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Introduction

Summary

In addition to archetypal cognitive defects, Down syndrome (DS) is char-
acterized by altered lymphocyte development and function, including pre-
mature thymic involution and increased incidence of infections. However,
the potential mechanisms for these changes have not been fully eluci-
dated. The current study used the Ts65Dn mouse model of DS to assess
deficiencies in T-cell development and possible molecular alterations.
Ts65Dn mice exhibited premature thymic involution and a threefold to
fourfold decrease in the number and proportion of immature, double-neg-
ative thymocyte progenitors. In addition, there were twofold fewer dou-
ble-positive and CD4 single-positive thymocytes in Ts65Dn thymuses.
Reflecting this deficient thymic function, there were fewer naive T cells in
the spleen and polyclonal stimulation of peripheral T cells exhibited a
marked reduction in proliferation, suggesting a senescent phenotype. In
contrast, B-cell progenitors were unchanged in the bone marrow of Ts65Dn
mice, but in the spleen, there were decreased transitional and follicular B
cells and these cells proliferated less upon antigen receptor stimulus but
not in response to lipopolysaccharide. As a potential mechanism for
diminished thymic function, immature thymocyte populations expressed
diminished levels of the cytokine receptor interleukin-7Ra, which was
associated with decreased proliferation and increased apoptosis. Increased
oxidative stress and inhibition of the Notch pathway were identified as
possible mediators of decreased interleukin-7Ra expression in Ts65Dn
mice. The data suggest that immature thymocyte defects underlie immune
dysfunction in DS and that increased oxidative stress and reduced cyto-
kine signalling may alter lymphocyte development in Ts65Dn mice.

Keywords: Down syndrome; interleukin-7 receptor; lymphocyte develop-
ment; reactive oxygen species; thymus.

leukaemia, and autoimmune diseases such as diabetes.
Significantly, these diseases, although not as commonly

Numerous studies have indicated that the adaptive
immune system is altered in individuals with Down syn-
drome (DS), with defects ranging from the level of imma-
ture haematopoietic  progenitor cells to
lymphocytes in the periphery.' Since the 1970s, it has
been observed that individuals with DS seemed to exhibit

mature

diseases arising from defects in the immune system, such
as the increased frequency of respiratory infections,

associated with DS as the deficiencies in cognitive func-
tion, are major causes of morbidity and mortality.> For
this reason, the hypothesis has been developed that the
immune system is inherently defective in DS. However,
the underlying mechanisms for these global defects in
adaptive immune function are unclear, and the molecular
mechanisms inducing these changes have not been exam-
ined in detail.

Abbreviations: ARE, antioxidant response element; DS, Down syndrome; ETP, early thymic progenitor; MCB, monochlorobi-
mane; NQO1, NAD(P)H:quinone oxidoreductasel; RTE, recent thymic emigrants
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T-cell development occurs in the thymus, which does
not contain its own self-renewing population of stem cells
and must be continuously seeded by bone-marrow-
derived haematopoietic progenitors that travel through
the circulation.*> Previous studies have shown loss of
bone marrow haematopoietic progenitor populations in
Ts65Dn mice, a mouse model for Down syndrome with
triplication of a region of mouse chromosome 16 that is
syntenic to human chromosome 21.%7 Significantly, there
were defects in the common lymphoid progenitor and
lymphoid-primed multipotent progenitor populations,
which have been reported to have thymus-seeding poten-
tial.*® Previous studies of mechanisms for immune
defects in individuals with DS have proposed deficits in
the thymic stroma, which supports thymocyte develop-
ment,'” "> and others have found decreased recent thymic
emigrants to repopulate peripheral lymphocytes.'>"*
Diminished thymic function has been proposed as a
causative factor in altered lymphocyte function in DS,
characterized by fewer naive T cells'* or decreased prolif-
erative response to phytohaemagglutinin.' However, to
date, there has not been a detailed analysis of lymphocyte
development in a mouse model of DS or analysis of
T-cell function.

The interleukin-7 (IL-7)/IL-7Ro receptor system plays
an essential role in lymphoid development and homeosta-
sis by promoting proliferation and inhibiting apopto-
sis.'>!® Loss of IL-7 signalling results in the impairment
of thymocyte development, thymic involution and severe
lymphopenia.'”'® Interleukin-7Ra is expressed robustly
during the DN2 and DN3 stages of thymocyte develop-
ment until f-selection, is down-regulated during the ISP
and DP stages, and is re-expressed again during the SP
stage. Regulation of IL-7Ro expression is still relatively
unclear, although it has been proposed that both T-cell
receptor activation and concentrations of the ligand IL-7
can control IL-7Ra surface expression.'” In addition, a
recent report suggested that Notch signalling controlled
IL-7Ra transcription in T-lineage progenitors.*’

The goal of this study was to determine how the pre-
viously described changes in bone marrow progenitors
in the Ts65Dn mouse model of DS may affect T-cell
development and function and determine possible mech-
anisms for changes in thymic and splenic T cells. Impor-
tantly, the current data indicate changes in composition
and function of T-cell progenitors in the thymus ex vivo,
especially within the immature, double-negative (DN)
thymocyte populations. Decreased IL-7Ra expression in
the DN thymocytes was identified as a potential mecha-
nism for the defects observed in these populations. Fur-
thermore, the changes in the thymic progenitors were
reflected by significant decreases in T-cell function as
measured by in vitro proliferation in response to poly-
clonal stimuli. Hence, the data indicate that loss of
immature thymocyte function leads to changes in the
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adaptive immune system of Ts65Dn mice that may mir-
ror some of the immune defects observed in individuals
with DS.

