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Abstract

Aims: Down Syndrome (DS), a genetic disease caused by a triplication of chromosome 21, is characterized by
increased markers of oxidative stress. In addition to cognitive defects, patients with DS also display hematologic
disorders and increased incidence of infections and leukemia. Using the Ts65Dn mouse model of DS, the goal of
this study was to examine hematopoietic stem and lymphoid progenitor cell function in DS. Results: Analysis of
hematopoietic progenitor populations showed that Ts65Dn mice possessed fewer functional hematopoietic stem
cells and a significantly decreased percentage of bone marrow lymphoid progenitors. Increased reactive oxygen
species and markers of oxidative stress were detected in hematopoietic stem cell populations and were asso-
ciated with a loss of quiescence. Bone marrow progenitor populations expressed diminished levels of the IL-7Ru
chain, which was associated with decreased proliferation and increased apoptosis. Modulating oxidative stress
in vitro suggested that oxidative stress selectively leads to decreased IL-7Ra expression, and inhibits the survival of
IL-7Ro-expressing hematopoietic progenitors, potentially linking increased reactive oxygen species and immu-
nopathology. Innovation: The study results identify a link between oxidative stress and diminished IL-7Ro ex-
pression and function. Further, the data suggest that this decrease in IL-7Ro is associated with defective
hematopoietic development in Down Syndrome. Conclusion: The data suggest that hematopoietic stem and lym-
phoid progenitor cell defects underlie immune dysfunction in DS and that increased oxidative stress and reduced
cytokine signaling may alter hematologic development in Ts65Dn mice. Antioxid. Redox Signal. 15, 2083-2094.

Introduction Innovation

DOWN SYNDROME (DS) is a common genetic disease oc-
curring at a frequency of ~1 in 750 live births. It is
caused by a trisomy of chromosome 21, with a triplication of
the entire chromosome occurring in greater than 95% of pa-
tients with DS. In addition to the recognized impairment of
cognitive ability, DS is characterized by numerous hemato-
logic deficiencies such as transient myeloproliferative disease,
premature thymic involution, defects in mature lymphocyte
composition and function, as well as increased susceptibility
to autoimmune disease, infections, and leukemia. Sig-
nificantly, infections and leukemia are major causes of mor-
bidity and mortality (20). These observations suggest the
existence of intrinsic immune defects in DS. Several studies
have examined various triplicated genes that may be re-
sponsible for leukemogenesis in DS (28, 35). However, the cell
physiological and molecular basis underlying the immune
deficiency observed in DS has not been thoroughly explored.

Defective hematopoiesis has been reported in Down
Syndrome (DS), including inappropriate expansion of
myeloid cells and premature aging of lymphoid cells. In
addition, patients with DS display impaired adaptive im-
mune responses but the underlying mechanisms for these
changes in immune function and development have not
been identified. This report directly shows increased oxi-
dative stress in bone marrow and thymic progenitors and
diminished expression of IL-7Ro, a requisite cytokine re-
ceptor for lymphoid development. On the basis of in vitro
data, the two observations are linked in that pro-oxidant
conditions led to decreased IL-7Ro surface expression in
bone marrow cells, whereas antioxidant treatment en-
hanced receptor levels. Thus, in IL-7Re, this study has
identified a novel potential therapeutic target in DS and a
redox-sensitive modulator of immune response.
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Oxidative stress has been linked to the pathology of DS.
This is due to the presence of elevated levels of biomarkers of
oxidative stress as well as oxidative stress response genes in
both fetal and adult tissue (42). Further, DS is associated with
the premature onset of degenerative diseases linked to reac-
tive oxygen species (ROS) generation such as cataracts, au-
toimmune disease, and the development of Alzheimer-like
symptoms in the brain. These observations have also led to
the hypothesis that the pathology of DS is associated with
premature aging (15). Increased levels of oxidants have been
shown to impair hematopoietic stem cell (HSC) function and
have also been proposed to mediate age-related loss of stem
cell function (14, 45). However, the role of oxidative stress in
HSC and lymphoid progenitor homeostasis and function has
not yet been studied extensively in DS.

The Ts65Dn mouse is the most commonly used model of
DS. It is trisomic for the distal end of mouse chromosome 16,
which contains 104 genes conserved between mice and
humans and is partially syntenic to human chromosome 21.
Similar to the human disease, Ts65Dn mice exhibit craniofa-
cial defects and learning and behavioral deficiencies (31, 33).
Ts65Dn mice also exhibit hematologic abnormalities such as a
progressive myeloproliferative disease, where bone marrow
(BM) myeloid progenitor subsets are altered in comparison to
euploid controls (18). Further, Ts65Dn mice exhibit prema-
ture thymic involution, and elevated levels of ROS have
been found in the thymus in response to treatment with pro-
apoptotic agents, indicating possible defects in immature
T-cell populations (33). Thus, the goal of the current study was
to further investigate hematopoietic progenitor dysfunction
with a focus upon lymphoid development and the potential
role of oxidative stress in Ts65Dn mice.

