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Purpose

Immune dysfunction, including severe combined immunodeficiency, has been described in genetic
disorders affecting the metabolism of the vitamins cobalamin (vitamin B12) and folate. We have reviewed
reports of clinical findings in patients with a number of inborn errors of cobalamin or folate metabolism,
specifically looking for immune problems.

Findings

There is little evidence that immune function is affected in most of the disorders. Exceptions are Imerslund–
Gräsbeck syndrome and hereditary folate malabsorption (affecting intestinal absorption of cobalamin and
folate, respectively), transcobalamin deficiency (affecting transport of cobalamin in blood and cellular
cobalamin uptake), and methylenetetrahydrofolate dehydrogenase 1 deficiency (catalyzing cytoplasmic
interconversion of reduced folate coenzyme derivatives).

Summary

Although some inborn errors of cobalamin or folate can be associated with immune dysfunction, the
degree and type of immune dysfunction vary with no obvious pattern.
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INTRODUCTION

Vitamin B12 (cobalamin) and folate play critical roles
in cellular metabolism. Deficiency in either vitamin
results in megaloblastic anemia, characterized by
macrocytosis and specific morphological changes
in blood cell precursors, as well as thrombocytopenia
and neutropenia or pancytopenia in severe cases [1].
Although nutritional deficiencies of both cobalamin
and folate affect a number of rapidly proliferating
tissues, immune dysfunction is not a prominent
clinical feature of deficiency of either vitamin. On
the other hand, immune dysfunction is consistently
seen in certain genetic disorders affecting cobalamin
or folate uptake or metabolism. The reasons why
some of the inborn errors of these vitamins have
immunological consequences whereas others do
not, remain unclear.

Tetrahydrofolate (THF) and its one-carbon
substituted derivatives play roles in the transfer of
one-carbon units in cellular metabolism. These one-
carbon units are largely derived from the breakdown
of serine and other molecules in the mitochondria,
which generates 5,10-methylenetetrahydrofolate
(methyleneTHF). Within the mitochondria, oxidation
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of methyleneTHF to methenylTHF and 10-formylTHF
ultimately gives rise to THF and formate (Fig. 1). For-
mate crosses the mitochondrial membrane and
condenses with cytoplasmic THF to regenerate
10-formylTHF, which is sequentially reduced to meth-
enylTHF, methyleneTHF, and 5-methylTHF. Deriva-
tives of THF in the cytoplasm are required for three
major processes: 10-formylTHF is required for two
steps in de-novo purine biosynthesis; methyleneTHF
is required for conversion of deoxyuridylate to thymi-
dylate; and 5-methylTHF provides the one-carbon unit
for remethylation of homocysteine to form methio-
nine, catalyzed by methionine synthase. Methionine
rved. www.co-clinicalnutrition.com
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KEY POINTS

� Immune dysfunction is seen in some inborn errors of
cobalamin (vitamin B12) or folate metabolism.

� There is impaired neutrophil function in some patients
with defects in intestinal cobalamin absorption
(Imerslund–Gräsbeck syndrome, intrinsic factor
deficiency).

� Many patients with hereditary folate malabsorption or
mutations affecting the cobalamin transport protein
transcobalamin have combined immune deficiency.

� Patients with mutations affecting the multifunctional
folate metabolic enzyme MTHFD1 frequently
have SCID.

