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Immune and TRG repertoire signature of the thymus in Down
syndrome patients
Shira Rabinowicz 1,2, Atar Lev1, Yu Nee Lee1, Diti Machnes-Maayan1,2, Uriel Katz2,3, Amir Vardi2,4, David Mishali2,5 and Raz Somech1,2

BACKGROUND: Patients with Down syndrome (DS) are at increased risk for infections and autoimmune disorders. Although several
immunological abnormalities were previously found, differences in T cell receptor repertoire have never been shown. Thus we
compared the T cell receptor gamma (TRG) repertoire in DS and non-syndromic pediatric patients by next-generation sequencing,
in addition to other immunological markers.
METHODS: Genomic DNA was extracted from thymuses of pediatric patients who underwent heart surgery, where six were with DS
and six were non-syndromic patients. Peripheral blood counts, T cell subpopulations, thymus TCR excision circles (TRECs),
spectratyping, and next-generation sequencing for TRG were analyzed.
RESULTS: The mean age of the patients was 7 months and the mean lymphocyte count was slightly lower in patients with DS,
whereas thymus TREC results were similar to non-syndromic patients (p= 0.197). The TRG repertoire analysis showed that patients
with DS had a significantly larger number of unique TRG sequences, together with decreased clonal expansion. Lastly, the V and J
gene usages in the thymus were similar in DS and non-syndromic patients.
CONCLUSIONS: Patients with DS showed increased TRG repertoire diversity with decreased clonal expansion compared to non-
syndromic patients.

Pediatric Research (2021) 89:102–109; https://doi.org/10.1038/s41390-020-0857-y

IMPACT:

● Alterations in T cell receptor gamma repertoire were found in patients with Down syndrome using next-generation sequencing
(NGS) technique. Patients showed increased repertoire diversity and decreased clonal expansion compared to controls.

● These findings add to previous reports on abnormalities of other immune system components in patients with Down
syndrome. NGS technique may point out differences not seen by previous methods.

● Repertoire abnormalities may contribute to those patients’ predisposition to infections and autoimmune diseases.

INTRODUCTION
Down syndrome (DS; trisomy 21) is one of the most common
genetic disorders, affecting approximately 1:700 live births.1,2 The
typical features of patients with DS are the characteristic physique
and mental retardation. In addition, affected patients have an
increased risk to acquire infections and autoimmune disorders,
such as hypothyroidism, celiac disease, alopecia areata, diabetes
mellitus, and more.3,4 The factors for the association of
autoimmune disorders with DS are still largely unknown. Previous
reports of immune characterization of patients with DS have
demonstrated decreased function of natural killer cells,5,6 dimin-
ished expansion of B lymphocytes, and abnormal humoral
response.7–9 Numerous studies show defects in T cells from
thymus morphology10–12 and gene expression13 to quantity and
quality aspects of T cells.7,8,12,14 Patients with DS are reported to
have a decreased population of cells expressing high levels of T
cell receptor (TCR) αβ and a markedly higher proportion,

approximately 10% of cells, expressing TCR γδ.3,8,15 In addition,
AIRE (autoimmune regulator) protein, whose gene is located
on 21q22.3 and was found to be downregulated in DS
patients,13,16 is known to play a critical step in preventing
autoimmunity by regulating the apoptosis of cells expressing
TCR against self-antigens presented by the major histocompat-
ibility complexes.
Interestingly, children with DS were found to have a signifi-

cantly lower number of TCR excision circles (TRECs) in their
peripheral blood cells.17 TREC is a small circle of non-replicating
DNA formed as a by-product during the normal process of TCR
production. Its level reflects thymic TCR gene recombination and
number of recent thymic emigrants; therefore, it is a highly
sensitive and specific tool to estimate T cell immunity in any
medical conditions where T cells are known to be affected. The
recent implementation of TREC-based assays to screen for T cell
immunodeficiency early in life in every newborn enabled
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identification of some but not all infants with DS due to their low
TREC levels.18