Materials and Methods
Antibodies

The following antibodies were used in flow cytometry:
CD4 biotin (GK1.5), CD5 biotin (Ly-1), CD8u biotin (53-6.7),
CD11b biotin (M1/70), TER-119 biotin, and CD135 PE
(A2F10.1) were purchased from BD Pharmingen. CD150 PE
(TC15-12F12.2) was purchased from BioLegend. All other an-
tibodies were purchased from eBioscience: CD3e biotin (145-
2C11), CD48 FITC (HM 48.1), c-kit/CD117 APC-Cy7 (2B8),
CD11cbiotin (N418), CD19 biotin (1D3), B220 biotin (RA3-6B2),
Gr-1 biotin (RB6-8C5), NK1.1 biotin (PK136), CD127 Alexa
Fluor 647 /PE (A7R34), Streptavidin efluor 450, Sca-1 PE-Cy7/
FITC (D7), CD16/32 PE-Cy7 (93), and CD34 PE (RAM34).

Mice

Ts65Dn mice and euploid littermates were purchased from
the Jackson Laboratory. Animal care was provided in accor-
dance with Institutional Animal Care and Use Committee
procedures approved at the University of Maryland, Balti-
more, or at The Jackson Laboratory.

Flow cytometric analysis of hematopoietic
progenitor phenotype

BM cells (BMC) were isolated and immediately surface
stained after ACK lysis of red blood cells. Cells were gated
based upon forward and side scatter profiles, live/dead dis-
crimination with 7-Amino-Actinomycin D (7-AAD), and
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staining with a pool of antibodies recognizing lineage (Lin)
markers. Long-term reconstituting HSCs were defined as
Lineage (Lin)~ Sca-1*, c-Kit*(LSK), CD48~, CD150* (16).
Multipotent progenitors (MPPs) were defined as LSK,
CD48",CD150" (16). Common lymphoid progenitors (CLPs)
were defined as Lin~ Sca-1'°, c-Kit'°, IL-7Ra*, Flk-2/Flt-3*
(19). Common myeloid progenitors were defined as Lin™~ Sca-
17, Kit*, IL-7ra”, FcyR°, CD34"; granulocyte/monocyte
progenitors (GMP) were defined as Lin~ Sca-1~, c-Kit*, IL-
7R, FeyR™, CD34*. Megakaryocyte/Erythroid Progenitors
were defined as Lin~ Sca-1-, cKit*, IL-7ra”, FcleO,
CD347(1): The lineage mix for long-term reconstituting-
HSCs, CLPs, and common myeloid progenitors contained
antibodies to B220, CD3e, CD4, CD5, CD8, CD11b, CD19, Gr-
1, NK1.1, and TER-119. MPPs are Mac-1(lo) and CD4 (lo);
therefore, these antibodies were excluded for MPP analysis
(26). Compensation settings and lineage gates were based
upon single color controls. Analysis was performed with
FlowJo (Tree Star, Inc.).

The expression of Ki-67 was detected in BM subsets by
intracellular staining as indicated by the supplier, using FITC
anti-Ki-67 (BD Biosciences). 3-Nitrotyrosine (3-NT) levels in
progenitor subsets were determined through flow cytometry
by intracellular staining using a monoclonal FITC anti-NT
(Millipore: clone 1A6) antibody. Cells were fixed in 4%
paraformaldehyde, permeabilized with the Foxp3 Staining
Buffer Set (Ebioscience), and incubated with 2.5 ug/ 10° cells
of antibody for 1h at room temperature. Protein carbonyls
(PC) in progenitor subsets were determined through flow
cytometry by intracellular staining. Cells were fixed and
permeabilized as for 3-NT staining. PC groups were then
derivatized with 10 mM 2,4-dinitrophenylhydrazine in 2.5 M
HCl for 45 min at room temperature. After four washes, cells
were incubated with 5 1ig/10° cells anti-DNP rabbit IgG (In-
vitrogen A6430) for 1h, washed with FACS bulffer, and then
incubated with secondary 0.04 ug/ 10° cells PE-Cy7 anti-rabbit
IgG (Santa Cruz Biotechnology sc-3845) antibody for 20 min.
During incubation with the secondary antibody, CD135 PE
was added to the cells; PE and PE-Cy7 staining is not com-
patible with 2,4-dinitrophenylhydrazine treatment. Phos-
phatidylserine externalization was detected in defined
subsets using FITC Annexin V (BD Biosciences). After surface
staining, cells were washed in binding buffer (100 mM HEPES
pH7.4,1.5M NaCl, 50 mM KCl, 10 mM MgCl,, 18 mM CaCl,),
and cells were incubated with Annexin V (1 ul/1x10° cells)
for 15min at room temperature. 7-AAD Viability Staining
Solution (eBioscience) was added and cells were immediately
analyzed by flow cytometry.

Competitive BM reconstitution

Competitive BM reconstitution of lethally irradiated re-
cipients was performed at The Jackson Laboratory essentially
as described (9, 12). Ts65Dn and control donors were males (3—
4 months of age) and only those that were H-2b /k were used as
donors. Both recipients and competitors were B6C3F1 females,
and 2.5- to 3-month-old recipients were lethally irradiated
(1100R '¥Cs gamma irradiation) before marrow transplants.
For competitive repopulation, each recipient received 1 million
donor and 1 million competitor marrow cells. Repopulating
units (RU) of donor cells were calculated distinguishing donor
cells using qPCR for the Y chromosome DNA in total blood
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lymphocytes separated by density after 3 and 9 months. The
data are expressed in RU, where each RU is the repopulating
ability of 100,000 fresh competitor marrow cells. For example,
in recipients of 1 million donor and 1 million competitor mar-
row cells, the expected value is 10 for control donors.