� There is no obvious pattern to which inborn errors have
a prominent immune component.
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in turn is converted to S-adenosylmethionine, which is
the methyl group donor for a wide variety of trans-
methylase reactions involved in methylation of
nucleic acids, lipids, proteins, and neurotransmitters.
FIGURE 1. Cellular folate and cobalamin metabolism. One-carbo
required in the cytoplasm for three processes: purine biosynthesis
Derivatives of cobalamin are required for activity of mitochondria
homocysteine in the cytoplasm.
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Derivatives of cobalamin are required for only
two reactions in mammals (Fig. 1). Adenosylcoba-
lamin is required for activity of the mitochondrial
enzyme methylmalonylCoA mutase, which isomer-
izes methylmalonylCoA, generated during catabo-
lism of branched-chain amino acids and odd-chain
fatty acids, to succinylCoA, which enters the Krebs
cycle. Methylcobalamin is generated during reme-
thylation of homocysteine by methionine synthase.
Folate and cobalamin metabolism intersect at
methionine synthase, which catalyzes the only reac-
tion that converts methylTHF to THF, a form avail-
able to other folate-dependent reactions. Because
synthesis of methylTHF from methyleneTHF is irre-
versible under physiologic conditions, deficiency
of cobalamin results in trapping of cellular folates
as methylTHF.
INBORN ERRORS OF COBALAMIN
ABSORPTION AND TRANSPORT

Intestinal absorption of ingested cobalamin
involves the interaction of a cobalamin binding
protein, intrinsic factor, and its enterocyte receptor
n units derived from serine in the mitochondria ultimately are
, thymidylate synthesis and homocysteine remethylation.
l methylmalonylCoA mutase and remethylation of
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(Fig. 2a). Cobalamin is stripped from dietary protein
in the acid environment of the stomach and
becomes associated with intrinsic factor in the small
intestine. The intrinsic factor-cobalamin complex is
recognized by cubam (composed of the multiligand
binder cubilin and the transmembrane protein
amnionless) in the distal ileum. Binding of the
complex to cubam initiates endocytosis, with
destruction of intrinsic factor in lysosomes and
release of cobalamin into the portal circulation
where it is bound to the transport protein trans-
cobalamin, which mediates uptake of cobalamin
by cells.

Cobalamin absorption is impaired in intrinsic
factor deficiency, caused by mutations affecting the
GIF gene, and in Imerslund–Gräsbeck syndrome,
which can be caused by mutations in either the
CUBN gene, which encodes cubilin, or the AMN
gene, which encodes amnionless. A number of
patients with these disorders have been reported
to have immune dysfunction that has typically been
attributed to neutropenia [2]. More detailed studies
in one patient with Imerslund–Gräsbeck syndrome
due to CUBN mutations showed defective neutro-
phil function with abnormal superoxide generation
in response stimulation, complete inhibition of
directed chemotaxis and random migration, and
FIGURE 2. Intestinal and cellular uptake of folate and cobalamin
up by the proton-coupled folate transporter (PCFT) in the duodenu
factor (IF-Cbl) is mediated by the receptor cubam in the distal ileu
factor in lysosomes. (b) Cellular uptake of folate and cobalamin.
reduced folate carrier (RFC). Endocytosis of cobalamin bound to t
receptor (TCblR). Transcobalamin is degraded in the lysosome, an
mediated by the ABCD4 and LMBD1 membrane proteins. Cobala
MMACHC protein.
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decreased phagocytosis of opsonized zymosan [3].
These findings improved following administration
of vitamin B12.

Approximately 40 patients have been reported
with deficiency in transcobalamin as the result of
mutations in the TCN2 gene. Over a dozen of these
have been reported to have symptoms of immune
deficiency. Patients had recurrent infections,
including candidiasis and Pneumocystis pneumonia.
Decreased IgG levels were identified in numerous
cases [4,5,6

&

]. One patient was described with low
T and B-lymphocyte counts; another had decreased
peripheral B lymphocytes that responded to therapy
with cobalamin, in the presence of normal T lym-
phocytes and natural killer (NK) cells.
INBORN ERRORS OF COBALAMIN
METABOLISM

Inborn errors affecting intracellular cobalamin
metabolism can be divided into three groups. Those
that affect synthesis of only adenosylcobalamin
result in isolated methylmalonic acidemia and
aciduria. Inborn errors that affect only the synthesis
of methylcobalamin result in isolated homocysti-
nuria/hyperhomocysteinemia. Those affecting early
steps in cobalamin metabolism common to the
. (a) Intestinal uptake of folate and cobalamin. Folate is taken
m and jejunum. Uptake of cobalamin bound to intrinsic
m and proceeds by endocytosis, with breakdown of intrinsic
Folate uptake can be mediated by folate receptors or the
ranscobalamin (TC-Cbl) is mediated by the transcobalamin
d transfer of cobalamin across the lysosomal membrane is
min in the cytoplasm becomes associated with the
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synthesis of both cobalamin coenzyme derivatives
result in combined methylmalonic aciduria and
homocystinuria. In the latter two groups, decreased
function of methionine synthase leads to trapping
of cellular folate as 5-methylTHF.

