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Abstract
Background  Population-based neonatal screening using T-cell receptor excision circles (TRECs) identifies infants with 
profound T lymphopenia, as seen in cases of severe combined immunodeficiency, and in a subgroup of infants with 22q11 
deletion syndrome (22q11DS).
Purpose  To investigate the long-term prognostic value of low levels of TRECs in newborns with 22q11DS.
Methods  Subjects with 22q11DS and low TRECs at birth (22q11Low, N=10), matched subjects with 22q11DS and normal 
TRECs (22q11Normal, N=10), and matched healthy controls (HC, N=10) were identified. At follow-up (median age 16 
years), clinical and immunological characterizations, covering lymphocyte subsets, immunoglobulins, TRECs, T-cell recep-
tor repertoires, and relative telomere length (RTL) measurements were performed.
Results  At follow-up, the 22q11Low group had lower numbers of naïve T-helper cells, naïve T-regulatory cells, naïve 
cytotoxic T cells, and persistently lower TRECs compared to healthy controls. Receptor repertoires showed skewed V-gene 
usage for naïve T-helper cells, whereas for naïve cytotoxic T cells, shorter RTL and a trend towards higher clonality were 
found. Multivariate discriminant analysis revealed a clear distinction between the three groups and a skewing towards Th17 
differentiation of T-helper cells, particularly in the 22q11Low individuals. Perturbations of B-cell subsets were found in 
both the 22q11Low and 22q11Normal group compared to the HC group, with larger proportions of naïve B cells and lower 
levels of memory B cells, including switched memory B cells.
Conclusions  This long-term follow-up study shows that 22q11Low individuals have persistent immunologic aberrations and 
increased risk for immune dysregulation, indicating the necessity of lifelong monitoring.
Clinical Implications  This study elucidates the natural history of childhood immune function in newborns with 22q11DS and 
low TRECs, which may facilitate the development of programs for long-term monitoring and therapeutic choices.

Keywords  TREC · newborn screening · 22q11.2 deletion syndrome · DiGeorge syndrome · severe combined 
immunodeficiency · T lymphopenia · long-term outcome
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Treg	� Regulatory T cell
TSLP	� Thymic stromal lymphopoietin

Introduction

Newborn screening for T-cell receptor excision circles 
(TRECs) enables recognition of infants with severe com-
bined immunodeficiency (SCID) before life-threatening 
infections occur [1]. While TREC screening was intro-
duced to identify infants with SCID, it also identifies several 
infants with non-SCID T lymphopenia, for which the natural 
history and prognostic value of low TRECs are lacking [2]. 
Follow-up guidelines are missing, as is evidence of benefits 
from targeted monitoring or treatment.

Most infants with non-SCID syndromic T lymphope-
nia have 22q11.2 deletion syndrome (22q11DS) [2]. The 
syndrome presents with a wide clinical spectrum affecting 
many organ systems [3, 4]. Immunodeficiency with mild 
to moderate T lymphopenia is seen in approximately 75% 
of individuals, while hypogammaglobulinemia, impaired 
vaccine response and predisposition to autoimmune dis-
ease have also been described, although less commonly 
[5–8]. The T lymphopenia seen in 22q11DS is caused by 
thymic hypoplasia, which varies in severity from the pres-
ence of a normal thymus to athymia in less than 1.5% of 
patients [5, 9]. For these patients, thymus transplantation 
can enable T-lymphocyte maturation and establishment of 
protective immunity, although such transplantations are 
still experimental and not widely available [10, 11]. Hemat-
opoietic stem cell transplantation has also been described 
as a therapeutic option, but long-term survival is poor since 
the absence of a thymus makes new T-cell lymphopoiesis 
impossible and enables only engraftment of post-thymic T 
cells [12, 13]. The proportions of patients with 22q11DS 
identified by TREC screening differ between screening 
programs, due to differences in TREC assay methodology, 
cut-off values, and follow-up algorithms [14]. Nevertheless, 
the number of patients with 22q11DS identified in screen-
ing programs equals to, or even exceeds, the number of 
patients with SCID [15, 16]. However, the vast majority of 
22q11DS patients identified with low TRECs do not have 
athymia. Previous reports have indicated that some infants 
with 22q11DS identified through TREC screening increase 
their numbers of naïve T lymphocytes over time [2, 17, 18]. 
It is not known if this increase applies to a larger group of 
patients with 22q11DS or if it entails long-lasting immuno-
logical and clinical normalization. Therefore, the prognos-
tic value of low TRECs in infants with 22q11DS without 
athymia is unclear. The long-term immune competence of 
these infants has not been well described and there is no 
clear consensus as to how to monitor their immune function.

Here, we report a controlled follow-up study of newborns 
with 22q11DS and low TRECs, with detailed immunologic 
and clinical assessments performed at a median age of 
16 years. These subjects were compared with individuals 
with 22q11DS and normal levels of TRECs in the neonatal 
period, as well as with healthy controls. Our primary aim 
was to investigate if low TRECs in the newborn period were 
predictive of persistent thymus dysfunction, monitored by 
TRECs, numbers of naïve T lymphocytes, T-cell receptor 
repertoires, and T-lymphocyte telomere lengths. In addition, 
we performed a multivariate factor analysis to investigate the 
associations of low TRECs with additional immunologic and 
clinical data available for these patients.

Methods

A brief description of the methods follows. A complete 
description is provided in the Online Repository.

