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Background: The gene AK2 encodes the phosphotransferase
adenylate kinase 2 (AK2). Human variants in AK2 cause
reticular dysgenesis, a severe combined immunodeficiency with
agranulocytosis, lymphopenia, and sensorineural deafness that
requires hematopoietic stem cell transplantation for survival.
Objective: We investigated the mechanisms underlying recurrent
sinopulmonary infections and hypogammaglobulinemia in 15
patients, ranging from 3 to 34 years of age, from 9 kindreds. Only
2 patients, both of whom had mildly impaired T-cell proliferation,
each had a single clinically significant opportunistic infection.
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Methods: Patient cells were studied with next-generation DNA
sequencing, tandem mass spectrometry, and assays of
lymphocyte and mitochondrial function.

Results: We identified 2 different homozygous variants in AK2.
AK2C1% apnd AK24'%%P permit residual protein expression,
enzymatic activity, and normal numbers of neutrophils and
lymphocytes. All but 1 patient had intact hearing. The patients’
B cells had severely impaired proliferation and in vitro
immunoglobulin secretion. With activation, the patients’ B cells
exhibited defective mitochondrial respiration and impaired
regulation of mitochondrial membrane potential and quality.
Although activated T cells from the patients with opportunistic
infections demonstrated impaired mitochondrial function, the
mitochondrial quality in T cells was preserved. Consistent with the
capacity of activated T cells to utilize nonmitochondrial
metabolism, these findings revealed a less strict cellular
dependence of T-cell function on AK2 activity. Chemical inhibition
of ATP synthesis in control T and B cells similarly demonstrated
the greater dependency of B cells on mitochondrial function.
Conclusions: Our patients demonstrate the in vivo sequelae of
the cell-specific requirements for the functions of AK2 and
mitochondria, particularly in B-cell activation and antibody
production. (J Allergy Clin Immunol 2020;146:192-202.)

Key words: AK2, adenylate kinase 2, hypogammaglobulinemia,
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Reticular dysgenesis, the most severe form of severe combined
immunodeficiency, is caused by defects in adenylate kinase 2
(AK2).'” Adenylate kinases (AKs) are phosphotransferases that
catalyze the reversible conversion of adenosine triphosphate
and adenosine monophosphate to adenosine diphosphate
(ADP).’ This reaction regulates the concentration gradients and
the movement of ATP among cellular compartments.” Nine
AK isoenzymes reside throughout the mitochondrial, nuclear,
and cytosolic compartments. As the only AK isoenzyme in the
mitochondrial intermembrane space, AK2 is critical for ATP
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Abbreviations used

ADP: Adenosine diphosphate
AK: Adenlyate kinase

AK2: Adenylate kinase 2

CMV: Cytomegalovirus

HSCT: Hematopoietic stem cell transplantation
MFI: Mean fluorescence intensity
NMP: Nucleoside monophosphate
OCR: Oxygen consumption rate
Olig: Oligomycin
ROS: Reactive oxygen species

export out of the mitochondrial matrix, where it is generated by
the electron transport chain.

Patients with loss of AK?2 expression and/or function typically
present withinl month of life with severe bacterial infections due
to agranulocytosis and profound T-cell lymphopenia.'>>°
Although the majority of patients with AK2 deficiency have
reduced numbers of B cells, patients with reticular dysgenesis
can have normal or increased B-cell numbers.””° However, the
function of B cells in AK2-deficient patients has not been
previously studied. Because AK?2 is the only AK isoenzyme in
the cochlear capillaries, sensorineural hearing loss is another
characteristic of AK2 deficiency that is common to all previously
reported patients.">>* All previously reported AK2-deficient
patients have required successful hematopoietic stem cell
transplantation for survival (HSCT)."*>¢

We investigated 15 patients, aged 3 to 34 years, with recurrent
sinopulmonary infections and hypogammaglobulinemia. We
identified 2 novel homozygous missense variants in AK2 that
partially preserve protein expression and activity. Impaired
B-cell function was common to all patients. In contrast, all of
the patients had normal numbers of lymphocytes and platelets
and all but 1 had intact hearing. None of the patients had persistent
neutropenia. T-cell function was relatively preserved, and all the
patients were surviving well without HSCT. In contrast to prior
reports of patients with complete loss of AK2 expression and/or
function,"*>* this study reveals differential requirements for
AK?2 in T- and B-cell function.

METHODS

Case studies

All patients and their parents provided written informed consent. The study
was approved by the institutional review boards of Boston Children’s
Hospital, the American University of Beirut Medical Center, and the King
Faisal Specialist Hospital & Research Centre. Patients 1 to 7 are the index
patients for this study. Patients 3, 4, 8, and 9 have been included in a
publication detailing the diagnostic utility of next-generation sequencing
in Saudi Arabia.” The clinical case studies are included in this article’s
Online Repository (available at www.jacionline.org).