The proportion of male-derived donor cells in the blood of
recipient mice was determined by measuring the relative
concentration of a gene, Sry, which is on chromosome Y (30).
The Apob gene, which is on chromosome 12, was used as the
control. Briefly, DNA was extracted from nucleated cells after
density gradient separation of whole blood. Real-time SYBR
Green PCR analysis was performed and the average of three
assays were used to calculate the relative concentration of Sry
versus Apob, by the formula: 2t A4P°P =S Primer sequences
used were as follows: Sry forward: 5-AGCTGGGATGCAGG
TGGAA-3’, Sry reverse: 5-TGAGGCAACTGCAGGCTGT-3;
for internal control, Apob forward: 5-AGAAGCTGGACAT
GTGGCATT-3’, Apob reverse: 5-TGACCCGTAAGTGTTTG
CCAT-3". For each analysis, male and female DNA samples
were mixed proportionally to make a serial of mixtures that
contained 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
and 100% male DNA. A standard curve was generated by the
real-time PCR assays for the serial mixtures and the propor-
tion of male-derived cells (donor) in female recipients was
determined.

Colony forming assays

BMC were isolated from Ts65Dn and euploid mice and
were placed at a concentration of 2 x 10° cells/ml in Methocult
MC3534 (StemCell Technologies) methylcellulose media
containing SCF, IL-3, and IL-6 and colonies were enumerated
after 12 days for myeloid colony-forming assays. For lymphoid
colony-forming assays, 10X 10° cells/ml were incubated in
Methocult MC3630 (StemCell Technologies) methylcellulose
media containing IL-7 and colonies were enumerated after
7 days.

In vitro culture of BM progenitors

Lineage-negative [Lin(—)] cells from mouse BM were en-
riched by magnetic bead negative selection (EasySep; Stem-
Cell Technologies) and cultured under conditions that favor
lymphoid cell development (6). In separate experiments, en-
riched Lin(—) BMC were FACS-sorted to produce Lin(—), IL-
7Ro-positive and Lin(—) IL-7Ra-negative populations before
culture. Pro- or anti-oxidant conditions were established by
culturing cells in the presence of buthionine sulfoximine (BSO;
1 and 0.1 mM) or N-acetylcysteine (NAC; 1 and 0.1 mM). Cells
were harvested at different time points and survival/expan-
sion of cell subpopulations and cytokine receptor expression
were evaluated by flow cytometry as above.

Detection of ROS generation

Intracellular ROS was analyzed by using the oxidation
sensitive dye 2’-7’-dichlorofluorescin diacetate (DCFDA). BMC
were incubated with 2 M DCFDA at 37°C for 15 min, washed,
and surface stained. As a loading control, parallel samples of
BMC were incubated with the oxidized control dye FDA
(0.01 uM) at 37°C for 15min, washed, and surface stained.
FACS analysis was performed immediately. DCFDA mean
channel fluorescence was normalized to FDA uptake, and the
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data are shown as the percent increase in DCFDA fluorescence
in cells from Ts65Dn mice over euploid controls+SEM.

Measurement of glutathione

Intracellular glutathione (GSH) levels were measured in
progenitor subsets by flow cytometry using monochlorobimane
(MCB) essentially as previously described (32). Briefly, BMC
were surface stained as described above and then incubated for
10min at room temperature with 20 uM MCB. Cells were wa-
shed and analyzed immediately by flow cytometry. The ratio of
oxidized (GSSG) and reduced (GSH) glutathione in Ts65Dn
mice was determined spectrophotometrically in whole blood
using the Bioxytech kit (Oxis Research, 21040) as described by
the manufacturer.

Statistical analysis

Statistical significance was analyzed using Student’s t-test
or Wilcoxon signed rank test. Conditions were deemed sig-
nificantly different if p <0.05.

Results

Hematopoietic stem and progenitor populations
are altered in Ts65Dn BM

Previous studies have shown that Ts65Dn mice develop a
progressive myeloproliferative disease (18). To determine if
hematologic abnormalities extend to the lymphoid progenitor
and more immature HSC populations, analysis of hemato-
poietic progenitor phenotype in the BM of Ts65Dn and eu-
ploid mice was performed by flow cytometry. No significant
difference in total BM cellularity was found (Supplementary
Fig. S1A; Supplementary Data are available online at
www liebertonline.com/ars). Consistent with a previous
report (18), there was an expansion of the LSK subset, which
contains hematopoietic progenitors and all stem cell activity
(43) (Supplementary Fig. S1B). In spite of the expanded LSK
population, Ts65Dn mice have an approximately threefold
decrease in the percentage of HSCs and CLP cells in their
BM in comparison to euploid controls (Fig. 1A). MPP popu-
lations were not significantly different. Ts65Dn mice also
have an increased percentage and number of GMPs but a
decreased percentage and number of megakaryocyte-ery-
throid progenitors as previously described (Supplementary
Fig. S2A, B).*

To assess HSC function in Ts65Dn BM, a competitive re-
constitution assay was performed with a 1:1 mixture of 1x10°
BMC from male Ts65Dn mice or euploid littermates mixed with
an equal number of wild-type female BMC (Fig. 1B, C). Donor
contribution to hematopoietic cell generation was determined
by measuring Y chromosome content of blood lymphocytes
after 3 (Fig. 1B) and 9 (Fig. 1C) months, and RU values were
calculated for both the Ts65Dn and euploid mice (12). Ts65Dn
mice exhibited an approximately threefold decrease in the
number of RUs in comparison to euploid mice in the reconsti-
tution assays. This is consistent with the observed threefold
decrease in HSC number determined by flow cytometry.