Materials and methods

Mice

Female C57BL/6, male trisomic Ts65Dn mice (stock #
01924) and euploid littermates 4-8 weeks old were pur-
chased from the Jackson Laboratory (Bar Harbor, ME).
This study was performed in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
Animal care was provided in accordance with protocols
reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) in the Office of Animal
Welfare Assurance at the University of Maryland, Balti-
more (Assurance Number A3200-01).

Antibodies

CD4 biotin (GK1.5), CD5 biotin (Ly-1), CD8u biotin
(53-6.7), CD11b biotin (M1/70), TER-119 biotin were
purchased from BD Biosciences (San Jose, CA) and
CD135 PE (A2F10.1) was purchased from BioLegend
(San Diego, CA). All other antibodies were purchased
from eBioscience (San Diego, CA): CD3e biotin (145-
2C11), CD8f biotin (H35-17.2), CD8u« allophycocyanin
(APC)/APC-Cy7 (53-6.7), CD48 FITC (HM 48.1), c-kit/
CD117 APC-Cy7 (2B8), CDI11c biotin (N418), CD19 bio-
tin/APC-Cy7 (1D3), B220 biotin (RA3-6B2), Gr-1 biotin
(RB6-8C5), NK1.1 biotin (PK136), T-cell receptor (TCR)
0 (UC7-13D5), TCR-f (H57-597), CD127 Alexa Fluor
647/phycoerythrin  (PE) (A7R34), CD25 FITC/APC
(PC61.5), Streptavidin efluor 450, CD16/32 PE-Cy7 (93),
CD4 PE-Cy7 (GKL5), CD44 PE-Cy7 (IM7), CD23
(B3B4), CD21 (8D9), CD80 (16-10A1), MHC II (M5/
114.15.2), IgM (11/41), IgD (11-26), CD93 (AA4.1) and
CD43 (R2/60).

Flow cytometric analysis of haematopoietic progenitor
and mature lymphocyte phenotype

Immature, DN thymocytes were stained with a pool of
antibodies recognizing lineage (Lin) markers. The lineage
mix contained antibodies to B220, CD3¢, CD8f, CD8q,
CDL11b, Gr-1, CDl11¢, NK1.1, TCR-f3, and TCR-y as previ-
ously described.”’ The DN thymocytes, after lineage gat-
ing, were further characterized into DN1 (CD44" CD257),
DN2 (CD44" CD25%). DN3 (CD44~ CD25"), and DN4
(CD44~ CD257) populations.”® Early T-lineage progeni-
tors (ETPs) after lineage gating, were defined as
CD44" CD25~ c-Kit" IL-7R1° 2! Effector/effector mem-
ory splenic T cells were defined as CD44™ CD62L", and
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central memory T cells were defined as CD44™ CD62L™.%*
Bone marrow B cells were defined based upon previously
reported markers.***> Pre-pro B cells were defined as
B220" CD19~ CD43" IgM™, pro-B cells were defined
as B220" CD19" CD43" IgM ™, pre-B cells were defined as
B220" CD19" CD43™ IgM~, immature B cells were
defined as B220" CD19" CD43~ IgM", and mature B cells
were defined as B220" IgM" IgD". In the spleen, B-cell
subsets were defined as described by Allman and Pillai.*®
CD19"* B cells were defined as transitional (T) B-cell sub-
sets; T1: B220" AA4* IgM™ CD237; T2: B220* AA4*
IgM" CD23%; T3: B220" AA4* IgM'® CD23" or marginal
zone (MZ) B-cell subsets; MZ: B220" AA4~ IgM™
CD21™ CD237; or marginal zone precursor (MZP):
B220" AA4~ IgM™ CD21" CD23", or follicular (Fol) B-
cell subsets were defined as Fol I: B220" AA4~ IgM™
CD21" IgD*; or Fol II: B220* AA4~ IgM" CD21% IgD".
Compensation settings and lineage gates were based upon
single colour controls. Analysis was performed with Frow-
Jo (Tree Star, Inc., Ashland, OR)

Intracellular reactive oxygen species were analysed in
selected subsets by using the oxidation sensitive dye
dichlorodihydrofluorescein diacetate (DCFDA) as previ-
ously described.® Cells were incubated ex vivo with 2 um
DCFDA at 37° for 15 min, washed and surface stained.
As a loading control, parallel samples were incubated with
the oxidized control dye fluorescein diacetate (FDA)
(0-01 um) at 37° for 15 min, washed, and surface stained
as described above. FACS analysis was performed imme-
diately. DCFDA mean channel fluorescence was normal-
ized to FDA uptake, and the data are shown as the
per cent increase in DCFDA fluorescence in cells from
Ts65Dn mice over euploid controls + SEM.

Measurement of intracellular glutathione

Intracellular glutathione levels were measured in progeni-
tor subsets by flow cytometry using monochlorobimane
(MCB) essentially as previously described.® Briefly, thymic
cells were surface stained as described above and then
incubated for 10 min at room temperature with 20 pm
monochlorobimane. Cells were washed and analysed
immediately by flow cytometry.