Immunologic and genetic analysis

Flow cytometric studies, genetic sequencing, protein expression,
assessment of oxygen consumption rate (OCR), and T- and B-cell functions
are detailed in the Materials and Methods section in this article’s Online
Repository (available at www.jacionline.org). Immunologic assessments
were performed on all 15 patients, and detailed immunophenotyping was
performed on the 7 index patients.
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Statistical analysis

Data are graphed as mean with standard error of the mean. Statistical
analysis was performed by using GraphPad Prism version 8 software
(GraphPad Software Inc, San Diego, Calif), and each figure legend states
the relevant statistical methods.

RESULTS
Clinical characteristics

The patients belong to 9 kindreds (Fig 1, A). Families 1 and 2
are from Lebanon and are not known to be related. Families 3
to 8 are not known to be directly related but belong to the same
tribe in Saudi Arabia. The patients ranged in age from 3 to 34
years. All the patients presented with pulmonary infections
from the ages of 1 to 18 months; identified pathogens included
Klebsiella pneumoniae, Moraxella catarrhalis, Haemophilus in-
fluenzae, and Streptococcus pneumoniae (Table 1, and see Table
El in this article’s Online Repository at www.jacionline.org).
Nine patients (60%) developed bronchiectasis (Table II). Two pa-
tients (13%) each had a single clinically significant infection with
either cytomegalovirus (CMV) or Pneumocystis jirovecii, which
resolved after antimicrobial therapy. Additionally, 1 patient (pa-
tient 8) was found on routine screening to have CMV viremia
of 8216 copies per mL without detectable clinical sequelae
throughout her 21 years of life thus far. Infections with EBV, her-
pes simplex virus type 1, respiratory syncytial virus, or varicella
occurred in 5 of the patients (33%) (Table II). One patient had
mild sensorineural hearing loss; the remainder had no abnormal-
ities in auditory testing, including otoacoustic emission testing of
cochlear function (Table IT). All the patients were receiving intra-
venous immunoglobulins and antibiotic prophylaxis against P jir-
ovecii. Collectively, these patients were predisposed to bacterial
infections, with variable susceptibility to viral and opportunistic
pathogens.

Abnormalities in laboratory results

Hypogammaglobulinemia was the only immunologic defect
shared by all the patients, despite normal absolute lymphocyte
counts, B-cell numbers, and percentages of plasmablasts
(Table III). All 9 patients who received the tetanus, diphtheria,
and acellular pertussis vaccine before initiation of intravenous
immunoglobulin had impaired vaccine-specific responses
(Table IIT and see Table E2 in this article’s Online Repository
at www.jacionline.org). The percentages of memory B cells
were reduced in 3 of the 7 index patients (Table III). All patients
had normal numbers of CD4™ T cells; CD8* T-cell numbers were
reduced in 3 patients (Tables IIT and E2). Of the 7 index patients, 4
had reduced percentages of recent thymic emigrants, whereas 5
had reduced percentages of CD3"CD45RA™ naive T cells
(Table III). T-cell proliferation to PHA was reduced in 3 of the
index patients (Table III).

Intermittent neutropenia occurred in 67% of the 15 patients,
typically during infections (Table IV and see Fig E1 in this arti-
cle’s Online Repository at www.jacionline.org). Patient 5 was
found to have neutropenia in the setting of leukocytosis with
blasts. A bone marrow biopsy revealed T-cell acute lymphoblastic
leukemia with a marrow comprising 78% blasts; 19% lympho-
cytes, monocytes, and plasma cells; and 3% megakaryocytes,
granulocytes, and erythrocytes. He was treated successfully
with chemotherapy; follow-up bone marrow studies identified
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FIG 1. Identification of 2 homozygous variants in AK2in 9 kindreds. A, Pedigrees of patients and their rel-
atives, with genotypes of the sequenced individuals. B, Schematic showing the electron transport chain and
ATP synthase (depicted in green), leading to the generation of ATP in the mitochondrial matrix. C, Sche-
matic and ribbon diagrams depicting the AK2¢'°%S and AK24'82P mutants. Enlarged ribbon diagrams depict-
ing the potential interaction (red dotted lines) between the G100S and A182D mutants and the D99 and N179
residues, respectively. D. Representative immunoblots of AK2 using PBMCs from controls and indicated pa-
tients, with densitometry quantification of protein expression. E. Tandem mass spectrometry quantification
of AMP and adenosine diphosphate (ADP) in PBMCs from controls and patients 1 and 2 (AK2%"°°S) or dried
blood spots from controls and patients 3 to 7 (AK22'82P), Graphs in this figure pool 4 independent experi-
ments. *P < .05; **P < .01. The Mann-Whitney U test was used for (D) and the Kruskal-Wallis was used for
multiple comparisons in (E). ANT, Adenine nucleotide translocator; WT, wild-type.



