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Abstract
Background: Congenital disorders of glycosylation (CDG) are a type of inborn 
error of metabolism (IEM) resulting from defects in glycan synthesis or failed 
attachment of glycans to proteins or lipids. One rare type of CDG is caused by ho-
mozygous or compound heterozygous loss-of-function variants in mannosidase 
alpha class 2B member 2 (MAN2B2). To date, only two cases of MAN2B2-CDG 
have been reported worldwide.
Methods: Trio whole-exome sequencing (Trio-WES) was conducted to screen for 
candidate variants. N-glycan profiles were measured by liquid chromatography–
tandem mass spectrometry (LC–MS/MS). MAN2B2 expression was evaluated by 
western blotting. MX dynamin like GTPase 1 (MX1) function was estimated via 
Thogoto virus (THOV) minireplicon assay.
Results: Trio-WES identified compound heterozygous MAN2B2 (hg19, 
NM_015274.1) variants (c.384G>T; c.926T>A) in a CDG patient. This patient 
exhibited metabolic abnormalities, symptoms of digestive tract dysfunction, in-
fection, dehydration, and seizures. Novel immune dysregulation characterized 
by abnormal lymphocytes and immunoglobulin was observed. The MAN2B2 
protein level was not affected, while LC–MS/MS showed obvious disruption of 
N-glycans and N-linked glycoproteins.
Conclusion: We described a CDG patient with novel phenotypes and disrup-
tive N-glycan profiling caused by compound heterozygous MAN2B2 variants 
(c.384G>T; c.926T>A). Our findings broadened both the genetic and clinical 
spectra of CDG.
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1   |   INTRODUCTION

Congenital disorders of glycosylation (CDG) are a type of 
inborn error of metabolism (IEM) with high clinical hetero-
geneity that results from defects in glycan synthesis or failed 
attachment of glycans to proteins or lipids (Ondruskova 
et al., 2021). Glycosylation and deglycosylation are two in-
verse processes involving the addition and trimming of an 
oligosaccharide chain of varying composition to/from glyco-
proteins and glycolipids (Ondruskova et al., 2021). MAN2B2 
(OMIM: *618899) encodes a specific α-1,6-mannosidase (EC 
3.2.1.24) responsible for the lysosomal glycoprotein degra-
dation to cleave the α-1,6-mannose residue from N-linked 
glycans (Park et al., 2005), which is vital for recycling free 
monosaccharides for subsequent glycan synthesis. One 
rare type of CDG (MAN2B2-CDG) is caused by homozy-
gous or compound heterozygous loss-of-function variants 
in MAN2B2. To date, only two cases of MAN2B2-CDG have 
been reported worldwide, one with prominent features 
of combined immunodeficiency (homozygous variant, 
c.112G>A, p.Asp38Asn), and another with a typical immune 
system, cleft palate, and hypospadias (compound heterozy-
gous variants, c.440_442delCTC, p.Ser147del; c.2368G>A, 
p.Glu790Lys) (Tian et al., 2022; Verheijen et al., 2020). Here, 
we describe the third MAN2B2-CDG patient with metabolic 
abnormalities, symptoms of digestive tract dysfunction, in-
fection, dehydration, seizures, novel phenotypes of immune 
dysregulation, and disruptive N-glycan profiling caused by 
compound heterozygous MAN2B2 (hg19, NM_015274.1) 
variants (c.384G>T, p.Gln128His; c.926T>A, p.Ile309Asn).

2   |   MATERIALS AND METHODS

2.1  |  Ethical compliance

Clinical information and blood samples were collected 
from the family, and informed consent was obtained. This 
study was approved by the Peking Union Medical College 
Institutional Review Board and the Capital Institute of 
Pediatrics Institutional Review Board in accordance with 
the Declaration of Helsinki.

2.2  |  Trio-WES

Genomic DNA was extracted from the peripheral blood 
of the patient and healthy parents using a QIAamp 
DNA Blood Mini Kit (QIAGEN, Cat. No. 51106, Hilden, 
Germany). DNA libraries were sequenced using an 
Illumina HiSeq platform with a 100× read depth, and 
the sequencing data were subsequently mapped to the 
reference human genome (UCSC GRCh37/hg19) using 

Burrows–Wheeler Aligner (BWA) software. Functional 
annotation was performed using ANNOVAR based on 
public databases, such as dbSNP, 1000 Genomes, gno-
mAD, and in-house data.