Study Design and Study Population

The original neonatal screening cards for 48 infants with 
confirmed 22q11DS, born during 1993–2010, and obtained 
at 2–5 days of age were retrieved from storage and TRECs 
were analyzed. It has previously been shown that properly 
stored screening cards can be used for the retrospective anal-
ysis of TREC [19]. This cohort of 48 infants and the TREC 
analysis method have been described previously [14]. From 
the cohort, 10 consecutive patients with the lowest levels 
of TRECs at birth (22q11Low), as well as 10 patients with 
the highest TRECs (22q11Normal), were included in this 
follow-up study. Since premature birth is associated with low 
TRECs, individuals born at gestational age below 35 weeks 
were excluded from the study [20]. For each 22q11Low indi-
vidual, a healthy control subject matched for age and gender 
was recruited.

A retrospective review of national health records was per-
formed for all patients with 22q11DS, and all participants 
filled out a health questionnaire.

The study was approved by the Regional Ethical Review 
Board at Gothenburg University, Gothenburg, Sweden (Dnr. 
520-06) and written informed consent was obtained from 
subjects and guardians in accordance with the Declaration 
of Helsinki and its later amendments.

TREC Analysis and Flow Cytometry at Follow‑Up

Fresh whole blood was used to quantify TRECs [21] and 
to determine lymphocyte numbers and proportions using 
standard flow cytometry methods [22].
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Sorting of Lymphocyte Subsets and Preparation 
of DNA

Peripheral blood mononuclear cells were isolated from 
whole blood samples and subjected to flow cytometry-
based sorting of B lymphocytes, naïve and memory helper 
and cytotoxic T lymphocytes. DNA was extracted from the 
sorted lymphocyte subsets.

Analysis of T‑Cell Receptor Repertoires

Six replicates of DNA from each sample of naïve T lym-
phocytes (to allow calculation of clonality) and one rep-
licate from each sample of memory T lymphocytes were 
amplified, followed by Illumina sequencing of rearranged 
genes that code for the T-cell receptor β-chains (TRB) 
[23–25].

Telomere lengths

Quantitative real-time PCR was used to determine the 
relative telomere length (RTL) in DNA samples from the 
sorted lymphocytes [26, 27].

Cytokines

Plasma levels of IFN-γ, IL-13, IL-17A, IL-21, IL-1β, 
IL-10, TSLP, and CRP were measured using the commer-
cially available V-PLEX assay (MSD, Rockville, MD).

Immunoglobulins and Specific Antibodies

Serum samples were subjected to assays for IgG, IgA, 
IgM, and IgG subclasses, as well as for specific IgG anti-
bodies against Haemophilus influenzae type b (Hib), Strep-
tococcus pneumoniae, CMV, and EBV.

FASCIA and ELISPOT

T cell-mediated immune responses were determined using 
flow cytometric assay for specific cell-mediated immune 
response in activated whole blood (FASCIA), and enzyme-
linked immunospot (ELISPOT) assay was used to assess 
the immunoglobulin-producing capacities of B lympho-
cytes in vitro [28, 29].

Statistical Analysis

The Kruskal-Wallis test followed by Dunn´s test to cor-
rect for multiple comparisons was applied for univariate 
analysis (GraphPad Prism 8 Software; GraphPad Inc., La 

Jolla, CA), except for the analysis of RTL for which a 
linear mixed model was used, followed by the Bonferroni 
correction. A difference showing a P value < .05 after cor-
rection was regarded as statistically significant.

Multivariate orthogonal projection to latent structures by 
means of partial least squares discriminant analysis (OPLS-
DA, SIMCA software; Sartorius Stedim Data Analytics AB, 
Umeå, Sweden) was used to screen for differences between 
classes (22q11Low, 22q11Normal, healthy controls) and 
included all the available data.

Results

Study Population

From the original cohort of 48 patients with 22q11DS, three 
patients with low TRECs were deceased (Supplementary 
Table S4), two were lost to follow-up, and one was excluded 
due to premature birth. One patient with normal TRECs 
declined to participate and four patients were excluded due 
to thymectomy during heart surgery.

The clinical characteristics, age at follow-up, and reported 
health issues of the included subjects are presented in 
Table 1. The three study groups were similar with respect 
to gender and age. Heart defects were more common in the 
22q11Low group (8 out of 10) than in the 22q11Normal 
group (6 out of 10), and this was also the case for hypocalce-
mia, which occurred in 5 out of 10 of the 22q11Low subjects 
and 3 out of 10 of the 22q11Normal subjects.

Infections, Autoimmune Disease, Allergy, 
and Asthma

Significant infections were more frequently reported in 
both groups of 22q11DS subjects than in the healthy con-
trols, although the frequencies did not differ between the 
22q11Low and 22q11Normal groups. Autoimmune diseases 
were diagnosed in 3 out of 10 of the 22q11Low individu-
als, compared with 1 out of 10 in the 22q11Normal group 
and healthy controls, respectively. There were no differ-
ences between groups regarding frequencies of allergy or 
asthma. No adverse reactions to live vaccines were reported 
(Table 1).

