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What is already known about this topic? Recessively inherited methylenetetrahydrofolate dehydrogenase 1 (MTHFD1)
deficiency has previously been described to present with a severe combined immunodeficiency.

What does this article add to our knowledge? Exome sequencing demonstrated MTHFD1 deficiency as a novel cause

of a combined immunodeficiency and folinic acid was established as precision therapy to reverse the clinical and labo-

How does this study impact current management guidelines? Early use of new molecular diagnostic techniques can
personalize treatment in managing unexplained immunodeficiencies and in some cases prevent the need for bone marrow
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BACKGROUND: Methylenetetrahydrofolate dehydrogenase
(MTHFDI) deficiency has recently been reported to cause a
folate-responsive syndrome displaying a phenotype that includes
megaloblastic anemia and severe combined immunodeficiency.
OBJECTIVE: To describe our investigative approach to the
molecular diagnosis and evaluation of immune dysfunction in a
family with MTHFDI deficiency.

METHODS: The methods used were exome sequencing and
analysis of variants in genes involved in the folate metabolic
pathway in a family with 2 affected siblings. Routine laboratory
and research data were analyzed to gain an in-depth under-
standing of innate, humoral, and cell-mediated immune function
before and after folinic acid supplementation.

RESULTS: Interrogation of exome data for concordant variants
between the siblings in the genes involved in folate metabolic
pathway identified a heterozygous mutation in exon 3 of the
MTHFDI gene that was shared with their mother. In view of
highly suggestive phenotype, we extended our bioinformatics
interrogation for structural variants in the MTHFDI gene by
manual evaluation of the exome data for sequence depth
coverage of all the exons. A deletion involving exon 13 that was
shared with their father was identified. Routine laboratory data
showed lymphopenia involving all subsets and poor response to
vaccines. In vitro analysis of dendritic cell and lymphocyte
function was comparable to that in healthy volunteers.
Treatment with folinic acid led to immune reconstitution,
enabling discontinuation of all prophylactic therapies.
CONCLUSIONS: Exome sequencing demonstrated MTHFDI
deficiency as a novel cause of a combined immunodeficiency.
Folinic acid was established as precision therapy to reverse the

clinical and laboratory phenotype of this primary
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PCP- Pneumocystic jirovecii pneumonia
SCID- Severe combined immunodeficiency
SVs- Structural variations

immunodeficiency. © 2016 American Academy of Allergy,
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Derivatives of folic acid play a critical role in cellular one-
carbon metabolism, acting as donors and recipients of one-
carbon units involved in synthesis and breakdown of amino
acids as well as in the synthesis of thymidine and purines.' C-1-
tetrahydrofolate synthase (C1-THF synthase) is a cytoplasmic
trifunctional enzyme essential for processing single carbon folate
derivatives, encoded by the gene methylenetetrahydrofolate de-
hydrogenase 1 (MTHFDI). Mutations in MTHFDI have pre-
viously been reported to cause a syndrome displaying
megaloblastic anemia, severe combined immunodeficiency
(SCID), mild mental retardation, and treatment-refractory epi-
lepsy that was responsive to metabolic supplementation.”” Four
further case reports,” 2 of whom died of overwhelming sepsis,
have extended the phenotype to include atypical hemolytic
uremic syndrome, microangiopathy, and retinopathy. We pre-
sent the long-term follow-up data of a family with 2 siblings who
carry novel compound heterozygous mutations in the MTHFDI
gene. Specifically, we have characterized the immune function in
more detail and documented the response in immune function to
folinic acid supplementation.

METHODS
Subjects

The subjects were 2 brothers born to a mother of Southeast Asian
and father of white origin managed in our specialist immunology

service for more than a decade. Consent for research investigations
was obtained (NHS Research Ethics 09/H502/4).

Exome sequencing

Exome enrichment was performed using the SureSelect Human
All Exon V4.0 kit (Agilent, Cheshire, UK) before sequencing on the
Ilumina HiSeq 2000 system. Following sequencing, data processing
was performed as previously described.’

PCR amplification

PCR was performed according to manufacturer instruction
using a Phusion high-fidelity PCR kit from Thermo Scientific
(Loughborough, UK). PCR conditions and primer sequences used
for amplification exons 3 and 13 are summarized in Table E1 in this
article’s Online Repository at www.jaci-inpractice.org.

RNA amplification

RNA was extracted from lithium heparin anticoagulated whole
blood using QIAamp RNA Blood Mini Kit (Qiagen, Manchester,
UK). A total of 200 ng of total RNA was reverse transcribed and
cDNA amplified using MTHFDI gene—specific primers ((DNAF
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and cDNAR) as per manufacturer instructions using SuperScript III
One-Step RT-PCR System (Life Technologies, Warrington, UK).

Flow cytometry

A 2-step staining process for surface and intracellular antigens was
performed according to manufacturer instructions using BD fix-perm
kit. Flow cytometry data were acquired on a BD FACS canto II flow
cytometer (BD Biosciences, Oxford, UK). At least 200,000 events
were collected for lymphocyte assays and 500,000 for dendritic cell
assays. Data were analyzed using FACS Diva software (BD
Biosciences), and gating strategy is illustrated in Figures E1 and E2 in
this article’s Online Repository at www.jaci-inpractice.org.

RESULTS
Clinical manifestations

The elder sibling (patient A) presented at age 4 months with
clinical and radiological features consistent with Preumocystic
Jjirovecii pneumonia. SCID was diagnosed on the basis of sus-
ceptibility to Preumocystic jirovecii pneumonia and severe lym-
phopenia involving all lymphoid subsets. Subsequent
investigations found no mutations in the genes known to cause
SCID at that time. Patient A remained free of significant in-
fections on immunoglobulin replacement, prophylactic cotri-
moxazole, and fluconazole. While on follow-up, he presented at
age 4 years with severe macrocytic anemia (hemoglobin level,
34 g/L) requiring transfusion that was confirmed to be megalo-
blastic on bone marrow examination. Although stem cell trans-
plant was considered in infancy, the lack of molecular diagnosis
and clinical stability on prophylactic treatment persuaded the
clinicians to delay this procedure indefinitely.

