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Summary

Primary immune deficiency (PID) disorders are clinically and molecularly 
heterogeneous diseases. T cell receptor excision circles (TRECs) and κ 
(kappa)-deleting excision circles (KRECs) are markers of T and B cell 
development, respectively. They are useful tools to assess T and B cell 
function and immune reconstitution and have been used for newborn 
screening for severe combined immunodeficiency disease (SCID) and ag-
ammaglobulinemia, respectively. Their profiles in several genetically con-
firmed PIDs are still lacking. The objective of this study was to determine 
TREC and KREC genomic profiling among various molecularly confirmed 
PIDs. We used real-time–quantitative polymerase chain reaction (RT–
qPCR)-based triplex analysis of TRECs, KRECs and β-actin (ACTB) in 
whole blood genomic DNA isolated from 108 patients with molecularly 
confirmed PIDs. All agammaglobulinemia patients had low KREC counts. 
All SCIDs and Omenn syndrome patients secondary to mutations in RAG1, 
RAG2, DCLRE1C and NHEJ1 had low TREC and KREC counts. JAK3-
deficient patients had normal KREC and the TREC count was influenced 
by the type of mutation. Early-onset ADA patients had low TREC and 
KREC counts. Four patients with zeta-chain-associated protein kinase 70 
(ZAP70) had low TREC. All purine nucleoside phosphorylase (PNP) pa-
tients had low TREC. Combined immunodeficiency (CID) patients second-
ary to AK2, PTPRC, CD247, DCLREC1 and STAT1 had normal TREC and 
KREC counts. Most patients with ataxia–telangiectasia (AT) patients had 
low TREC and KREC, while most DOCK8-deficient patients had low TRECs 
only. Two of five patients with Wiskott–Aldrich syndrome (WAS) had low 
TREC counts as well as one patient each with bare lymphocyte syndrome 
(BLS) and chronic granulomatous disease. All patients with Griscelli dis-
ease, Chediak–Higashi syndrome, hyper-immunoglobulin (Ig)M syndrome 
and IFNGR2 had normal TREC and KREC counts. These data suggest 
that, in addition to classical SCID and agammaglobulinemia, TREC/KREC 
assay may identify ZAP70 patients and secondary target PIDs, including 
dedicator of cytokinesis 8 (DOCK8) deficiency, AT and some individuals 
with WAS and BLS.
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Introduction

Primary immunodeficiency diseases (PIDs) are a pheno-
typically and molecularly heterogeneous group of diseases 
with more than 300  known genetic defects that affect the 
development or the function of the immune system [1,2]. 
Patients affected with these genetic defects present with 
varying clinical presentations that range from mild to 
life-threatening infections, dysregulated immunity, inflam-
mation and malignancy [1–3]. PIDs are classified based 
on the affected immunological system and clinical pres-
entations [2]. These include defects in antibody production 
by B cells (humoral immune deficiencies) and/or T cell 
functions (cellular immunity), impaired antigen presenta-
tion, defects in natural killer (NK) cell cytotoxicity, Toll-
like receptor (TLR) activation, phagocytosis, macrophage 
activation and complement.

During T and B cell development, premature T and 
B cells undergo the process of recombination of receptor 
gene segments. This occurs at the T cell (TCR) and B 
cell receptor (BCR) loci to generate the diversity of T 
and B cell repertoires, respectively, that are required to 
develop effective immunity against a wide range of anti-
gens, such as bacteria, viruses and others [4,5]. These 
recombination processes result in the formation of extra-
chromosomal non-replicating excision circles. 
Quantitative measurements of these excision circles can 
be used clinically to assess the degree of T and/or B 
cell defects. Multiple types of TRECs are generated dur-
ing the process of TCR rearrangement, and the TCR 
delta deletion TREC (delta rec psi-J-alpha signal joint 
TREC) appears to be the most accurate TREC for meas-
uring thymic output. Conversely, BCR rearrangement 
results in the formation of κ (kappa)-deleting excision 
circles (KRECs). Each (B/T) lymphocyte is believed to 
produce a single copy of TREC or KREC which have 
been used to develop newborn screening (NBS) methods 
for T or B cell lymphopenia, such as severe combined 
immunodeficiency disease (SCID) and X-linked agam-
maglobulinemia (XLA), respectively [6–9]. TRECs are 
generated during the latest stages of T cell development 
just before they exit to the periphery. Hence, their levels 
in the peripheral circulation represent thymic activity 
[10–13]. Also, the longevity of naive T cells in the 
peripheral circulation, as well as TRECs intracellular 
degradation and dilution by peripheral T cell division, 
represent limitations that should be kept in mind. 
Conversely, KRECs are formed in the early stages of 
development up to mature B lymphocytes. Hence, KREC 
numbers in the periphery represent fresh and functional 
B cells [14].The utility of TREC and KREC in NBS 
aims to provide early diagnosis of severe forms of PID 
which have a significant impact on patient morbidity 
and mortality [14].