Bromodeoxyuridine cell proliferation analysis

Mice were injected intraperitomeally with 100 mg/kg
bromodeoxyuridine (BrdU) twice a day for 2 days. BrdU
incorporation was detected in defined subsets by intracel-
lular staining using an FITC anti-BrdU antibody as sug-
gested by the supplier (BD Biosciences). The expression
of Bcl-2 was detected in defined thymic subsets by intra-
cellular staining, as indicated by the supplier, using PE
anti-Bcl-2 antibodies (BD Biosciences). Cells were analy-
sed by flow cytometry.
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CEFSE cell proliferation analysis

Red blood cell-depleted splenocytes were washed in PBS
by centrifugation at 200x g for 7 min, then resuspended
in PBS at a final concentration of 10 x 10° cells/ml.
Carboxyfluorescein diacetate succinimidyl ester (CFSE;
Molecular Probes, Eugene OR) was added to the cell sus-
pension at a final concentration of 0-25 uwm, and the cells
were incubated at 37° in a water bath for 15 min. The
CFSE-labelled cells were then washed twice with complete
media to quench residual CFSE, resuspended at
2 x 10° cells/ml, and cultured in plates coated with
0-5 pg/ml or 5 ug/ml anti-CD3 antibody (2C11). Alterna-
tively, cells were incubated with the Toll-like receptor 4
agonist lipopolysaccharide (1, 0-1 or 0-01 ng/ml) or solu-
ble anti-mouse IgM (1 or 10 mg/ml) in the presence or
absence of IL-4 (10 ng/ml). Proliferation of T or B cells,
as assessed by CFSE dilution in TCR* or CD19" cells,
respectively, was measured after 48 and 72 hr and per-
centage of proliferating cells was calculated using FrowJo.

Quantitative PCR

Total RNA was isolated from thymus or bone marrow
cells using the Nucleospin kit (Macherey Nagel, Bethle-
hem, PA). Expression of mRNA was measured as indi-
cated by the supplier using the following Taqgman Gene
Expression Assays (Applied Biosystems, Foster City, CA)
for IL-7Ra (Assay ID 00434295), IL-7 (Assay ID:
01295803), NQO1 (Assay ID 00500821) and Hes-1 (Assay
ID: 01342805); HPRT (Assay ID 03024075) was used as a
control. For microRNA (miRNA), total RNA was isolated
by the miRNeasy kit (Qiagen, Valencia, CA) for miRNA
detection. Expression of miRNA was measured as indi-
cated by the supplier using the following Tagman micr-
oRNA assays (Applied Biosystems): miR-155 (Assay ID
002571) and miR-125b (Assay ID 000449); u6 rRNA
(Assay ID 001973) was used as a control. The relative
mRNA or miRNA expression levels were calculated based
on the ACT method.”

Statistical analysis

Statistical significance was analysed by Student’s f-test or
Wilcoxon signed rank test using Prism. Conditions were
deemed significantly different if P < 0-05.

Results
T-cell progenitor populations in the thymus are
altered in Ts65Dn mice

Previous data in Ts65Dn mice® suggested defects in the
common lymphoid progenitor (CLP) and lymphoid-
primed multipotent progenitor populations (LMPP),
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which have been reported to have thymus-seeding poten-
tial, at 34 months of age.g’9 Furthermore, an earlier
report indicated significant changes in Ts65Dn thymic
ultrastructural morphology at 2-3 months.'” At 3—4
months of age, Ts65Dn mice exhibited a twofold decrease
in thymic cellularity compared with euploid mice
(Fig. 1a), and mice of this age were used for all subse-
quent studies.

Following seeding by the bone marrow lymphoid pro-
genitors, T-cell commitment and development occurs in
the DN thymocyte population (LMPP), which can be
divided into subsets based on CD44 and CD25 expres-
sion, after excluding all lineage-positive cells. In the DN
thymocyte population, the ETPs: Lin~, CD44%, CD257,
c-Kit", IL-7Ra " have been suggested to be the precur-
sor for all thymocytes with T-lineage potential.>! Unlike
the significantly lower percentages of the proposed bone
marrow-derived precursors (CLP, LMPP)® there was no
significant difference in the ETP populations of Ts65Dn
and euploid mice as a percentage of total thymocyte
number, indicating that there was no preferential loss of
ETP compared with other thymocyte populations
(Fig. 1b). However, because of the thymic involution of
the Ts65Dn mice, there were fewer ETPs in the thymus
of Ts65Dn mice in comparison to euploid mice,
although the differences were not significant (Fig. 1c).

Further analysis of the DN subsets indicated
that Ts65Dn mice had a lower percentage of DNI
(CD44" CD257), DN2 (CD44" CD25") and DN3
(CD44~ CD25%) thymocytes compared with euploid mice
(Fig. 1d). There was no significant difference in the
percentage of DN4 thymocytes. As a result of decreased

thymic cellularity, Ts65Dn mice had approximately three-
fold to fourfold fewer total DN1, DN2 and DN3 thymo-
cytes with no preferential loss of a single subset. The
decreased number of DN4 thymocytes in the Ts65Dn
mice was not significantly different (Fig. le). Similarly,
there were significantly fewer mature thymocytes, with
twofold decreases in the number of double-positive (DP)
and CD4 single-positive (SP) thymocytes in Ts65Dn mice
compared with euploid mice (see Supplementary material;
Fig. Sla). However, there were not significant differences
in percentage representation of the mature thymocyte
populations in the Ts65Dn thymus in comparison to
euploid mice (Fig. Slb) with the exception of an
increased percentage of CD8 SP thymocytes. Hence, early
thymocyte development during T-cell commitment is
altered in Ts65Dn mice but more mature thymocyte pop-
ulations are relatively unaffected.