The younger sibling (patient B) was investigated at birth and
found to have severe lymphopenia similar to his brother. He was
given prophylactic cotrimoxazole and fluconazole. Immunoglob-
ulin replacement was delayed to establish a better assessment of
humoral immune function by vaccination. B was given the UK
immunization schedule primary course of inactivated vaccines
between age 2 and 5 months. Assessment of vaccine-specific
immunoglobulin response showed that he responded to protein
(tetanus toxoid) but not conjugated polysaccharide (Haemophilus
influenzae type B) vaccines (see Table E5 in this article’s Online
Repository at www.jaci-inpractice.org). Regular antibacterial
(azithromycin) prophylaxis was added to his treatment regimen in
view of poor humoral response to vaccines. Despite this, he was
hospitalized with pneumococcal septic arthritis at age 9 months
after which immunoglobulin replacement was commenced. He
remained susceptible to pyogenic bacterial infections, with further
hospitalizations at 19 months (pneumonia), 22 months (peri-
orbital cellulitis), and 24 months (pneumococcal bacteremia). He
also developed severe episodes of megaloblastic anemia during the
course of his hospitalization with septic arthritis at 9 months and
pneumonia at age 19 months.

Retrospective review of both patients’ RBC indices revealed a
persistent macrocytosis from young infancy (Figure 1). A detailed
chronology of clinical manifestations is presented in this article’s
Online Repository at www.jaci-inpractice.org (see case
description in this article’s Online Repository at www.jaci-
inpractice.org).

Immunological phenotype
Both patients have had severe persistent lymphopenia
involving all lymphoid subsets (see Tables E2 and E3 in this
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FIGURE 1. Response to folinic acid treatment in patients A and B. Both brothers received parenteral folinic acid treatment for 2 weeks
at the time point indicated by the first arrow and regular enteral supplement from the time point indicated by the second arrow.
FL, femtoliter; Hb, hemoglobin; MCV, mean corpuscular volume; TREC, T-cell receptor excision circle.

article’s Online Repository at www.jaci-inpractice.org). Both
have had persistently low thymic output of T cells as measured
by T-cell receptor excision circles (Figure 1). T-lymphocyte
subsets and T-cell receptor repertoire were normally distributed

(data not shown). Lymphocyte proliferation to polyclonal
(phytohemagglutinin) and T-lymphocyte—specific (anti-CD3
and 28) stimuli have repeatedly been comparable to healthy
controls (data not shown).
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Both patients had low immunoglobulin levels involving all
isotypes  before immunoglobulin  replacement  therapy
(Figure 1; also see Tables E4 and E5 in this article’s Online
Repository at www.jaci-inpractice.org). Patient A did not
complete his primary course of vaccines in infancy before
immunoglobulin replacement therapy. Patient B showed
defective response to conjugated polysaccharide vaccines in
infancy (see Table E5).

Subsequent to establishing the molecular diagnosis, we un-
dertook further in vitro assays to assess T-lymphocyte function.
These demonstrated normal T- lymphocyte activation, cytokine
production, and terminal differentiation. Taken together, these
data suggested that although T-lymphocyte numbers were low,
T-cell function was normal (see Figure E2, A-C). In addition,
assessments of antigen-presenting cells including monocytes and
myeloid and plasmacytoid dendritic cells were comparable to
healthy controls (see Figure E1, B).

Response to folinic acid treatment

A presumed diagnosis of a defect in the folate metabolic
pathway was made and both siblings were empirically treated
with regular folinic acid supplement. As shown in Figure 1, the
mean corpuscular volume normalized within weeks of supple-
mentation. There have been no further episodes of anemia. In
the first months of therapy, there was a partial reconstitution of
the lymphocyte compartment, with absolute lymphocyte and all
subsets returning to lower limits of normal for age (see Tables E2
and E3). The CD4+ T-cell receptor excision circle count
improved 10-fold in both patients (Figure 1). IgM (Figure 1) and
IgA (see Tables E4 and E5) levels also improved to normal levels
over months, suggesting a reconstitution of the humoral
compartment. Immunoglobulin supplements were discontinued,
and both patients have maintained normal levels of all isotypes
during the subsequent 4 years of follow-up (see Tables E4 and
E5). They have both been reimmunized and have responded well
to both protein and conjugate vaccines (see Tables E4 and E5).
Both patients have remained free of significant infections without
prophylactic antibiotics or immunoglobulin replacement for 8
years since starting folinic acid therapy.

Exome analysis

Suspecting a defect in folate metabolism without a single
candidate gene, we undertook whole-exome sequencing to analyze
multiple gene variants.” Interrogation of variants within genes
involved in folic acid metabolism (GO:0046655") for which the
brothers were concordant identified a maternally inherited novel
point mutation in exon 3, heterozygous T- to -C transition atc.152
position (c.152T>C; NM_005956.3), that would lead to a sub-
stitution of a conserved amino acid (p.Leu51Pro). This amino acid
is situated within the methylenetetrahydrofolate dehydrogenase/
cyclohydrogenase domain of C1-THF synthase and the amino acid
substitution is predicted to adversely impact protein function. The
base within the Leu-51 residue is well conserved evolutionarily,
with a Genomic Evolutionary Rate Profiling (GERP)++- score of
3.2.8 Leu-51 is located within an ¢t-helix, with the adjacent Tyr-52
and the proximal Lys-56 involved in substrate binding within the
dehydrogenase/cyclohydrolase active site.” Proline residues are
well documented to distort o-helices. The lack of an amide proton,
coupled with the conformational rigidity of the cyclic residue,
canonically results in an approximately 30° bend in the helix'”’ and
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the identified L51P mutation would be expected to distort this
0-helix, reducing the affinity of the active site for the substrates.
In the previous report of C1-THF synthase deficiency, the
heterozygous parents were reported to be asympromatic.”
Structural variations (SVs) that are also important for Mende-
lian disease are not easily detected using an exome approach.''
Most exome studies conducted so far on specific diseases focus
on single-nucleotide variants, rather than SVs such as insertion/
deletion variants.'” This is because insertion/deletion bioinfor-
matics analysis methodologies are still being refined. Read depth
and split reads provide a clue to structural variants within exome
data.”® Therefore, we extended our bioinformatic interrogation
of the MTHFDI gene by manually examining sequencing depth
coverage of the raw alignments in affected brothers compared
with an unrelated individual concurrently sequenced. For exons
with apparent reduced coverage, read depth was enumerated,
normalized according to total aligned reads for the sample, and
assessed statistically (1-tailed # test) alongside 13 unrelated sam-
ples from the same sequencing batch processed identically
(Figure 2, B). This process identified a paternally inherited
deletion encompassing exon 13 in both brothers (Figure 2, C).