TREC measurements have not only been used for NBS: 
this method was also used as a tool to assess T cell 
immune reconstitution after thymic or hematopoietic stem 
cell transplantation (HSC) transplantation [15–18]. Thymic 
output has been studied using TREC measurements, with 
the effect of aging showing an inverse correlation where 
TREC numbers decreased by more than 95% between 
the ages of 25 and 60  years [19]. Also, TREC measure-
ments have been used in the studies of T cell generation 
in neonates [20]. T cell homeostasis was also evaluated 
in patients with rheumatoid arthritis [21], HIV and in 
response to highly active anti-retroviral therapy (HAART) 
[22]. In such studies, genomic DNA (gDNA) extracted 
from whole blood was used.

The combined triplex assay of the TREC, KREC and 
β-actin (ACTB) screening approach is useful for the detec-
tion of severe forms of PID that present with a low number 
of TREC, KREC or both [23,24]. These assays have been 
validated by screening large numbers of newborn babies. 
Babies with low TREC or KREC numbers were then recalled 
for second-tier testing [25]. Conversely, using a duplex 
(TREC, ACTB) assay, we recently conducted a SCID NBS 
pilot study that showed a high incidence of SCID in the 
Saudi newborn population (1  :  2906 live births) [26].

In this study, we sought to assess TREC and KREC 
profiling using genomic DNA extracted from whole blood 
samples from a large and diverse group of patients with 
molecularly confirmed diagnoses of PIDs.

Materials and methods

This study was approved by the institutional review board 
at King Faisal Specialist Hospital and Research Center 
(KFSHRC), RAC no. 2130-027. The study was also sup-
ported by the Kingdom of Saudi Arabia National Science, 
Technology and Innovation Plan’s Strategic Technologies 
Grant KACST: 13-BIO 755-20 under the King Abdulaziz 
City for Science and Technology (Riyadh, Kingdom of 
Saudi Arabia).

Sample collection

All patients identified and reported in this study received 
comprehensive clinical and laboratory evaluations as part 
of their routine clinical care at the Pediatric Immunology 
and Allergy Clinics at King Faisal Hospital and Research 
Center. Previously consented, archived extracted DNA 
samples from this collection were used for this study. 
Written informed consent to obtain blood samples or to 
use the stored DNA was obtained from each patient or 
his/her parents if available; otherwise, the sample was 
anonymized. Data of interest collected from the patients’ 
medical records were secured as governed by the insti-
tutional policies on patient confidentiality and privacy.
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DNA extraction

Genomic DNA of children known to have various PIDs 
(and their families, when available) was isolated from 
peripheral blood samples obtained by venipuncture as 
described previously using standard protocols. DNA was 
diluted to a working concentration of 10 ng/μl [27].

Sequence analysis and copy number analysis of PID 
genes

Bi-directional Sanger sequencing was performed in all 
gDNA samples. Sequencing primers were designed to 
amplify the region of interest, which was sequenced as 
previously described [28]. Sequence data were aligned 
against the reference GenBank sequences and examined 
for variation. For novel mutation validation, anonymized 
250 DNA samples derived from normal Saudi blood donors 
were sequenced to rule out potential novel Saudi normal 
single nucleotide polymorphisms (SNPs). The Affymetrix 
high-definition scan SNP-microarray platform (Affymetrix, 
Santa Clara, CA, USA) was used to evaluate patients with 
dedicator of cytokinesis 8 (DOCK8) deficiency for pos-
sible copy number abnormalities.