Primary Outcomes

TREC Levels at Follow‑Up

In the 22q11Low individuals, the TRECs were lower (477 
copies/106 cells), compared with healthy controls (3,195 
copies/106 cells) and the 22q11Normal group (1,710 cop-
ies/106 cells). No difference in TRECs was noted between 

620 Journal of Clinical Immunology  (2022) 42:618–633



Ta
bl

e 
1  

C
ha

ra
ct

er
ist

ic
s o

f t
he

 st
ud

y 
pa

rti
ci

pa
nt

s

Su
bj

ec
t-I

D
TR

EC
 

on
 N

BS
 

(c
op

ie
s/

μl
)

A
ge

 a
t 

fo
llo

w
-u

p 
(y

rs
)

G
en

de
r

H
ea

rt
 

de
fe

ct
Th

ym
us

 
ap

pe
ar

-
an

ce
 a

t 
su

rg
er

y

O
th

er
 m

al
-

fo
rm

a-
tio

ns
 a

nd
 

de
fo

rm
i-

tie
s

H
yp

oc
al

ce
-

m
ia

N
eu

ro
-

de
ve

lo
p-

m
en

ta
l 

di
so

rd
er

Si
gn

ifi
ca

nt
 

in
fe

ct
io

ns
A

ut
oi

m
-

m
un

ity
A

lle
rg

y 
an

d 
as

th
m

a

D
ev

ia
tio

n 
fr

om
 v

ac
-

ci
na

tio
n 

sc
he

du
le

 
[3

0]

C
M

V-
Ig

G
 

EB
V-

Ig
G

22
q1

1L
ow

 in
di

vi
du

al
s

  1
1

20
F

A
SD

V
SD

N
on

-v
is

ib
le

C
le

ft 
pa

la
te

U
m

bi
lic

al
 

he
rn

ia

Pr
ol

on
ge

d
R

SV
#

Pr
ol

on
ge

d 
vi

ra
l

Re
cu

rr
en

t 
O

M

Th
yr

ot
ox

i-
co

si
s w

ith
 

TS
H

R-
A

bs

M
M

R
 

gi
ve

n 
at

 
ag

e 
10

 y
rs

C
M

V
+

EB
V

+

  2
2

18
F

IA
A

V
SD

N
on

-v
is

ib
le

N
eo

na
ta

l
ID

V
ZV

#

Pr
ol

on
ge

d 
vi

ra
l

C
an

di
da

N
o 

liv
e 

va
cc

in
es

 
gi

ve
n

C
M

V
+

EB
V

+

  3
5

12
M

A
SD

PA
*

V
FI

A
D

D
ID

Pr
ol

on
ge

d 
vi

ra
l

M
ilk

 
pr

ot
ei

n 
al

le
rg

y

C
M

V
+

EB
V

+

  4
5

23
F

IA
A

A
SD

V
SD

N
on

-v
is

ib
le

ID
Pr

ol
on

ge
d 

vi
ra

l
Re

cu
rr

en
t 

O
M

Re
cu

rr
en

t 
pn

eu
m

on
ia

C
an

di
da

H
yp

ot
hy

-
ro

id
is

m
 

w
ith

 
TP

O
-A

bs

C
M

V
+

EB
V

+

  5
7

8
M

V
SD

C
oA

N
on

-v
is

ib
le

Po
ly

da
ct

yl
y

In
gu

in
al

 
he

rn
ia

Sc
ol

io
si

s

N
eo

na
ta

l
A

D
H

D
ID

Pn
eu

m
on

ia
Re

cu
rr

en
t 

pa
ro

tit
is

Se
pt

ic
em

ia
C

an
di

da

C
M

V
+

EB
V

-

  6
9

22
F

V
FI

R
SV

#
U

lc
er

at
iv

e 
co

lit
is

C
M

V
+

EB
V

+
  7

14
16

M
To

F
N

on
-v

is
ib

le
Sc

ol
io

si
s

D
ep

re
ss

io
n

A
ut

is
m

R
SV

#

Pr
ol

on
ge

d 
vi

ra
l

C
an

di
da

C
M

V
-

EB
V

-

  8
15

13
F

IA
A

A
SD

V
SD

N
on

-v
is

ib
le

V
FI

N
eo

na
ta

l
Pn

eu
m

on
ia

C
an

di
da

C
M

V
-

EB
V

-

  9
15

16
F

TA V
SD

N
on

-v
is

ib
le

Re
na

l a
ge

n-
es

is
Sc

ol
io

si
s

N
eo

na
ta

l
ID

Pn
eu

m
on

ia
Pr

ol
on

ge
d 

vi
ra

l

Po
lle

n 
al

le
rg

y
A

st
hm

a

C
M

V
+

EB
V

-

621Journal of Clinical Immunology  (2022) 42:618–633



Ta
bl

e 
1  

(c
on

tin
ue

d)

  1
0

16
14

M
V

FI
A

D
H

D
Pr

ol
on

ge
d 

vi
ra

l
Re

cu
rr

en
t 

O
M

C
an

di
da

Po
lle

n 
al

le
rg

y
C

M
V

-
EB

V
+

Su
m

m
ar

y 
22

q1
1L

ow
 g

ro
up

 (N
=

10
)

M
ed

ia
n

8.
1

15
.8

4 
Si

gn
ifi

ca
nt

 
vi

ra
l 7

 P
ro

-
lo

ng
ed

 v
ira

l 
3 

Re
cu

rr
en

t 
O

M
3 

Si
gn

ifi
ca

nt
 

ba
ct

er
ia

l
6 

C
an

di
da

C
M

V
 7

+
EB

V
 6

+
R

an
ge

1.
2–

16
.0

8.
1–

22
.5

N
um

be
r

4 
M

, 6
 F

8
5

3
3

Su
bj

ec
t-I

D
TR

EC
 

on
 N

BS
 

(c
op

ie
s/

μl
)

A
ge

 a
t 

fo
llo

w
-u

p 
(y

rs
)