There is no evidence that immune dysfunction
is a significant component of the clinical picture in
isolated methylmalonic aciduria (the cblA, cblB, and
mut disorders). Similarly, overall there is no evi-
dence of immune dysfunction in patients with iso-
lated homocystinuria (cblE, cblG), although
occasional patients have been reported with
repeated infections or with a persistent candidial
rash. A patient with likely cblG disorder (on the basis
of methionine synthase assay) was investigated
more thoroughly. In addition to findings typical
of cblG, the patient had multiple infections, includ-
ing severe staphylococcal septicemia, pneumococ-
cal meningitis, multiple upper respiratory tract
infections, and a coronavirus-positive diarrhea,
before death at 14 years of age from measles inter-
stitial pneumonitis [7]. Therapy with folate and
cobalamin had little or no effect on the clinical
picture. A younger sibling had similar findings
including multiple infections, and died at 2.5 years
of age because of pneumonitis and gastrointestinal
infection; no enzyme assay was performed on the
younger sibling. Studies demonstrated that the
older brother had a decreased absolute lymphocyte
count, and decreased T-lymphocyte response to
phytohemagglutinin and various mitogens; natural
killer cells were initially present but later disap-
peared. Immunoglobulin G levels were elevated,
primarily reflecting increased IgG-K and IgG-l [7].

Immune function appears to be largely intact in
patients with combined methylmalonic aciduria
and homocystinuria because of inborn errors affect-
ing cellular metabolism (the cblC, cblD, cblF, cblJ,
and cblX disorders). Studies of large cohorts of
patients with the cblC disorder, the most common
inborn error of cobalamin metabolism, have not
described immunological findings, and case reports
describing patients with less common disorders in
most cases showed similar results. An exception is
the cblF disorder, which is caused by mutations in
the LMBRD1 gene, encoding a lysosomal membrane
protein that plays a role in transport of newly inter-
nalized cobalamin across the lysosomal membrane
to the cytoplasm (Fig. 2a). One cblF patient (out of
16 reported) presented with recurrent infections
including otitis media, bronchiolitis, urinary tract
infection, oral candidiasis, giardiasis, and an excori-
ated erythematous rash; the infections stopped after
institution of cobalamin therapy [8]. Another
patient had oral candidiasis. Detailed studies in
the first patient demonstrated normal numbers of
4 www.co-clinicalnutrition.com
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B and T lymphocytes with decreased lymphocyte
response to phytohemagglutinin, pokeweed mito-
gen, and Staphylococcus aureus Cowan A antigen.
Levels of IgG, IgA, and IgM were within reference
ranges. Results of lymphocyte studies returned to
normal after therapy with hydroxocobalamin
and folate.

A single patient with combined methylmalonic
aciduria and homocystinuria attributed to defi-
ciency of the transcription factor ZNF143 was
reported to have combined immune deficiency
and recurrent infections [9]. This patient had altered
expression of a number of proteins, including meth-
ylmalonic acidemia type C, with homocystinuria
(MMACHC), the protein affected in the cblC disor-
der. However, his cellular phenotype differed from
that of cblC, suggesting that an earlier step in cobal-
amin uptake was affected in addition to the step
catalyzed by MMACHC. The specific steps in cobal-
amin metabolism affected in this patient remain
unknown, although it appears likely to affect an
early step before lysosomal breakdown of the trans-
cobalamin–cobalamin complex.
INBORN ERRORS OF FOLATE
ABSORPTION AND METABOLISM

Although several inborn errors affecting folate
absorption and metabolism have been described,
immune dysfunction has been reported frequently
in only two of these: hereditary folate malabsorp-
tion and methylenetetrahydrofolate dehydrogenase
1 (MTHFD1) deficiency. Many of the other disorders
are extremely rare, with only a handful of affected
individuals known. An exception is methylenetetra-
hydrofolate reductase (MTHFR) deficiency, with
over 100 reported affected individuals. There is no
mention of immune problems in reviews of patients
this disorder.