Confirmation of mutation by Sanger sequencing

PCR amplification and Sanger sequencing using primers
(primers EX3F and EX3R; see Table E1) confirmed that the
novel point mutation in exon 3 was present in both patients and
the mother but not the father (Figure 2, D).

Identification by traditional sequencing of the breakpoints of
exon deletions suspected on the basis of read depth coverage in
the exome data can be arduous as the breakpoints are likely to be
located in the intronic regions upstream and downstream of the
identified exon, which may span many thousands of base pairs
(bps). However, we noted that in the read pile up of our patients,
there were anomalous read pairs spanning over 2000 bps
(Figure 2, C). Primers were designed (Ex13LF and EX13LR; see
Table E1) to encompass this region. The predicted PCR product
size in the reference template is 2350 bps (see Figure E4, 4, in
this article’s Online Repository at www.jaci-inpractice.org). PCR
amplification of this region revealed an expected 2350-bps
product in the mother but only a 600-bps product in the pa-
tients, confirming a deletion involving exon 13 (Figure 2, E). We
were subsequently able to delineate the breakpoints accurately by
Sanger sequencing of the above PCR products from the mother
and patients (see Figure E3, 4 and B, in this article’s Online
Repository at www.jaci-inpractice.org). We were also able to
confirm the heterozygous state for deletion of exon 13 in the
patients by allele-specific PCR (see Figure E4, A and B). Further
analysis revealed that the deletion boundaries were within ho-
mologous positions of flanking, parallel, AluS repeats (see
Figure E5, A and B, in this article’s Online Repository at www.
jaci-inpractice.org), previously observed as a pathogenic muta-
tional mechanism in other genes, such as in BRCAI'* For
interested readers, further discussion is provided in this article’s
Online Repository at www.jaci-inpractice.org.

Allelic expression at the mRNA level

The deletion of exon 13 is predicted to introduce a premature
stop codon resulting in a truncated protein of 422 amino acids.
The nonsense-mediated decay pathway exists in eukaryotic cells
to ensure fidelity of transcription and prevent translation of
truncated proteins with potentially deleterious gain-of-function


http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org

1164 RAMAKRISHNAN ET AL

J ALLERGY CLIN IMMUNOL PRACT
NOVEMBER/DECEMBER 2016

A WT/Ex13 del
-+

WT /c152T>C B

< ) 1.5

Il 2 8
1.0 Blg=l= - Status
§ ™ - Case
§ Control
P .
. E )
Patient A Patient B
11 12 13 0.0
(o2 o - (\ e '7 v <©o ~
<
g8 § § § § § §&§ § §
w - - - - x - x 4
w w w w w w w w
c152T>C / Ex13 del Exon
c p12 pll2  plll _qll2 q12 q13.1 q21.1  q21.2 q22.1 _q22.3 q23.2  q24.1 q243  q31.1 q31.3 q32.12 322 q32.32
[ o |
chr14 e
== 2,469 bp
64,895,200 bp 64,895,400 bp 64,895,600 bp 64,895,800 bp 64,896,000 bp 64,896,200 bp 64,896,400 bp 64,896,600 bp 64,896,800 bp 64,897,000 bp 64,897,200 bp 64,897,400 bp
| | | | | | | | | | | | | | | | | | | | | | | |
L
Gene structure MTHED1 Exon 13
[0-100]
Control depth
i
[0-100]
Case depth
i I I
PCR amplicon 1,745 bp deletion
Case read pileup 4 |
|

FIGURE 2. Molecular diagnosis. Where not shown, patient A’s results were representative of patient B. A, Pedigree showing affectation
with disease. Black fill, affected; 4+, whole-exome sequenced. B, Depth of coverage for exons in MTHFD1 in 13 control samples and the 3
cases, indicating an exon 13 deletion in the 3 whole-exome—sequenced family members (P = .00019 for depth between cases and
controls). C, Summary of evidence for exon 13 deletion in NGS data. Chromosomal location is indicated on karyogram, expanded below
into coordinates. Read depth in representative case (patient A) is shown, alongside a representative unrelated control sample from the
same batch. It can be seen that read depth in our case is approximately half that of the control. Furthermore, in the case read pileup, an
anomalous excessive read pair span can be seen (highlighted in red). Read pairs are derived from opposing ends of a single contiguous
fragment of DNA. Presuming that the DNA fragment sequenced falls within the expected length range (representative reads pairs can be
seen in pileup in gray), and that the reads are aligned to the reference genome correctly, the extended apparent read pair span would
indicate a deletion within the encompassed genomic region. As such, PCR primers were designed flanking the anomalous read pair. Upon
Sanger sequencing of the resultant amplicon, a 1745-bps deletion was observed. D, Sanger sequencing of MTHFD1 exon 3 showing
c.T152C:p.L51P, which is present in both brothers and the mother but not the father. E, Sequencing of MTHFD1 gene yielded the ex-
pected PCR product of 2350 bps in the mother (lane 5) and a PCR product of around 600 bps in the patients and the father (lane 2-4). F,
Sanger sequencing of gDNA and cDNA of patient A revealed the presence of the 2 alleles at the genomic level but the expression of only
the mother’s allele at the cDNA level. NGS, Next-generation sequencing; W7, wild-type.