Mature lymphocyte populations in the spleen are
altered in Ts65Dn mice

To determine how the changes in the lymphoid progeni-
tor cells in the bone marrow and thymus may affect
mature lymphocyte homeostasis and function, the com-
position of the spleen was examined. In contrast to
the thymus, there were no significant differences in sple-
nic size and cellularity between Ts65Dn mice (10-9 +
1-6 xx 107 cells/spleen) and euploid mice (11-56 +
1-56 x 107 cells/spleen; n = 10) or in the majority of the
subsets. Similar to a previous report,” there was a slight
increase in the percentage of TCR" T cells, and a slight
decrease in the percentage of CD19" cells, but these

T

Figure 1. Thymocyte populations are altered
in Ts65Dn mice. Thymocyte populations from
Ts65Dn mice (closed bars) or euploid litter-
mates (open bars) were assessed ex vivo by
flow cytometry as defined in the Materials and
methods. (a) Thymic cellularity (total viable,
nucleated cells) is reduced in Ts65Dn mice

(closed bars) in comparison to euploid mice

Euploid ~ Ts65Dn (open bars). (n = 9). (b,c) Early T-cell progen-
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itor (ETP) population as (b) a percentage of
the entire thymocyte population and (c) abso-

lute numbers of ETPs in the thymus. (d,e)

Double-negative (DN) thymocytes, after line-
age gating, were further characterized into
DNI1, DN2, DN3 and DN4 populations as
described in the
(d) DN thymocyte populations as a percentage
of the entire thymocyte population and (e)

Materials and methods.

* absolute numbers of DN thymocyte popula-
tions (n = 5; *P < 0-05; **P < 0-01 by Wilco-
xon signed rank test).

DN3 DN4
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changes were not significant (not shown). Consistent with
previous studies of individuals with DS,?® there was a
significant decrease in the percentage of CD44" CD62L"
naive T cells, with a concurrent increase in the
CD44™ CD62L"° effector/effector memory population and
a small increase in the CD44" CD62L™ central memory
population (Fig. 2a).

T-lymphocyte function in the periphery is altered in
Ts65Dn mice

Previous reports on DS have suggested that limited thy-
mic output would lead to decreased function and immu-
nosenescence in peripheral immune cells.'"* To assess
lymphocyte functional capacity in Ts65Dn mice, whole
splenocytes were stimulated with immobilized anti-CD3
antibody (at 0.5 or 5 ug/ml) for 48 and 72 hr in vitro.
Proliferation of CFSE-labelled splenocytes was measured
in TCR" T cells by flow cytometry (representative flow
data shown in Fig. 2b,c) as described in the Materials and
methods. There was a significant decrease in the percent-
age of TCR" cells that had undergone at least one divi-
sion in cells from Ts65Dn mice compared with euploid
controls after 48 hr (Fig. 2d) and 72 hr (Fig. 2e). There
was also a significant decrease in the percentage of TCR"

T-cell development in a DS mouse model

cells that had undergone more than three divisions after
72 hr (Fig. 2f) in cells from Ts65Dn mice. Changes in
proliferation were not the result of cell death because the
percentage of viable cells was not different between
euploid and Ts65Dn cells at both time-points (not
shown). Hence, although the proportions of peripheral
immune cells in Ts65Dn mice are relatively unchanged,
there are significant defects in the function of peripheral
T cells that suggest a senescent phenotype in this mouse
model of DS.

Decreased expression of the IL-7Ra chain in the
thymus

As a possible mechanism for thymic alterations in
Ts65Dn mice, IL-7Ro was assessed because it plays a
non-redundant role in thymic development, promoting
proliferation and survival of immature, DN thymocytes.'®
Consistent with our previous observations in bone mar-
row lymphoid progenitors,® the percentage of specific
thymocyte subsets that were IL-7Ra" was decreased in the
lineage-negative (total DN thymocytes), DN2 and DN3
populations (Fig. 3a). The absolute number of cells
expressing the IL-7Ro chain was significantly decreased in
the Lin~ and all the DN thymocyte populations (Fig. 3b).
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Figure 2. Diminished naive T cells and T-cell proliferation in Ts65Dn mice. (a) Naive (CD44'"°, CD62LM), effector (CD44M, CD62L°), and mem-
ory (CD44", CD62LM) T-cell sub-populations (gated on TCR" cells) in spleens from Ts65Dn mice (closed bars) and euploid mice (open bars)
(n = 5%P < 0-05 by paired t-test). (b,c) Representative examples of CFSE staining of T cells upon anti-CD3 stimulation in euploid (b) and
Ts65Dn (c) splenocytes. (d—f) Analysis of CFSE staining in T cells stimulated on immobilized anti-CD3 at 0.5 or 5 ug/ml after 48 hr (b) and
72 hr (c,d) in Ts65Dn mice (closed bars) and euploid mice (open bars). The data represent the percentage of TCR" cells undergoing greater than
or equal to 1 division (b,c) or greater than 3 divisions (d) (n = 5, ¥*P < 0-05 by paired #-test).
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Figure 3. Interleukin-7 receptor o (IL-7Ro) expression and defects
in proliferation and survival in the thymus of Ts65Dn mice. (a,b)
IL-7Ro expression in double-negative (DN) thymocyte sub-popula-
tions from Ts65Dn mice (closed bars) or euploid littermates (open
bars) was assessed by flow cytometry. The data are expressed as (a)
the % IL-7Ra" cells in each sub-population or (b) the number of
IL-7Ra" cells per thymus (n = 5,%P < 0-05 by Wilcoxon signed rank
test). (c,d) Ts65Dn mice (closed bars) or euploid littermates (open
bars) were injected with bromodeoxyuridine (BrdU) twice a day for
2 days as described in the Materials and methods. BrdU incorpora-
tion in DN thymocyte sub-populations was assessed by flow cytome-
try as described in the Materials and methods. The data are
expressed as (c) the per cent BrdU™" cells in each sub-population or
(d) the number of BrdU™" cells per thymus. (e) Apoptosis, as assessed
by Annexin V binding, and (f) bcl-2 protein expression in DN thy-
mocyte sub-populations from Ts65Dn mice (closed bars) or euploid
littermates (open bars) was measured by flow cytometry as described
in the Materials and methods. The data are expressed as the per cent
AnnexinV" cells or the mean fluorescence intensity (MFI) of bcl-2
staining in each sub-population (n = 4, *P < 0-05 by paired t-test).

