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NK-cells in the pathogenesis
of pediatric aplastic anemia
through deep phenotyping

Lotte T. W. Vissers®, Monique M. van Ostaijen-ten Dam”,
Janine E. Melsen™?, Yanna M. van der Spek®, Koen P. Kemna®,
Arjan C. Lankester®, Mirjam van der Burg™'

and Alexander B. Mohseny >

tLaboratory for Pediatric Immunology, Department of Pediatrics, Leiden University Medical Center,
Willem Alexander Children’s Hospital, Leiden, Netherlands, 2Department of Immunology, Leiden
University Medical Center, Leiden, Netherlands, *Pediatric Hematology and Stem Cell Transplantation
Unit, Department of Pediatrics, Leiden University Medical Center, Willem Alexander Children’s
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Introduction: Pediatric patients with unexplained bone marrow failure (BMF) are
often categorized as aplastic anemia (AA). Based on the accepted hypothesis of
an auto-immune mechanism underlying AA, immune suppressive therapy (IST)
might be effective. However, due to the lack of diagnostic tools to identify
immune AA and prognostic markers to predict IST response together with the
unequaled curative potential of hematopoietic stem cell transplantation (HSCT),
most pediatric severe AA patients are momentarily treated by HSCT if available.
Although several studies indicate oligoclonal T-cells with cytotoxic activities
towards the hematopoietic stem cells, increasing evidence points towards
defective inhibitory mechanisms failing to inhibit auto-reactive T-cells.

Methods: We aimed to investigate the role of NK- and B-cells in seven pediatric
AA patients through a comprehensive analysis of paired bone marrow and
peripheral blood samples with spectral flow cytometry in comparison to
healthy age-matched bone marrow donors.

Results: We observed a reduced absolute number of NK-cells in peripheral blood
of AA patients with a skewed distribution towards CD56°"9"" NK-cells in a
subgroup of patients. The enriched CD56°"9" NK-cells had a lower expression
of CD45RA and TIGIT and a higher expression of CD16, compared to healthy
donors. Functional analysis revealed no differences in degranulation. However,
IFN-vy production and perforin expression of NK-cells were reduced in the
CD56""9"enriched patient group. The diminished NK-cell function in this
subgroup might underly the auto-immunity. Importantly, NK-function of AA
patients with reduced CD56°"9" NK-cells was comparable to healthy donors.
Also, B-cell counts were lower in AA patients. Subset analysis revealed a trend
towards reduction of transitional B-cells in both absolute and relative numbers
compared to healthy controls. As these cells were previously hypothesized as
regulatory cells in AA, decreased numbers might be involved in defective
inhibition of auto-reactive T-cells. Interestingly, even in patients with normal
distribution of precursor B-cells, the transitional compartment was reduced,
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indicating partial differentiation failure from immature to transitional B-cells or a

selective loss.

Discussion: Our findings provide a base for future studies to unravel the role of
transitional B-cells and CD56°"9" NK-cells in larger cohorts of pediatric AA
patients as diagnostic markers for immune AA and targets for
therapeutic interventions.

KEYWORDS

aplastic anemia, pediatric, B-cells, natural killer cells, flow cytometry, bone marrow

1 Introduction

Bone marrow failure (BMF) in pediatric patients can be caused by
several hematological disorders, including inherited bone marrow
failure syndromes (IBMFS), (pre)malignant diseases and (idiopathic)
aplastic anemia (AA). Independent of the etiology, hematopoietic
stem cell transplantation (HSCT) is the most often used modality to
cure severe BMF in pediatric patients. However, HSCT is an intensive
medical procedure, associated with severe complications, such as
graft versus host disease (GVHD), organ toxicity, secondary
malignancies, and transplant-related mortality (1, 2). Therefore, it
is essential to develop targeted therapies. A major limitation is the
lack of diagnostic tools to identify the underlying event causing BMF
in most pediatric patients suffering severe BMF.

In recent years, standard diagnostics for pediatric patients
suspected of BMF have been expanded by wide genetic screening,
telomere length analysis and broader immunological screening,
resulting in the identification of a causative defect in 40% of the
patients (3). The remaining group of BMF with unknown origin is
classified as aplastic anemia (AA) (3). While the exact mechanism
remains elusive, the prevailing hypothesis suggests that AA is driven
by an immunological etiology. The evidence for an immune
mechanism in these patients is the result of immunosuppressive
therapy (IST) restoring blood counts in a part of AA patients (4). In
addition, the identification of oligoclonal expanded T-cell population
in experimental settings supports an immune-mediated
pathophysiology (5). Several related mechanisms have been
suggested, including CD8+CD57+ oligoclonal T-cells with direct
cytotoxic activity (6), secretion of different inflammatory cytokines
such as interferon-y (IFN-y) (7), immune imbalance by increased T-
helper type 17 cells (8) or reduced regulatory T-cells (Tregs) (9), and
associative correlations with certain HLA types (10).

The lack of a repeatedly identified type of effector cell, trigger or
antigen causing immune AA in spite of decades of research suggests
that complex disease mechanisms with involvement of multiple
(immune) cell types and patient susceptibility to immune
dysregulation are involved instead of a single disease causing cell or
event. Recently, noncanonical activation of auto-reactive T-cells as
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effector cells attacking hematopoietic stem cells was shown in pediatric
AA patients (11). However, the role of other important regulatory
cells, such as NK- and B-cells, often hypothesized to be involved in
adult patients, is understudied in pediatric patients (12, 13). In this
study, we aimed to investigate the role of NK- and B-cells in pediatric
AA patients suspected of an immune mediated disease causing
mechanism through a comprehensive analysis of paired bone
marrow and peripheral blood samples.