J ALLERGY CLIN IMMUNOL
VOLUME 146, NUMBER 1

TABLE I. Clinical features of index patients
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P1 P2 P3 P4 P5 P6 P7
Patient family 1 2 3 3 4 4 4
Age of first symptom 7 2 1 2 5 6 4
(mo)
Current age (y) 20 3 10 9 12 8 7
Presenting symptom Klebsiella Pneumonia Pneumonia Pneumonia, Pneumonia, Pseudomonas Screened at
pneumonia oral thrush, diarrhea aeruginosa birth because
and ulcers leg abscess, of family
diarrhea, history
Opportunistic infections CMV Pneumocystis - - - - -
Jiroviceii
Other infectious Haemophilus Moraxella RSV, Cutaneous Cutaneous
pathogens influenzae, catarrhalis, Salmonella varicella varicella
Moraxella local enterica
catarrhalis BCGitis enteritis
Recurrent pulmonary + + + + + - -
infections
Bronchiectasis F - 4 s - - -
Other manifestations Autoimmune Intermittent Intermittent Colitis, Colitis, oral Oral ulcers
hemolytic neutropenia neutropenia  T-cell acute ulcers
anemia during lymphoblastic
infections leukemia
BCGitis, Bacille Calmette-Guérin—itis; CMV, cytomegalovirus; RSV, respiratory syncytial virus.
TABLE Il. Summary of the patients’ clinical features homozygous variant in AK2 (NM_001625: c.545C>A;

Clinical feature No. of patients (%) Patients affected

Recurrent pulmonary 15 of 15 (100%) All

infections
Bronchiectasis 9 of 15 (60%) P1, P3, P4, P8,

P9, P12-P15

Cytomegalovirus viremia 2 of 15 (13%) P1, P8
Pneumocystis jiroveci 1 of 15 (7%) P2

pneumonia
Cutaneous varicella 2 of 15 (13%) P6, P7
Respiratory syncytial 2 of 15 (13%) P5, P12

virus
EBV 1 of 15 (7%) P8
Herpes simplex virus 1 of 15 (7%) P8
Mild sensorineural 1 of 15 (7%) P11

hearing impairment

P, Patient.

no maturation arrest in any hematopoietic cell lineages. Only pa-
tient 8 had pancytopenia due to hypersplenism (see Fig E1). Ex-
amination of bone marrow aspirate revealed an appropriately
hypercellular bone marrow without maturation arrest in any he-
matopoietic cell lineages. The pancytopenia resolved after
splenic embolization.

Identification of 2 distinct homozygous variants in
AK2

Next-generation sequencing of genomic DNA from patients 1
and 2 identified a homozygous variant in AK2 (NM_001199199:
¢.298G>A; NP_037543.1: p.G100S; see Tables E3-E5 in this ar-
ticle’s Online Repository at www.jacionline.org). AK261005 g
absent from the dbSNP, ClinVar, and 1000 Genomes databases;
it is present once in the heterozygous state in the gnomAD data-
base with a minor allelic frequency of 3.2 X 107°. A different

NP_037543.1: p.A182D) was identified in patients 3 to 15 (see
Tables E4-E9 in this article’s Online Repository at www.
jacionline.org). AK2A182D s absent from the dbSNP, ClinVar,
1000 Genomes, and gnomAD databases. Both variants affect
highly conserved residues (see Fig E2, A in this article’s Online
Repository at www.jacionline.org). The scaled combined
annotation-dependent depletion scores® of AK29'°%S and
AK2A182P were 31 and 29.9, respectively. The mutation signifi-
cance cutoff utilizes the combined annotation-dependent deple-
tion scores of deleterious variants in the Human Gene Mutation
and ClinVar databases to generate gene-specific combined
annotation-dependent depletion score thresholds predictive of
biologic relevance.” Unlike all homozygous variants present in
gnomAD, the patients’ variants were predicted to be pathogenic
by the mutation significance cutoff (see Fig E2, B).