G
en

de
r

H
ea

rt
 

de
fe

ct
Th

ym
us

 
ap

pe
ar

-
an

ce
 a

t 
su

rg
er

y

O
th

er
 m

al
-

fo
rm

a-
tio

ns
 a

nd
 

de
fo

rm
i-

tie
s

H
yp

oc
al

ce
-

m
ia

N
eu

ro
-

de
ve

lo
p-

m
en

ta
l 

di
so

rd
er

s

Si
gn

ifi
ca

nt
 

in
fe

ct
io

ns
A

ut
oi

m
-

m
un

ity
A

lle
rg

y 
an

d 
as

th
m

a

C
M

V-
Ig

G
 

EB
V-

Ig
G

22
q1

1N
or

m
al

 in
di

vi
du

al
s

  1
1

43
23

M
V

FI
Sc

ol
io

si
s

Ta
lip

es
 

eq
ui

no
-

va
ru

s

A
D

D
A

ut
is

m
O

C
D

R
SV

#

Pr
ol

on
ge

d 
vi

ra
l

Pn
eu

m
on

ia
C

an
di

da

C
M

V
-

EB
V

-

  1
2

46
15

F
IA

A
V

SD
N

on
-v

is
ib

le
Sc

ol
io

si
s

N
eo

na
ta

l
A

D
D

ID
Pn

eu
m

on
ia

C
M

V
-

EB
V

-
  1

3
54

15
F

V
FI

ID A
D

H
D

Re
cu

rr
en

t 
O

M
C

M
V

-
EB

V
+

  1
4

54
8

M
V

SD
PA

N
on

-v
is

ib
le

Po
ly

cy
sti

c 
ki

dn
ey

U
nd

e-
sc

en
de

d 
te

sti
s

N
eo

na
ta

l
V

ZV
#

Pr
ol

on
ge

d 
vi

ra
l

C
an

di
da

C
M

V
-

EB
V

+

  1
5

54
23

F
To

F
PS

*
V

FI
Im

pe
rfo

ra
te

 
an

us

R
SV

#

Re
cu

rr
en

t 
pn

eu
m

on
ia

Pr
ol

on
ge

d 
vi

ra
l

A
st

hm
a

C
M

V
-

EB
V

+

  1
6

71
17

F
V

FI
Sc

ol
io

si
s

Ve
rte

br
al

 
an

om
al

y

ID
C

oe
lia

c 
di

se
as

e
A

st
hm

a
C

M
V

-
EB

V
+

622 Journal of Clinical Immunology  (2022) 42:618–633



Ta
bl

e 
1  

(c
on

tin
ue

d)

  1
7

72
11

,5
M

V
SD

N
on

-v
is

ib
le

ID
R

SV
#

Pn
eu

m
on

ia
A

st
hm

a
C

M
V

-
EB

V
+

  1
8

72
12

F
IA

A
V

SD
A

SD

N
on

-v
is

ib
le

C
le

ft 
pa

la
te

M
ul

tic
ys

tic
 

ki
dn

ey

N
eo

na
ta

l
A

D
H

D
ID

RT
I#

C
an

di
da

C
M

V
-

EB
V

+

  1
9

74
23

F
V

FI
C

le
ft 

pa
la

te
Sc

ol
io

si
s

Pn
eu

m
on

ia
V

ira
l 

M
en

in
gi

tis
#

C
M

V
+

EB
V

-

  2
0

96
16

F
V

SD
H

yp
op

la
sti

c
C

lin
od

ac
-

ty
ly

ID
Re

cu
rr

en
t 

O
M

C
an

di
da

A
st

hm
a

N
o 

M
M

R
 

gi
ve

n
C

M
V

+
EB

V
+

Su
m

m
ar

y 
22

q1
1N

or
m

al
 g

ro
up

 (N
=

10
)

M
ed

ia
n

62
.5

15
.8

6 
Si

gn
ifi

ca
nt

 
vi

ra
l

3 
Pr

ol
on

ge
d 

vi
ra

l
2 

Re
cu

rr
en

t 
O

M
5 

Si
gn

ifi
ca

nt
 

ba
ct

er
ia

l
4 

C
an

di
da

C
M

V
 2

+
 

EB
V

 7
+

R
an

ge
43

.0
–9

6.
0

7.
7–

23
.1

N
um

be
r

3 
M

, 7
 F

6
3

1
4

Su
m

m
ar

y 
H

ea
lth

y 
co

nt
ro

ls
 (N

=
10

)
M

ed
ia

n
n.

a.
15

.5
1 

Si
gn

ifi
ca

nt
 

vi
ra

l
1 

Pr
ol

on
ge

d 
vi

ra
l

1 
Si

gn
ifi

ca
nt

 
ba

ct
er

ia
l

1 
C

an
di

da

1 
C

oe
lia

c 
di

se
as

e
C

M
V

 6
+

EB
V

2+
R

an
ge

9.
2–

22
.2

N
um

be
r

4 
M

, 6
 F

4

N
BS

, n
ew

bo
rn

 s
cr

ee
ni

ng
; 2

2q
11

Lo
w

, i
nd

iv
id

ua
ls

 w
ith

 2
2q

11
.2

 d
el

et
io

n 
sy

nd
ro

m
e 

an
d 

lo
w

 le
ve

ls
 o

f T
R

EC
s 

up
on

 N
B

S;
 2

2q
11

N
or

m
al

, i
nd

iv
id

ua
ls

 w
ith

 2
2q

11
.2

 d
el

et
io

n 
sy

nd
ro

m
e 

an
d 

no
rm

al
 

le
ve

ls
 o

f 
TR

EC
s 

up
on

 N
B

S;
 F

, f
em

al
e;

 M
, m

al
e;

 A
SD

, a
tri

al
 s

ep
ta

l d
ef

ec
t; 