2.3  |  Cell culture, plasmid 
construction and transfection

HEK293T cells were maintained in Dulbecco's modi-
fied Eagle medium (Gibco™, Cat. No. C11965500BT, 
Massachusetts, USA) supplemented with L-glutamine 
(Gibco™, Cat. No. 25030081), 10% fetal bovine serum 
(Gibco™, 10,091,148), and penicillin–streptomycin 
(Gibco™, Cat. No. 15140163) in a 37°C incubator con-
taining 5% CO2. Transfection was carried out using 
Lipofectamine™ 3000 reagent (Invitrogen, Cat. No. 
L3000015, Massachusetts, USA) according to the manu-
facturer's instructions.

2.4  |  Protein extraction

HEK293T cells were washed with phosphate-buffered sa-
line (PBS) (Gibco™, Cat. No. 20012027) and lysed in ra-
dioimmunoprecipitation assay (RIPA) buffer (Beyotime, 
Cat. No. P0013C, Shanghai, China) supplemented with 
protease inhibitors (Roche, Cat. No. 5892970001, Basel, 
Switzerland) and phosphatase inhibitors (Roche, Cat. No. 
4906837001) while incubating on ice for 30 min. The su-
pernatant was subsequently collected after centrifugation 
at 14,000 × g for 25 min at 4°C.

2.5  |  Western blotting

The protein lysate was diluted by adding 4× Protein 
SDS–PAGE Loading Buffer (TAKARA, Cat. No. 9173, 
Tokyo, Japan) and RIPA buffer, after which the mixture 
was boiled at 98°C for 10 min and then incubated on 
ice for 2 min. Electrophoresis was performed with 7.5% 
TGX Stain-Free polyacrylamide gels (Bio-Rad, Cat. No. 
1610180, California, USA) at 60 V for 45 min followed 
by 120 V for 120 min. After separation, the protein was 
transferred to a 0.45 μm Immobilon®-P PVDF Membrane 
(Millipore, Cat. No. IPVH00010, Massachusetts, USA) 
at 200 mA for 60 min. Subsequently, the membrane was 
blocked with 1× Tris-buffered saline–Tween 20 (TBS-T) 
buffer (Solarbio, Cat. No. T1080) containing 5% skim milk 
(Solarbio, Cat. No. D8340) at room temperature for 60 min 
and incubated with primary antibodies diluted in 1× 
TBS-T on a 4°C rocker overnight. The next day, the mem-
brane was washed with 1× TBS-T four times and then 
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incubated with horseradish peroxidase-conjugated sheep 
anti-mouse IgG (ZSGB-Bio, Cat. No. ZB-2305) or sheep 
anti-rabbit IgG (ZSGB-Bio, Cat. No. ZB-2301, Beijing, 
China) at room temperature for 60 min. After another 
four washes with 1× TBS-T, the membranes were exposed 
to Tanon™ High-sig ECL Western Blotting Substrate 
(Tanon, Cat. No. 180-5001, Shanghai, China). The pri-
mary antibodies used in this study were anti-β-actin (Cell 
Signaling Technology, CST3700, Massachusetts, USA) 
and anti-MAN2B2 (Invitrogen, PA5-113537, USA).

2.6  |  Thogoto virus (THOV) 
minireplicon assay

The THOV minireplicon assay was performed as previ-
ously described (Mitchell et  al.,  2012). Briefly, the com-
ponents of THOV, including PB2, PB1, PA, and NP, were 
all incorporated into a pCAGGS expression vector. Then, 
THOV, pHH21-vNP-FF-Luc (firefly luciferase), pRL-TK 
(renilla luciferase), and MxA plasmids were cotransfected 
into HEK293T cells using TransIT®-LT1 Transfection 
Reagent (Mirus, MIR 2304, Madison, USA). A Dual-
Luciferase Reporter Assay System (Promega, E1960) was 
used for the experiment. Twenty-four hours after trans-
fection, luciferase activity was measured on a Synergy H1 
reader (BioTek), and the data were presented as the rela-
tive luciferase intensity after normalization to Renilla lu-
ciferase activity.