. . P 15 .
or dominant-negative activity. ~ We hypothesized that the

expression of the maternal and paternal allele.'” MTHFDI
deletion of EX13 would target the mRNA from paternal allele

cDNA was amplified using gene-specific primers covering the

(with a premature stop codon), for nonsense-mediated decay.'®
Allelic expression of the MTHFDI gene was undertaken using
the point mutation in the exon 3 to analyze the relative

point mutation in the EX3 (inherited from their mother). As
shown in Figure 2, F, the mRNA from the paternal allele was
almost extinct, confirming our hypothesis.
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DISCUSSION

Patients A and B carry compound heterozygous mutations
consistent with autosomal-recessive inheritance (Figure 2, A),
L51P inherited from their mother and deletion of exon 13
inherited from their father. /n silico analysis of mutant L51P
predicts an adverse impact on the function of the protein. A
mutation in the vicinity (S49F) has recently been shown to be
significantly less functional in biochemical studies.” Allelic
expression data are consistent with the deletion of exon 13
producing haploinsufficiency. The partial response to folinic acid
therapy is consistent with a residual functioning enzyme as
previously described.”

MTHFDI mutations cause highly variable clinical pheno-
types, with megaloblastic anemia being the only consistent
feature.”” This is likely the result of variable degree of residual
enzyme function, but the limited number of patients currently
reported makes it impossible to draw conclusions regarding ge-
notype to phenotype correlation. Clinical manifestations
described in a smaller proportion of patients include severe im-
munodeficiency, hemolytic uremic syndrome, mild mental
retardation, epilepsy, and retinopathy. Severe immunodeficiency
has been reported in 3 of 5 patients and was the most likely cause
of mortality in 2 of the patients. Macrocytosis, lymphopenia
involving all subsets, and low T-cell receptor excision circles
(Figure 1) were present from infancy in the patients reported
here and may be a clue to the need to investigate folate metabolic
pathways. MTHFD1 deficiency should be considered in the
etiology of megaloblastic anemia, where there are normal levels of
vitamin Bj, and folate, and in Combined Immunodeficiency
(CID), where there is macrocytosis.

We have characterized the immune function in our kindred
that delineate the immune function in MTHFDI deficiency.
The antigen-presenting cells in the peripheral blood were present

in normal numbers and responded to Toll-like receptor ligands
in a comparable fashion to controls (data not shown). Both cell-
mediated immunity and humoral immunity were defective in
our patients. The clinical improvement in susceptibility to in-
fections, partial reconstitution of cell numbers, and improvement
in both overall immunoglobulin levels and vaccine responses
suggest that the immunodeficiency caused by this condition can
be reversed to a large extent with folinic acid treatment.

The major limitation of exome sequencing is the inability to
comprehensively represent genomic SVs such as deletions,
inversions, or duplications."' Many groups have designed algo-
rithms that use a read depth or read pair—based approach for
predicting structural variation. However, these approaches are not
very efficient at identifying SVs with exome data because of the
discontinuous nature of the data, with only approximately 1% of
the genome having significant read coverage."” Our approach was
successful in identifying the exon 13 deletion due to strong clinical
suspicion. Although it may not be possible to detect all forms of
SVs, we have demonstrated the possibility of analyzing specific
genes using read depth, split reads, and read pairs to provide clues
to structural variants. Where improved detection of structural
variants is required, whole-genome sequencing should be used.

The importance of establishing a definitive molecular diag-
nosis in children with primary immunodeficiency cannot be
overemphasized. Both patients were considered to have SCID
and were on the bone marrow transplant list for the first few
years of life. Knowledge of the specific molecular diagnosis has
led to the identification of a precision treatment in the form of
life-long folinic acid supplementation. Other prophylactic ther-
apies have been able to be discontinued. The responsiveness of
this disorder to folinic acid supplementation emphasizes the
importance of precision diagnostics in the diagnosis of primary
immunodeficiency before the consideration of stem cell
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transplantation, and to stratify appropriate treatment modalities
to reduce risk and improve outcomes. Clinical exome
sequencing, even in single families, is a powerful adjunct to the
investigation of metabolic pathways that may lead to distinctive
immunodeficiency disorders.
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APPENDIX

Case Description

The first child (patient A) presented at age 4 months with a 2-
week history of breathlessness, poor feeding, and weight loss. His
chest X-ray was consistent with Preumocystis Jirovecii pneumonia
(PCP), which was confirmed on bronchoalveolar lavage. He
was suspected to have SCID on the basis of lymphopenia
(0.9 x 10°/L), which involved all the lymphoid subsets. HIV
tests were negative, and extensive investigations excluded all
known SCID gene defects. Although he had T lymphopenia, he
had normal distribution of subsets, T-cell-receptor repertoire,
and his proliferation to PHA was comparable to control. A
diagnosis of undefined SCID was made and he was listed for a
hematopoietic stem cell transplant (HSCT). After his recovery
from PCP, he was discharged home on cotrimoxazole, flucona-
zole, and subcutaneous immunoglobulin, awaiting a matched
donor. Patient A was born to a South Asian mother and white
father at 3646 weeks’ gestation. His elder sister was reported to
be healthy and there was no significant family history of im-
munodeficiency or metabolic disorders. The mother was known
to carry hepatitis B virus. At age 2 months, he was found to be
anemic despite apparently thriving normally. Investigation for
hemolytic anemia was negative and symptoms resolved with
folate and iron supplements for 2 weeks. HSCT was postponed
despite finding a well-matched unrelated donor, as he remained
clinically well with an improving immunological picture.
Although he did not suffer significant infections, he remained
lymphopenic and the evolving hypogammaglobulinemia led to
reconsideration of HSCT. In the interim, his mother became
pregnant and HSCT was postponed in view of his progress, the
lack of ongoing opportunistic infections, and a potential for
getting a better donor match when the sibling was born.