Interleukin-7Ra is normally down-regulated in DP thy-
mocytes and re-expressed in positively selected CD4 and
CD8 SP thymocytes."” In contrast to the data in DN thy-
mocytes, when mature DP and SP thymocytes were analy-
sed neither the percentage of IL-7Ra" cells (Fig. Slc) nor
the number of positive cells (not shown) was decreased.
To measure whether changes in IL-7Rx were associated
with altered cell proliferation in the thymus, mice were
injected with BrdU for 2 days and incorporation was
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assessed ex vivo. Consistent with those populations having
decreased IL-7Ra expression, lower percentages of BrdU™
cells were found in the DN2 and DN3 populations
(Fig. 3c), and significantly fewer BrdU" cells were
detected in the DN2, DN3 and DN4 populations of
Ts65Dn mice in comparison to euploid mice (Fig. 3d),
indicating defects in thymocyte proliferation. No signifi-
cant changes were observed in the more mature DP and
SP thymocyte populations (see Supplementary material,
Fig. S2a,b). A previous report suggested increased apopto-
sis in Ts65Dn thymuses in situ'® and analysis of the thy-
mocytes ex vivo by Annexin V staining also indicated
increased apoptosis of thymocytes from Ts65Dn mice.
Consistent with the role of IL-7Ra, increased apoptosis
was only observed in the DN thymocyte populations in
the Ts65Dn mice (Fig. 3e), whereas there were no differ-
ences in Annexin V staining in mature DP and SP thy-
mocytes (Fig. S2c). One mechanism by which IL-7Ra
regulates thymocyte survival, is through induction of the
expression of the anti-apoptotic protein Bcl-2."” However,
no significant differences in Bcl2 expression were detected
in all the thymocyte populations by intracellular staining
(Fig. 3f, Fig. S2d).

Because of the role(s) of IL-7Re in survival of periph-
eral T cells, especially CD8" memory T cells, surface
expression of IL-7Ro was also measured in the splenic
T-cell subsets. A small decrease in IL-7Ra-positive cells
was observed in both CD4" (see Supplementary material,
Fig. S3a) and CD8" (Fig. S3b) subsets, although the
magnitude of decrease was not commensurate with that
observed in DN thymocytes. Hence, alterations in IL-7Ra
expression appear to be limited to immature lymphocyte
progenitors and not the more committed mature cells.

B-lymphocyte function and development in Ts65Dn
mice

B-cell proliferative responses were also assessed in the
Ts65Dn mice to determine whether immune dysfunction
was limited to T cells. Total splenocytes were stimulated
with varying concentrations of anti-IgM, anti-IgM in com-
bination with IL-4, and Escherichia coli lipopolysaccharide,
a known B-cell activator. Proliferation was then assessed in
CD19" B-cells by flow cytometry using CFSE dilution as in
Fig. 2. Compared with cells from euploid control mice,
there was a significant decrease in the percentage of
Ts65Dn CD19" cells that had undergone at least one divi-
sion after 48 hr (Fig. 4a) and 72 hr (Fig. 4b) in response to
stimulation by anti-IgM, and anti-IgM in combination
with IL-4. In contrast, no significant difference was
observed when cells were stimulated with various concen-
trations of lipopolysaccharide either at 48 hr (Fig. 4c) or
72 hr (Fig. 4d).

To determine whether changes in B-cell development
in the Ts65Dn mice reflected the changes in B-cell func-
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Figure 4. Decreased B-cell proliferation in Ts65Dn mice. CFSE
labelled, total splenocytes from Ts65Dn mice (closed bars) and
euploid mice (open bars) were stimulated with (a,b) indicated con-
centrations of anti-IgM in the absence or presence of 10 ng/ml inter-
leukin-4 (IL-4) or (c,d) graded concentrations of lipopolysaccharide
(LPS). The data represent the percentage of cells that had undergone
at least one division as indicated by CFSE analysis after (a,c) 48 hr
or (b,d) 72 hr incubation (n = 4; *P < 0-05 by paired ¢-test).

tion, peripheral B-cell subsets were defined by flow
cytometry.”® Consistent with decreased proliferation of
spleen B cells, there were small but significant decreases
in the presence of both follicular (Fol I) and transitional
(T1 and T3) B-cell subsets in the splenic B cells from
Ts65Dn mice (Fig. 5a). Furthermore, there was an
increased percentage of CD19" cells expressing high levels
of both MHC II and CD80, which has been proposed as
markers of memory B cells*® (Fig. 5b).

