 6 to 12 months after cotransplantation of human hematopoietic cells and IL-3—producing stromal cells. Human-specific
colony-forming assays were plated from each bnx/human marrow sample. Colonies were enumerated on day 21. The CFU values shown were obtained from 3 x 105
bnx/human BM cells plated. FACS analyses were done to determine the percentage of human cells of each lineage in the bnx BM. The results shown were the percentages of
human cells of each lineage within 10 000 total, ungated bnx/human BM samples analyzed by FACS.

the cell cycle, whereas cells treated with an anti—Tgikeutraliz- transduction by lentiviral vectors, which require the cells to be in
ing antibody progressed from the, @to the G phase of the cell the G, rather than @phase, for successful transduction. Sutton et
cycle. Interestingly, we showed that the anti-T@Fantibody- aP! have hypothesized that this requirement is due to the lack of
treated cells accumulate in,@nd did not progress further into Ssufficient dNTP pools for efficient completion of viral reverse
phase. A possible explanation might be that the anti—mFtranscription when the cells are in thg ghase!

antibody treatment recruits quiescent progenitors outgdh® G, When the cells block in Gphase after TG treatment, the
due to availe_lbility of cyclin D2/ckd4 kinase activity for initial CKDI p27Kipl might then act as the primary cell-cycle “gate-
phosphorylation of pRb. However, the subsequent phosphorylatigheper,” exerting its effect on cyclin E/cdk2. It is also particularly
of pRDb to recruit cells from Ginto S/GM depends on another ;oo esting that neutralization of TGEwith cytokines resulted in
complex, cyclin E/cdk2. In our experiments, T@Fdid not affect f‘n equivalent percentage of cells in S¥Gwhen compared with

the levels of cdk2 protein or the kinase activity of cyclin E/cdk : .
i " I I k lone. L 2 h
(data not shown). We had previously reported that an addltlon%? s cultured in cytokines alone. Lardon et*diad reported that

CDKI, p27Kip1, which functions primarily by blocking cyclin within the CD34 population, there is a subset of cells that is

E/CDK2 activity, impedes the cycling of deeply quiescent progenrigsponswe to IL-3 but insensitive to TG&-The report also stated

tors2223Thus, the CDKI p15, which is regulated by TGHevels, that in the presence of IL-3, the inhibitory effect of T@Fen cell

and p27 work together to maintain quiescence in primitive hum&¥Cle occurs at the second round of the cell cycle. Because our
hematopoietic cell§223 current studies focused on time points between 18 and 48 hours, the