TCR repertoire, which is critical for induction of immunological
response to an unlimited number of foreign antigens, as well as for
the development of tolerance and prevention of autoimmunity, was
less investigated in patients with DS. Furthermore, abnormalities in
TCR repertoire determined by next-generation sequencing (NGS)
have not yet been reported in DS. TCR repertoire evaluation by NGS
is a technology that enables analysis of immune repertoires to a
depth that was unreached before. This technique has been effective
in detecting skewed TCR repertoire in multiple primary immunode-
ficiency syndromes, such as Omenn syndrome,19 Wiskott Aldrich
syndrome,20 and agammaglobulinemia.21 It was also successfully
used to determine immune balance and autoimmune activity in the
affected organs, including in patients with juvenile rheumatoid
arthritis,22 systemic lupus erythematosus,23 and inflammatory bowel
diseases.24 Thus information on the immune repertoire of patients
with DS is of great importance in comprehensively understanding
the immunological component in DS.
In this work, in addition to other immunological markers, we

described TCR repertoire in thymus samples obtained from
patients with DS during cardiac surgery and compared to TCR
repertoire of thymuses from non-syndromic patients.

METHODS
Patients
Thymuses were removed as part of the standard surgical
procedure from pediatric patients who underwent heart surgery
due to congenital heart defects in the “Edmond and Lily Safra”
Children’s Hospital, Sheba Medical Center, Tel Hashomer, Israel
during the years 2009–2010. Blood tests for immunologic
evaluation were taken during the hospitalization. The patients’
medical records were reviewed for clinical and demographic data,
which includes age, weight, heart defect and surgical procedure,
diagnosis of DS, infectious diseases, and concurrent medical
conditions. Patients with suspected primary immunodeficiency
were excluded. Genomic DNA from samples was extracted using
the G-DEXTM IIC Kit (Intron Biotechnology, Korea).
The study was approved by the institution’s ethics committee

(7730–10-SMC) and all patients’ parents signed consent forms
accordingly.

TREC quantification
The amount of TRECs were quantified by real-time quantitative
polymerase chain reaction (RQ-PCR) using specific fluorescent
probe and primers in TaqMan assays, as previously described.25,26

Specifically, the reactions were performed using 500 ng of
genomic DNA extracted from thymus cells. PCR reactions
contained TaqMan universal PCR master mix (Applied Biosystems,
Waltham, MA, USA), specific primers (900 nM), and FAM-TAMRA
probes (250 nM). RQ-PCR was carried out in an ABI PRISM 7900
Sequence Detector System (Applied Biosystems, Waltham, MA,
USA). The number of TRECs in each sample was determined by
comparing cycle (Ct) value of a patient’s sample to the standard
curve. The standard curve was constructed by using serial tenfold
dilutions (103–106 copies) of a known TREC plasmid, kindly
provided by Dr. Daniel Douek (Vaccine Research Center, National
Institute of Allergy and Infectious Diseases, Bethesda, MD, USA).
Amplification of RNaseP (TaqMan assay, Applied Biosystems,
Waltham, MA, USA) served as a quality control to verify similar
amounts of genomic DNA that were used in the assays.

Spectratyping
TCR rearrangements were amplified by PCR according to the
standardized BIOMED-2 protocol with the following two sets of Vγ

primers designed against different variable region genes using
four fluorescently labeled sequences (either FAM or HEX
fluorochrome):

Variable region Sequence

Set 1 Vγ 9/2 [5′ ACCTGGTGAAGTCATACAGTTC
3′ FAM]

Vγ 11 [5′ CTTCCACTTCCACTTTGAAA
3′ HEX]

Set 2 Vγ f1: Vγ 2, Vγ 3, Vγ 4, Vγ 5,
Vγ 8

[5′ ACTGGTACCTACACCAGGAGG
3′ FAM]

Vγ 10/2 [5′ AGCATGGGTAAGACAAGCAA
5′ HEX]

Specifically, for each sample, two PCR reactions were performed
using either set 1 or set 2 primers and a mixture of the following
reverse primers: Jγ1/2 TACCTGTGACAACCAGTGTTG, JγP ACTTA
CCTGTAATGATAAGCTTT, and JγP1/2 TTACCAGGCGAAGTTACTATG.
The PCR amplification products were visualized using GeneScan
500TM (Applied Biosystems, Waltham, MA, USA), and the analysis
was carried out using the GeneMapper software (Applied
Biosystems, Waltham, MA, USA).