In vitro colony-forming assays were also performed to de-
termine the number of hematopoietic progenitors in Ts65Dn
BM. Ts65Dn BMC were cultured in methylcellulose media
containing myeloid-promoting (Methocult M3534: SCF, IL-3,
IL-6) cytokines. Ts65Dn BMC formed more granulocyte,
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FIG. 1. Hematopoietic progenitor populations in the bone marrow of Ts65Dn and euploid mice. (A) Hematopoietic

progenitor populations as a percentage of nucleated BMC from euploid (open bars) or Ts65Dn (closed bars) mice. Hemato-
poietic progenitors [long-term reconstituting hematopoietic stem cell (HSC), multipotent progenitor (MPP), and common
lymphoid progenitor (CLP) populations] were assessed ex vivo by flow cytometry as defined and described in the Materials
and Methods section (n=6, *p <0.05; **p<0.005). (B, C) Competitive repopulation assay was performed as described in the
Materials and Methods section with 1:1 mixture of BMC from Ts65Dn mice (closed bars) or euploid littermates (open bars)
mixed with an equal number of wild-type BM. BMC repopulating ability was assessed at (B) 3 months and (C) 9 months and
is expressed as repopulating units per million BMC. By definition 10° competitor BMC produce 1 repopulating unit (n=4,

*p<0.05). BMC, bone marrow cells.

granulocyte-monocyte, and total myeloid colonies in com-
parison to euploid mice (Supplementary Fig. S2C). These re-
sults correlate with the increased number and frequency of
GMPs as determined by flow cytometry.

Hematopoietic stem and progenitor populations
in Ts65Dn BM exhibit increased oxidative stress
and proliferative defects

The decreases in hematopoietic stem and progenitor
number and function suggested that there are defects in these
populations in Ts65Dn mice. Increased ROS levels may con-
tribute to these defects, since oxidative stress has been linked
to the pathology of DS (15, 42). Consistent with increased
oxidative stress in DS, we found a significantly decreased
GSH/GSSG ratio in the blood of Ts65Dn mice (Fig. 2A). To
determine if this oxidative stress was also present in BM
progenitors, ROS levels were measured in Ts65Dn BMC
using the oxidation sensitive dye DCFDA. Intriguingly, the
(Lin-) subset that contain hematopoietic progenitors, the LSK
subset, and HSC (LSK, Flk2™) populations of Ts65Dn mice all
had elevated levels of ROS in comparison to euploid mice,
(Fig. 2B) indicating the presence of oxidative stress in these
populations. To confirm the presence of oxidative stress, sta-
ble markers of ROS exposure were also measured in BM
populations. Intracellular GSH, measured with MCB, was
significantly decreased in both LSK and HSC populations
from Ts65Dn mice (Fig. 2C). Similarly, formation of nitrated
proteins (NT-3-NT) and PC as stable markers of protein oxi-
dation was also increased in both the LSK and HSC popula-
tions (Fig. 2D, E).

Because increased oxidative stress has been linked to de-
creased stem cell quiescence (4), the cell cycle status of Ts65Dn
BMC was examined by detecting the expression of Ki-67, a
protein that is expressed when cells are actively cycling (37).
Ts65Dn progenitor cells exhibited a trend toward increased

cell cycling, with a lower percentage of quiescent cells lacking
Ki-67 expression (Fig. 3B). Double staining with anti-Ki-67
and the DNA binding dye 7-AAD indicated that commen-
surate with the loss of Gy, Ki-67-negative cells in Ts65Dn
HSC, there was a concurrent increase in the percentage of cells
in G; and 5S-G, /M phases of the cell cycle (Fig. 3C). Cell cycle
analysis of the hematopoietic progenitor LSK population
showed a similar pattern (data not shown). Thus, increased
oxidative stress in Ts65Dn BMC is associated with loss of
quiescence and stem cell function.

Expression of the IL-7Ro. chain is decreased in Ts65Dn
hematopoietic progenitors

A possible mechanism for changes in lymphoid progenitors
is the IL-7/IL-7Ra receptor system, which plays an essential
role in lymphoid development and homeostasis by promoting
proliferation and inhibiting apoptosis (10, 24). Analysis of
Ts65Dn BM showed that the percentage and absolute number
of cells expressing the IL-7Ro chain was decreased in total BM,
the Lin-, Sca-1/c-kit'*® and Lin-, Sca-1/c-kit'°, FIk2* popula-
tions, which encompass the CLP subset, defined as Lin-, Sca-1/
c-kit'®, FIk2* IL-7Ra.* (Fig. 4A, B). The CLP gives rise to all the
cells of the lymphoid lineage and may also be able to seed the
thymus (39). Previous studies have suggested that a subset in
the MPP population described as the lymphoid-primed MPP
(LMPP) and defined as LSK, FIk2" can also seed the thymus
(41). FIk2 expression was found to be decreased in BMC from
Ts65Dn mice; as a result, there was a significant decrease in the
LMPP population (Fig. 4C, D).