2.7  |  N-glycan profiling

LC–MS/MS was used for the qualitative and quantitative 
analyses of N-glycans. Briefly, proteins were extracted 
from HEK293T cells and quantified, followed by reduc-
tive alkylation. Then, the N-glycans were released from 
the glycoproteins using PNgase F and subsequently en-
riched, after which the processed samples were analyzed 
by LC–MS/MS to obtain the raw data. The raw data were 
subsequently analyzed by Byonic. The structures of the N-
glycans were predicted with GlyConnect online tools.

3   |   RESULTS

3.1  |  Case presentation

3.1.1  |  Clinical feature

Our patient was a female infant who was born via spon-
taneous vaginal delivery at 40+3 weeks in a nonconsan-
guineous family. The weight and height of this patient 

are 11 kg (P90) and 84 cm (P50), respectively. This patient 
suffered an ovarian hernia at 1 month of age and under-
went high ligation surgery for unilateral inguinal hernia. 
The patient then presented at 1 year and 2 months with 
recurrent fever, vomiting, and drowsiness at 1 year and 
2 months with repeated fever, frequent vomiting, and se-
vere drowsiness. At that time, the patient vomited more 
than 10 times a day with no fresh blood or clots in the 
brown vomit, while her gastric lavage showed bloody 
substances, which led to mild anemia. In addition, the 
sleep duration of the patient increased by nearly 5 hours 
per day compared with the usual duration. Dehydration 
characterized by poor skin elasticity, low urine volume, 
dry lips, and few tears when crying were also observed. 
The preliminary diagnoses of the patient were encepha-
litis, periodic vomiting, dehydration, metabolic acidosis, 
mild anemia, and abnormal liver function. These symp-
toms improved after a period of anti-infection therapy 
and acidosis correction along with intracranial pressure 
reduction therapy, however, still recurred once every 1 to 
2 months. At the age of 1 year and 8 months, these episodes 
were further accompanied by convulsions, which were 
characterized by sudden eye opening followed by gaze, 
vague consciousness, and motionlessness. Subsequently, 
left-slanting eyes and rigid shaking of the limbs lasting for 
a few minutes were observed, seizures occurred several 
times a day and ended with transient paralysis of the right 
lower limb at the end of each episode. Therefore, oral anti-
seizure therapy with oxcarbazepine was added. The intel-
lectual development of this patient was similar to that of 
her peers during our follow-up period. Notably, according 
to the self-description from the patient's mother, she had 
episodes of frequent vomiting beginning at age 6 months, 
which persisted for approximately 2 to 3 months a year 
with spontaneous remission and disappeared at age 12. 
The girl's elder sister was also surgically treated for an 
ovarian hernia. Overall, this patient exhibited severe mul-
tiorgan disruption, especially, symptoms of digestive tract 
dysfunction, infection, dehydration, and seizures.

3.1.2  |  Physical exam

Physical examination of the heart, lungs, and abdomen 
were all normal. The nervous system showed no positive 
signs but drowsiness during the episode (photographs of 
the child were not available).

3.1.3  |  Imaging results

The ictal interictal electrocorticogram (EGG) of the pa-
tient manifested intermittent, persistent, and diffuse slow 
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waves predominantly in the left hemisphere (Figure 1a). 
Brain MRI showed pineal cysts without abnormal signals 
in the brain parenchyma (Figure 1b). Computed tomog-
raphy showed that the portal shadow of both lungs was 
coarse and blurred, suggesting potential lung infection.

3.1.4  |  Laboratory results

During the onset of these symptoms, increase in leuko-
cytes with a predominance of neutrophils and markedly 
elevated C-reactive protein levels were detected in the 
peripheral blood and cerebrospinal fluid (CSF) of the 
patient (Table  1). Biochemical tests of the peripheral 
blood showed elevated aspartate aminotransferase, ala-
nine aminotransferase, fibrinogen equivalent units, and 
decreased albumin, which all suggested abnormal liver 
function. Urine metabolite screening revealed ketonuria, 
blood metabolite screening showed elevated glycine/ala-
nine, decreased leucine/isoleucine, valine/phenylalanine, 
and carbon dioxide binding capacity, which were consid-
ered secondary to ketoacidosis and nutritional disorders. 
Notably, immune disturbances were also observed in our 
patient. The proportion of CD4+ T helper (Th) cells in the 
peripheral blood of our patient was drastically reduced to 
9%, and the ratio of CD8+ cytotoxic T (Tc) cells increased 
to 54%, leading to a severe inversion of the Th/Tc ratio. 
The percentage of B cells increased to 31%, while the IgG 
concentration decreased to 3.32 g/L. To sum up, this pa-
tient displayed disturbed biochemical indexes and im-
paired immunity.

