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Abstract

underlying cause of her clinical presentation.

Tandem Repeat

Background: The lymphohematopoietic cells originating from feto-maternal trafficking during pregnancy

may cause microchimerism and lead to materno-fetal graft versus host disease (GVHD) in severe combined
immunodeficiency (SCID) patients. However, definitive diagnosis between GVHD and Omenn’s syndrome is often
difficult based on clinical and immunological phenotypes particularly in the patients with hypomorphic mutations.

Case presentation: A 3-year-old girl with a history of erythroderma and immunodeficiency was studied. The

whole exome sequencing method was used to find the disease-causing variants, and T-A cloning and Quantitative
Florescence Polymerase Chain Reaction (QF-PCR) methods were utilized to detect the presence of mosaicism or
microchimerism. We identified a homozygous missense Janus Kinase 3 mutation (JAK3, ¢.2324G>A, p.R775H) as a new
disease-causing variant in the patient, and the presence of microchimerism with maternal origin was proven as an

Conclusion: The findings highlighted the importance of appropriate diagnostic approach in GVHD cases with
hypomorphic JAK3 mutations. When analyzing the results of the next generation sequencing, the possibility of
microchimerism should be considered based on the context of the disease.
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Background

The clinical differential diagnosis of erythroderma
associated with immunodeficiency and failure to thrive
(FTT) in neonates includes Omenn’s syndrome (OS)
and graft versus host disease (GVHD) in patients with
severe combined immunodeficiency (SCID). OS is a
rare, autosomal recessive or X-linked disorder in infancy
caused by atypical mutations, particularly missense
variants, of the recombination activating gene 1 and 2
(RAGI1 and RAG2). OS rarely results from mutations
in ARTEMIS, IL7RA, RMRP, ADA, DNA LIG4, IL2RG,

*Correspondence: aghamohammadi@tums.ac.r;
drreza.mahdian@gmail.com

" Molecular Medicine Department, Pasteur Institute of Iran, Pasteur St,, 12
Farvardin Ave, Tehran 1316943551, Iran

6 Department of Pediatrics, Children Medical Center Hospital, Tehran
University of Medical Science, Tehran, Iran

Full list of author information is available at the end of the article

B BMC

AK?2, or can be associated with the DiGeorge syndrome;
however, some cases have no defined gene mutation.
Interestingly, siblings with identical mutation have
developed either OS or SCID, suggesting that modifier
genetic or environmental factors affect the clinical/
immunologic phenotype. It has been suggested that in
OS patients early infections may lead to the expansion of
poorly reactive autologous oligoclonal T cells [1].

On the other hand, atypical SCID comprises a variety
of immunologic profile of both T and B lymphocytes
which may challenge the early diagnosis of patients
with combined immunodeficiency. One specific feature
of SCID patients, which sometimes can simulate
the clinical presentation of OS, is GVHD because
of the presence of alloreactive cells originating from

transplacentally obtained maternal T lymphocytes
[2-4]. Immunocompetent neonates with efficient
T-cell immunity can quickly reject the human
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leucocyte antigen (HLA) mismatched maternal cells.
In contrast, SCID newborns fail to remove these cells;
so that maternal T cells have been detected in 24% to
40% of patients undergoing hematopoietic stem cell
transplantation [2-4]. To differentiate between OS and
GVHD in SCID patients, immunological investigations,
pathological examination of skin biopsies and molecular
tests demonstrating the presence of mosaicism or
microchimerism must be implemented. Mosaicism
involves the presence of two or more populations of
cells with different genotypes in an individual that has
developed from a single fertilized egg. These cells are
autologous cells and lead to OS in the SCID patients,
which is the concern of our study. Chimerism is a
condition whereby a person has not one but two complete
genomes and two or more cell populations with distinct
genotypes. These cells are allogeneic cells and may lead
to GVHD in SCID patients. In terms of differential
diagnosis, in a person with erythroderma associated
with immunodeficiency and failure to thrive, evidence of
micro-chimerism and autologous cells existence suggests
that the person is not suffering from OS but confirms the
maternal GVHD diagnosis [5, 6].