AK?2 is located within the intermembrane space of the
mitochondria (Fig 1, B). It contains a phosphate-binding loop, a
nucleoside monophosphate-binding (NMP) domain, a LID
domain, and a catalytic CORE domain formed by most of the re-
maining residues (Fig 1, C).'"” The protein’s enzymatic activity
depends on conformational changes in the NMP and LID do-
mains, which shield the phosphotransfer reaction site from wa-
ter.''" After completion of the enzymatic reaction, the LID
and NMP domains release 2 ADP molecules.'”'" Previous
missense, truncation, and splice site variants in AK?2 resulting in
reticular dysgenesis have been found throughout the protein, re-
sulting in absent or severely decreased protein expression and a
reduced ADP/AMP ratio."”>° Both AK2%'* and AK2*'%2P
affect the catalytic core domain and may result in interactions be-
tween the mutated G100S residue and D99 and between the
mutated A182D residue and N179 (Fig 1, C). The AK26'%0S
and AK2""82P mutants reduce protein expression and the ADP/
AMP ratio (Fig 1, D and E and see Fig E3 in this article’s Online
Repository at www.jacionline.org). The presence of residual AK2
protein and activity is consistent with the lack of reticular
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TABLE lll. Immunologic profiles of the patients
Patient No. P1 P2 P3 P4 P5 P6 Ref range P7
Age at evaluation (y) 14 0.2 10 8 10 6 for P3-P6 5
Hemogram
Hemoglobin, g/dL 12.2 (11.0-14.3) 13 (11.1-13.7) 133 11.5 9.5 12.3 (11.3-13.4) 10.5 (11.0-12.8)
WBCs, 10° cells/pL 4.9 (5.2-9.3) 11.2 (7.2-18.0) 7.7 6.3 7 12.6 (5.4-9.7) 10.7 (6.0-10.5)
Neutrophils, 10° cells/pL 2.8 (2.7-6.7) 4.7 (2.2-6.4) 1.7 2.8 0.62 1.3 (2.6-6.0) 1.7 (2.5-6.0)
Lymphocytes, 10° cells/uL 2.0 (1.0-2.2) 5.5 (2.2-5.6) 52 3.7 5. 43 (1.2-2.8) 4.5 (1.3-3.5)
Platelets, 10° cells/uL 211 (180-299) 532 (221-471) 333 233 696 414 (219 - 350) 504 (211-370)
Lymphocyte subsets
CD3", 107 cells/uL 1.5 (1.0-2.2) 2.4 (2.2-5.5) 4.2 32 4.7 33 (1.20-2.60) 2.0 (1.40-3.70)
CD45RA™, % CD3™ 38.5 (43-76) 68 (68-97) 48 44 61 53 (54-80) 53 (59-85)
CD3"CD4™, 10% cells/uL 0.54 (0.53-1.3) 2.0 (1.6-4.0) 2.7 2.5 2.5 2.4 (0.65-1.50) 1.7 (0.70-2.20)
CD45RATCD317", % CD4* 36.4 (9.8-43) 65.7 (59-84) 33.3 30.5 35.1 46.7 (45-63) 29.0 (45-63)
CD3"CD8™, 10% cells/uL 0.50 (0.33-0.92) 0.39 (0.59-1.6) 1.3 0.57 2.2 0.82 (0.37-1.10) 0.30 (0.49-1.30)
CD45RA*CCR7, % CD8™" 68.0 (7-53) 6.2 (3-42) 34 352 24.5 16.4 (15-41) 33.4 (15-41)
CD19%, 10® cells/pL 0.26 (0.11-0.57) 2.4 (0.3-2.0) 1.8 1.7 2.5 0.66 (0.27-0.86) 0.14 (0.39-1.40)
CD271gD™, % CD19™* 78.8 (48.4-79.7) 73 (82.1-95.2) 238 38.7 60.3 63.2 (69.4-80.4) 68.1 (76.3-84.9)
CD27*IgD", % CD19™" 2.6 (7.0-23.8) 6.2 (2.5-8.7) 4.6 3.0 12.2 114 (7.5-12.4) 10.3 (4.1-9.0)
CD27"1gD™, % CD19™" 3.2 (8.3-27.8) 14.9 (0.3-9.0) 60.7 483 18.3 17.4 (5.2-12.1) 10.2 (3.4-6.1)
IgMCD38%", % CD19" 1.1 (0.4-2.4) 1.4 (0.4-3.3) 4.3 33 1.1 1.0 (0.6-5.3) 4.1 (0.6-5.3)
CD37CD56", 107 cells/pL 0.16 (0.70-0.48) 0.11 (0.17-1.1) 0.54 0.18 0.40 0.33 (0.10-0.48) 0.04 (0.13-0.72)
Immunoglobulins
IgG, mg/dL On IVIG 120 (206-601) 430 160 92 109 (463-1290) 84 (463-1290)
1gM, mg/dL ND UD (17-105) UD UD UD UD (43-242) UD (43-242)
IgA, mg/dL ND UD (2.8-47) UD UD UD UD (25-236) UD (25-236)
Tetanus titer, IU/mL On IVIG* ND 0.03 0.03 0.02 0.05 (>0.15) UD (>0.15)
Proliferation
PHA 23,082 (96,009) 58,303 (89,524) 72,490 104,792 119,399 187,966 (>78,000) 184,507 (>78,000)

1VIG, Intravenous immunoglobulin; ND, not done after initiation of IVIG; P, patient; Ref, reference; UD, undetectable.
Reference ranges are in parenthesis; values below the normal range are in boldface and italics.
*Before receiving IVIG, P1 received 3 doses of the tetanus, diphtheria, and acellular pertussis vaccine at 2, 4, and 6 months of age; tetanus titer was 0.42 IU/mL and diphtheria titer

was undetectable at 9 months of age.