To determine the effects of IL-7Ra downregulation in the
BM, IL-7Ra responsive cells in the BM were measured using a
pre-B cell colony-forming assay. Ts65Dn and euploid BMC
were cultured in methylcellulose media containing IL-7
(Methocult MC3630), and colonies were enumerated after 1
week. Interestingly, Ts65Dn BMC formed one-third fewer
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FIG. 2. Ts65Dn BMC exhibit signs of oxidative stress. (A) Decreased GSH/GSSG ratio in blood cells from Ts65Dn mice.
GSH and GSSG were measured spectrophotometrically in fresh blood samples from euploid and Ts65Dn mice as described in
the Materials and Methods section (1=5, *p<0.05). (B) 2’-7-dichlorofluorescin diacetate oxidation was assessed in the
indicated bone marrow subpopulations by flow cytometry. These data are expressed as the percent increase in 2’-7'-di-
chlorofluorescin diacetate fluorescence normalized to uptake of fluorescein diacetate (1=4, *p <0.05). (C) Intracellular GSH
levels were measured in the indicated bone marrow subsets from euploid (open bars) and Ts65Dn (closed bars) mice using
monochlorobimane as described in the Materials and Methods section (12=>5, *p <0.05). (D) Formation of 3-nitrotyrosine (3-
NT) was detected in the indicated bone marrow subsets from euploid (open bars) or Ts65Dn (closed bars) mice by intracellular
staining and FACS analysis as described in the Materials and Methods section (1=>5, *p <0.05). (E) Formation of protein
carbonyls (PC) were detected in the indicated bone marrow subsets from euploid (open bars) or Ts65Dn (closed bars) mice by
intracellular staining and FACS analysis as described in the Materials and Methods section (1 =5, *p <0.05). GSH, glutathione;
GSSG, oxidized glutathione.

colonies in comparison to euploid BMC, indicating the pres-
ence of fewer IL-7 responsive hematopoietic progenitors or
decreased responsiveness to IL-7 (Fig. 4E).

IL-7 signaling induces proliferative and pro-survival signals
in cells (24), leading to the activation of the PI3K pathway and
expression of anti-apoptotic Bcl-2 family members such as Mcl-
1 (23). Cell cycle analysis of the Lin-, IL-7Ra* lymphoid pro-
genitor population indicated that there was an increase in the
percentage of non-proliferating Gy, Ki-67-negative cells, with a
concurrent decrease in the percentage of proliferating cells in
the G; and S-G,/M phases of the cell cycle (Fig. 4F), consistent
with proliferative defects in this population. Concordant with a
decrease of pro-survival signals, these same BM subsets, as well
as the CLP population display increased apoptosis, as mea-
sured by AnnexinV staining (Fig. 4G).

Effects of redox balance on IL-7Ro. expression

To explore the potential relationship between oxidative
stress and IL-7Ra expression in hematopoietic progenitors,
Lin(-) BMC from wild-type mice were cultured under

lymphoid promoting conditions (6) in the presence of the
antioxidant NAC or the pro-oxidant BSO. After 2 days in
culture, there were significantly fewer IL-7Ra™ cells in BSO-
treated cultures but significantly more IL-7Ra " cells in NAC-
treated cultures in comparison to untreated cells (Fig. 5A). A
similar trend was observed after 5 and 9 days in culture (Fig.
5B, C). The same changes were also observed when the data
were expressed as the percentage of Lin(—) cells (not shown).
The lymphoid promoting culture conditions lead to B cell
development in vitro (6), and on days 2, 5, and 9, there were
significantly more B220" cells in the NAC-treated cultures
and significantly fewer B220* cells in BSO-treated cultures in
comparison to untreated cells (Fig. 5D-F). Thus, the data
suggest that pro-oxidant conditions diminish IL-7Ra expres-
sion and/or function and inhibit in vitro lymphoid develop-
ment in hematopoietic progenitor cells.

To definitively measure redox-dependent changes in IL-
7Ro expression and function in hematopoietic progenitors,
BMC were sorted into Lin(—), IL-7Ra.* and Lin(-), IL-7Ra(—)
populations before initiation of culture under lymphoid pro-
moting conditions. In the absence of any treatment, in vitro
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culture induced a slight expansion of the Lin(—), IL-7Ra " cells
after 5 days. This expansion was markedly enhanced in the
presence of NAC, whereas the total number of cells was de-
creased in the presence of BSO (Fig. 6A). This effect was se-
lective for the IL-7Ra ™" cells; however, as there was no effect of
NAC or BSO on the number of the Lin(—), IL-7Ra(—) sorted
cells during culture (Fig. 6B). Furthermore, the in vitro culture
conditions led to a rapid loss of IL-7Ra expression in the sorted
cells as measured by the percent IL-7Ra " cells after 2 days in
culture. This was accentuated by exposure to BSO, whereas
cells treated with NAC retained IL-7Ro expression (Fig. 6C).
This effect was especially marked in the Sca-1/c-kit", FIk2*
cells, representing the pool of cells defining the CLP popula-
tion, which are dependent upon the pro-survival effects of IL-
7Ro signaling (Fig. 6D). The effects of BSO did not down-
regulate cell surface expression of all cytokine receptors, as the
percent of cells expressing c-kit (receptor for Stem Cell Factor
(SCF) or FIk2 (receptor for Flt3-ligand) were not diminished
and were even slightly upregulated (Supplementary Fig. S3).
Therefore, the data suggest that increased oxidative stress
selectively promotes a loss of IL-7Ro expression and decreased
survival of IL-7Ra-expressing hematopoietic progenitor and
lymphoid cells.

The selective effect of BSO treatment on the viability of IL-
7Ra’ cells suggested an enhanced sensitivity to the drug.
Consistent with this observation, ex vivo intracellular GSH
levels in Lin(-), IL-7Re* BMC were more than threefold
lower than the Lin(—) IL-7Ra negative cells (Fig. 7A). Similar
to the more immature HSC and LSK populations, the IL-7Ro.*
cells in the BM also displayed increased markers of oxidative
stress ex vivo. Thus, decreased intracellular GSH levels (Fig.
7A) and increased PC formation (Fig. 7B) were also found in

the Lin- IL-7Ra*, Sca-1/c-kit'°, and CLP populations of
Ts65Dn mice as compared to euploid controls.