His brother (patient B) was born when his elder sibling was 18
months old and displayed similar lymphopenia to his elder pa-
tient. He was started on fluconazole and cotrimoxazole pro-
phylaxis soon after diagnosis, but intravenous immunoglobulin
was withheld to try to establish better immunological assessment.
He was immunized with inactivated vaccines between age 2 and
5 months according to the UK infant immunization program.
His immunoglobulin levels dropped below normal limits by the
age of 6 months and although he responded to tetanus he did not
respond to conjugated HiB vaccine (Table E5) and he was
therefore started on azithromycin prophylaxis at age 6 months.
Subsequently, he presented at age 9 months with septic arthritis
of his left hip. Blood culture and joint aspiration pus identified
Streprococcus pneumoniae. While patient B was still hospitalized,
patient A presented with a 1-week history of pallor and was
found to be severely anemic (hemoglobin, 34 g/L). Bone marrow
examination showed a marked megaloblastic picture. RBC folate
and vitamin B;, levels were within normal limits; therefore,
cotrimoxazole was considered to be a potential cause. Patient B
also became anemic during the course of his septic arthritis
treatment (hemoglobin, 6.4 g/dL). Bone marrow examination
performed at this time showed a megaloblastic picture and
cotrimoxazole was discontinued. Both boys were treated with a
2-week course of parenteral vitamin By, and calcium folinate.
Patient A was started on pentamidine nebulizers for PCP pro-
phylaxis. Because of parental concern regarding medicalization
and therapy safety, patient B was not given any PCP prophylaxis.
Patient B was started on subcutaneous immunoglobulin therapy
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at age 10 months. Despite this, patient B suffered further pyo-
genic infections that included pneumonia (organism not isolated)
at age 19 months, periorbital cellulitis at age 22 months, and
pneumococcal bacteremia at age 24 months. The infection at age
19 months was accompanied by a further episode of megalo-
blastic anemia.

Immunological evaluations revealed that both patients were
lymphopenic for all subsets throughout their follow-up (see
Tables E2 and E3). Both patients had low IgM levels while on
immunoglobulin replacement therapy, suggestive of antibody
deficiency. Patient A was not immunized in infancy, whereas
patient B was vaccinated with inactive vaccines and showed
adequate tetanus titers but did not develop protective HiB titers
(Table E5).

T-cell subsets expressed memory markers in a pattern similar
to healthy controls (data shown in main article). T-cell subsets
expressed activation marker CDG69 in response to T-cell-recep-
tor—specific stimuli (data shown in main article). T-helper subset
enumeration showed comparable numbers of Tyl and Tyl7
development (data shown in main article). Both siblings
continued to have normal T-cell proliferation, but their T-cell
receptor excision circle counts remained low, suggestive of low
thymic output. Following the initiation of calcium folinate
supplementation, both patients have remained free of infections
and have mounted protective vaccine responses following the
cessation of immunoglobulin replacement therapy (Tables E4
and E5). Both patients are in regular schools with no disabil-
ities identified. Both had normal magnetic resonance imaging
brain and plasma/cerebrospinal fluid folate studies before regular
folinic acid supplements were started. Following their successful
treatment and identification of the molecular cause, the family
has been informed that HSCT is no longer a therapeutic
consideration.

Immunological Experiments

Methods

Cell culture. Lithium heparin anticoagulated blood samples
were obtained from the patients and experiments were set up
within 4 hours of sampling. Whole blood was diluted 1:1 with
RPMI + 2 mM glutamine and cultured with ligands at 37° and
5% CO, for 6-hour durations. Ligands used to stimulate specific
population of cells at final concentrations were soluble anti-CD3
(clone: OKT3) + anti-CD28 (clone: CD28.6) (10 pg/mL each);
PHA (10 pg/mL; Sigma-Aldrich, Poole, UK); phorbol myristate
acetate (50 Mg/mL; Sigma-Aldrich) + ionomycin (0.5 pg/mL;
Sigma-Aldrich), and R848 (5 pg/mL; Invivogen, Toulouse,
France). Brefeldin A (10 pg/mL) was added after the first hour
of culture to inhibit protein secretion for assays measuring
intracellular cytokines. For cytokine measurement, supernatants
were harvested immediately at the end of cell culture and stored
at —20°C until analysis by multiplexed particle-based flow
cytometry assay on a Luminex analyzer (Bio-Plex, Bio-Rad,
Hertfordshire, UK). Samples from healthy volunteers were set
up in parallel as positive controls.

Flow cytometry. The following flurochrome-tagged
antihuman mAbs were obtained from BD Biosciences (Oxford,
UK): anti-CDG69 (catalog no. 555531), anti-CD45RA (catalog
no. 555488), anti-CD8 (catalog no. 555369), ant-CDG62L
(catalog no. 559772), anti-CD3 (catalog no. 3010928),
anti—TNF-0 (catalog no. 559321), anti-CD123 (catalog no.
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560087), anti-CD19 (catalog no. 339190), anti-CD14 (catalog
no. 560180), ant-CD11c (catalog no. 560370), anti—HLA-
DR (catalog no. 347402), anti—IFN-Y (catalog no. 560741),
and anti-CD4 (catalog no. 560251). Antihuman IFN-a (PBL
interferon source; 21112-3) and IL-17 (Ebiosciences, Cheshire,
UK; 11071-79-71) were obtained from other sources. A 2-step
staining process for surface and intracellular antigens was
performed according to manufacturer instructions using BD
fix-perm kit. Flow cytometry data were acquired on a BD
FACS canto II flow cytometer. At least 200,000 events were
collected for lymphocyte assays and 500,000 for dendritic cell
assays. Data were analyzed using FACS Diva software and
gating strategy is illustrated in Figure E1, 4 and B."""*

Results. In vitro stimulation of PBMCs with T-lymphocy-
te—specific stimuli led to T- cell subset expression of activation
marker CD69 (Figure E2, A) and IL-2 (Figure E2, B) comparable
to control. We analyzed the terminal differentiation of CD4+ T
lymphocytes by enumeration of the Tyl (IFN-Y producing)
and Ty17 (IL-17 producing) subsets in the patients. As shown
in Figure E2, C, Tyl and Ty17 development was similar to a
control and within normal laboratory limits (data not shown).
Similarly, CD8+ and CD4— CD8— (double-negative) T
lymphocytes produced IFN-Y comparably to a healthy control
on mitogen stimulation (Figure E2, C). T-cell subsets expressed
memory markers in a similar pattern to healthy controls
(Figure E2, D). Taken together, these data suggest that although
T-lymphocyte numbers were low, T-cell function was normal.