In this report, we describe a JAK3 deficient SCID
patient with a hypomorphic missense mutation.
Whole exome sequencing (WES) and confirmatory
tests were used for the accurate molecular diagnosis
of a microchimeric in this patient. Since JAK3
protein regulates the growth and maturation of T-cell
lymphocytes and natural killer cells and it is also
important for B-lymphocytes maturation, mutations
in this gene result in the absence of T cells and natural
killer cells and a normal number of poorly functioning
B cells. The affected infants typically develop chronic

Page 2 of 9

diagram related to the JAK3 protein and the different JH
domains and mutations reported to exist in this protein
so far is presented in Fig. 1.

Case presentation
Clinical evaluation and immunological assays
Informed consent of the patient’s parents was obtained
for performing the studies in accordance with the
principles of the ethics committee of the Tehran
University of Medical Sciences. An evaluation sheet
was used to summarize demographic information
related to the patient registered in the national registry
[7, 8] including name, gender, date of birth, age of onset
of symptoms, clinical symptoms, age at diagnosis,
family history and consanguinity, previous history
of medications and vaccination, and laboratory and
molecular data. Pathological examination of skin biopsy
sample of the patient and advanced immunological
assays were carried out to confirm the diagnosis. The
diagnosis of SCID was established on the standard
criteria introduced by the ESID and Pan-American
Group for Immunodeficiency (http://esid.org/Worki
ng-Parties/Registry/Diagnosis-criteria) [8]. The medical
severity phenotype of SCID patients was defined by
having 2 of the following criteria: early age at onset of
symptoms (< 1 month), mortality (< 1 year), absent CD3+
or CD4+ or CD8 T+ cells, development of opportunistic
infections, and development of severe infectious
complications during the course of the disease (sepsis,
central nervous system infections, osteomyelitis, and
invasive bacterial infection).

Early immunological screening was performed,
which included complete blood count, measurement
of immunoglobulin (IgG, IgA, IgM and IgE) serum

diarrhea, a fungal infection in the mouth called oral levels wusing the nephelometry technique, and
thrush, pneumonia, skin rashes and FTT. JAK3 deficient lymphocyte counting, immunophenotype analysis
SCID patients usually live only into early childhood. The  using flow cytometry (CD3, CD4, CD8, CDI19 and
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Fig. 1 The diagram of JAK3 protein and mutations previously reported in its 7 JH domains. The mutation found in the current study is shown in a
box fall into JH2 domain
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CD16/56) and proliferation response of lymphocyte
to Phytohemagglutinin (PHA). Details of other
immunologic tests have been described previously [9].

Genetic evaluation and confirmatory sequencing

In order to identify the genes causing OS or SCID,
a DNA sample of the patient was sequenced in the
Macrogen company (South Korea) using WES on the
[lumina HiSeq platform and analysis was performed
based on the previously published pipeline [8]. The
pathogenicity of the identified disease attributable gene
variants was re-evaluated using the updated guideline
for interpretation of molecular sequencing by the
American College of Medical Genetics and Genomics
(ACMQ@), considering allele frequency in the population
database, computational data, immunologic/functional
data, familial segregation and parental data and clinical
phenotyping [8]. Polymerase chain reaction (PCR) and
Sanger-sequencing method was used on the patient’s
DNA sample (the primers sequences are available in
Additional file 1: Table S1) and those of the relatives.