TABLE IV. Summary of abnormalities in patients’ laboratory

results

No. of

Laboratory finding patients (%) Patients affected

15 of 15 (100%) All
9 of 15 (67%) P3, P4, PS5, P6, P7, P9,
P10, P11, P12, P15

Panhypogammaglobulinemia
Intermittent neutropenia

Intermittent anemia 6 of 15 (40%) P5, P7, P8, P11,
P12, P15

CD4" lymphopenia 0 of 15 (0%) None

CD8™" lymphopenia 3 of 15 (20%) P2, P7, P10

dysgenesis in all patients. Furthermore, 14 of the 15 patients had
intact hearing without subtle abnormalities.

AK2C1%%S and AK2”'82P yariants impair B-cell
function and mitochondrial respiration
Hypogammaglobulinemia is the sole immunologic defect
shared by all 15 patients. The index patients had an approximately
50% reduction in B-cell proliferation, reduced B-cell survival,
and minimal IgG secretion after anti-CD40+IL-21 stimulation
(Fig 2, A-C). In contrast, the patients’ parents, all of whom were
heterozygous for either of the AK2 variants, had no history of
recurrent infections or immunologic abnormalities. Clinical lab-
oratory assessments of the parents confirmed normal

immunoglobulin and lymphocyte subset numbers (see Table
E10 in this article’s Online Repository at www.jacionline.org).
Additional studies on 2 parents with the heterozygous
AK2C109"WT genotype indicated a modest reduction in AK2 pro-
tein expression, evidenced by an approximately 20% reduction in
AK?2 protein compared with an approximately 40% reduction in
the patients with the homozygous AK2C'0S/G100S gepotype
(see Fig E4, A in this article’s Online Repository at www.
jacionline.org). However, B-cell proliferation and viability were
intact in the parents (see Fig E4, B), further suggesting that a
threshold level of AK2 is needed for intact B-cell function.
B-cell activation depends heavily on mitochondrial respiration
and oxidative phosphorylation.'*'* We assessed mitochondrial
respiration in resting and activated B cells from patients and con-
trols by using extracellular flux analysis, a well-established
method for measuring mitochondrial OCR as an indicator of
mitochondrial function.'*'® In this assay, the addition of
oligomycin inhibits the ATP synthase, revealing the basal OCR
generated by the mitochondrial electron transport chain.
Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
permeabilizes the inner mitochondrial membrane and allows
protons into the negatively charged mitochondrial matrix,
resulting in maximal oxygen consumption that correlates with
mitochondrial function.'*'” Rotenone and antimycin A inhibit
mitochondrial ~ respiration,'*!”  revealing the rate of
nonmitochondrial oxygen consumption. Extracellular flux
analysis of purified, resting CD19" B cells from both patients
with the AK29'%%5 variant showed a basal OCR comparable to
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that of B cells from healthy controls (see Fig ES5 in this article’s
Online Repository at www.jacionline.org). However, after stimu-
lation with anti-CD40+IL-21, B cells from patients 1 and 2
demonstrated significantly impaired maximal mitochondrial
respiration (Fig 2, D).

Cellular defects in AK2 deficiency have been previously
attributed to increased levels of reactive oxygen species (ROS)
and oxidative stress."'® In contrast, B cells from patients with the
AK29'9S variant showed mitochondrial ROS levels comparable
to those of the controls (Fig 2, E), suggesting additional mecha-
nisms contributing to the patients’ impaired mitochondrial respi-
ration. The heightened mitochondrial respiration required for B-
cell activation is achieved through increased mitochondrial
mass and membrane potential reflective of mitochondrial biogen-
esis and function. The maintenance of mitochondrial function
also requires regulation of mitochondrial quality. Reduced mito-
chondrial potential, an indicator of mitochondrial dysfunction, is
normally accompanied by decreased mitochondrial mass as
defective mitochondria are cleared.'” The ratio of inner mem-
brane potential to mitochondrial mass thus reflects mitochondrial
quality. Prior studies of AK2 deficiency and a number of other pri-
mary immunodeficiencies have utilized flow cytometry to mea-
sure mitochondrial mass and potential because this approach
enables simultaneous measurement of mitochondrial parameters
in live cells.”'>'%%° MitoTracker Green (Thermo Fisher Scienti-
fic, Waltham, Mass) binds to free thiol groups of cysteine residues
enriched in mitochondria. Chloromethyl-X-rosamine is a lipo-
philic cationic dye that accumulates in the mitochondrial matrix
in proportion to the negatively charged mitochondrial membrane
potential. The mitochondrial membrane potential of the patients’
resting B cells was normal, but it failed to increase after stimula-
tion with anti-CD40+1IL-21, which is indicative of reduced mito-
chondrial function (Fig 2, F). Notably, the mitochondrial mass of
AK2C1%% B cells was comparable to that of the controls before
and after stimulation (Fig 2, G). Consequently, the ratio of mito-
chondrial membrane potential to mitochondrial mass was reduced
in the patients’ activated B cells compared with in the controls
(Fig 2, H), which is reflective of reduced mitochondrial quality.