These data suggested alterations in peripheral B cells in
Ts65Dn mice, but in contrast, B-cell progenitors in the
bone marrow were not changed compared with euploid
controls. There were no significant alterations in the per-
centage of pre-pro, pro-, pre-, immature and mature B-
cell populations (Fig. 5¢) based upon published cell sur-
face markers.”**> Furthermore, while B-cell development
is also dependent upon IL-7 in the mouse,”® there were
no differences in IL-7Ro expression in the bone marrow
B-cell subsets (Fig. 5d).

Potential regulators of IL-7Ra expression

Down-regulation of IL-7Ro protein expression in the thy-
mus was, at least in part, transcriptional because quanti-
tative PCR analysis of total thymocytes indicated a nearly
twofold decrease in IL-7Re mRNA levels (Fig. 6a).
Another potential mechanism for decreased IL-7Ra
expression could be a result of the ‘altruistic’ down-regu-
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lation of the receptor by increased concentrations of the
ligand IL-7 produced by thymic stromal cells.”’ However,
there was no increase in IL-7 mRNA expression in total
thymus from Ts65Dn mice compared with euploid con-
trols (Fig. 6b).

Previous data have suggested that increased oxidative
stress, potentially linked to decreased reduced glutathione
levels, induced a loss of IL-7Ra expression in bone mar-
row haematopoietic progenitors.® Consistent with this
observation, reduced glutathione, measured with MCB,
was significantly decreased in immature, DN Ts65Dn thy-
mocytes, but not in the total thymocytes, in comparison
to euploid controls (Fig. 7a). In addition, consistent with
previous observations in haematopoietic stem cells and
bone marrow lymphoid progenitors,’ DN thymocytes
exhibited enhanced oxidation of the redox-sensitive dye
DCFDA (Fig. 7b), whereas there was little increase in DP
thymocytes and no significant increase in DCFDA oxida-
tion in splenic T cells (not shown). Hence, increases in
oxidative stress may be linked to decreased IL-7Ra
expression and function in the thymus as well.

One triplicated gene in DS potentially linked to oxida-
tive stress is BACHI, and increased levels of BACHI have
been described in tissues from individuals with DS.*?
BACHLI, reported to be well expressed in thymus,” inhib-
its Nrf2-mediated induction of antioxidant gene expres-
sion through antioxidant response elements (ARE). NAD
(P)H:quinone oxidoreductasel (NQOI1) is an antioxidant
flavoprotein that is a known target and established mar-
ker of Nrf-2 activation.”® NQOI expression was decreased
twofold in Ts65Dn thymuses (Fig. 7c) and Lin~ bone
marrow (Fig. 7d) in comparison with euploid controls.
Deficient NQOI1 induction is consistent with decreased
Nrf2-mediated antioxidant response induction in Ts65Dn
thymocytes and haematopoietic progenitors, which may
cause increased oxidative stress and contribute to haemat-
opoietic progenitor and thymic dysfunction.

It is unclear whether oxidative stress affects IL-7Ra
transcription, but inhibition of the Notch signalling path-
way was shown to down-regulate IL-7Ro expression in
T-cell lineage, but not B-cell progenitors.’ Furthermore,
a recent report suggested that decreased Nrf2 activation
led to diminished Notch expression and signalling.”> To
determine whether Notch activation was affected in
Ts65Dn thymocytes, expression of the Notch target gene
Hes-1 was measured in total thymus by quantitative PCR.
Expression of Hes-1 was decreased 25% compared with
euploid controls (Fig. 8a). Similar changes were also
observed in Lin~ bone marrow cells (Fig. 8b). As an
additional potential mechanism to down-regulate IL-7Ro
levels, changes in miRNA expression levels were measured
in Ts65Dn mice. Tissue samples from individuals with
Down syndrome have increased expression of miRNAs
encoded by the triplicated chromosome® and sequence
analysis in the Ts65Dn mice indicated that the same miR-
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Figure 6. Interleukin-7 (IL-7)/IL-7Rx gene expression in Ts65Dn
thymuses. IL-7Ro (a) and IL-7 (b) mRNA expression was assessed in
total thymus by quantitative PCR in Ts65Dn (closed bar) and
euploid controls (open bar). These data are presented as the expres-
sion of the indicated mRNA relative to control HPRT mRNA.
(n =15, *P < 0-05 by paired t-test).

NAs (miR-155, miR-125b, let-7¢, miR-802 and miR-99a)
are also encoded by the triplicated portion of MMU-16.
Both miR-155 and miR-125b are known to be expressed
in haematopoietic cells,”” and analysis of the 3’-untrans-
lated region of the IL-7Ro gene using TARGETSCAN,® indi-
cated that it contains consensus recognition sites for both
miR-155 and miR-125b. Furthermore, B cells from trans-
genic mice over-expressing miR-155 had down-regulated
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IL-7Rz. mRNA levels.”® A significant increase in both
miR-125b and miR-155 was observed in total thymocytes,
as well as in immature, DN thymocytes from Ts65Dn
mice (Fig. 8c). Expression of miR-125b and miR-155 was
also analysed in the bone marrow. The miR-155 expres-
sion was increased in both lineage-negative and total
bone marrow samples in Ts65Dn mice in comparison to
euploid mice, whereas miR-125b expression was increased
only in lineage-negative cells and not total bone marrow
(Fig. 8d). Hence, decreased Notch activation and
increases in miRNA may also contribute to the decreased
levels of IL-7Ro expression in haematopoietic progenitors
in the thymus and bone marrow.