TA-cloning and Quantitative Florescence Polymerase Chain
Reaction (QF-PCR)

T-A cloning of PCR fragments in the pGEM vector was
performed, as described previously [10], to evaluate the
probability of masaicism or microchimerism. We used E.
coli Topl0 as host cells, and tetracycline resistance and
ampicillin resistance as a selection marker, and vector
transformation marker, respectively. The recombinant
plasmids were extracted and sent to the Macrogen
company (South Korea) for Sanger sequencing (Fig. 1b,
more details are available in Additional file 2). In order
to determine the origin of the different lymphocyte lines
in the patient, we used QF-PCR assay for trisomy Short
Tandem Repeat (STR)-markers (Kawsar Biotechnology
company, Iran) on Applied Biosystem Genetic Analyzer
interpreted by using GeneMaper 4.1 software.

Results

The participant in our study included a 3-year-old
Caucasian girl born out of a first-degree consanguineous
marriage, with a history of diarrhea (without blood and
microbiologic tests failed to show specific pathogens
onset at age 3 months), FTT (weight drop down two
major percentile lines at age 6 months) and oral thrush
(at age 4 months, resolved with 1% clotrimazole
solution). The child had respiratory distress (chest X-ray
reported with nonspecific air bronchograms), wheezing,
erythroderma (diffused involving 50% of the body’s
surface with exfoliation and responded moderately to
immunosuppressive drug), alopecia and skin dryness.
There was no family history of SCID and she had
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an unaffected male sibling. She did not suffer from
lymphadenopathy, hepatosplenomegaly, pneumonia,
invasive infection, liver involvement, BCGosis and
eosinophilia. The pathological examination of the skin
biopsy at the age of 18 months revealed acute as well as
chronic inflammation extending from the upper to the
deep dermis (Fig. 2).

The patient’s white blood cell count was normal
with a slightly higher proportion of lymphocytes. The
percentage of lymphocyte subsets showed an increased
proportion of CD4+ T cells (Table 1). She was found to
have an immunoglobulin G (IgG) level of 332 mg/dL,
IgA 5 mg/dL, but a normal serum level of IgM and IgE
(87 mg/dL and 34.8 IU/mL, respectively).

Despite the normal count of T-cells, due to severity
of medical presentation, proliferation response of
lymphocyte to PHA was also tested and indicated a
functional cellular defect. The targeted sequencing
results related to OS associated genes (mainly in Iran due
to RAGI and RAG2 mutations) showed no pathogenic
variants. However, by using WES analysis followed by
confirmatory sequencing, we identified a homozygous
missense variant in JAK3 gene exon 17 (c.2324G>A,
p-R775H) in the patient while her parents were
heterozygous for the variant (Fig. 3a, Additional files 3, 4:
Table S2). The CADD score with minor allele frequencies
(MAF) for pathogenic JAK3 mutations in the proband
and other variants is presented in Fig. 4. This variant
affects protein kinase 1 domain presenting a very low
population allele frequency (3.9 x 107°). Pathogenicity
predictive scores (Table 2) indicated that this variant
was probably deleterious. According to the ACMG
variant classification guideline (https://www.acmg.net/),
this variant was assigned to pathogenic strong 2 (PS2)
category.

Fig. 2 Skin biopsy of
to severe lymphocytic and histiocytic infiltration in upper and also
hypodermis with vague granulomatous formation. Also granulation
inflammation with presence of acid fast bacilli is visible (Ziehl-
Neelsen staining)
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Table 1 Differential frequency of Lymphocytes and serum levels of immunoglobulins in the patient