Methods: Allele-specific PCR

In a heterozygous state with 1 allele carrying a deletion,
PCR products of 2 sizes are anticipated. We were unable to
demonstrate the undeleted allele in the patients with
primers EXI13LF and EXI3LR despite varying PCR condi-
tions. To demonstrate the heterozygous state in the patients,
we used allele-specific primer (EX13SF) that is predicted to
anneal to the deleted region. We set the PCR conditions to
exclude the longer product (2350 bps) by limiting the
extension time. As shown in Figure E4, A, the PCR product
from the primers EX13SF and EX13LR is possible only from
the undeleted allele and is predicted to be around 1500 bps.
With extension time limited to exclude the 2350-bps product,
PCR product (from EX13LF and EXI3LR) is possible only
from the allele carrying exon 13 deletion and is expected to be
of 600-bps size. As shown in Figure E4, B, analysis by agarose
gel electrophoresis of PCR products from patient A and the
mother shows a heterozygous state for EX13 deletion in the
patient.
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TABLE E1. Primer sequences used in this study

Primers (5’ to 3')

EX3F ATGGCAGCAGAAATCCCACAT
EX3R AAAAACTCACGGGCAAACCAG
EX13LF GAGTTAGCTTTCTCTGCTTGGT
EXI13LR GTGTGTTGGTGCTTCCCGAT
EX13SF GCACTGATAATGTGGTAACCTGG
cDNAF ATCTCCGCGCAAATAAGGGC
cDNAR CACATCCTTCTCGGGTGCAA

AlusS repeats as the mechanism for exon 13 deletion

Following breakpoint identification, further analysis revealed
that the deletion boundaries around exon 13 were within ho-
mologous positions of flanking, parallel, AluS repeats (Figure E5, 4
and B). Alu elements are short interspersed elements of approxi-
mately 300 bp in length and derive their name from a single
recognition site for the restriction enzyme Alul located near the
middle of the Alu element. Alu elements have amplified in primate
genomes through a RNA-dependent mechanism termed retro-
position and human chromosomes contain about 1,000,000 Alu
copies, which equal 10% of the total genome.""™* Alu elements
continue to amplify at a rate of 1 in 200 births and insertion of Alu
elements contributes to approximately 0.1% of human genetic
disorders. In addition to disease caused by insertion of Alu ele-
ments, their dispersion throughout the genome provides ample
opportunity for unequal homologous recombination, which can
lead to deletion or insertion mutations and most often occur
intrachromosomally.F‘:3 As illustrated (Figure E5, A and B), these
nearby low-complexity sequence regions likely permitted replica-
tion slippage to occur, excising the 1745-bp region; this has been
previously observed as a pathogenic mutational mechanism in
other genes, such as in BRCA.®
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TABLE E2. T, B-, and NK-cell count (patient A)

Lymphocytes CD3+ absolute CD3+ CD4+ absolute CD3+ CD8+ absolute CD19+ absolute NK-cell absolute

Age (mo) (10 x 9/L) nos. (10 x 9/L) nos. (10 x 9/L) nos. (10 x 9/L) nos. (10 X 9/L) nos. (10 x 9/L)
4 1 0.23 0.19 0.05 0.69 0.07

6 1.8 0.27 0.2 0.07 0.99 0.29
17 23 0.81 0.53 0.21 0.87 0.58
28 0.7 0.57 0.37 0.17 0.09 0.02
29 1.7 0.78 0.46 0.27 0.53 0.32
31 1.3 0.66 0.38 0.21 0.43 0.18
39 0.9 0.62 0.38 0.21 0.25 0.03
47 1.2 0.53 0.36 0.17 0.4 0.24
51 1.1 0.47 0.3 0.15 0.3 0.25
52 1.6 0.72 0.46 0.21 0.58 0.27
66 1.3 0.72 0.34 0.21 0.26 0.27
72 1.5 0.9 0.53 0.29 0.32 0.24
78 1.4 0.85 0.52 0.24 0.32 0.18
Reference range 1.5-4.0 0.7-4.2 0.3-2.0 0.3-1.8 0.2-1.6 0.09-0.9

NK, Natural killer.

TABLE E3. T, B-, and NK-cell count (patient B)

Lymphocytes CD3+ve absolute CD3+ve CD4+ve absolute CD3+ve CD8+ve absolute CD19+ve absolute NK-cell absolute

Age (mo) (10 x 9/L) nos. (10 x 9/L) nos. (10 x 9/L) nos. (10 x 9/L) nos. (10 x 9/L) nos. (10 x 9/L)
10 1.1 0.84 0.69 0.13 0.24 0.01

12 2.6 1.69 0.88 0.78 0.47 0.36

14 1.9 1.12 0.7 0.4 0.57 0.19

30 1.9 0.95 0.67 0.25 0.55 0.36

34 3.1 1.61 1.09 0.43 0.68 0.71

49 24 1.18 0.65 0.36 0.46 0.7

54 35 1.65 0.95 0.6 0.56 1.16

60 3 1.65 0.93 0.57 0.66 0.66

Reference range 1.5-4.0 0.7-4.2 0.3-2.0 0.3-1.8 0.2-1.6 0.09-0.9




TABLE E4. Immunoglobulin levels and vaccine responses in patient A

ve'99LlL

IV 13 NVNHSIEIVINVY

Immunoglobulin levels and Age (mo)
vaccine responses 4 5 21 42 47 58 63 68-70 72 90 102
IgG (g/L) Two doses DTP, 1.5% IVIG replacement 9.1 Folinic acid 10.1 9 IVIG Three doses DTP/IPV/HiB; 7.3 82 8.1
OPV, Men C started supplements started; discontinued 1 dose Prevanar 13/Men C
IVIG continued