GSH levels and PC formation were also assessed during the
in vitro culture in lymphoid-promoting conditions. As ex-
pected, intracellular GSH levels were depleted in all cells
treated with BSO (Fig. 7C), whereas NAC treatment increased
intracellular GSH levels significantly only in Lin(-) IL-7Ro.*
cells, and not Lin(—) IL-7Ra(—) cells. Remarkably, BSO
treatment induced increased PC formation in the Lin- IL-
7Ro*, Sca-1/c-kit'®, Lin-, and CLP, but not the Lin(-) IL-
7Ro(-) cells (Fig. 7D). Similarly, NAC treatment diminished
increased PC formation in the Lin- IL-7Ra.*, Sca-1/c-kit', Lin-
, and CLP, but not the Lin- IL-7Ro- cells (Fig. 7D). Thus, ma-
nipulation of GSH/redox balance seemed to have functional
consequences selectively in the IL-7Ra® populations both
in vitro and in vivo.

Discussion

The increased risk of developing hematologic disorders
such as infections and leukemia has been implicated as a
significant cause of morbidity and mortality in DS (7, 11).
However, the potential mechanisms underlying the occur-
rence of these immune defects have not yet been examined in
detail. A previous study has reported myelodysplasia and
suggested potential HSC abnormalities in Ts65Dn mice (18).
However, HSC frequency, HSC function, and possible defects
in lymphoid development were not examined. Therefore, in
this study, the composition and function of hematopoietic
stem and progenitor cells of the Ts65Dn mouse model of DS
were explored, with a focus on cells of the lymphoid lineage.
Overall, the results suggest defects in hematopoietic progen-
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FIG. 4. Downregulation of IL-7Ra and Flk2 expression and function in the bone marrow of Ts65Dn mice. (A, B) IL-7Ra
expression in selected bone marrow sub-populations was assessed by flow cytometry. (A) Representative FACS plots of IL-
7Ra expression in LSK or the Lin(-), SKlo, FIk2™ populations from euploid (solid line) or Ts65Dn (dashed lines) mice. (B)
Analysis of the percent cells that are IL-7Ro.™ in total BMC (live gate), Lin(—), Lin(-), Sca-1'° c-Kit'"® (SKlo) population, and
the Lin(-), SKlo, FIk2* (FIk2*) population. (n=6, *p <0.05, **p <0.01). (C, D) FIk2 expression in selected bone marrow sub-
populations was assessed by flow cytometry. (C) Representative FACS plots of FIk2 expression in LSK cells from euploid
(solid line) or Ts65Dn (dashed lines) mice. Marker indicates Flk2-bright population. (D) Analysis of the percent cells that are
FIk2* in total BMC (live gate), Lin(-), Lin(-), Sca-1'° c-Kit'"® (SKlo) population, and the LSK population (n=6, *p<0.05,
**p<0.01). (E) Colony formation of Ts65Dn and euploid pre-B cells. Total BMC were cultured in methylcellulose media
containing IL-7 and enumerated after 7 days. CFU pre-B: pre-B cell colony forming unit (n=4, *p <0.05). (F) Cell cycle analysis
by Ki-67 expression and 7-AAD incorporation of Lin(—) IL-7Ra* (Lin- IL-7Ra ™) lymphoid progenitor cells from Ts65Dn mice
(closed bars) or euploid littermates (open bars) (n=4, *p<0.05). (G) Apoptotic cells were detected by AnnexinV binding in
selected bone marrow sub-populations from Ts65Dn mice (closed bars) or euploid littermates (open bars). These data are
expressed as the percentage of cells in each population that are AnnexinV+ (n=6, *p<0.05).

itor development and function at the level of both HSC and
lymphoid progenitors in Ts65Dn mice, with oxidative stress
and decreased IL-7Ro expression as possible causes of the
changes in these populations.

Phenotypic analysis of HSC by flow cytometry using the
well-characterized SLAM markers (16, 46) revealed an ap-
proximately threefold decrease in the frequency and absolute
number of HSC in Ts65Dn BM in comparison to euploid BM.
Functional analysis of HSC by competitive reconstitution as-

says also showed a threefold decrease in Ts65Dn HSC activity
in the BM. Overall, these results demonstrate a decrease in the
number of functional HSC in Ts65Dn BM. A previous study
also suggested weaker long-term repopulating ability in Ts65Dn
BM (18), although the study transferred Ts65Dn BMC into C57B1/
6 recipients, whereas the current study used competitive recon-
stitution into B6C3F1 recipients to minimize immune rejection.
Potential mechanisms for the defects observed in HSC ac-
tivity may be the elevated levels of ROS oxidative damage,
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FIG. 5. Redox balance affects IL-7Ra ex-
pression and B-cell generation in vitro. IL-
7Ro. (A-C) and B220 (D-F) expression was
assessed by flow cytometry in lymphoid
progenitor cultures. Lineage-depleted hema-
topoietic progenitors were cultured in vitro in
lymphoid-promoting media as described in

the Materials and Methods section. The pro-
oxidant BSO (1mM) and antioxidant NAC
(ImM) were added to selected cultures. IL-
7Ro. expression was assessed in Lin(—) cells