VS
D

, v
en

tri
cu

la
r 

se
pt

al
 d

ef
ec

t; 
IA

A,
 in

te
rr

up
te

d 
ao

rti
c 

ar
ch

; P
A,

 p
ul

m
on

ar
y 

at
re

si
a;

 C
oA

, a
or

tic
 c

oa
rc

ta
tio

n;
 T

oF
, 

Te
tra

lo
gy

 o
f F

al
lo

t; 
TA

, t
ru

nc
us

 a
rte

rio
su

s;
 V

FI
, v

el
op

ha
ry

ng
ea

l i
ns

uffi
ci

en
cy

; I
D

, i
nt

el
le

ct
ua

l d
is

ab
ili

ty
; A

D
D

, a
tte

nt
io

n 
de

fic
it 

di
so

rd
er

; A
D

H
D

, a
tte

nt
io

n 
de

fic
it 

hy
pe

ra
ct

iv
ity

 d
is

or
de

r; 
O

C
D

, 
ob

se
ss

iv
e 

co
m

pu
ls

iv
e 

di
so

rd
er

; R
SV

, r
es

pi
ra

to
ry

 s
yn

cy
tia

l v
iru

s;
 O

M
, o

tit
is

 m
ed

ia
; V

ZV
, v

ar
ic

el
la

 z
os

te
r v

iru
s;

 R
TI

, r
es

pi
ra

to
ry

 tr
ac

t i
nf

ec
tio

n;
 C

M
V+

, a
nt

i-C
M

V
 Ig

G
 >

15
 A

U
/m

l; 
EB

V+
, a

nt
i-

EB
V

 Ig
G

 S
/C

O
 >

1 
to

 c
ap

si
d 

an
d/

or
 to

 n
uc

le
ar

 a
nt

ig
en

. *
D

at
a 

no
t a

va
ila

bl
e.

 # Re
qu

iri
ng

 h
os

pi
ta

liz
at

io
n

623Journal of Clinical Immunology  (2022) 42:618–633



the 22q11Normal group and the healthy controls (Fig. 1a 
and Supplementary Table S5).

Naïve T Lymphocytes

The 22q11Low group had lower total numbers of T-helper 
cells than healthy controls (450 vs. 745×106/L) and 
the naïve T-helper cells were particularly low (195 vs. 
475×106/L), corresponding to a frequency of 44% vs. 
63%, respectively, of the T-helper lymphocyte popula-
tion (Figs. 1b, 1c and Supplementary Table S5). Simi-
larly, the numbers of naïve cytotoxic T cells were lower in 
the 22q11Low group than in the healthy controls (80 vs. 
245×106/L), corresponding to a frequency of 30% vs. 59%, 
respectively, of all the cytotoxic T lymphocytes (Figs. 1d, 
1e and Supplementary Table S5).

Comparing the 22q11Low group with the 22q11Nor-
mal group, the numbers of naïve T-helper cells or naïve 
cytotoxic T cells did not differ, although the proportion 
of naïve T-helper cells was reduced in the 22q11Low 
group (44% vs. 56%), (Figs. 1b–1d and Supplementary 
Table S5).

Naive T cells did not differ between the 22q11Normal 
group and healthy controls (Figs. 1b–1e).

T‑Cell Receptor Repertoires

An initial study of the T- and B-cell receptor repertoires 
using the GeneScan method [31] showed a more-clonal 
appearance of the TRB repertoires of memory cytotoxic T 
cells in the 22q11Low individuals compared to the healthy 
controls (data not shown). To assess the TRB repertoires in 
more detail, we performed Illumina sequencing of the rear-
ranged V and J genes of the TRB loci of the sorted naïve and 
memory subpopulations. Only unique sequences (as defined 
by TRBV gene usage and amino acid sequence of the CDR3) 
were used for qualitative analysis [24].

In the 22q11Low individuals, the TRBV gene usage in 
unique naïve T-helper cells was skewed, with more frequent 
use of the dominant V genes 19, 12-3 and 29-1 and a lower 
representation of remaining V genes (Figs. 2a and 2c). Two 
TRBJ genes were used less frequently in the naïve T-helper 
cells of 22q11Low individuals compared to the other groups 
(Supplementary Fig. S3c). The TRBV and TRBJ gene usage 
in naïve cytotoxic T cells was comparable between the 
groups, and this was also the case for the memory helper- 
and memory cytotoxic T cells (Figs. 2b, 2d and Supple-
mentary Figs. S3a, S3b and S3d–f). No major differences 
were seen between the groups regarding the TRB junction 
characteristics or CDR3 lengths (Supplementary Fig. S4).

Fig. 1   Primary outcome variables at follow-up. a The absolute counts 
of TRECs in whole blood. Absolute counts (b) and proportions (c) 
of T-helper lymphocytes (CD4), CD4 naïve cells and CD4 memory 
cells. Absolute counts (d) and proportions (e) of cytotoxic T lympho-
cytes (CD8), CD8 naïve cells and CD8 memory cells. The definitions 
of the cell types are provided in Supplementary Table  S1. Results 

are shown as individual values for the healthy controls (gray dots), 
22q11Normal individuals (blue squares), and 22q11Low individuals 
(red triangles). Lines denote medians and whiskers indicate the inter-
quartile ranges. P value summary indicated on each graph: *P ≤ .05, 
**P ≤ .01, ***P ≤ .001
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For the naïve T-helper cells, there were no differences in 
clonality scores between groups [25]. For the naïve cyto-
toxic T cells, a trend towards higher clonality scores in the 
22q11Low group compared to healthy controls was noted 
(P= .08), (Fig. 2e). These two groups did not differ with 
respect to history of CMV infection (Table 1).