Parameters Patient Normal range®
WCB (cell*10%/uL) 10.3° 5-17
Eosinophils % (count, cell/mL) 8.2 (851)° 0-1
Platelets, count, cells*10%/L 325° 150-400
Hemoglobin, g/dL 104° 115-140
Lymphocyte % (count, cell/mL) 787 (8169)° 50-70
CD3% (count, cell/mL) 935 (7643)° 56-75
CD4% (count, cell/mL) 86.4 (7063)° 28-47
CD4+ CD45RA+ CD45RO— (naive) % of helper T cells 59 11-53
CD4+ CD45RA-CD45RO+ (memory) % of helper T cells 28 31-74
CD4+ HLA-DR+ CD38— (activated) % of helper T cells 3 2-11
CD8% (count, cell/mL) 46 (382)° 16-30
CD8+ CD45RA+ CD45RO— (naive) % of cytotoxic T cells 75 27-69
CD8+ CD45RA-CD45RO+ (memory) % of cytotoxic T cells 15 12-50
CD8+ HLA-DR+ CD38— (activated) % of % of cytotoxic T cells 2 2-22
CD16% (count, cell/mL) 42 (343.0)° 4-17
CD19% (count, cell/mL) 405 (331)° 14-33
Lymphocyte proliferation responses to PHA 15 >0.3
Quantitative CD4+ PHA response (c/uL) 120° 170-3499
Quantitative CD8+ PHA response (c/uL) 25P 76-3640
IgG (mg/dL) 3320 295-1156
IgA (mg/dL) 50 27-246
IgM (mg/dL) 87° 37-184
Anti-tetanus (IU/mL) 0.05P >0.1
Anti-diphtheria (IU/mL) 0.01° >0.1
TRECs 10° 23-67

TRECs T-cell receptor excision circles, PHA phytohemagglutinin

2 The normal range of these quantities is derived from the http://www.palms.com.au

b Measured at age 10 months
¢ Measured at age 3 years

Interestingly, on visualization of the mutation region
in the WES bam file, we observed the presence of
wild type allele (G allele) suggesting the occurrence of
mosaicism or microchimerism with an approximate
frequency of 17% (Additional file 5: Figure S1). By
sequencing of 10 plasmids containing the mutation-
harboring fragments, we found one wild type allele (G
allele) and nine mutant alleles (A allele) with an allelic
ratio of 1 to 9 in the patient (Fig. 3b, Additional file 6:
Figure S2, Additional file 7: Figure S3). Finally, QF-PCR
results showed the presence of maternally originated
lymphocytes in the patient’s blood (Fig. 5). Overall,
the results of molecular analyses confirmed that
maternally originated cells caused chimerism or GVHD
and were responsible for the atypical SCID clinical
manifestations of the proband. Patient is a candidate
for Hematopoietic stem cell transplantation (HSCT)
but yet an appropriate donor could not be identified.

Discussion and conclusions

A commonly described abnormality in SCID patients is a
type of microchimerism named graft-versus host disease
(GVHD) caused by the prenatal or perinatal placental
transmission of maternal T lymphocytes and the failure
in SCID patients to recognize and reject foreign cells. By
means of sensitive methods, this microchimerism was
observed in up to 42% of healthy newborns’ cord blood
samples, and incidence of maternal engraftment was
reported in 24% to 40% of SCID patients. The maternal
engraftment manifestations may vary from severe or
mild GVHD to lack of this symptom. The basis of this
variability is poorly understood. The proliferative
properties of transfused maternal T cells may be
modified and suppressed in patients without GVHD
or with mild GVHD by regulatory mechanisms. In the
current study the patient had diarrhea, FTT, alopecia,
erythroderma, and did not suffer from lymphadenopathy,
hepatosplenomegaly and eosinophilia [3, 11].
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Fig. 3 a JAK3 gene Sanger sequencing result for the proband (A) shows homozygous genotype for mutant T allele, patient’s father (B) and her
mother (C) are heterozygous, and a normal person (D) that is homozygous for wild type C allele. b Sanger sequencing result of the plasmids
containing different JAK3 gene alleles, (A) Wild type C allele, (B) Mutant T allele

Engrafted T cells may be CD4 or CDS8, and, therefore,
peripheral blood lymphocyte count may be normal or
even elevated. Moreover, in the previous reports on SCID
patients with prominent skin GVHD, the underlying
variant was characterized by the absence of B cells. In the
current study, the number of T-CD3 and T-CD4 is high,
NK cells fall in normal range and B cells is only present in
low levels [3, 6, 12].