We next studied mitochondrial function in resting and activated
B cells from the patients with the AK2"'®?P variant. The
mitochondrial OCR was intact in resting AK2A182P B cells (see
Fig E6, A and B in this article’s Online Repository at
www.jacionline.org). Similar to CD40-+IL-21 activation,'”
EBYV infection of B cells is known to result in increased oxidative
phosphorylation and glycolysis to meet the increased metabolic
demands of proliferation.?' This is indicated by the higher basal
respiration of control EBV-transformed B cells compared with
that of control primary B cells stimulated by anti-CD40+1L-21
(Fig 2, D and Fig 3, A). Chronic EBV infection of B cells thus
represents a model of metabolic stress.”’  EBV-transformed
B cells from patients with the AK2*'%?® mutant had reduced
basal and maximal mitochondrial OCRs, indicating reduced
capacity for meeting the metabolic demands of chronic EBV
infection (Fig 3, A). AK24182D EBV. transformed B cells had
reduced mitochondrial membrane potential compared with
controls (Fig 3, C), whereas the mitochondrial ROS and mass
were comparable (Fig 3, B and D). The ratio of mitochondrial
membrane potential to mass was reduced in the AK2A182D cells,
indicating reduced mitochondrial quality (Fig 3, E). In contrast,
the rate of glycolysis in the patients’ EBV-transformed B cells
was intact (see Fig E6, C and D), demonstrating that AK2A182D
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leads to a specific defect in mitochondrial respiration rather
than to global metabolic dysfunction.

2G1OOS and

Defects in T cells in patients with AK
AK22182D yariants

Patients with reticular dysgenesis typically have severe T-cell
lymphopenia; Omenn syndrome has been reported in 1 patient
with reticular dysgenesis and residual circulating memory
T cells.” The hypomorphic AK2 variants in our patients were
associated with variably reduced percentages of recent thymic
emigrants and naive T cells (Table I). Flow cytometric analysis
of the a/f3 T-cell receptor repertoire showed decreased diversity
in VB use in CD4" and CD8™ T cells from patients with either
the AK291%%5 or AK2*'82P mutant (Fig 4, A and B).

Despite these abnormalities, only those patients with the
AK2Y19S yarjant had a single, clinically significant opportunistic
infection in early childhood. Patient 1 had no clinical sequelae
from CMYV reactivation during his adult life, suggesting retention
of memory and effector T-cell function. Although 1 of the patients
with the AK2182P variant (P8) had 1 episode of CMV viremia
identified on routine screening, she has had no clinical sequelae
in 21 years of life. Concordant with these clinical phenotypes,
PHA-stimulated CD3" T cells from only those patients with the
AK29'9%S variant had an approximately 40% reduction in
mitochondrial potential and mass; both parameters were intact
in T cells from patients with the AK2A182D variant (Fig 4, C
and D). Whereas mitochondrial quality was not preserved the
patients’ B cells, it was preserved in activated T cells from
patients of both genotypes (Fig 4, E). Additionally, CD3™" T cells
from the patients and controls had comparable amounts of ROS
(Fig 4, F). The patients’ clinical phenotypes and our in vitro
studies suggested a greater requirement for mitochondrial
function for the activation of B cells compared with that of T cells.
We tested this hypothesis by using oligomycin, a chemical
inhibitor of mitochondrial function in control B and T cells
because there are no commercially available specific inhibitors
of AK2. Oligomycin is known to reduce in vitro antibody
secretion from murine plasmablasts,'” but the relative sensitivity
of B and T cells to mitochondrial inhibition has not been previ-
ously reported. We found that exposure to a low concentration
(40 nm) of oligomycin nearly abolished control B-cell
proliferation, whereas T cells retained of 55% of maximal
proliferation (Fig 5, A). Additionally, control T cells were able
to retain approximately 30% of proliferation even with exposure
to high concentrations (400 nm) of oligomycin (Fig 5, A).
Similarly, control B cells had reduced cell viability after
oligomycin exposure, whereas T cells survived in both low and
high concentrations of oligomycin (Fig 5, B). Collectively, our
findings highlight the reliance of B cells on intact mitochondrial
function for activation and survival.