Telomere Lengths

The 22q11Low individuals had shorter RTLs in their naïve 
cytotoxic T cells, compared with healthy controls (1.09 vs. 
1.38). There were no differences between the groups regard-
ing RTLs in the other lymphocyte subpopulations (Fig. 2f).

Secondary Outcomes, Derived from Multivariate 
Discriminant Analysis

After analysis of the primary outcomes, we performed 
a multivariate discriminant analysis to investigate the 
associations of low TRECs on all available data (clini-
cal diagnosis, blood counts, thyroid and parathyroid hor-
mones, lymphocyte populations, TRECs, clonality scores, 
immunoglobulins, specific antibodies, cytokines, RTL, 
FASCIA and ELISPOT data). The most important multi-
variate findings were corroborated by univariate statisti-
cal analyses (Fig. 3).

Regulatory T Lymphocytes

The 22q11Low group had lower total number of regula-
tory T cells (Tregs) compared to healthy controls (35 vs. 
55×106/L), although the proportions of Tregs did not dif-
fer. In the 22q11Low group, there was skewing within the 

Treg population, with smaller proportions of naïve Tregs 
(2.8% vs. 5.1%) and larger proportions of memory Tregs, 
compared with healthy controls (3.7% vs. 2.6%), whereas 
no differences were seen when the 22q11Low group was 
compared with the 22q11Normal group (Fig. 3a and Sup-
plementary Table S5).

T‑Helper Lymphocyte Subsets

When the 22q11Low group was compared to healthy con-
trols, the proportions of Th1 cells were larger (22% vs. 16%) 
and there was an evident increase in the proportions of Th17 
cells (15% vs. 6%), whereas no differences were seen when 
compared to the 22q11Normal group. Proportions of Th2 
lymphocytes did not differ between groups (Fig. 3a and Sup-
plementary Table S5).

B Lymphocytes and Immunoglobulin

The 22q11Low group showed skewing within the B-cell 
compartment compared to healthy controls, with larger pro-
portions of naïve B cells (70% vs. 60%) and smaller propor-
tions of class-switched B cells (3.4% vs. 7.2%). No differ-
ences were seen when the 22q11Low group was compared to 
the 22q11Normal group. However, the 22q11Normal group 
also differed from healthy controls, having higher percent-
ages of naïve B cells (74% vs. 60%) and lower percentages 
of class-switched B cells (3.9% vs. 7.2%), (Fig. 3b and Sup-
plementary Table S5).

Immunoglobulin M levels were lower in the 22q11Low 
group than in healthy controls (0.5 vs. 0.8 g/L), whereas 
there were no differences of IgG or IgA levels. There were 
no differences in any of the isotypes between the 22q11Low 
group and the 22q11Normal group (Fig. 3c).

Cytokines

We further evaluated if the skewing of lymphocyte subsets 
was reflected in the cytokine profiles in plasma. The con-
centration of TSLP was higher in the 22q11Low group than 
in the healthy controls (0.41 vs. 0.32 pg/mL), whereas for 
IL-17A, the interleukin produced by Th17 cells, there was a 
trend towards higher concentrations in the 22q11Low group, 
compared with the healthy controls (1.47 vs. 0.71 pg/mL, 
P= .07). The concentrations of IFN-γ, IL-13, IL-21, IL-10, 
and IL-1β did not differ between groups (Fig. 3d).

Functional Tests of T and B Cells

There were no differences between groups with respect to 
T lymphocyte proliferative response after stimulation with 
PHA, PWM, PPD, Tetanus toxoid, Candida, Influenza A, 
CMV, EBV, varicella zoster virus and herpes simplex type 

Fig. 2   T-cell receptor repertoires and relative telomere lengths. 
TRBV gene usage in naïve T-helper lymphocytes (CD4 naïve) (a) and 
naïve cytotoxic T lymphocytes (CD8 naïve) (b). The TRBV genes 
are ordered from most-frequently used (left) to least-frequently used 
(right) in the 22q11Low group. Usage rates of the most frequent 
TRBV genes are presented in an inset to the far right. Only unique 
sequences (as defined by TRBV gene usage and amino acid sequence 
of the CDR3) were used for the T-cell receptor repertoire analysis. 
Tree plots representing the diversity and clonality of CD4 naïve cells 
(c) and CD8 naïve cells (d) in the 22q11Low individuals (left), the 
healthy control matched for age and gender (right), and the matched 
22q11Normal individual (middle). The box size is proportional to the 
extent of V and J gene usage. Major TRBV genes are indicated on 
each tree plot, whereas TRBJ genes are identified by the color code at 
the bottom left. Clonality scores of the CD4 naïve and CD8 naïve cell 
subsets (e). Relative telomere lengths (RTL) in the naïve and memory 
subsets of CD4, naïve and memory CD8, and B lymphocytes (CD19) 
(f). Results are shown as individual values for the healthy controls 
(gray dots), 22q11Normal individuals (blue squares), and 22q11Low 
individuals (red triangles). Information on missing data is provided in 
Supplementary Table S3. Lines denote medians and whiskers indicate 
the interquartile ranges. P value summary indicated on each graph: 
*P ≤ .05, **P ≤ .01, ***P ≤ .001
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1 virus in vitro, or with respect to B lymphocyte immuno-
globulin production after EBV or PWM stimulation in vitro 
or regarding levels of specific antibodies to Hib, Streptococ-
cus pneumoniae or tetanus toxoid (data not shown).