Real-time–quantitative triplex polymerase chain 
reaction (RT–qPCR)

RT–qPCR of gDNA of individuals with known diagnoses 
of primary immune deficiency was used to quantify TRECs, 
KRECs and ACTB, which served as an internal control 
for determining the efficiency of the RT–qPCR reaction. 
Reagents for this assay (SCREEN-ID neonatal screening 
kit) were purchased from Mabtech Diagnostics (Nacka 
Strand, Sweden) (https://www.mabte​ch.com/), and the assay 
was performed as per the manufacturer’s recommendations 
which have been previously described [25,26]. Briefly, the 
RT–qPCR reactions were performed in a final volume of 
20  μl containing 100  ng (10  ng/μl) gDNA, 1× TaqMan 
Gene Expression Master Mix, 20 μM TREC primers, 25 μM 
KREC primers, 7·5  μM ACTB primers, 15  μM 6-carboxy-
fluorescein (6FAM)-labeled minor groove-binding (MGB) 
TREC- and NED-labeled MGB ACTB probes, 17·5  μM 
VIC-labeled MGB KREC probe and 0·8  μl of 10  mg/ml 
bovine serum albumin (BSA). The 96-well plate reactions 
were carried out on the ABI QuantStudio 7 real-time 
PCR System (Applied Biosystems, Foster City, CA, USA). 
PCR conditions were: initial cycle at 50°C for 2  min and 
a heating cycle at 95°C for 10  min, followed by 45 cycles 
of 30  s at 95°C and 30  s at 60°C. An individual cycle 
threshold for TREC, KREC or ACTB was fixed for auto-
mated data collection and analysis of the amplification 
during the exponential phase. Calibration curves were 
generated by 10-fold serial dilution using TREC-KREC-
ACTB. All analyzed RT–qPCR assays met the quality 
requirements of similar slopes and R2 values > 0·97. While 

amplification of ACTB was used to assess PCR efficiency, 
this was disregarded if TREC and KREC copy numbers 
were above the cut-off level.

Ethical approval

This study was submitted to the Institutional Review 
Board of King Faisal Specialist Hospital and Research 
Center, Riyadh, Saudi Arabia, and was approved by the 
Research Advisory Committee through established 
procedures.

Results

Patient demographics and T/B lymphocyte subset flow 
cytometry analysis

This large group of patients represents a wide array of 
inborn errors of immunity. In 100  patients, the median 
age at sample collection was 39  ±  72  months (0·25–372) 
and prehematopoietic stem cell transplantation lymphocyte 
subset analysis results were available on 90  subjects 
(Supporting information, Table S1). The median count for 
CD3+ cells was 1672·5  ±  1932 (reference: 1600–2700), 
CD4+ cells 706  ±  1322 (reference: 1000–1700), CD8+ cells 
480  ±  843·9 (reference: 600–1000), CD19 cells 275  ±  806 
(reference: 400–800), NK CD56+ and 16+ cells 220 ± 556·9 
(reference: 200–400). Lymphocyte subpopulations counts 
were low in 21 (CD3+), 58 (CD4+), 50 (CD8+), 45 (CD19+) 
and 65 (NK CD56+, 16+) samples. However, naive and 
memory T cell counts were not available for many samples. 
TREC and KREC counts were low in 50 and 34 samples, 
respectively, while 29  samples were low for both markers, 
as shown in Supporting information, Table S1.