Hereditary folate malabsorption is caused by
mutations affecting SLC46A1, encoding the pro-
ton-coupled folate transporter, which mediates
transport of folates across the intestinal epithelium
(Fig. 2b) as well as folate transport across the blood–
brain barrier. A number of patients with this disor-
der have had recurrent infections, including Pneu-
mocystis pneumonia and oral candidiasis [10,11].
Decreased immunoglobulin levels were docu-
mented in several cases, with variable subsets
affected in different cases (IgG, IgA, IgE, and IgM);
normal immunoglobulins were documented in at
least one patient during severe illness. Immune
deficiency responded to therapy with folate. In
one patient with recurrent infections, there were
low levels of IgG, IgM, and IgA that normalized
following therapy with folic acid. Decreased levels
Volume 23 � Number 00 � Month 2020
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of IgA again developed after cessation of folate
treatment. At that time, measurements of neutro-
phil functions were normal except for a slight
decrease in phagocytosis and killing of S. aureus,
and lymphocyte stimulation by phytohemaggluti-
nin, pokeweed mitogen, and concanavilin A. B and
T-cell counts were normal. Another patient with
recurrent infections including Pneumocystis pneu-
monia showed abnormalities of both cellular and
humoral immunity, including decreased levels of
IgG and IgM and a lack of antibody response to
tetanus toxoid, Haemophilus influenzae b and hepta-
valent pneumococcal vaccines, in the presence of
normal numbers and distribution of T, B, and NK
cells [11]. There was decreased in-vitro lymphocyte
response to phytohemagglutinin and pokeweed
mitogen.

MTHFD1 deficiency affects a trifunctional
enzyme that catalyzes interconversion of 10-for-
mylTHF, methenylTHF, and methyleneTHF in the
cytoplasm (Fig. 1). The first patient described with
the disorder had a urinary tract infection as well as
Pneumocystis pneumonia and candidiasis, decreased
IgG levels, and lymphopenia affecting B, T, and NK
cells, leading to diagnosis of severe combined
immunodeficiency (SCID) [12]. There was partial
immune reconstitution with intramuscular injec-
tions of hydroxocobalamin and oral folic acid
and betaine and immunoglobulin replacement,
although there was no evidence of response to vac-
cination to tetanus, diphtheria or Streptococcus pneu-
moniae. A second patient had leukopenia, and a
third had autoimmune disease; the latter patient’s
two siblings had oral candidiasis and death at nine
weeks of age in both cases [13]. Death of the second
sibling was consistent with overwhelming infection,
although no agent was identified. A fourth patient
presented with Pneumocystis pneumonia, low levels
of all immunoglobulin subtypes, and severe lym-
phopenia affecting T, B, and NK cells, leading to
diagnosis of SCID [14]. This patient’s younger sib-
ling presented with a similar clinical picture; he
showed an immunoglobulin response to tetanus
toxoid vaccine, but not to H. influenzae. Both sib-
lings were treated with immunoglobulin replace-
ment therapy. Finally, sequencing of DNA from a
number of Saudi patients with a positive newborn
screen for SCID using the T-cell receptor excision
circle assay, identified a homozygous MTHFD1
mutation in one individual [15].