Next-generation sequencing
TCR libraries from genomic DNA were produced using primers for
various V and J genes in the TRG loci, according to the
manufacturer’s protocol (LymphoTrack, Invivoscribe, San Diego,
CA, USA). Same amount of 150 ng genomic DNA was taken for
each sample. Quantified libraries were pooled and sequenced
using Mi-Seq Illumina technology. All the samples were run in the
same sequencing run. The sequences were initially subjected to
bioinformatic analyses (carried out by Invivoscribe Technologies
and Adaptive Biotechnologies) from fastq files for all the libraries,
which were further analyzed by submitting to the IMGT HighV-
QUEST webserver (http://www.imgt.org). Normalized Shannon Ĥ
index for diversity and Dominance D for inequality or unevenness
were calculated using PAST program (http://folk.uio.no/ohammer/
past/) and were based on the following formulas:

Shannon0s Ĥ ¼ �
PR

i¼1 pi ln pi
ln R

DominanceD ¼
XR

i¼1

p2i

where R= number of unique rearrangements and pi= propor-
tion of the total rearrangements belonging to the “i”th unique
rearrangements.
For the calculation of the diversity indices, percentile boot-

strapping (with N= 9999 bootstrap replicates) was used to
compute lower and upper limits for 95% confidence intervals.
Analyses included only productive sequences. Tree maps of the
TRG repertoire determined by NGS were generated using the
TreeMap program (https://www.treemap.com/, by Macrofocus,
GmbH, Switzerland). The fastq files are available in the SRA
database of the National Center for Biotechnology Information
(NCBI), with SRA accession number PRJNA57758. Specifically,
the accession numbers are as follows: SAMN13030286,
SAMN13030287, SAMN13030288, and SAMN13030289 for C1,
C2, C3, and C4, respectively; SAMN13030290, SAMN13030291,
SAMN13030292, and SAMN13030293 for P1, P2, P3, and P4
respectively.
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Statistics
Data were analyzed using PRISM version 5 (Graph Pad) using
Mann–Whitney test, where one-tailed p value < 0.05 was
considered significant.

RESULTS
Clinical and laboratory characteristics
Six DS (mean age 8.2 months) and six control (mean age
5.8 months; hereafter referred as controls) patients were included
in the study. Thymuses were obtained during their cardiac
surgeries. The clinical characteristics of the 12 individuals are
detailed in Table 1. The prevalent surgery in patients with DS was
atrioventricular canal (AV canal) repair, with or without tetralogy
of Fallot (TOF) (4/6 patients), while in the control group TOF repair
was the most common procedure (3/6). Patients 4 and 5 suffered
from multiple infections during their hospitalizations.
White blood cell (WBC) counts and T cell subsets of the patients

and controls are described in Table 2. The mean lymphocyte
count of Down patients was slightly lower than controls (4.680
cells/mm3 × 10−3 vs 6.970 cells/mm3 × 10−3, p= n.s.) and 4/6
patients demonstrated lymphopenia, as was reported in previous
studies.8,27,28 T cell subpopulation analysis by flow cytometry
(fluorescence-activated cell sorter) was available for 3/6 Down
patients and showed low CD4 cells’ percentage in 2 patients.
Unlike previous cohorts,4,29 no increase in the percentage of CD8
cells was observed in our patients with DS.
TREC levels in thymuses, representing thymic production of

new T cells, were determined (Table 2) and showed no significant
differences in the mean value between patients and controls (p=
0.197). Patient 4, who was also lymphopenic, had a significantly
lower thymic TREC value (discussed later), whereas patient 3 had a
remarkably high value (Table 2). The TREC level in peripheral
blood were available in 4/6 patients. There were no significant
differences in the mean blood TREC value between patients and
controls (p= 0.0857). Two patients (P2 and P4) had values
markedly lower than controls, albeit in the normal range (Table 2).
PCR analysis of the TRG gene rearrangement (spectratyping) was
done to evaluate the clonality of TRG repertoire (Fig. 1), which
showed no notable clonality in either groups.