DISCUSSION

To our knowledge, we report the first 2 AK2 hypomorphic
variants permitting residual protein expression and enzymatic
activity, enabling normal numbers of myeloid and lymphoid cells
in 2 groups of unrelated patients. Our patients lacked 2 clinical
hallmarks of classical AK2 deficiency: persistent neutropenia
and sensorineural deafness, suggesting that the residual activity
of AK291%5 and AK2A'82P are sufficient for granulocyte


http://www.jacionline.org
http://www.jacionline.org

198 CHOU ET AL J ALLERGY CLIN IMMUNOL
JULY 2020

A B Cc hakd
- 100 - 4= OWT xx
e 1°07gwr - mGioos T
= WG100S x| - < W A182D
e 1mA182D >
= “ 75- T e
= 8 E
g D 50- 2
o >
[ =~ %
E 504 ® ks
3 254 1-
IS
ks
® il - s
Unstim  a-CD40 Unstim  a-CD40 Unstim a-CD40
+ IL-21 + IL-21 + IL-21
D Mitochondrial E Mitochondrial ROS
Respiration
€ 800 Olig FCCP R+A OWT € 8004 [JWT 6007 [JwT
£ | eG100s S W G100S W G100S
g £ = m 1
S 600- S 600+ T <
_9 _9 < 4004
Y o 3
§ 400- § 400 =
a a
% % 200
S 200 S 2001
[&] [&]
[ AN
o @) | | i
1 1 1 1 I=I - . .
0 25 50 75 100 Basal Max Unstim a-CD40
Time (sec) + IL-21
F Mitochondrial potential G Mitochondrial mass H Mitochondrial quality
L *
800- 0s 201 _ns_ 087 ns
I *%* -_—
ns
T i -
_ 600+ o 151 =06- l - *
T o) 0] ok
L - E
= x = T
@ ) T | T J
r:% 400 s 10 ns < 0.4
= 2 ¢
200+ = 51 g 027
(@)
Fresh a-CD40 Fresh a-CD40 Fresh a-CD40
+ IL-21 + IL-21 + IL-21
Owt Owt Owt

BG100S MG100S BG100S



J ALLERGY CLIN IMMUNOL
VOLUME 146, NUMBER 1

>

Mitochondrial B
Respiration Mitochondrial ROS
OWT - OwT

_’gsoo- ® A182D £ 8001 @ A182D 500;

S Olig FCCP R+A E = 400

ft, 600 £ 6004 = E

[0} o *kk <

& g = & 300

S 400 S 400; 2

8 g = 200

E =}

2 2

§ 2001 S 200+ 1001

o) o)

0 25 50 75 100 Basal Max T WT A182D
Time (sec)

: . , D , E . .
Mitochondrial potential Mitochondrial mass Mitochondrial quality
200w 304 s 1.09 %

g =~ | _ T

= T % = 08] l
o 154 = T ©

=} L 204 =

2 = % 0.6

g 109 = 2

= = Uc::~ 0.44

o 10 x

54 3 0.2,

WT A182D WT A182D WT A182D

FIG 3. Patients with AK2*782P have impaired mitochondrial function of EBV-transformed B cells. A, Extracel-
lular flux analysis of EBV-transformed B cells from controls and patients. B-E, Assessment of mitochondrial
ROS (B), potential (C), mass (D), and quality (E), quantified as the mean fluorescence intensity (MFI) of indi-
cated mitochondrial dyes in EBV-transformed B cells from controls and patients. All data in this figure were
generated from the study of 4 controls and patients 3 to 7 and are representative of 3 independent experi-
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development and cochlear function. Mild or moderate degrees of
neutropenia occurred in 67% of the patients, but none developed
the severe neutropenia characteristic of classical reticular dysgen-
esis. In support of this, the ATP synthase inhibitor oligomycin in-
hibits neutrophil development in a dose-dependent manner,

whereas absent granulopoiesis occurs only with high doses of oli-
gomycin.22 Alternatively, other phosphotransferases in the mito-
chondrial intermembrane space, such as creatine kinase or
nucleoside disphosphate kinases,””> may compensate for the
reduced, but not completely absent, AK2 function in our patients.