PID genetic mutations detected by Sanger sequencing 
and SNP microarray analyses

In this large cohort of 108 patients with a wide spec-
trum of PIDs (Table 1), missense mutations were the 
most common (n = 44) followed by stop–gain mutations 
(n  =  24), frameshift mutations (n  =  19) and splicing 
mutations (n  =  13), which were all identified via Sanger 
sequencing. Four of the frameshift mutations were iden-
tified in four of the six patients with ataxia-telangiectasia 
(AT). Large intragenic deletions detectable by SNP-
microarray analysis were confirmed in eight patients, 
seven of which involved DOCK8, and one deletion 
spanned exons 1–3 of DCLRE1C (ARTEMIS). In 11 
patients, we detected eight unique and novel mutations 
(Table 1), six of which involved DOCK8 (including five 
multi-exon deletions). While STAT3 and BTK mutations 
are heterozygous and hemizygous (X-linked), respectively, 
all remaining mutations reported here are homozygous. 
Clinically and biochemically, all patients with novel 
mutations had typical presentation except for cases 5, 

https://www.mabtech.com/
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6 and 7, who had atypical AK2 deficiency which was 
recently reported to cause hypogammaglobulinemia and 
limited T cell dysfunction [29], and cases 11 and 12 
with zeta-chain-associated protein kinase 70 (ZAP70) 
deficiency who presented with CID phenotype without 
CD8 deficiency.

Triplex (TREC, KREC, ACTB) assay

Using a cut-off of ≤  15 TRECs/μl and <  10 KRECs/μl, 
all agammaglobulinemia patients [4] secondary to BTK 
defects had low KREC and normal TREC counts. All 
SCIDs and Omenn syndrome patients secondary to RAG1 
[6], RAG2 [6], DCLRE1C [2] and NHEJ1 [2] had low 
TREC and KREC counts. All SCIDs secondary to JAK3 
deficiency had normal KRECs and two of three had 
low TRECs. Two of the three ADA-deficient patients 
had low TRECs and KRECs. Interestingly, two patients 
of three with ZAP70 deficiency had low TRECs and 
low KREC in one patient. All purine nucleoside phos-
phorylase (PNPP)-deficient patients [3] had low TRECs, 
and one of them had low KREC. CID patients secondary 
to AK2 [3], protein tyrosine phosphatase receptor type 
C (PTPRC) [1], CD247 [1], DNA cross-linking repair 
protein 1 (DCLREC1) [1] and signal transducer and 
activator of transcription 1 (STAT-1) [1] had normal 
TRECs and KRECs, while the CID patients with atypical 
ZAP70 (no CD8 deficiency) had a low TREC count. 
Five of six AT patients had low TREC and all had low 
KREC counts. Thirteen of 20 DOCK8-deficient patients 
had low TRECs and two had low KRECs. Two of five 
patients with Wiskott–Aldrich syndrome (WAS) had low 
TRECs. One of six patients with bare lymphocyte syn-
drome (BLS) had low TRECs and KRECs. One of the 
five chronic granulomatous disease patients had a low 
TREC count. All patients with Griscelli disease [8], 
Chediak–Higashi syndrome [2], hyper-immunoglobulin 
(Ig)M syndrome [9] and interferon gamma-receptor 
receptor 2 (IFN-γR2) [1] had normal TREC and KREC 
counts.

Discussion

TRECs and KRECs are considered markers of new lym-
phocyte output. They are used in research studies, but 
not routinely used in the routine clinical evaluation of 
patients with PIDs. TREC levels are extremely low or 
undetectable in all patients with typical SCID, and have 
been used effectively for routine NBS for SCID [7,30]. 
KRECs can be used to screen for agammaglobulinemia 
[6,8]. Currently, there is no universally validated NBS 
method for other PIDs.

TREC levels have been extensively assayed in children 
with PIDs in whom the decreased number and function 