3.2  |  Compound heterozygous MAN2B2 
variants identified by Trio-WES

Trio-WES was performed using the peripheral blood from 
the patient and her parents (Figure 2a). Suspected variants 
meeting the following criteria were retained: (a) minor al-
lele frequency below 1%; (b) located in exon regions or 
alternative splicing sites; (c) indels, nonsynonymous vari-
ants, or synonymous variants probably affecting splicing; 
(d) predicted to be pathogenic by bioinformatic tools; (e) 
affected amino acids that are highly conserved across spe-
cies; and (f) matched the inheritance pattern and patient 
phenotypes. Compound heterozygous MAN2B2 vari-
ants (NM_015274.1, c.384G>T and c.926T>A) inherited 
from the heterozygous mother (c.384G>T) and the het-
erozygous father (c.926T>A) were ultimately identified. 
Though the MAN2B2 variants were classified as uncer-
tain significance according to the American College of 
Medical Genetics and Genomics (ACMG)/Association 
for Molecular Pathology (AMP) guidelines, both variants 
were predicted to be damaging by different in silico patho-
genicity prediction tools (Table S1), with a CADD score 
of 26.5 for c.384G>T and 31 for c.926T>A, which were 
significantly higher than the mutation significance cut-
off CADD score for MAN2B2 (3.313). In addition, neither 
variant was reported in the gnomAD database, nor the 
amino acids affected were highly conserved across species 
(Figure 2b). Therefore, compound heterozygous MAN2B2 
variants were selected as the candidate variant.

Notably, because our patient exhibited immune-related 
phenotypes, a low-frequency de novo heterozygous MX1 

F I G U R E  1   EGG and brain magnetic resonance imaging (MRI) of the patient. (a) The EGG of this patient manifested intermittent, 
persistent, and diffuse slow waves. (b) Brain MRI of the patient. Upper: pineal cysts without abnormal signals in the brain parenchyma; 
bottom: re-examination of the brain MRI, pineal cysts still existed, and no abnormal signals were found.
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variant (NM_001144925.1, c.1678G>A, p.Asp560Asn) 
(Figure 4a) was also evaluated, as MX1 encodes a guano-
sine triphosphate (GTP)-metabolizing protein responsible 
for the cellular antiviral response (Haller et al., 2015). The 
c.1678G>A variant in MX1 is located in the L4 loop, which 
is a mutation hotspot domain for recurrent positive selec-
tion during primate evolution (Mitchell et al., 2012). The 
MX1 variant was predicted to be a tolerated polymorphism 
by SIFT and MutationTaster, and classified as a variant 
of uncertain significance according to the ACMG/AMP 
guidelines. No other suspected variants were associated 
with immune dysregulation.

3.3  |  Disruptive N-glycan profiling 
caused by compound heterozygous 
MAN2B2 variants

Pathogenicity of the compound heterozygous MAN2B2 
variants and the heterozygous MX1 variant were further 
estimated. Wild-type MAN2B2 and the corresponding 
variant sequences were incorporated into a pcDNA3.1-
T2A-EGFP vector, which were subsequently transfected 
into HEK293T cells. Compared with cells harboring the 
wild-type MAN2B2 sequence, MAN2B2 levels in cells 
transfected with the corresponding compound heterozy-
gous variant sequences remained unchanged (Figure 2c). 
Given the role of MAN2B2 in N-linked glycosylation, LC–
MS/MS was used to assess the N-glycan profile. HEK293T 
cells harboring the corresponding MAN2B2 variant 
(p.Asp38Asn) identified in the first reported MAN2B2-
CDG patient (Verheijen et al., 2020) were used as a posi-
tive control (Group D). As shown in the Venn diagram in 
Figure 3a, most of the differentially abundant N-glycans 