Discussion

Although deficient immune responses and premature
aging of the adaptive immune system has been reported
for many years in DS, there is still controversy whether
DS represents a model of immunosenescence or exhibits
immunodeficiency. Furthermore, underlying
mechanisms that may affect lymphoid development and

inherent

function have not been examined in depth. Older litera-
ture proposed changes in samples from individuals with
DS, including altered thymic architecture and expression
of adhesion molecules and inflammatory cytokines,'"*’
whereas recent reports have focused upon defects in thy-
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mic gene expression’’ and thymic emigrants in human
DS.'!'* Using the Ts65Dn mouse model to further define
the changes in T-cell lineage development in DS, the data
suggest that decreases in IL-7Ra expression in immature
lymphoid cells lead to impaired thymic development.
These data are consistent with previous observations in

© 2013 John Wiley & Sons Ltd, Immunology, 139, 447-458

bone marrow progenitors,” and suggest a potential mech-
anism for immune alterations in DS that lead to a prema-
ture aging phenotype and senescence of peripheral
lymphocytes.

Similar to data in humans'? and mice,'" the Ts65Dn
thymus was significantly smaller and hypocellular. This
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hypocellularity seemed to be a result of selective loss of
the immature DN populations because the relative pro-
portions of the more mature DP and CD4 SP and CD8
SP thymocytes was not different in Ts65Dn mice. The
loss of DN thymocytes was accompanied by a decrease in
the proportion and absolute number of cells expressing
IL-7Ro in the lineage negative and DN populations. This
was also associated with decreased proliferation and
increased apoptosis of the immature DN2 and DN3 pop-
ulations. Interleukin-7 signalling has been shown to be
essential for DN thymocyte proliferation and survival,'®
and previous studies have shown that lack of IL-7 or
IL-7Ra results in an overall decrease in thymic cellular-
ity.'”** Therefore, diminished IL-7Ro expression and/or
IL-7 signalling may be causing proliferative and survival
defects in the DN thymocyte populations and contribut-
ing to Ts65Dn thymic hypocellularity. The loss of IL-7Ro
expression, however, was selective for T-cell progenitors
rather than cells committed to the T-cell lineage. Cells
that had already undergone f-selection had similar cell
surface expression levels of IL-7Ro comparing Ts65Dn
with euploid controls. This is also reflected in the periph-
ery, where there were small decreases in IL-7Ro expres-
sion in the spleens of Ts65Dn mice. The IL-7 signalling
pathway plays an essential role in peripheral T-cell
homeostasis*>** as well as the generation and mainte-
nance of memory T cells.*> Previous reports indicated
increased plasma IL-7 in individuals with DS, but
although assay sensitivity precluded measuring IL-7 pro-
tein in Ts65Dn mice, IL-7 mRNA levels were not chan-
ged. Therefore, the modest changes in IL-7Ra in the
periphery may result in the observed changes in naive
and central memory T cells. It is unclear why there is
decreased IL-7Ro expression selectively in immature lym-
phoid progenitors, but the current results have identified
potential regulators of IL-7Ro expression.

One potential mechanism for regulation of IL-7Ra
expression may be increases in oxidative stress. Previous
data suggested that exposure of IL-7Ra" cells to pro-oxi-
dants in vitro decreased the percentage of IL-7Ra* cells.®
Existing'®*' and current data suggest the presence of
increased oxidative stress in Ts65Dn thymus, and the
results suggest that decreased antioxidant defences,
including glutathione and antioxidant enzymes, promote
pro-oxidant conditions in Ts65Dn mice. Inefficient
induction of antioxidant enzyme defences may also con-
tribute to increased oxidative stress in Ts65Dn thymus.
Decreased NQO1 expression reflects diminished signalling
through Nrf2-antioxidant response element-dependent
gene expression.’* Nrf2-antioxidant response element-
induced expression of cytoprotective enzymes is a major
mechanism for cellular defence against xenobiotics and
oxidative stress. A possible mechanism for decreased
NQOL1 expression is the triplication of BACHI on mouse
chromosome 16 in the Ts65Dn mouse. Over-expression
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of BACHI has been found in tissue from individuals with
DS* and is known to inhibit the Nrf-2-mediated induc-
tion of NQOI expression.*® Conversely, BACHI-deficient
mice show greatly enhanced expression of the Nrf2 target
gene, haeme oxygenase-1 in the thymus.”> A recent study
of human DS thymus also identified decreased expression
of another Nrf2 target, peroxiredoxin 2 and decreased
levels of this antioxidant enzyme may also promote
increased oxidative stress in DS thymocytes.*' Insufficient
antioxidant production in the Ts65Dn haematopoietic
and lymphoid progenitor populations in the bone mar-
row and thymus may therefore be inducing a state of
redox imbalance and affecting progenitor function, poten-
tially through regulation of IL-7Ra levels.