of T and/or B cells result in severe impairment of 
immunity. Limited KREC studies were performed for 
various types of PIDs. Roifman et al. studied TRECs 
among 51  patients with T cell dysfunction. All classical 
SCIDs patients had low TREC numbers while partial 
ADA, interleukin (IL)-2γR (p. R222C mutation), CD40L, 
forkhead box protein 3 (FoxP3) and IL-10R had normal 
TREC results [31]. Using the same multiplex assay 
reported here, Borte et al. applied this approach to study 
49 original stored Guthrie cards from patients diagnosed 
with SCID (n = 18), XLA (n = 4), AT (n = 4), Nijmegen 
breakage syndrome (n  =  2), common variable immu-
nodeficiency (CVID) (n  =  4), IgA deficiency (n  =  15) 
and X-linked hyper-IgM syndrome (HIGM) (n  =  2) and 
demonstrated its ability to identify patients with XLA, 
AT, NBS and WAS [23]. Separately, in two of three young 
children with DOCK8-related HIES, we found low dried 
blood spot (DBS) TREC copy numbers [32]. Subsequently, 
a few additional reports demonstrated low TREC counts 
in DBS samples from patients with various secondary 
(non-SCID) target disorders such as AT [33], Nijmegen 
breakage syndrome [34,35], cartilage hair hypoplasia 
(CHH) [36], WAS [36,37] and DNA ligase 4 (LIG4) 
deficiency [38]. Table 2 summarizes the primary immu-
nodeficiency diseases in which TREC and KREC numbers 
have been evaluated both in the literature as well as in 
our current study.

In this report, we confirm that a subset of patients 
with AT, WAS and the majority of DOCK8-deficient 
individuals had low TREC and/or KREC counts (Table 
1, Fig. 1), thus potentially allowing early NBS for these 
disorders. It is interesting to note that one of our three 
cases with ADA deficiency had normal TREC counts 
and therefore would have been missed on NBS. Either 
late-onset or partial ADA deficiency may explain such 
phenomena, as a significant subset (15–20%) of ADA-
deficient patients exhibit a ‘delayed clinical onset’ and 
present with less severe, but slowly progressive, combined 
immune deficiency later in life [39]. It was believed 
that some PID patients with residual T cells, such as 
ZAP70 deficiency, will be missed by TREC-based NBS. 
ZAP70 deficiency, a TCR signaling defect, is character-
ized by normal/elevated number of circulating lympho-
cytes, absent CD8+ T cells, abundant CD4+ T cells, 
normal number and activity of natural killer cells and 
normal number with reduced function of B cells. In 
this cohort, four of five cases with ZAP70 deficiency 
had low TREC counts, a finding that was previously 
reported by Roifman et al. [31], thus making some 
patients with this disorder potentially amenable to TREC-
based detection. In contrast, a recent publication reported 
that the TREC count was normal at birth and undetect-
able at age of 9  months in a patient with ZAP70 defect 
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Table 2. Primary immunodeficiency diseases in which T cell receptor excision circles (TREC) and kappa deleting recombinant excision circles (KREC) 
have been evaluated in the literature and this study

Disease Genetic defect TREC KREC References

Severe combined immunodeficiency 
disease

ADA Low Not done (n.d.) [31,74,75]

Partial ADA Normal (N) n.d. [31]
ADA Low Low This report
Partial ADA N N This report
AK2 Low Low [23], this report
AK2 (p.A182D mutation) N N This report
CD3G Low n.d. [31]
CD247 (CD3Z) N N This report
DCLRE1C Low Low This report
IL2RG Low N [7,23,31,75]
IL2RG (p.R222C mutation) N N [31]
JAK3 Low N [7,23,75], this report
JAK3 (p.R103H mutation) N N This report
LIG4 Low n.d. [31,75]
PNP Low n.d. [74]

Low Low This report
PTPRC N N This report
NHEJ1 Low Low This report
RAG1 Low Low [23,31,75], this report
RAG2 Low Low [31,75], this report
RMRP Low n.d. [31]
ZAP70 Low n.d. [31]

Low or N Low or N This report
Agammaglobulinemia BTK N Low [8,23], this report
Ataxia-telangiectasia ATM Borderline Low [23]

Low (5 of 6) Low This report
Hyper-immunoglobulin (Ig)E 

syndromes
DOCK8 Low n.d. [32]

Low (13 of 20) N in 18 and low in 2 of 20 This report
STAT3 N N This report

Wiskott–Aldrich syndrome WAS Low Low [76]
Low (2 of 6) Low (1 of 6) This report

Bare lymphocyte syndrome Not reported Low n.d. [31]
RFX5 Low n.d. [41]
RFXANK N (1 of 5 low) N (1 of 5 low) This report
CIITA N N This report