in Group C (transfected with half the c.384G>T vari-
ant together with half the c.926T>A variant) compared 
with Group B (transfected with the wild-type MAN2B2 
sequence) overlapped with those in Group D compared 
with Group B. These differentially abundant N-glycans 
also overlapped with those in Group A (transfected with 
an empty vector) compared with Group B, indicating 
loss of function of MAN2B2. The N-glycans highlighted 
in red in Figure 3a were displayed in detail in Figure 3b, 
similar to the MAN2B2-CDG patient carrying the ho-
mozygous p.Asp38Asn variant (Verheijen et  al.,  2020), 
HexNAc(2)Hex(3), HexNAc(2)Hex(4), HexNAc(4)Hex(4), 
HexNAc(4)Hex(6), and HexNAc(3)Hex(6) were mark-
edly increased, and HexNAc(2) was reduced in Group 
D when compared with Group B (Figure  3b). Likewise, 
HexNAc(4)Hex(4), HexNAc(4)Hex(6), and HexNAc(3)
Hex(6) were increased, and HexNAc(2) was decreased 
in Group C (Figure  3b,c). In addition, the differentially 
abundant N-glycans in Group C exhibited patterns similar 
to those in another MAN2B2-CDG patient harboring the 
compound heterozygous MAN2B2 variant (p.Ser147del; 
p.Glu790Lys) (Tian et al., 2022), which was characterized 
by accumulation of HexNAc(2)Hex(2) and HexNAc(4)
Hex(5) and decrease in HexNAc(2)Hex(7) (Figure  3c). 
Besides, large-scale dysregulation of other N-glycans 
was also observed when comparing Group C with Group 
B (Figure  3d). In conclusion, an overall N-glycosylation 
disturbance was caused by the MAN2B2 compound het-
erozygous variant.

Notably, analysis of the protein–protein interac-
tion (PPI) network of the differentially abundant N-
glycoproteins between Group C and Group B revealed 
that bacterial infection pathways were highly enriched 
(Figure 3e). In addition, proteins vital to basic biological 

T A B L E  1   Biochemical test results.

Tissue sample Biochemical tests

Time course and patient age

2018.12 2019.01 2019.04 2019.05 2019.06 2019.09

1 year and 2 
months

1 year and 3 
months

1 year and 
6 months

1 year and 
7 months

1 year and 
8 months

1 year and 
11 months

Cerebrospinal fluid Leucocytes (×109/L) 820 20 43 NA 0 NA

Erythrocyte (×109/L) NA 440 13,600 NA 0 NA

Glucose (mmoL/L) NA 3.34 2.59 NA 2.92 NA

Total protein (mg/L) 1831 630.5 3405.0 NA 496.9 NA

Peripheral blood White blood cells (×109/L) NA 11.98 9.5 7.45 16.16 9.3

Neutrophil (%) NA 65.10% 82% 75.70% 84.50% 82.50%

Hemoglobin (g/L) NA 103 111 105 106 101

Platelet (×109/L) NA 129 129 202 252 272

C-reactive protein (mg/dL) NA 41 77 12 83 43

Abbreviation: NA, data not available.
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functions such as RNA transport, protein synthesis, cell 
cycle, apoptosis, and cell junctions were also affected 
(Figure  3e). The peptides and corresponding proteins 
modified by altered N-glycans in Group C consistent 
with those in the MAN2B2-CDG patients were listed 
in Table  S2. Notably, the human transcription regula-
tor protein induced by herpes simplex virus infection 
could interact with SAP30 to inhibit the viral gene 
transcription (Chen et  al.,  2010), and therefore, dys-
regulated N-glycosylation in SAP30BP (SAP30-binding 
protein) could increase the possibility of virus infection. 
TOR1AIP1 is a type of integral membrane protein that 
binds to both lamin A and lamin B to form normal cell 
structure (Kayman-Kurekci et al., 2014), and TOR1AIP1 
dysfunction might lead to the ovarian hernia and uni-
lateral inguinal hernia observed in this patient; and 
TGFB1 is a pleiotropic factor in the immune system 

and contributes to various diseases such as immuno-
deficiency (Kotlarz et  al.,  2018) and tumors (Trebska-
McGowan et al., 2022), dysregulated N-glycosylation of 
TGFB1 might further worsen immune disturbances. All 
the differentially abundant N-glycosylated proteins be-
tween Group C and Group B are listed in Table  S3. In 
brief, glycoproteins vital for immune system and normal 
cell function were affected.