Direct transcriptional regulation of IL-7Ra expression in
Ts65Dn was implicated by the nearly twofold decrease
in mRNA in total thymus. Notch signalling has been
shown to regulate IL-7Ro expression in developing T cells
but not B cells,?® and a small decrease in expression of the
Notch signalling target Hes-1 was observed in whole thy-
muses and lineage-negative haematopoietic progenitors of
Ts65Dn mice. Notch-mediated transcription could be
down-regulated in Ts65Dn through decreased Nrf2-depen-
dent control of Notch expression,”” in which down-regula-
tion of Nrf2 function was shown to result in decreased
Hes-1 expression. Hence, decreased Nrf2 activation in the
Ts65Dn lymphocyte progenitors might be associated with
inhibition of Notch-dependent IL-7Ra expression. Another
possible mechanism of decreased IL-7Ra-expression is the
increased expression of miRNAs that can potentially inhi-
bit IL-7Ro mRNA expression. Mouse chromosome 16 and
human chromosome 21 are known to encode five miRNA,
including miR-99a, let-7¢, miR-125b-2, miR-155 and miR-
802 and previous studies found increased levels of miR-155
and miR-125b in tissues from individuals with DS.*
Sequence analysis indicated consensus binding sites for
these miRs in the 3'-untranslated region of IL-7Ro tran-
scripts and PCR analysis found increased expression of
miR-125b and miR-155 in the thymus and bone marrow.
This analysis is supported by the findings that transgenic
mice over-expressing miR-155 in B cells exhibited
decreased IL-7Rx mRNA expression.”® Hence, regulation
of IL-7Ra expression by transcriptional activators and
miRNA may contribute to changes in thymocyte function
in DS and Ts65Dn mice.

In contrast to thymic progenitors, there were only
minor differences in cellularity and subset composition of
splenic leucocytes in Ts65Dn mice compared with euploid
controls although further analysis of the CD4" and CD8"
T-cell populations revealed an overall decrease in the per-
centage of naive cells and an increase in the effector/
memory populations. Combined with the thymic involu-
tion, this increased proportion of memory cells suggests
an aged, senescent immune system. Consistent with this
hypothesis, a decreased percentage of recent thymic

© 2013 John Wiley & Sons Ltd, Immunology, 139, 447-458



emigrants was observed in children with DS, and is
postulated to contribute to the apparent immunosenes-
cence of the T-lymphocyte population in the DS immune
system.'® As a result of the decrease in recent thymic emi-
grants, it has been suggested that peripheral T cells in
individuals with DS undergo increased homeostatic pro-
liferation in comparison to the general population.'*
Because of mixed genetic background in Ts65Dn mice,
differences in recent thymic emigrants cannot be reliably
measured. Nevertheless, the data are consistent with a loss
of thymic precursors in the Ts65Dn mice leading to
altered peripheral T-cell populations.

Defects in Ts65Dn peripheral T-cell function are most
evident in the decreased proliferation in response to poly-
clonal stimulation. This loss of function may be consis-
tent with immune dysfunction in DS, as lymphocytes
from individuals with DS have also been shown to exhibit
a decreased proliferative response to polyclonal stimuli
such as phytohaemagglutinin,*”*® in addition to the doc-
umented decrease in responses in some individuals with
DS to vaccinations.*”*® Vaccine studies have shown that
IL-7 and TCR signalling can synergize to promote anti-
gen-specific effector cell generation, especially when using
subdominant antigens.”’ Therefore decreased IL-7Ro
expression as well as the deficient proliferation in
response to TCR stimulation may contribute to the T-cell
dysfunction observed in DS. It is tempting to speculate
that the impaired proliferation in the immature thymo-
cyte subsets as a consequence of decreased IL-7Ro expres-
sion may be one of the causes of accelerated thymic
involution as well as decreased thymic output in DS. In
turn, the increased, possibly excessive, homeostatic cycling
of peripheral T cells in individuals with DS may result in
premature senescence and impaired function.

The changes in lymphocyte responses were not limited
to T cells as B-cell proliferation was also diminished in
response to antigen receptor stimulation, but not lipo-
polysaccharide. This is consistent with an anergic/
senescent phenotype in the peripheral lymphocyte pools.
However, in contrast to thymic development, B-cell pro-
genitors in the bone marrow and IL-7Ro expression on
those cells were not altered in the Ts65Dn mice, suggest-
ing a selective effect on T-lymphocyte precursors. It is
interesting, but unclear, why the previously reported
decrease in CLP in Ts65Dn bone marrow® only results in
diminished T-cell progenitors. One postulate is that
decreases in Notch signalling, due to BACHI-mediated
inhibition of Nrf2 or increased DYRK1a>* in DS, leads to
impaired T-cell specification, but not B-cell development.
The resultant changes in mature B-cell function and
spleen subsets may be, as has been proposed previously,”
due to altered T-cell help. The data also suggest that oxi-
dative stress may also be selective in nature because
increased DCFDA oxidation and decreased reduced gluta-
thione were limited to the DN thymocyte populations
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and the more mature thymocytes and peripheral T cells
did not show these alterations. Hence, the defects in
immunological development in the Ts65Dn mice seem to
be limited to immature haematopoietic progenitors,
particularly T-lineage precursors, although the mecha-
nisms and potential biochemical effects in DS remain to
be tested.

Hence, these data demonstrate significant defects in
immature and mature T-lymphocyte populations of
Ts65Dn mice, with changes in both the composition and
function of the cells of the thymus and spleen. The data
suggest that decreased IL-7Ro expression may underlie
this dysfunction, causing decreased proliferation and
function. Taken together with the haematopoietic stem
and progenitor defects in previous studies,® the data indi-
cate an overall dysfunction of adaptive immune system
development in Ts65Dn mice.
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Figure S1. Mature thymocytes and interleukin-7 recep-

tor a (IL-7Ro) expression are not altered in Ts65Dn
mice.

Figure S2. Proliferation and apoptosis not affected in

Ts65Dn mature thymocytes.

Figure S3. Interleukin-7 receptor o (IL-7Ra) expression

in peripheral T-cell populations is not markedly altered
in Ts65Dn mice.
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