IgA (g/L) 0.1* 0.4* 1.2 1.2 1.5 1.2 1.4
IgM (g/L) 4+ 0.1°* 0.3%  0.4* 0.9 0.7 0.6
Tetanus IgG total (IU/mL) 0.04 >4
Hemophilus b antibody (ptg/mL) 0.1* >10
Pneumococcal antibody (pg/mL)

Serotype 14 2.8

Serotype 18C 1.96

Serotype 19F 5.53

Serotype 23F 2.94

Serotype 4 0.89

Serotype 9V >3.45

Serotype p6B 3.48
DTP, Diphtheria, Tetanus, and Pertussis; OPV, oral polio vaccine; Men C, Meningitis C; IVIG, intravenous immunoglobulin therapy.
*Levels below the local laboratory reference range for age.
FLevels above local laboratory reference range for age.
TABLE E5. Immunoglobulin levels and vaccine responses in patient B
Immunoglobulin levels Age (mo)
and vaccine responses 6 10 14 27 37 45 51-53 54 67 85
IgG (g/L) Three doses DTP, P IVIG replacement  10.8 Folinic acid 9.2 IVIG Three doses DTP/IPV/HiB; 9.4 7.8 8

IPV, Men C started supplements started; discontinued 1 dose Prevanar 13/Men C
IVIG continued

IgA (g/L) 0.37* 1.3 0.9 1.6 1.1 1.1
IgM (g/L) 0.4* 0.4* 0.2% 1.2 1 0.6
Tetanus IgG total (IU/mL) 0.08 >4
Hemophilus b antibody (plg/mL) <0.15% >10
Pneumococcal antibody (pg/mL)

Serotype 14 1.76

Serotype 18C 0.84

Serotype 19F 0.78

Serotype 23F 0.35

Serotype 4 0.42

Serotype 9V 0.67

Serotype p6B 0.63

DTP, Diphtheria, Tetanus, and Pertussis; OPV, oral polio vaccine; Men C, Meningitis C; IVIG, intravenous immunoglobulin therapy.
*Levels below the local laboratory reference range for age.

9102 Y39N3D3A/43TNIAON
10vdd TONNINIAIL NITO ADHITIV



J ALLERGY CLIN IMMUNOL PRACT
VOLUME 4, NUMBER 6

0 3
w .
w -
-llll‘[lllllllll]"l'l'lll
—’
FSC

All Events

sscC

HLA-DR

SsC

cD14

TR FEETHE ETETE ETE N SN E |

HLA DR+VE

MONOCYTE|

B CELLS

cD19

cD8

cb11c

RAMAKRISHNAN ETAL  1166.e5

E
E
3 l”l"l T Illllll] T lllll‘ -.:l l’l"lll] T
—
cD4
?DC
mDC

cD123

FIGURE E1. Gating strategy. A, Lymphocyte subsets. B, Antigen-presenting cells. Monocytes: HLA DR+ CD14+; Myeloid DC: HLA DR+
CD14— CD19- CD11¢c+ CD123—; Plasmacytoid DC: HLA DR+ CD14— CD19— CD11c— CD123+. DC, Dendritic cell; FSC, forward
scatter; mDC, myeloid DC; pDC, plasmacytoid DC; SSC, side scatter.



1166.e6 RAMAKRISHNAN ET AL

J ALLERGY CLIN IMMUNOL PRACT

NOVEMBER/DECEMBER 2016

A CD4+ T cells CD8+ T cells CD4-CD8- T cells
_ 0.2% _ 1.6% _ 4%
2 E E o
3 ] ] <]
' e e 3 z
§ - - z
] ] ] o
- - p w
= . = d
3 ] 3 =
T | Ll ] LI IIIII'I'I LA llll‘l’l TT II"ITI T i Lk TIr lIIII'I TIT l"l'l] TT IIIII'II T i | LA | LI II"IT[ T lll"l’l’l LI l"ll’l’[ T
46.6%
(2]
<]
=
2
=
(2]
2 2
@ S
@
— 55.9% — 49.8% - 44.8%
b = 3 B
3 x . 2
2 ] 3 >
- = . >
: : : £l
3 3 3 o
4 - i o
] = ] ¢
] ] = &
| I I} | TT |HIII'| TT IIIIHI LI IIIIIII | || TTT IIIII'I TT IIIII'II TT Illllll T i | M | TT lIIIII'I TT IIIII'II TT IIIIII] T
CD69
B IL-2
60000+
30000+ g8 NOSTIM
i § —_ = =
_ 1000-r ANTICD3+CD28
£ H PMA+IONO
- 800+
=2
Q. 600 =
400 — =
200+ = =
c — —
g AP
oé «\Q’ «\Q’
&) s

FIGURE E2. /n vitro functional assessment of T lymphocytes and antigen-presenting cells. Patient A’s responses were representative of
patient B’s responses where data are not shown. A, Patient A’s T-lymphocyte subsets expressed activation marker CD69 comparably to a
healthy control (CON). B, IL-2 production was comparable to a healthy control. C, Cytokine (IFN-y and IL-17) production by T-lymphocyte
subsets was comparable to a healthy control (CON). D, Memory phenotyping of T-lymphocyte subsets was comparable to a healthy
control (CON). /ONO, lonomycin; PAT, patient; PMA, phorbol 12-myristate 13-acetate; SSC, side scatter; ST/M, stimulation.
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A
Homo sapiens methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1,

methenyltetrahydrofolate cyclohydrolase, formyltetrahydrofolate synthetase (MTHFD1),
RefSeqGene on chromosome 14
NCBI Reference Sequence: NG_012450.1