Multivariate Discriminant Analysis

A score plot derived from the OPLS-DA showed a clear 
separation between the three study groups (Fig. 4a). Vari-
ables that contributed the most to differences between 
groups are shown in OPLS-DA column plots (Fig. 4b–d). 
The 22q11Low group was associated with large proportions 
of memory T cells and small proportions of naïve T cells 
and TRECs. Interestingly, large proportions of Th17 lym-
phocytes showed a strong association with the 22q11Low 
group. Compared to healthy controls, both the 22q11Low 
and 22q11Normal groups were associated with large propor-
tions of naïve B cells, whereas there was a negative asso-
ciation with memory B cells (Figs. 4b, 4c). In addition, the 
22q11Normal group was associated with a high concen-
tration of IgG (Fig. 4c). The OPLS-DA for the 22q11Low 
subjects and the healthy controls generated a good and 

predictive model (R2Y=0.89, Q2=0.86), which was also 
the case for the model including 22q11Normal subjects and 
healthy controls (R2Y=0.88, Q2=0.84). The model includ-
ing 22q11Low subjects and 22q11Normal subjects was less 
predictive (R2Y=0.64, Q2=0.57), (Fig. 4b–d).

Discussion

In this study, we show that low levels of TRECs during the 
newborn period for infants with 22q11DS are predictive of 
a long-term impairment of thymic output with defects in 
the T-cell compartments, bias in TRBV usage and signs of 
premature ageing of naïve cytotoxic T cells.

T lymphopenia in 22q11DS has been described as a con-
tinuum with varying degrees of severity, from near-normal 
T-cell populations to a complete absence of T cells [3]. 
Although most infants with 22q11DS identified by TREC 
screening will not have athymia, we suggest that those iden-
tified represent the more-severe end of the immunological 
spectrum.

Fig. 3   T- and B-lymphocyte subpopulations and immunoglobulin 
and cytokine levels. a Proportions of T-helper lymphocyte subsets 
(Th1, Th2 and Th17, Treg naïve, Treg memory). b Proportions of 
B-lymphocyte subsets (CD19 naïve, IgD+ IgM+ memory, IgM+ 
only memory, and class-switched). The definitions of the cell types 
are provided in Supplementary Table  S1. c Serum concentrations 
of IgG, IgA, and IgM. d Plasma concentrations of cytokines. #All 
cytokine concentrations are presented as pg/ml, with the exception of 

CRP, which is presented in mg/L. IL, Interleukin; TSLP, thymic stro-
mal lymphopoietin; IFN, interferon. Results are shown as individual 
values for the healthy controls (gray dots), 22q11Normal patients 
(blue squares), and 22q11Low patients (red triangles). Information 
on missing data is provided in Supplementary Table S3. Lines denote 
medians and whiskers indicate the interquartile ranges. P value sum-
mary indicated on each graph: *P ≤ .05, **P ≤ .01, ***P ≤ .001.
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Given the low thymic output and low numbers of naïve T 
cells, we hypothesized alterations in the naïve T-cell recep-
tor repertoires in the 22q11Low individuals, and indeed 
we found a clear skewing of TRBV gene usage in their 
naïve T-helper cells. We speculate that the overrepresented 
V-genes encode receptors with high affinities for self-pep-
tide–MHC complexes, favoring survival during positive 
selection in the thymus or possibly during the peripheral 
homeostatic proliferation of naïve T cells [32].

Despite these qualitative alterations of naïve TCR rep-
ertoires, we found that the numbers of unique TCR clones 
of naïve T-helper cells in the 22q11Low individuals were 
comparable to those in the healthy controls. Previous reports 
based on flow cytometry or spectratyping have demonstrated 
a greater perturbation of the receptor repertoires of T-helper 
cells in individuals with 22q11DS. However, those studies 
were based on analyses of mixed naïve and memory T-helper 
cell subsets, which means that they reflected not only thymic 
output, but probably also to a large degree the infectious his-
tory of the individual [33–36].

Our findings of shorter telomere lengths and a trend 
towards higher clonality scores in naïve cytotoxic T lympho-
cytes in 22q11Low individuals suggest a history of more-fre-
quent replication in this cell subset. This mimics the effects 
of human ageing on the cytotoxic T lymphocyte population, 
whereby naïve cytotoxic T cells are affected earlier, prolif-
erate more rapidly, and develop a higher degree of clonal-
ity compared to naïve T-helper cells [37]. For the T-helper 
subsets, the telomere lengths and clonality scores were not 
affected. In a previous study of adults with 22q11DS, lower 
levels of TRECs and shorter telomere lengths in the naïve 
T-helper cells were found and interpreted as signs of homeo-
static proliferation [34]. The younger age of our study partic-
ipants may explain why this phenomenon was not observed 
in our study.

We speculate that the TRBV gene usage bias could be a 
consequence of disturbed thymic selection, whereas the dif-
ferences in telomere lengths and clonality scores reflect the 
consequences of peripheral homeostatic mechanisms within 
the T-cell compartment.

Our finding of persistent T lymphopenia in 22q11Low 
contrasts with a previous report on the Californian TREC 
screening, where they found that these infants reached nor-
mal numbers of T cells during a shorter follow-up period 
[2]. Comparisons with that study are, however, problem-
atic because it did not include specific information on the 
22q11DS infants, e.g., regarding the lymphocyte subpopula-
tions and duration of follow-up.