TCR gamma repertoire by NGS
Comprehensive TRG repertoire of four patients with DS and four
controls was determined using NGS. One patient with DS was
omitted owing to exceptional clinical course (patient 4, discussed
later). In order to demonstrate the richness of our sampled
sequences, we plotted rarefaction curves for the sequencing data
from each of the patients and controls (Fig. 2). The rarefaction
curves reach the plateau as the depth of the sequencing increases
until most of the sequences in the sample have been sequenced
and only rare ones remain to be sampled. Although the three
patients (P1–P3) showed a higher curve compared to the controls,
all the curves had reached the plateau, thus further sequencing
would not reveal significantly large number of new unique
sequences. Furthermore, the rarefaction curves distinctly divide
the patient and control groups. The numbers of unique and total
TRG sequences are shown in Fig. 3. Noticeably, while the mean
number of total sequences was lower in patients compared to
controls, the number of unique sequences was significantly higher
in the patients with DS compared to controls (Fig. 3a, b). The overall
diversity of the repertoire is represented by the calculations of the
normalized Shannon’s Ĥ diversity index and the unevenness of the
repertoire is demonstrated by calculating the Dominance D. The
normalized Shannon’s Ĥ showed a tendency for broader repertoire
in the patients compared to the controls (Fig. 3c). Patients also
showed significantly less unevenness of the clonal distribution in
the TRG repertoire, as measured by Dominance D, when compared
to the controls (Fig. 3d). Furthermore, patients with DS Ta

bl
e
1.

D
em

o
g
ra
p
h
ic

an
d
cl
in
ic
al

ch
ar
ac
te
ri
st
ic
s
o
f
D
o
w
n
an

d
co

n
tr
o
l
p
at
ie
n
ts
.

Pa
ti
en

t
n
u
m
b
er

A
g
e
(m

o
n
th
s)
,
g
en

d
er

H
ea
rt

d
ef
ec
t

Su
rg
er
y

B
ir
th

w
ei
g
h
t
(g
)

G
es
ta
ti
o
n
al

ag
e

(w
ee

ks
)

W
ei
g
h
t
at

su
rg
er
y
(g
)