<

FIG 2. Patients with AK27%° have impaired mitochondrial function in B cells. A, B-cell proliferation after
indicated stimulation, measured by *H-thymidine incorporation. Data are shown relative to the maximal
proliferation of control B cells after stimulation. B, B-cell survival before or after 5 days of stimulation
with anti-CD40+1L-21. C, In vitro IgG secretion from PBMCs from patients or controls after indicated stim-
ulation. D, Extracellular flux analysis of purified B cells from controls and patients after stimulation with
anti-CD40+IL-21. E-G. Assessment of mitochondrial ROS (E), potential (F), mass (G), and quality (H), quan-
tified as the mean fluorescence intensity (MFI) of indicated mitochondrial dyes in B cells from controls and
patients. For all data in this figure, studies of AK29'%S refer to patients 1 and 2, studies of AK24'82C refer to
patients 3 to 7, with 3 controls per experiment. All data are representative of at least 2 independent exper-
iments. *P<.05; **P<.01. Calculations were made using 1-way ANOVA with the Holm-Sidak multiple com-
parison test. CMXRos, Chloromethyl-X-rosamine; FCCP, carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone; Max, maximum; MTG, MitoTacker Green; Olig, oligomycin; R+A, rotenone and antimy-
cin A; WT, wild-type.
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patient.

In the ear, AK2 is expressed by the capillaries of the cochlear stria
vascularis responsible for regulate the ionic composition of endo-
lymph, the extracellular fluid in contact with ATP-sensitive potas-
sium channels on the apical surface of auditory hair cells.”* High
doses of oligomycin partially impair hair cell integrity and

function in vitro.”> Collectively, these findings suggest cell-
specific differences in the requirement for AK2 protein expres-

sion and function.

AK2-deficient lymphoid progenitors have severely impaired

T-cell differentiation in vivo and in vitro.

1,2,5,6,20 Although our
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patients had normal numbers of CD3™" T cells, both variants were
associated with modest abnormalities in the percentages of recent
thymic emigrants or naive CD3"CD45RA™ T cells, T-cell recep-
tor diversity, and proliferation. In concordance with these mild de-
fects, our cohort did not demonstrate the susceptibility to
recurrent viral and opportunistic infections that is common in pa-
tients with severe combined immunodeficiency. Unlike previ-
ously reported patients with reticular dygenesis,' " our cohort
includes patients surviving to adulthood without HSCT. Simi-
larly, we show that chemical inhibition of mitochondrial function
in control T cells only partially impairs T-cell proliferation. Con-
trol T cells express less AK2 than B cells do (see Fig E3) and
instead have the capacity to utilize a diversity of metabolic path-
ways, including glycolysis, amino acid metabolism, and fatty acid
synthesis, for effector function.”® In particular, effector T cells
favor glycolysis, an AK2-independent pathway, for the synthesis
of cytokines, lipids, proteins, and nucleic acids.””?’ The meta-
bolic flexibility of effector T cells thus provides alternative sour-
ces of energy that complement mitochondrial metabolism.

In contrast to the mild defects in T-cell function, our patients
exhibited uniformly low immunoglobulins as well as defective
B-cell activation and survival. The impaired cellular development
and function characteristic of reticular dysgenesis have been
previously attributed to increased levels of ROS."'®*" However,
B cells from our patients had normal levels of ROS; similarly, it
has been shown that neither the chemical induction nor inhibition
of ROS in murine plasma cells affects antibody secretion.'”
Rather, we show that the mutant AK2 proteins impaired the
regulation of mitochondrial mass and membrane potential. As
mitochondrial shape is known to affect the efficiency of the
electron transport chain,*® future studies investigating the effects
of these AK2 variants on mitochondrial ultrastructure will expand
our understanding of how AK2 contributes to mitochondrial
integrity.

Programs for T-cell receptor excision circle-based newborn
screening for severe combined immunodeficiency are
increasingly common, although they are not yet established in

the home countries of our patients. The percentage of recent
thymic emigrants was normal in patients with the AK261008
variant and either normal or mildly decreased in patients with
the AK2*'%?P variant. Although T-cell receptor excision
circle-based screening can identify patients with classical AK2
deficiency, it would not uniformly identify newborns with
hypomorphic variants in AK2. Thus, this study underscores the
importance of considering hypomorphic AK2 variants in patients
with hypogammaglobulinemia. Additionally, all of our patients,
including several adults, are surviving well without HSCT. As
in cases of other primary immunodeficiencies with expanding
clinical phenotypes,’'~> we propose that the decision for
transplantation of this disorder be based on clinical criteria,
such as the numbers of opportunistic infections or evidence of
end-organ disease. Further studies are needed to determine
whether existing medications for improving mitochondrial
function would be beneficial in these patients.

In summary, our patients demonstrate the in vivo sequelae of
the cell-specific requirements for mitochondrial function. These
hypomorphic variants in AK2 reveal the dependence of B cells
on intact AK2 function and highlight the contribution of cellular
metabolism to adaptive immunity in humans.

We thank the patients and their families for their participation in this study.
We thank Dr Cybel Mehawe;j for her assistance in obtaining patient samples
and Ms Margo Reigle for laboratory assistance.

Clinical implications: Disease-causing hypomorphic variants in
AK2 can cause hypogammaglobulinemia with normal myeloid

and lymphoid cell numbers, which may not be detected by
newborn screening for severe combined immunodeficiency.
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