Hyper-IgM syndrome CD40L N N [23,31,76], this report
CD40 N N This report
AICDA N N This report

Griscelli syndrome RAB27 N N This report
MLPH N N This report

Chediak–Higashi syndrome LYST N N This report
Nijmegen breakage syndrome NBN N Low [23,77]
Immune dysregulation FOXP3 N n.d. [31]

IL2RA Low n.d. [31]
IL10RA N n.d. [31]

Mendelian susceptibility to mycobacte-
rial diseases

IFNGR2 N N This report

STAT1 Borderline N This report
Chronic granulomatous disease CYBB Low n.d. [43]

CYBB N (low in 1 of 4) N This report
NCF2 N N This report
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[40], reflecting possible variations that could be observed 
at different ages.

Major histocompatibility complex (MHC) class II defi-
ciency, also known as bare lymphocyte syndrome (BLS) 
type II, is a primary immunodeficiency disorder that results 
from the lack of expression of MHC class II molecules 
on the surface of immune cells rather than an intrinsic 
defect in T cell development. It is another disease that 
is expected to be missed by TREC based newborn screen-
ing. Recently, an MHC II-deficient patient was identified 
through SCID NBS [41]. Interestingly, one of our six 
patients had low TREC and KREC counts. The possible 
mechanism for this observation is not clear, but might 
be related to T cell depletion secondary to chronic unre-
solved infections. In this report, we showed for the first 
time, to our knowledge, that patients with SCID secondary 
to CD3Z (CD247) and PTPRC (CD45) deficiency have 
a normal TREC and KREC, confirming the notion that 
these rare types of SCID will unlikely to be identified by 
the current SCID NBS. The roles of the different CD3 
chains in T cell differentiation are not well known. 

Mutations in those chains impair T cell development to 
varying degrees. Deficiency of CD3δ or CD3ε causes severe 
T cell lymphopenia, while CD3γ or CD247 (CD3Z) causes 
mild T cell lymphopenia, and this probably explains the 
normal TREC level in our patient with CD3Z defect [42].

We noticed unexpectedly that one of the five patients 
with chronic granulomatous disease (CGD), a phagocyte 
defect, had a low TREC count, an observation that was 
previously observed in some patients with CGD, which 
is thought to be due to T cell depletion (through unknown 
mechanisms) [43,44]. This finding supports our observa-
tion, and calls for additional comprehensive T cell evalu-
ation and monitoring in these patients.

Genomic DNA extracted from whole blood samples 
of individuals with fully characterized genetic mutations 
is the best approach to determine which PID can be 
detected by NBS using TREC and KREC quantification, 
followed by validation on DBS. In this study, we explored 
the genomic TREC and KREC profiles of 108  patients 
with diverse molecularly confirmed PIDs as representing 
the largest series of patients ever studied, and showed 

Fig. 1. T cell receptor excision circle (TREC) and κ (kappa)-deleting excision circle (KREC) counts in a cohort of 108 patients with various primary 
immune deficiencies. Primary immune deficiency (PID) categories and related genes are displayed on the y-axis and TRECs/KRECs on the x-axis. 
Vertical red lines within each group represent TREC (red circles) and KREC (black squares) count cut-offs at 15 and 10, respectively. BLS = bare 
lymphocyte syndrome; CGD = chronic granulomatous disease; CHS = cartilage hair hypoplasia syndrome; CID = combined immunodeficiency; 
HIES = hyper-immunoglobulin (Ig)E syndrome; HIGM = hyper-IgM syndrome; SCID = severe combined immunodeficiency.
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that various PID disorders are associated with low TREC 
and/or KREC copy numbers, not limited to SCID and 
agammaglobulinemia. Such findings will possibly increase 
the list of secondary targets for NBS. Additionally, as 
the majority of our patients’ DNA samples were col-
lected beyond the neonatal period, our results suggest 
the potential utility of this triplex assay beyond the 
newborn period to evaluate the immune system during 
work-up of various immunodeficiency diseases in addi-
tion to the assessment of immune reconstitution post-
HSCT. As these assays were performed well beyond the 
newborn period, these results should be validated by 
assays in the newborn period.
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