Additional metabolic studies were undertaken
in fibroblasts from the initial MTHFD1-deficient
patient. Under physiologic conditions, the MTHFD1
protein catalyzes the condensation of formate
with THF to form 10-formylTHF (10-formylTHF
synthetase activity, the primary point of entry of
1363-1950 Copyright � 2020 Wolters Kluwer Health, Inc. All rights rese
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one-carbon units into cytoplasmic metabolism),
conversion of 10-formylTHF to methenylTHF
(methenylTHF cyclohydrolase activity) and conver-
sion of methenylTHF to methyleneTHF (methyle-
neTHF dehydrogenase activity). In cells from this
patient, flux of one-carbon units to de-novo purine
biosynthesis (mediated by 10-formylTHF) was nor-
mal, whereas flux through thymidylate synthesis
(mediated by methyleneTHF) and homocysteine
remethylation (mediated by 5-methylTHF, derived
from methyleneTHF) were both reduced [16]. These
data suggest that the clinical effects of MTHFD1
deficiency were mediated by effects on thymidylate
synthesis rather than purine synthesis [17]. It is
notable that MTHFD1 mutations identified in the
several of the patients are either nonsense mutations
or specifically affect the cyclohydrolase/dehydroge-
nase domain of the protein, suggesting that these
findings may be generalizable to other patients with
the disorder.
DISCUSSION

Deficiencies of cobalamin and folate particularly
affect rapidly proliferating tissues such as bone mar-
row hemopoietic precursors, and thus might be
expected to affect immune function. However,
acquired deficiency of neither vitamin is associated
with prominent immune findings. Similarly, most
inborn errors affecting absorption or metabolism of
cobalamin or folate do not seem to have prominent
immune components. For many of these disorders,
the total numbers of reported cases are small and it is
possible that the full spectrum of their clinical find-
ings have not yet been observed. Nevertheless, in
some cases (e.g., the cblC disorder or methylenete-
trahydrofolate reductase deficiency), there are fairly
large numbers of reported cases with no reports of
immune dysfunction.

Disorders affecting intestinal absorption of either
cobalamin (intrinsic factor deficiency and Imer-
slund–Gräsbeck syndrome) or folate (hereditary
folate malabsorption) have immune components
in at least in some patients. However, the immune
disorders appear to be different: neutrophil function
is affected in Imerslund–Gräsbeck syndrome,
whereas there is lymphocyte dysfunction in heredi-
tary folate deficiency. Transcobalamin deficiency
also frequently shows varying degrees of dysfunction
affecting varying subsets of lymphocytes.

Inborn errors of intracellular cobalamin metab-
olism on the whole do not seem to affect immune
function, although two cblF patients and a single
cblG patient had evidence of combined immune
deficiency. The cblF disorder affects one of the earli-
est steps in cellular cobalamin metabolism, resulting
rved. www.co-clinicalnutrition.com 5
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in decreased synthesis of both cobalamin coenzyme
derivatives. However, the cblC disorder, which also
results in decreased synthesis of both cobalamin
coenzymes, and which is generally characterized
by more severe metabolic abnormalities, does not
seem to affect immune function. Similarly, the
effects of inborn errors of cobalamin absorption
on cobalamin metabolism are less severe than those
seen in inborn errors affecting intracellular metabo-
lism. It is therefore difficult to make sense of the
pattern of metabolic disorders affecting (or not
affecting) immune function.

MTHFD1 deficiency is unique among the inborn
errors of folate metabolism that consistently causes
SCID. Although the MTHFD1 protein is required for
both purine and thymidylate synthesis, studies of
fibroblasts from the index patient indicated that
purine synthesis was spared in the patient’s cells
whereas thymidylate synthesis and homocysteine
remethylation were affected. This differs from pre-
viously identified metabolic causes of SCID that
affect enzymes (e.g., adenosine deaminase) that
are involved in purine metabolism.
CONCLUSION

Although genetic disorders of folate or cobalamin
metabolism particularly affect rapidly dividing tis-
sues, for the most part, they are not characterized by
immune dysfunction. Exceptions are disorders
affecting intestinal absorption of the vitamins, as
well as transcobalamin deficiency and MTHFD1
deficiency. Overall, there is no obvious pattern to
which disorders appear to have an immune compo-
nent, and the specific nature of the immune dys-
function differs between disorders. One can only
speculate that the proteins involved may have unex-
pected functions related to the immune system.
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