The antiviral ability of the MX1 variant was further as-
sessed using the THOV minireplicon assay as previously 
reported (Mitchell et  al.,  2012). HEK293T cells trans-
fected with the c.1678G>A variant showed nearly four-
fold reduction in THOV minireplicon ability (Figure 4b), 
and that in cells transfected with half the wild-type MX1 
sequence and half the c.1678G>A variant sequence was 
impaired by almost twofold (Figure 4b). The contribution 
of MX1 variant to the phenotype could not be excluded 

F I G U R E  2   Pedigree and expression of the MAN2B2 variants. (a) Pedigree, the patient suffered multiorgan disruption of CDG (in black), 
the mother and the patient's elder sister had frequent vomiting and ovarian hernia, respectively (in gray). (b) Amino acid conservation 
across species. (c) MAN2B2 levels in HEK293T cells transfected with the wild-type MAN2B2 sequence and/or the MAN2B2 variant 
sequence. NA, genetic results not available.

F I G U R E  3   N-glycan profiling via LC–MS/MS. (a) Venn diagram. (b) Common differentially abundant N-glycans between Group D 
compared with Group B and Group C compared with Group B (red highlighted portion in the Venn diagram). (c) Intensity of differentially 
abundant N-glycans that were consistent with previous reports in the MAN2B2-CDG patients. (d) All the differentially abundant N-glycans 
between Group C and Group B (only |fold change|>5 or <0.2 were displayed). (e) PPI network of the differentially abundant N-glycoproteins 
between Group C and Group B. Circles denoted proteins, and squares indicated enriched pathways. Group A: transfected with an empty 
vector; group B: transfected with the wild-type MAN2B2 sequence; group C: transfected with half the c.384G>T variant together with half 
the c.926T>A variant; group D: positive control, transfected with the MAN2B2 variant (p.Asp38Asn).
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though we thought it was less likely due to the following 
reasons: firstly, the impairment of antiviral ability was 
not sufficient to cause obvious phenotypes in humans, 
as the harmful variant caused a nearly one-hundred-
fold reduction in THOV minireplicon ability (Mitchell 
et al., 2012); in addition, direct pathogenicity of the MX1 
variant in human disease has not been determined, and 
the low Sanger sequencing peak (Figure 4a) indicated that 
only a small proportion of cells carried this MX1 variant. 
Therefore, the immune disturbances in our patient were 
predominantly caused by the compound heterozygous 
MAN2B2 variants.

4   |   DISCUSSION

CDG are a series of complex but inseparable disorders 
with phenotypic overlap among different subtypes. For 
example, our MAN2B2-CDG patient exhibited slight ane-
mia, pneumonia, and gastrointestinal infection, which 
were consistent with previous reports in MAN2B1-
deficient patients (Hennermann et  al.,  2022). Recurrent 
vomiting/diarrhea was also observed in CDG patients 
with MPI variants (de la Morena-Barrio et  al.,  2019). In 
addition, as 1,6-mannose is a core component for the deg-
radation of glycosylphosphatidylinositol (GPI)-anchored 
proteins, phenotypes of MAN2B2-CDG patients might be 
similar to those of GPI-deficient CDG patients. Therefore, 
phenotype-based diagnosis is much more difficult and 
ambiguous than gene-based diagnosis of CDG. Although 
serum N-glycans, and urinary mannose-rich oligosaccha-
rides are biomarkers for the diagnosis of MAN2B2-CDG, 
genetic testing can not only offer precise diagnosis at the 
molecular level, but also help to classify disease subtypes 
(Jones et  al.,  2013). Thus, further studies of pathogenic 
MAN2B2 variants are urgently needed for guiding the 
clinical diagnosis of CDG. The first case of MAN2B2-CDG 
received hematopoietic stem cell transplantation and rab-
bit antithymocyte globulin therapy (Verheijen et al., 2020) 
to improve the immunodeficiency phenotypes. While for 

our patient, most therapy are symptomatic treatment. 
Enzyme supplementation might be promising to treat 
IEM, which needs to be started early and continued. In ad-
dition, exogenous hematopoietic stem cell transplantation 
or genetically modified autologous hematopoietic stem 
cell transplantation would be for MAN2B2-CDG patients 
with immunodeficiency.