Differentiation between GVHD and OS is often difficult
in combined immunodeficiency with hypomorphic
mutations only based on clinical and immunological
phenotype [1]. Typical OS features can also be seen
in some cases of maternally induced GVHD. Thus,
some patients reported to have ‘Omenn’s syndrome’
may actually have had maternally-induced GVHD [13,
14]. In the current survey, the immunological and skin
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Table 2 Interpretation scores for the pathogenicity of p.R775H variant in JAK3 gene (neu: neutral; del: deleterious)

Software name Predict SNP  PhD-SNP Polyphen-1

Polyphen-2 SIFT

SNAP  Mutation taster prediction Pathogenicity (ACMG)

Score/prediction  72% del 61%del  74% del 81% del

79% del

72% del Disease causing Likely Pathogenic

biopsies results of the patient were consistent with both
GVHD and OS diseases. However, before confirmation
of the maternal engraftment, the patient was evaluated
based on the assumption that she was suffering from
OS. The presence of maternal cells in the patient’s blood
helped narrow the differential diagnosis in favor of
microchimerism or GVHD.

Since the engrafted T cells do not have functional
competence, the engraftment does not usually affect
the course of the disease. However, a SCID patient with
JAK3 deficiency surviving to the age of 8 years with

transplacentally acquired maternal T cells has been
reported [11], suggesting the effect of these cells on the
detectable immunologic functions. Our patient had
some manifestations of GVHD, but she survived to the
age of 4 years with normal levels of immunoglobulins.
These residual immunologic functions may be due to
maternally transferred T cells. The underlying cause
is probably the HLA compatibility of the mother and
the patient, due to parental consanguinity, which may
have played an important role in the T, B, and antigen
presenting cell collaboration. These data show that in rare
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cases, maternal engraftment may provide the required
immune competence and lead to prolonged survival in
the patients with SCID [11, 12].

Conventional techniques (e.g. Sanger sequencing),
which are widely used in molecular diagnosis, cannot
help to distinguish between haplotypes with different
origins and to detect low-frequency alleles while
massively parallel sequencing technologies provide now
the possibility to study mutations at an appropriate
level of resolution for detection of microchimerism and
mosaicism [15]. In the current study, the WES analysis
revealed the presence of microchimerism, PCR-cloning
identifies low-frequency JAK3 gene alleles [15, 16], and
STR profiling (ASN-0002) helps detect origin of different
cell lines in an SCID patient [17]. The results of these
assessments confirmed the presence of a wild-type
JAK3 gene allele from maternal T cells in a ~10-20%
population of the patient’s lymphocytes.

Other studies on at least 10 patients (particularly
with mutations in the protein kinase 1 domain and
normal T-cell subsets and NK cells) have also reported
pathogenic variants in JAK3 gene leading to atypical
SCID phenotypes because of the presence of maternal
cells in the patients’ blood and bone marrow [12, 18,
19]. However, GVHD was not reported in the patients
with hypomorphic mutations. Here we report a new
hypomorphic mutation in an SCID patient with GVHD
manifestation.

The next generation sequencing (NGS) Variant allele
frequency (VAF) score reports are slightly different
for the patients with microchimerism compared to
genetically homogeneous patients with autosomal
recessive/X-linked recessive mutations; therefore,
analysis in this situation requires a more precise
evaluation [20]. Special attention is to be paid to SCID
patients to ensure that heterozygous alleles reported due
to the misleading microchimerism status of the patients
are not ignored.

In conclusion, it has been postulated that maternal
T cells can prevent engraftment of bone marrow
transplants from non-maternal donors, chiefly when
HLA-haplocompatible T cell-depleted transplants are
used. Because engraftment is incomplete, in most cases
maternal cells fail to protect the host against infections.
It is noteworthy that the proportion of patients
presenting microchimerism with maternal lymphocytes
may, in fact, be higher than that reported. It will be
of interest to analyze SCID patients for detection of
maternal cells by the use of even sensitive molecular
techniques. Graft-versus-host disease due to maternal
engraftment should always be suspected in a neonate
with erythroderma.
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