Our current data thus further confirm that addition of antifi'st cell cycle, it is possible that during that time, there was an
TGF antibody alone is not sufficient for recruitment of theeXpansion of an IL-3—responsive T@~insensitive cell popula-
population of quiescent human hematopoietic stem cells into thdign, which masked the effect of TGE-neutralization on the
phase of the cell cycle, but rather recruits them out ghad into  TGF-B-sensitive population. Future studies will address the effect
G;. These data suggest that anti-T@Fantibody treatment of of TGF{3 neutralization on the second round of the cell cycle in the
quiescent human stem/progenitor cells might be useful to augmenesence of IL-3, SCF, and IL-6.
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The molecular mechanism by which T@alters cell-cycle the culture period. However, there was no significant increase in the
progression in primary CD34hematopoietic progenitors had notnumber of “secondary human colonies” that could be recovered from
been elucidated prior to the current study, although some repadtie BM of immunodeficient bnx mice receiving transplants of human
had been published using hematopoietic cell lines such as 32Dgells treated with anti-TGB-antibodies. In accordance with these data,
In our studies using primary human CD3grogenitors, there was there were no significant differences in the total human hematopoietic
a significant increase in p15Ink4b with a decrease in cyclin D2 afteell engraftment or in the levels of any of the human blood cell lineages,
addition of TGFg to cells in culture. The level of cdk4 remainedT, B, or myeloid, that developed in the bnx mice over a period of 6 to 12
unchanged. These findings are contrary to results observed in 32DB@nths after transplantation of stem cell populations treated with or
cells whereby TGH induced a decrease in cdk4 and no changes without neutralization of TGEB.
cyclin D2 and D3 level$3 The inconsistencies between our current  Glimm et af® have reported that after a 5-day in vitro culture with
results and the previous reported findings may be partially duedgtokines, cells from the Graction engrafted NOD/SCID mice better
differences in hematopoietic cell lines versus primary hematopahan the cells in the gphase. In contrast, Gothot’s group reported that
etic progenitors. The murine IL-3—dependent cell line, 32Dnly cells that remained in they@hase of the cell cycle after cytokine
proliferates in response to the IL-3 signaling pathway alone, astimulation would engraft NOD/SCID mic¢éThese disparities may be
cell-cycle inhibition by factors other than IL-3 withdrawal isexplained by the fact that different cytokines and culture conditions were
dysregulated. As reportéd, TGF interferes with the IL-3— used by the 2 groups, as was nicely discussed in the manuscript from Dr
mediated induction of cdk4 in 32D cells, resulting in reduced cdkBaves’ groug®We used bnx mice as the recipients of the cultured cells,
kinase activity. Overexpression of cdk4 renders these cells resistianhe current studies, and they may engraft with different kinetics than
to TGF, restoring the kinase activity of both cdk4 and cdk2. Inhe NOD/SCID strain. Dr Eaves’ group has recently reported some very
our studies, CD34 progenitors were cultured in the presence of interesting disparities in the engraftment of different human hematopoi-
3-cytokine combination (IL-3, IL-6, and SCF), which has beeatic progenitor populations in NOD/SCID/B2M knockout mice, in
shown to enhance retroviral transduction of human hematopoietiemparison to NOD/SCID mic8 Therefore, it is quite feasible that the
progenitord*3 and is often used in clinical gene therapy protodifferent strains of xenograft recipients may allow human cells with
cols3¢-3° Because all 3 cytokines have been shown to hawifferent properties, such as phenotype, adhesion molecule density, or
independent as well as synergistic mitogenic effects on CD34ell-cycle status, to engraft with different efficiencies.
cells, it is plausible that the presence of IL-6 or SCF during culture Recently, TGFB has been described as a factor that maintains
may counteract the effect of TGEF-on cdk4 expression in thesethe “stem cell state” of CD34 cells? In our current study, we
cells. For instance, CD34progenitors transduced with a retrovirusmeasured stem cell state based on the pluripotentiality of the cell
encoding the complementary DNA for c-kit, the receptor for thgopulation tested, using multilineage development of human blood
Steel factor, showed reduced sensitivity to T@Fndicating the cell lineages and retention of secondary colony-forming capacity
ability of SCF to at least partially decrease its effeé€islternately, following transplantation in a relatively long-term xenograft sys-
our observation that CD34cells have decreased cyclin D2 proteirtem. In this xenograft system, the primitive hematopoietic stem
levels and decreased association of cyclin D2 with cdk4 followingells reconstituted the sublethally irradiated recipients, giving rise
TGF treatment suggests the possibility that TGFmediated to all human blood lineages. After treatment with or without
regulation of cell-cycle proteins in primary cells operates throughzmti-TGFg antibody, cultures of human CD34nd CD34 CD38"
different route than in immortalized cell lines. Whether theells successfully engrafted immunodeficient bnx mice for 6 to 12
decrease is in cdk4 as seen in 32D cells or in cyclin D2 as showngdibnths. BM from the chimeric mice contained human myeloid, T-,
CD34" progenitors in the current studies, the end result of bot#ihd B-lymphoid cells and retained secondary human-specific
studies was a decrease in phosphorylation of the downstream taeggbny-forming capacity, confirming that after culture the human
of the active cyclin D/cdk4 kinase complex, the retinoblastomgem cells had not been induced to differentiate by neutralization of
gene protein product (pRb). TGF-3. Therefore, addition of anti-TGBeutralizing antibody to

PRb plays a major role in maintenance of cells indhd its  24- to 48-hour in vitro cultures did not result in loss of the
initial phosphorylation depends on cyclin D/cdk4. Formation of thengrafting human stem cell pool, in our system.
cyclin D/cdk4 complex is inhibited by the CDKI, p15, which is  |n summary, our data show that neutralization of TEBuring
up-regulated by TGR- signaling. pRb is a tumor suppresson to 2 days of culture induced a portion of the primary human
protein that binds and inactivates the DNA-binding protein, E2ED34" progenitors to progress from quiescence)(i@to the G
which is required for activating the transcription of S phase-relatgghase of the cell cycle, but not further into $/&@ phase. The
genes such as thymidine kinase and DNA polymefagtiosphor- transition from G into the G phase did not have an impact on the
ylation of pRb in mid G is a prerequisite for the release of free E2fong-term hematopoietic capacity of the primitive hematopoietic

for DNA binding. Initial hypophosphorylation of pRb is performedprogenitors, in the long-term bnx/human xenograft system.
by the cdk4/cyclin D complex, allowing cell-cycle progression.

Hypophosphorylation is then followed by pRb hyperphosphoryla-

tion and inactivation by cdk2/cyclin E at the/S transition phase.

In our current studies, we observed an increase in the degree,dqfknowledgments

phosphorylation of pRb in CD34 progenitors cultured in the

presence of anti-TGB- antibody. Because this would causeThank you to Naomi Taylor for useful discussion and insight. We

enhanced cell-cycle entry, the data are consistent with the increatieahk Craig Jordan for advice and help with the cell-cycle analyses.

levels of cell-cycle progression in murine and human hematopde very much appreciate Kaiser Permanente, Sunset Boulevard,

etic progenitors treated with anti-T@Fantibody that has been Los Angeles, for the donation of umbilical cord blood samples.

observed by our group and othétg* Thank you to Sally Worttman, who heads our animal facility, and to
In vitro neutralization of TG using a panspecific anti-TGF- Renee Traub-Workman and Miriam Figueroa, who maintain the

antibody enhanced colony formation in cells plated immediately aftenx mouse colony.
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