In
fe
ct
io
n
s/
co

m
o
rb
id
it
ie
s

P1
—
D
o
w
n

8,
M

A
V
ca
n
al

A
V
ca
n
al

re
p
ai
r

23
80

36
65

00
N
o
n
e

P2
—
D
o
w
n

6,
M

TO
F

TO
F
re
p
ai
r

32
00

N
A

52
00

N
o
n
e

P3
—
D
o
w
n

11
,F

A
SD

+
V
SD

A
SD

+
V
SD

re
p
ai
r

36
00

N
A

86
00

H
ir
sc
h
sp
ru
n
g
d
is
ea
se

P4
—
D
o
w
n

4,
F

A
V
ca
n
al

PA
b
an

d
in
g
,A

V
va
lv
e
re
p
ai
r,

PD
A
lig

at
io
n

20
00

36
33

00
B
ac
te
re
m
ia

o
f
Se
rr
at
ia
,P

ro
te
us
;c
an

d
id
em

ia

P5
—
D
o
w
n

7,
M

TO
F+

A
V
ca
n
al
+
PF

O
TO

F+
A
V
ca
n
al

re
p
ai
r,
PF

O
cl
o
su
re

32
40

36
60

00
RS
V
b
ro
n
ch

io
lit
is
,G

ro
up

A
st
re
pt
oc
oc
cu
s

b
ac
te
re
m
ia
,p

n
eu

m
o
n
ia
,c

an
d
id
u
ri
a

P6
—
D
o
w
n

13
,F

TO
F+

A
V
ca
n
al

TO
F+

A
V
ca
n
al

re
p
ai
r,
PD

A
lig

at
io
n

40
50

Te
rm

70
00

N
o
n
e

C
1—

C
o
n
tr
o
l

4,
F

V
SD

PA
b
an

d
in
g

31
90

N
A

50
00

N
o
n
e

C
2—

C
o
n
tr
o
l

10
,M

TO
F

TO
F
re
p
ai
r

30
00

Te
rm

72
00

N
o
n
e

C
3—

C
o
n
tr
o
l

8,
F

TO
F

TO
F
re
p
ai
r

27
00

N
A

62
50

N
o
n
e

C
4—

C
o
n
tr
o
l

8,
F

V
SD

V
SD

re
p
ai
r

25
00

N
A

52
00

h
M
PV

b
ro
n
ch

io
lit
is

C
5—

C
o
n
tr
o
l

4,
F

TO
F

TO
F
re
p
ai
r

30
60

N
A

63
00

N
o
n
e

C
6—

C
o
n
tr
o
l

1,
F

TG
A
D
O
R
V
V
SD

PS
R
as
te
lli

p
ro
ce
d
u
re

28
20

N
A

33
00

Sm
al
l
b
o
w
el

o
b
st
ru
ct
io
n
d
u
e
to

ad
h
es
io
n
s,

o
p
er
at
ed

N
A
n
o
t
av
ai
la
b
le
,A

V
at
ri
o
ve

n
tr
ic
u
la
r,
TO

F
te
tr
al
o
g
y
o
f
Fa
llo

t,
A
SD

at
ri
al

se
p
ta
ld

ef
ec
t,
VS
D
ve

n
tr
ic
u
la
r
se
p
ta
ld

ef
ec
t,
PA

p
u
lm

o
n
ar
y
ar
te
ry
,P

D
A
p
at
en

t
d
u
ct
u
s
ar
te
ri
o
su
s,
PF
O
p
at
en

t
fo
ra
m
en

o
va
le
,R

SV
re
sp
ir
at
o
ry

sy
n
cy
ti
al

vi
ru
s,
hM

PV
h
u
m
an

m
et
ap

n
eu

m
o
vi
ru
s,
TG

A
tr
an

sp
o
si
ti
o
n
o
f
th
e
g
re
at

ar
te
ri
es
,D

O
RV

d
o
u
b
le

o
u
tl
et

ri
g
h
t
ve

n
tr
ic
le
.

Immune and TRG repertoire signature of the thymus in Down syndrome patients
S Rabinowicz et al.

104

Pediatric Research (2021) 89:102 – 109



Ta
bl
e
2.

B
lo
o
d
co

u
n
ts
,F
A
C
S,

an
d
TR

EC
va
lu
es
.

W
BC

ce
lls
/m

m
3

Ly
m
p
h
o
cy
te
s
ce
lls
/

m
m

3
×
10

−
3

C
D
3+

ce
lls
/m

m
3
×

10
−
3
(p
er
ce
n
t)

C
D
4+

ce
lls
/m

m
3
×

10
−
3
(p
er
ce
n
t)

C
D
8+

ce
lls
/m

m
3
×

10
−
3
(p
er
ce
n
t)

C
D
20

+
ce
lls
/m

m
3

×
10

−
3
(p
er
ce
n
t)

Th
ym

u
s
TR

EC
co

u
n
t

(c
o
p
ie
s/
50

0
n
g
D
N
A
)

B
lo
o
d
TR

EC
co

u
n
t

(c
o
p
ie
s/
50

0
n
g
D
N
A
)

P1
—
D
o
w
n

16
.7
30

a
[6
.4
0–

13
]