Despite the persistent T lymphopenia in 22q11Low 
individuals, they did not suffer from opportunistic infec-
tions, and live vaccines were administered to most and were 
well tolerated. The history of infections was comparable 
between the 22q11Low and 22q11Normal groups, in line 

with previous studies indicating that infections in individu-
als with 22q11DS generally is a consequence of anatomical 
and gastroenterological anomalies rather than an underlying 
immunodeficiency [38]. Of note is that three patients with 
low TRECs were excluded from the follow-up, since they 
deceased in infancy. One of them died from a CMV infec-
tion, and this patient had undetectable TREC, absence of T 
cells and would have benefited from early identification by 
newborn screening [14]. The deaths of the other two infants 
were related to their cardiac defects.

We contend that the persistent naïve T lymphopenia seen 
in 22q11Low individuals warrants attention and medical 
follow-up, as T lymphopenia is known from previous stud-
ies to entail an increased risk of developing autoimmune 
disease [38–41]. Autoimmune disease is commonly associ-
ated with 22q11DS, and previous studies have shown that 
individuals with 22q11DS and autoimmunity have lower 
levels of T-helper cells and reduced proportions of naïve 
T-helper cells [8, 38–41]. Similar immunologic alterations, 
and increased risks for autoimmune disease, have been found 
following thymectomy performed during early cardiac sur-
gery [42, 43]. The clinical consequences of T lymphopenia 
in 22q11Low individuals might not become evident until 
later in life, thereby warranting long-term monitoring.

We found an increased proportion of Th17 lymphocytes 
in the 22q11Low individuals, which could be secondary 
to infections with specific microbes, such as Candida spe-
cies [44]. Th17 lymphocytes are known to contribute to 
the pathogenesis of various autoimmune diseases, which 
22q11DS individuals are at higher risk of [8, 38–41, 44]. 
Our findings are supported by a previous study that showed 
increased Th17 proportions in adults with 22q11DS and 
reported a correlation with increased risk of psychosis for 
22q11DS individuals [45]. Further studies are needed to 
confirm our findings and to study the role of Th17 cells in 
the disease manifestations of 22q11DS.

The present study reveals impaired maturation of periph-
eral blood B-lymphocytes in both groups of 22q11DS indi-
viduals. The skewing of B-lymphocyte subpopulations did 
not correlate with the TREC levels at newborn screening 
or at follow-up, in-line with previous studies that could 
not show that the B-cell defect in 22q11DS individuals is 
T-cell dependent [46, 47]. Despite the disturbed matura-
tion of B lymphocytes, none of the 22q11DS subjects had 
hypogammaglobulinemia; instead, they had high IgG lev-
els, which could be due to the chronic burden of infections 
or dysregulated immune responses. The aberrations in the 
B-lymphocyte compartment should be studied further, since 
together with T lymphopenia, they might contribute to the 
predisposition to autoimmune disease seen in patients with 
22q11DS [8, 38–41]. Although T cells depend on a well-
functioning thymus for their maturation and selection, there 
is also a population of B cells in the thymus, which have 
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been described as differing from circulating B cells and are 
suggested to be of importance for central tolerance induction 

[48, 49]. Possibly, the peripheral B-cell aberrations in 
22q11DS reflect a defect in the thymic B-cell compartment.
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The TREC levels in the 22q11Low group were in the 
range of 1–16 copies/μl. However, differences in methodol-
ogy between screening programs make it difficult to extrapo-
late these numbers to other settings. It has previously been 
shown that the cut-off level for TRECs has an impact on the 
proportion of infants with 22q11DS who are identified in 
screening programs [14, 50, 51]. Some screening programs 
have adjusted their cut-off values for TRECs downwards, in 
order to decrease the recall rate and increase the specific-
ity for SCID [52]. We propose that infants with 22q11DS 
identified in screening programs will be fewer in number 
and more-severely affected by T lymphopenia, such that they 
will benefit even more from follow-up protocols.

The main strength of this study is its extensive immu-
nological phenotyping and the main limitation is the low 
number of participants. The trends observed comparing the 
22q11Low and 22q11Normal groups might become statisti-
cally significant with larger sample sizes. Significant value 
for the study was created by the long-term follow-up made 
possible by the analysis of TRECs on the original newborn 
screening cards. Even so, the study participants were young 
at follow-up and we suspect that the immunologic abnor-
malities in the 22q11Low individuals will worsen with time. 
This highlights the need for continuous follow-up beyond 
childhood.

Conclusions

This long-term follow-up study shows that individuals with 
22q11DS and low TRECs, who are identifiable in neona-
tal screening programs, have persistent immunologic aber-
rations, translating into increased risks for immune dys-
regulation/autoimmune diseases, and requiring long-term 
monitoring.
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Fig. 4   Multivariate discriminant analysis (DA) based on the immu-
nological data and clinical data at follow-up. a OPLS-DA score plot 
showing healthy controls (gray dots), 22q11Normal (blue squares), 
and 22q11Low (red triangles) individuals, respectively. OPLS-
DA column loading plots depicting the associations between the 
X-variables and the following groups: 22q11Low and healthy con-
trols (b); 22q11Normal and healthy controls (c); and 22q11Low and 
22q11Normal (d). The X-variables represented by a bar (light grey) 
pointing in the same direction as a group (dark grey bar) are posi-
tively associated with that group, whereas variables pointing in the 
opposite direction are inversely related. The larger the bar and the 
smaller the error bar, the stronger is that variable´s contribution to the 
model. All variables included in the model are listed in Supplemen-
tary Table S3. Only the X-variables with the strongest contributions 
to the model are shown and variable influence on projection (VIP) 
thresholds are indicated.
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