(Lin(-) IL-7Ra*) on day 2 (A), day 5 (B), and
day 9 (C). B220 expression was assessed on
day 2 (D), day 5 (E), and day 9 (F). The data
are expressed as the number of cells in each
sub-population (n=3, *p<0.05). BSO, bu-
thionine sulfoximine; NAC, acetylcysteine.
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and loss of quiescence measured in these cells. HSCs are hy-
pothesized to reside in a niche characterized by low levels of
O,, and are therefore thought to be especially prone to dam-
age by ROS (29). Significantly, our data show that HSC and
LSK cells, which encompass the HSC population, have higher
intracellular GSH levels in comparison to more mature he-

matopoietic progenitor populations. This may be indicative of
enhanced antioxidant defenses in HSC to prevent damage
from ROS. Previous reports have linked the loss of quiescence
in HSC to elevated levels of ROS, which were proposed to
induce altered expression of cell cycle regulators such as p53,
p16™*?, and p19”%F, thus causing aberrant cell cycle pro-

FIG. 6. Pro/anti-oxidant treatment specifically
affects the viability of IL-7Ra-expressing cells.
FACS-sorted Lin(-), IL-7Ra* (A) and Lin(-), IL-
7Ra (=) (B) hematopoietic progenitors were cul-

tured in vitro in lymphoid-promoting media. The
pro-oxidant BSO (0.1 mM) and antioxidant NAC
(ImM) were added to selected cultures and the
number of viable cells in each culture condition
was assessed using 7-AAD exclusion by flow cy-

tometry on days 2 and 5 (n=2, *p<0.05). (C, D) The
percentage of IL-7Ra" cells was assessed in FACS-
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FIG. 7. Oxidative stress in IL-7Ra* BMC both ex vivo and in vitro. (A, B) BMC from euploid (open bars) and Ts65Dn
(closed bars) mice were analyzed ex vivo for (A) intracellular GSH in Lin(—), IL-7Ra{~) or Lin(-), IL-7Rx" cells or (B) PCs in
Lin(-), IL-7Ra™ (IL-7Re‘ ), Lin(-), IL-7Ra* (IL-7Ra*), Lin(-), Sca-1'°,c-Kit'® (SKlo), and the Lin(-), SKlo, FIk2* IL-7Ra*

(CLP) populations as in Figure 2. (C, D) BMC from wild-type mice were cultured in vitro in lymphoid-promoting media in the
absence of any addition (open bars), or in the presence of 0.1 mM BSO (solid bars) or 1mM NAC (hatched bars) for 2 days as in
Figure 5. Cells were analyzed for (C) intracellular GSH or (D) PCs in the indicated subsets as defined in A & B (n=5,

*significantly different from euploid or untreated controls, p <0.05;

gression (3). HSC quiescence has been shown to be required
for HSC function, therefore, the oxidative stress in the HSCs of
Ts65Dn mice may be inducing a loss of quiescence, resulting
in decreased function as measured by repopulating activity (5,
13, 14, 45). Previous reports in Fancc-deficient mice also link
oxidative stress with an expansion of the LSK population and
loss of self-renewal capacity (38). Therefore, in both Ts65Dn
and Fancc-deficient mice, expansion of the LSK population
may be indicative of oxidative stress inducing HSC prolifer-
ation and differentiation, resulting in decreased self-renewal
ability and exhaustion of the functional HSC population.
The threefold decrease in both the frequency and number of
CLP cells in the BM of Ts65Dn mice in comparison to euploid
mice may simply be a reflection of the decrease in total HSC
number and activity. However, the direct precursor of the
CLP, the MPP population, is not significantly altered; there-
fore, it is likely that additional factors or mechanisms may be
involved. Significantly, there was a general decrease in IL-7Ra
expression in the BM of Ts65Dn mice and this decrease in IL-
7Ra expression contributes to the observed decrease in CLP
number and frequency. We hypothesize that redox-depen-

*significantly different from IL-7R(—) samples, p <0.05).

dent changes in the IL-7/IL-7Ra receptor system provide a
possible link between the global changes in lymphoid pro-
genitor number and composition, because IL-7 signaling
plays an essential role in lymphoid development and ho-
meostasis by promoting proliferation and inhibiting apopto-
sis (10, 24).

The CLP has been hypothesized to be the initial BM-
derived thymus-seeding cell, although this is not without
controversy (2, 40). The LMPP has also been proposed as a
BM-derived population that has the ability to seed the thymus
(41). The data show that similar to the CLP population, the
LMPP population was also markedly reduced in Ts65Dn
mice, suggesting a general decrease in BM-derived T-cell
progenitors that have the capability to seed the thymus in
Ts65Dn mice. This may correlate with the enhanced thymic
involution observed in Ts65Dn mice. Decreased F1k2 expres-
sion in this population may also lead to diminished IL-7Rx
levels, since a recent report suggested that FIk2 signaling en-
hances IL-7Ra levels and its signaling capacity (36). The de-
crease in pre B-cell colony formation of Ts65Dn BM in vitro
was consistent with fewer IL-7 responsive cells or decreased
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responsiveness to IL-7. Fewer IL-7Ro-expressing cells in the
BM of Ts65Dn mice as well as decreased cell proliferation and
increased apoptosis in BM progenitors that express IL-7Ro
suggest that IL-7 responsiveness is clearly diminished in
Ts65Dn mice. Thus, the observed reduction in the CLP pop-
ulation of Ts65Dn mice may be linked to the downregulation
of IL-7Rx expression and decreased proliferative and pro-
survival signals resulting from diminished IL-7 and Flk2 cy-
tokine receptor signaling.