GenBank  FASTA
JOTOUOTRN 1 SOUO L TV L TN . OO . LSOO . LIPS . LSO .. LS L LU . LS LSOO . LW L LU .
500 |45 K 45,500 |46 K 46 500 M7 K 47 500 M8 K 48 500 49 K 49 500 0 K 50 500 51 K
Sequence ®
_
Genes E
# -
B
exon 13 econ IR B
BLAST Results for: NG_012450:Homo sapiens methylenetetrahydrofolate... %
108915 188915 108915
L — > nean
Cleaned Alignments - BLAST Results for: NG_012450:Homo sapiens methylenetetrahydrofolate... 3
188915
¥

B
Homo sapiens methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1,
methenyltetrahydrofolate cyclohydrolase, formyltetrahydrofolate synthetase (MTHFD1),
RefSeqGene on chromosome 14

NCBI Reference Sequence: NG_012450.1
GenBank FASTA

) sK 0K 5 K [20K 2K @0K sK HO K 5K |sox S5 K 180K |85 K 70K 78,967
L
—1
|45 K |45.500 46 K 46 500 47 K 47,500 “8 K 48 500 49K [49.500 |58 K
Sequence
e ———————
Genes =
L -
ecn 13 B exon 14 1R [ ]
BLAST Results for: NG_012450:Homo sapiens methylenetetrahydrofolate... =
42447 42447 42447
—p 2 m RE 1) mAmina
Cleaned Alignments - BLAST Results for: NG_012450:Homo sapiens methylenetetrahydrofolate... n

42447

FIGURE E3. Delineation of break points of exon 13 deletion by Sanger sequencing of PCR products. Analysis was performed on the
publicly available nucleotide blast program. (http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST _
SPEC=0GP__ 9606 _9558). A, The 2350-bps PCR product obtained (using primers EX13LF and EX13LR) from the mother aligned
one fragment against the reference sequence of MTHFD1 (arrow). B, The 600-bps PCR product obtained (using primers EX13LF and
EX13LR) from patient A aligned against the reference sequence of MTHFD1 (arrow) with a gap of 1745 bps confirming deletion that
involves exon 13.


http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi?PAGE_TYPE=BlastSearch&amp;BLAST_SPEC=OGP__9606__9558
http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi?PAGE_TYPE=BlastSearch&amp;BLAST_SPEC=OGP__9606__9558
http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi?PAGE_TYPE=BlastSearch&amp;BLAST_SPEC=OGP__9606__9558
http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi?PAGE_TYPE=BlastSearch&amp;BLAST_SPEC=OGP__9606__9558
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A PCR product from allele carrying no deletion. 1500 bps product from B Patient A Mother
EX13SF and EX13LR primer.
EX13LF EX13SF EX13LR
{ Exon 13 l
L |
I 1 1500
I Exon13 |
Deleted segment EX13LR
EX13LF EX13SF 600

PCR product from allele carrying deletion. 600 bps product from
EX13LF and EX13LR primer.

FIGURE E4. Allele-specific PCR. A, PCR conditions were set to exclude the 2350-bps product from the EX13LF and EX13LR primers. In
this condition, PCR amplification of the patients showed 2 products of approximately 1500 and 600 bps. PCR amplification of the mother
showed only 1 product of approximately 1500 bps as expected. B, Agarose gel electrophoresis of the allele-specific PCR product from
patient A and the mother demonstrating the heterozygous state.

A
AluSx4 AluSz Aluy Tiggerda AluSg
< > —p ———» <«

B

AluSx4 GGAGACACAGTCTCGCTCTGTTGCCTGG GCTGGAGTACAGTGGCACGATCTTGGC'I’CAC 59
AluSg A , AGAGCTGGAGTGCAATGGCGCAL . 57

* * Kk Kk kk ok koo ok ok ok okok ok ok ok * hhkkhkhkhkhkk Khk khkkk Kk hhkhkk kohkkkokokk

AluSx4 TGCAACCTCCGCCTCCTGGTTTCAAGCAATTCTCCTGCCTCAGCCTCCCAAGTAGCTGGG 119
AluSg . CAACCTCTGCCTCCCAGGTTCAAGCAACTCT COTGCGTCAGCCTCCCGAGTAGCTGGE 117

khkkhkhkkhkhk hokkkkk * o hhkkkkhkhkhkk hkkkokkhkok khkkkhkkkkokk  kokokok ko ok ok ok ok

AluSx4 ACTACAGGTGCGTGCCACCATGCCTGGCTAATTTTTGTGTTTTTAGTAGAGATGGGGTTT 179

AluSg . \ \ A 176
ko ko ok ok ok ok * hkhkhhkh hk Khkhkkhkkh ok ko okkokokoh kdkok o okk ok ok ook

AluSx4 CACTATATTGGCCAGGCTGGTCTTGAACTCCTGAC TGATC > 239

AluSg ACCGTGTTGGCCAAGC AACTCCTGACCTCGTGATCCGCCCACCTCGGCCTC 236

* ok ok * hkhkhkhkokhk Ak hkhhhhkhkh bbb bbb hbhbhhhhd hhhhkhh dhhhhhhkh hhkhkhkhk

AluSx4 'CCAGCC 281
AluSg CCAAAGTGCTGGTATTATAGGCGTGAGCCACCGCACCCAGCC 278

khkhkk hhkhkhkhkhkhk hk hhkkkhkhk  hokokokkokohkkokk ook ok ok ok ko

FIGURE E5. Identification of an Alu-mediated deletion in MTHFD1. A, Schematic representation of repetitive elements encompassing the
deletion. Introns are shown as lines, exon 13 as a red rectangle, deletion as a blue rectangle. Annotation of transposed elements is based
on a reference sequence (hg19). B, Sequence alignment of 2 AluS elements across the deletion breakpoint. Deleted nucleotides are in
red.
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