2.
00

8a
[3
.4
0–

9.
00

]
1.
24

5
(6
2%

)
[4
9–

76
%
]

1.
00

4
(5
0%

)
[3
1–

56
%
]

0.
30

1
(1
5%

)
[1
2–

24
%
]

0.
54

2
(2
7%

)
[1
4–

37
%
]

16
,5
58

39
54

[>
40

0]

P2
—
D
o
w
n

17
.7
50

[6
.7
0–

14
]

5.
68

0
[3
.9
0–

9.
00

]
2.
10

2
(3
7%

)
[5
1–

77
%
]

1.
87

4
(3
3%

)
[3
5–

56
%
]

1.
30

6
(2
3%

)
[1
2–

23
%
]

1.
53

4
(2
7%

)
[6
–
32

%
]

19
,0
29

90
5
[>
40

0]

P3
—
D
o
w
n

8.
16

0b
[6
.4
0–

13
]

1.
95

8b
[3
.4
0–

9.
00

]
1.
05

8
(5
4%

)
[4
9–

76
%
]

0.
58

8
(3
0%

)
[3
1–

56
%
]

0.
47

0
(2
4%

)
[1
2–

24
%
]

0.
39

2
(2
0%

)
[1
4–

37
%
]

96
,7
14

46
56

[>
40

0]

P4
—
D
o
w
n

10
.6
60

[6
.7
0–

14
]

2.
26

0
[3
.9
0–

9.
00

]
N
A

N
A

N
A

N
A

19
49

15
31

[>
40

0]

P5
—
D
o
w
n

5.
25

0
[6
.4
0–

13
]

2.
38

0
[3
.4
0–

9.
00

]
N
A

N
A

N
A

N
A

24
,3
72

N
A

P6
—
D
o
w
n

18
.3
70

[6
.4
0–

12
]

11
.4
60

[3
.6
0–

8.
90

]
N
A

N
A

N
A

N
A

15
,6
86

N
A

C
1—

C
o
n
tr
o
l

8.
18

0
[6
.7
0–

14
]

4.
09

0
[3
.9
0–

9.
00

]
2.
90

4
(7
1%

)
[5
1–

77
%
]

2.
12

7
(5
2%

)
[3
1–

56
%
]

0.
73

6
(1
8%

)
[1
2–

23
%
]

0.
65

4
(1
6%

)
[6
–
32

%
]

24
,3
78

60
01

[>
40

0]

C
2—

C
o
n
tr
o
l

14
.1
50

[6
.4
0–

13
]

4.
10

4
[3
.4
0–

9.
00

]
2.
21

6
(5
4%

)
[4
9–

76
%
]

1.
14

9
(2
8%

)
[3
1–

56
%
]

0.
98

5
(2
4%

)
[1
2–

24
%
]

1.
02

6
(2
5%

)
[1
4–

37
%
]

25
,1
81

33
63

[>
40

0]

C
3—

C
o
n
tr
o
l

11
.5
60

[6
.4
0–

13
.0
0]

7.
86

1
[3
.4
0–

9.
00

]
5.
58

1
(7
1%

)
[4
9–

76
%
]

3.
85

2
(4
9%

)
[3
1–

56
%
]

1.
33

6
(1
7%

)
[1
2–

24
%
]

1.
65

1
(2
1%

)
[1
4–

37
%
]

20
,1
00

40
98

[>
40

0]

C
4—

C
o
n
tr
o
l

5.
58

0
[6
.4
0–

13
.0
0]

3.
51

5
[3
.4
0–

9.
00

]
2.
63

7
(7
5%

)
[4
9–

76
%
]

1.
58

2
(4
5%

)
[3
1–

56
%
]

94
9
(2
7%

)
[1
2–

24
%
]

0.
28

1
(8
%
)

[1
4–

37
%
]

26
,4
08

50
63

[>
40

0]

C
5—

C
o
n
tr
o
l

8.
34

0
[6
.7
0–

14
.0
0]