The current results suggest that increased oxidative stress
may be a potential mechanism that downregulates IL-7Ro
expression and function in hematopoietic progenitors from
Ts65Dn mice. In vitro culture of BM progenitors under rela-
tively hyperoxic conditions (atmospheric oxygen) served to
diminish IL-7Ra expression and further oxidative stress
caused by exposure to BSO exacerbated this effect. Im-
portantly, treatment with the antioxidant NAC prevented
IL-7Ro. downregulation, and in the presence of IL-7 in the
medium, increased survival, proliferation, and differentiation
of IL-7Ra™ cells but not IL-7Ra~ cells. Additionally, NAC
treatment decreased PC formation in IL-7Ra", and not IL-
7Ra” progenitor cells. Because the effects of NAC and BSO
seemed to be selective for IL-7Ro " -progenitor cells as op-
posed to cells lacking the receptor, the data suggest that oxi-
dative stress can modulate hematopoietic development by
inhibiting IL-7/IL-7Ra signaling. NAC and BSO both function
in modulating the GSH pathway; therefore, it will be inter-
esting to determine whether altering other redox pathways
will have a similar effect. The selective effect of NAC and BSO
treatment on IL-7Ra*-progenitor cells also suggest that IL-
7Ra" lymphoid cells may be more sensitive to changes in
redox balance in comparison to IL-7Ra.~ myeloid cells.

Modulation of IL-7Ra expression has also been observed
during aging, another syndrome associated with oxidative
stress. Older individuals were found to have decreased IL-7Rx
expression in the EMcpssga+ CD8+ T-cell population in
comparison to younger individuals, leading to defects in
survival and signaling in response to IL-7 (17). Significantly,
similar to HSC in Ts65Dn mice, HSC from aged mice exhibit
cell-intrinsic defects in repopulating activity, and do not ef-
fectively generate lymphoid cells (34). This suggests that
young adult Ts65Dn HSC may be functionally similar to aged
HSC. In aged mice, however, the defect does not appear to be
a result of diminished IL-7Ro expression in either T or B cell
progenitors. CLP numbers and B cell development decline in
aged mice and culture of CLP with IL-7 in vitro resulted in
decreased formation of B220™ cells (25). Another study sug-
gested that the B cell progenitors from aged mice displayed a
lack of proliferative responses to IL-7 with more cells re-
maining in Gy phase of the cell cycle (44). These effects would
be consistent with the current observations in Ts65Dn BM.

Another possible interpretation of the data is that the in-
creased oxidative stress present in Ts65Dn HSCs may be in-
ducing them to become myeloid-biased. Myeloid-biased (My-
bi) HSC have been shown to generate fewer IL-7Ra-expres-
sing cells, leading to the hypothesis that the locus for the
lymphoid-specific receptor chain IL-7Rx may already be epi-
genetically primed in HSC, even though HSC do not express
IL-7Ra (27). Therefore, increased oxidative stress may be
causing inefficient priming of the IL-7Ro locus in Ts65Dn

LORENZO ET AL.

HSCs, resulting in the generation of myeloid-biased HSC.
Alternatively, examination of triplicated genes from MMU-16
in Ts65Dn mice reveals potential candidate genes (GABPA,
Runx1, and RCANT) that may also affect IL-7Ro expression.
The transcription factors GABPA (8) and Runx1 (22) both bind
to the IL-7Ra promoter, and inhibition of calcineurin (by
RCANI1) will downregulate the transcription factor egr-2,
which also controls IL-7Ro expression (21). The multi-genic
etiology of DS supports potentially complex and independent
mechanisms for changes in IL-7Ro expression.

Thus, in conclusion, these data demonstrate significant
defects in the hematopoietic stem and lymphoid progenitor
cells of Ts65Dn mice, which may be linked to premature
thymic involution and abnormal peripheral immuno-
logic development in DS. Further studies need to be con-
ducted to determine if these hematologic abnormalities
extend to actual patients with DS. The data also show that
modulating redox balance, specifically by changing intracel-
lular GSH levels, alters IL-7Ra expression and selectively in-
fluences the survival of IL-7Ra™ cells. Thus, the current
study may support intracellular antioxidants and IL-7Ro ex-
pression as possible therapeutic targets to treat immune
dysfunction in DS and may provide a starting point for ap-
proaches that alter oxidative stress as a means to regulate the
immune response.
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Abbreviations Used
3-NT = 3-nitrotyrosine
7-AAD = 7-Amino-Actinomycin D
BM =bone marrow
BMC =bone marrow cells
BSO =buthionine sulfoximine
CFU-G = granulocyte colony forming unit
CFU-GM = granulocyte-monocyte colony forming
unit
CFU-M = monocyte colony forming unit
CFU pre-B = pre-B cell colony forming unit
CLP = common lymphoid progenitor
CMP = common myeloid progenitor
DCFDA = 2"-7"-dichlorofluorescin diacetate
DS =Down Syndrome
GMP = granulocyte-monocyte progenitor
GSH = glutathione
GSSG = oxidized glutathione
HSC = hematopoietic stem cell
Lin(-) = lineage-negative
LMPP = lymphoid-primed multipotent
progenitor
LSK = (Lin)F Sca-1*, c-Kit"
MPP = multipotent progenitor
NAC = N-acetylcysteine
PC =protein carbonyl
ROS = reactive oxygen species
RU =repopulating units
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