MAN2B2 has nineteen exons in total and is located on 
chromosome 4. No mutation hotspot domains were ob-
served according to currently available reports. MAN2B2 
was first identified to be expressed in the reproductive 
tissue (Hiramoto et  al.,  1997) and was later verified to 
be ubiquitously expressed throughout the body (Tascou 
et al., 2000). MAN2B2 belongs to α1,6-mannosidase that 
is limited to superior species, indicating the complex-
ity of its function. Degradation of the core N-glycans is 
catalyzed by several glycosidases, including lysosomal 
α-mannosidase, core-specific α1,6-mannosidase, and β-
mannosidase (Park et al., 2005). α-Mannosidosis (OMIM 
#248500) is a rare autosomal recessive lysosomal storage 
disorder caused by pathogenic variants in MAN2B1 (Malm 
& Nilssen, 2008). MAN2B2 is believed to play a compen-
satory role in the degradation of N-glycans by MAN2B1; 
however, three reported MAN2B2-CDG cases, including 
the one described in this study, strongly confirmed that 
variants in MAN2B2 alone can cause severe CDG. β-
Mannosidosis (OMIM #248510) is another rare autosomal 
recessive lysosomal storage disorder caused by pathogenic 
variants in MANBA (Sedel et al., 2006), and free glycans 
processed from MAN2B2 will be degraded by MANBA 
to finish the last step of glycoprotein degradation. The 
unique role of MAN2B2 in deglycosylation process deter-
mines that pathogenic variants in MAN2B2 are sufficient 
to cause human diseases.

In general, more than 170 types of IEMs are accom-
panied by immunological manifestations ranging from 
abnormal immune cell counts, autoimmunity, and au-
toinflammation to recurrent infections, among which 
T/B lymphocytes, macrophages, and neutrophils are the 
most affected cell types in IEMs accompanied by immune 

F I G U R E  4   Functional evaluation of 
the MX1 variant. (a) Sanger sequencing 
of the MX1 variant. (b) Anti-THOV 
activity in HEK293T cells transfected with 
the wild typeMX1 sequence and/or the 
MX1variant sequence.



      |  9 of 10FAN et al.

disorders (de Boer et  al.,  2023). Treatment and man-
agement of immune phenotypes are highly important 
for treating IEMs (Francisco et al., 2020). CDG is a spe-
cial type of IEM, as they are also classified as inborn er-
rors of immunity (Bousfiha et  al.,  2022). Different from 
the immune disturbances observed in the first reported 
MAN2B2-CDG patient (Verheijen et al., 2020), our patient 
displayed an inversion of the Th/Tc ratio, increased B-cell 
numbers, decreased IgG contents, and upregulated level 
of inflammatory markers, which indicated impaired anti-
infection ability and a persistent state of inflammation. 
N-glycosylation is vital for the conformation, expression, 
stability, and antigenicity of various immunological pro-
teins (Baum & Cobb, 2017). According to the LC–MS/MS 
results, disruptive N-glycosylation of SAP30 and TGFB1 
might be a core element in inducing immune dysregula-
tion of our MAN2B2-CDG patients, and other glycopro-
teins such as TOR1AIP1 vital for normal cell function 
and biological process were also severely affected, which 
contribute to multiorgan disturbances. Our MAN2B2-
CDG case with immune disorders provided new evidence 
that metabolic defects contribute to immune disturbance, 
and further studies are needed to elucidate the detailed 
pathogenic mechanism of IEMs accompanied by immune 
disturbances.

5   |   CONCLUSION

This study described the clinical characteristics and dis-
rupted N-glycan profiles of a CDG patient with compound 
heterozygous MAN2B2 variants (NM_015274.1, c.384G>T; 
c.926T>A). This patient exhibited metabolic abnormali-
ties, symptoms of digestive tract dysfunction, infection, 
dehydration, seizures, and novel immune phenotypes 
characterized by an inversion of the Th/Tc ratio, increased 
B cells, and impaired IgG levels. Disruptive N-glycan pro-
filing and abnormal N-glycosylated proteins caused by 
MAN2B2 compound heterozygous variants contributed to 
the phenotypes. This research advanced our understand-
ing of the genetic spectrum and phenotypic heterogeneity 
of MAN2B2-CDG. Our study also highlighted the impor-
tance of genetic testing in CDG diagnosis.
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