5.
92

1
[3
.9
0–

9.
00

]
3.
19

8
(5
4%

)
[5
1–

77
%
]

2.
48

7
(4
2%

)
[3
1–

56
%
]

0.
88

8
(1
5%

)
[1
2–

23
%
]

1.
18

4
(2
0%

)
[6
–
32

%
]

15
,2
76

58
53

[>
40

0]

C
6—

C
o
n
tr
o
l

8.
87

0
[7
.2
0–

18
.0
0]

4.
61

2
[3
.4
0–

7.
60

]
2.
72

1
(5
9%

)
[5
3–

84
%
]

2.
16

8
(4
7%

)
[3
5–

64
%
]

1.
15

3
(2
5%

)
[1
2–

28
%
]

1.
15

3
(2
5%

)
[6
–
32

%
]

22
,5
81

29
38

[>
40

0]

FA
C
S
an

al
ys
is
w
as

d
o
n
e
o
n
a
b
lo
o
d
sa
m
p
le

ta
ke
n
in

th
e
b
eg

in
n
in
g
o
f
th
e
h
ea
rt

su
rg
er
y.
In

ca
se

FA
C
S
w
as

n
o
t
av
ai
la
b
le
,b

lo
o
d
co

u
n
t
p
ri
o
r
to

su
rg
er
y
w
as

u
se
d
.

Sq
u
ar
e
b
ra
ck
et

re
fe
rs

to
re
fe
re
n
ce

ra
n
g
e
fo
r
ag

e,
ac
co

rd
in
g
to

Sh
ea
re
r
et

al
.3
2
.B

o
ld

in
d
ic
at
es

o
u
ts
id
e
th
e
re
fe
re
n
ce

ra
n
g
e
fo
r
ag

e.
a I
n
a
b
lo
o
d
co

u
n
t
ta
ke
n
p
ri
o
r
to

su
rg
er
y,
th
e
p
at
ie
n
t’s

b
lo
o
d
co

u
n
t
re
su
lt
s
w
er
e
10

,0
30

W
B
C
/m

m
3
an

d
36

10
ly
m
p
h
o
cy
te

ce
lls
/m

m
3
.

b
In

a
b
lo
o
d
co

u
n
t
ta
ke
n
p
ri
o
r
to

su
rg
er
y,
th
e
p
at
ie
n
t’s

b
lo
o
d
co

u
n
t
re
su
lt
s
w
er
e
48

50
W
B
C
/m

m
3
an

d
31

60
ly
m
p
h
o
cy
te

ce
lls
/m

m
3
.

Immune and TRG repertoire signature of the thymus in Down syndrome patients
S Rabinowicz et al.

105

Pediatric Research (2021) 89:102 – 109



demonstrated a significantly lower clonal expansion compared to
the controls, depicted by lower frequencies of the top 100 most
abundant TRG sequences, as well as the sum of the top 100 most
abundant sequences (Fig. 3e).

Lastly, the TRG repertoire of each patient is graphically presented
as Tree maps, to visually demonstrate the overall diversity of the
repertoire (Fig. 4). The Tree maps of patients with DS graphically
demonstrated the increased number of sequences (depicted by
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increased number of squares), with less clonal expansions (depicted
by the smaller size of the squares compared to controls; Fig. 4). In
addition, the usages of V and J gene segments were determined in
both unique and total TRG sequences, where no notable differences
were observed in the patients’ TRG sequences compared to the
controls (Fig. 5). Thus VJ recombination can be eliminated as a
leading explanation for the repertoire alterations.

Patient 4
This patient is discussed separately due to her remarkable clinical
presentation. This was a female infant, born in Cyprus at 36 weeks’
gestation, diagnosed with DS and AV canal. She was first admitted
to our hospital at the age of 4 months with multi-organ failure and
underwent pulmonary artery banding and AV valvuloplasty. At the
age of 14 months, she was admitted for Glenn operation, and during
her hospitalization, she suffered from two episodes of bacteremia,
with positive cultures of Serratia and Proteus, and from candidemia.
The laboratory studies showed that the patient was lympho-

penic and had an extremely low thymus TREC number (Table 2).
The TRG repertoire by NGS analysis revealed a markedly reduced
repertoire, with only 5255 unique sequences, lower than the
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number of unique sequences in both patients and controls, as
seen in Fig. 3a. The normalized Shannon’s Ĥ diversity index
was low (0.873). However, the total number of sequences
(79,271 sequences) was similar to other patients. Overall, this
unique pattern of the repertoire diversity was also seen in the
patient’s Tree map (Fig. 6). Furthermore, the patient demonstrated
a skewed usage of TRGV and TRGJ gene segments compared to
the TRG repertoire of the other patients (Fig. 6).

DISCUSSION
We aimed to characterize the TRG repertoire in order to
understand the possible association of infections and autoimmu-
nity with DS. To our knowledge, our current study is the first
attempt in using the NGS technology to characterize the thymic
TCR repertoire in patients with DS.
In the basic immunologic analyses, thymus TREC values of the

majority of DS patients were similar to those of controls, and only
one patient, who had severe infections during her hospitalizations,
had a markedly lower value. Recently, Marcovecchio et al. reported
thymic TREC values among patients with DS to be comparable to
controls.12 Additionally, they reported reduced TREC numbers in
the peripheral blood of DS patients,12 confirming previously
reported studies of low peripheral TREC values determined for
DS patients.17,30 Although our previous reports demonstrated a
good correlation between peripheral blood and thymus TREC
values,31 it is possible that this correlation does not apply in
patients with DS due to the major abnormalities of their thymus.
As seen in previous studies on various immunodeficiencies, the

NGS technology for studying immune repertoire allowed for
higher level of sensitivity and, in certain cases, allows to determine
skewed repertoire where no significant differences were found in
TREC numbers or spectratyping.19–21 In addition, in patient 4, the
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data from the TRG repertoire determined by NGS supported other
findings of immunodeficiency. The top 100 analysis of the NGS
results reveals impaired clonal expansion that may contribute to
aberrant immune response to pathogens. The TRG repertoire
suggests that patients with DS show a trend for more diverse
repertoire, as can be seen by the increased unique sequence
numbers and higher normalized Shannon’s Ĥ diversity index,
which may contribute to the development of autoimmunity. The
increased diversity may be due to defective central tolerance as a
result of decreased expression of AIRE in DS,13 further leading to
survival of auto-reactive cells, explaining the susceptibility to
autoimmunity. Analysis of biomarkers of self-reactive T cells is
needed for further investigation of this hypothesis.
Our study has a few limitations; first, the cohort was small, and

since the expression of DS is heterogeneous, larger numbers of
patients could further strengthen the differences between the
groups. Second, we did not have the genetic–chromosomal data
of our patients, since they were admitted to our tertiary hospital
for heart surgery and regular follow-up was done elsewhere. Third,
our patients were a few months old; however, sampling older
patients may show more robust differences since premature aging
was suggested as a possible mechanism for immune alterations.
Fourth, we focused on TCRγ repertoire in the thymus, and NGS of
TCRs α, β, and δ in the thymus and blood could further expand on
the comprehensive understanding of the TCR repertoire in DS.
Fifth, spectratyping and DNA analysis may represent sequences
that would not be ultimately translated into proteins, albeit we
included only productive rearrangements in the NGS analysis.
In summary, the analysis of TCR gamma repertoire in the

thymus determined by NGS reveals that patients with DS have
increased richness of the repertoire and diminished clonal
expansion, although no significant differences in TRECs and
spectratyping profile were observed. Furthermore, abnormalities
in the adaptive immunity in the patients with DS are unlikely to be
linked to VJ recombination process. Further investigations of the
immune system in patients with DS, possibly with the technique
of NGS for repertoire determination, may find further molecular
alterations in their immunity.
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