2 Methods
2.1 Patients

For this study, seven pediatric AA patients were included. The
diagnosis of AA was based on the combination of peripheral
cytopenia and hypocellular bone marrow and the exclusion of all
other known causes of BMF by extensive diagnostics towards
IBMFES, predisposition syndromes and secondary BMF as
described previously (3). As controls, seven age-matched healthy
bone marrow donors were included. Clinical data as well as paired
peripheral blood (a volume of 4 to 10 mL for AA patients) and bone
marrow samples were collected prior to treatment. The samples
were processed by performing Ficoll density gradient centrifugation
(LUMC Pharmacy, Leiden, The Netherlands) to isolate the PBMCs
and BMMGCs, respectively. The PBMCs and BMMCs were
cryopreserved and used for phenotypic and functional analysis,
with approval of the Institutional Review Board (protocols P00.068,
P01.028, B17.001 and RP24.023) after informed consent
was obtained.

For phenotypic and functional analysis, PBMCs from the same
date were used, except for patient 4 (189 days difference) due to
limited material availability. Patient 1 and healthy donor 5 were
excluded from the functional analysis due to unavailability of
materials. In addition, for AA patients, PBMCs and BMMCs were
obtained within one month of each other to prevent large
variabilities in cellular composition.
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2.2 Phenotyping of peripheral blood and
bone marrow mononuclear cells

PBMCs (up to 1 million viable cells) and BMMCs (up to 5
million viable cells) were stained with fluorochrome-conjugated
antibodies. A two-tube flow cytometry panel was designed to study
the lymphocytes in the peripheral blood. BMMCs were stained with
38 fluorochrome-conjugated antibodies in one tube
(Supplementary Table S1).

The mononuclear cells were thawed using AIM-V medium
(Thermo Fisher Scientific, Waltham, MA, USA) with 1% Penicillin/
Streptomycin (Sigma-Aldrich, Saint Louis, MI, USA) and 20% heat
inactivated fetal calf serum (FCS, Capricorn scientific, Ebsedorfgrund,
Germany) (thawing medium) supplemented with 1600 IU per mL
DNAse (VWR, Radnor, PA, USA), incubated for 5 minutes at 37°C,
washed twice and incubated for one hour at 4°C (BMMC) or at 37°C
(PBMC) in thawing medium. Viable cells were counted with a TC20
automated cell counter (Bio-Rad Laboratories, Hercules, CA, USA).
The BMMCs were washed twice with PBS and stained with live dead
staining (FVDUV455, eBioscience, San Diego, CA, USA) at 4°C in
PBS. After washing twice in PBS supplemented with 0.5% Bovine
Serum Albumin (BSA, Sigma-Aldrich), 2mM EDTA (Merck,
Darmstadt, Germany) and 0.02% NaN3; (LUMC Pharmacy) (FACS
buffer), PBMC and BMMC samples were incubated for 45 minutes at
room temperature with the fluorochrome-conjugated antibodies for
extracellular markers and Brilliant Stain buffer plus (Becton
Dickinson Biosciences (BD), Franklin Lanes, NY, USA) in FACS
buffer. PBMC samples were washed three times with FACS buffer and
kept in the fridge until measurement. BMMC samples were washed
twice in PBS/NaNj, and subsequently cells were fixed in 4%
paraformaldehyde in PBS and permeabilized in PBS supplemented
with 0.5% BSA, 2mM EDTA, 0.02% NaNj; and 0.1% saponin (Perm
buffer). After 10 minutes incubation with 10% FCS in Perm buffer at
4°C and subsequent washing of cells with Perm buffer, antibodies for
intracellular staining diluted in Perm buffer were added and
incubated for 30 minutes at 4°C. Next, the cells were washed three
times, resuspended in Perm buffer and kept in the fridge until
measurement. DAPI was added to the PBMC samples prior to
measurement to detect dead cells. Data was acquired on the 5-
Laser Cytek Aurora flow cytometer (Cytek® Biosciences Inc,
Fremont, CA, USA) at the Flow cytometry Core Facility (FCF) of
the Leiden University Medical Center (LUMC) using Spectr0ﬂ0®
Software (Cytek Biosciences Inc).

2.3 In vitro assessment of NK-cell
degranulation and IFN-y production

To study degranulation and cytokine production of NK-cells,
PBMCs were thawed as described and plated in a flat-bottom 48
wells plate (Corning Incorporated, Corning, NY, USA) at a
concentration of 5 million per mL in AIM-V supplemented with
1% Penicillin/Streptomycin, 1% glutamax and 10% heat inactivated
FCS and incubated at 37°C with 5% CO, in a 100% humidified
atmosphere. The next day, CD107a (BD, FITC) was added.
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Subsequently, K562 target cells (1:1 effector-target cell ratio) or a
combination of 10 ng/mL IL-12 (PeproTech, Rocky Hill, NJ, USA),
10 ng/mL IL-15 (PeproTech) and 20 ng/mL IL-18 (MBL
International, Woburn, MA, USA) were added, or cells were
incubated in medium only, as control. After 1 hour of incubation,
GolgiStop (BD) was added, followed by another 3 hours of
incubation. The stimulated PBMCs were harvested and stained
for surface markers (Supplementary Table S1). Subsequently, cells
were fixed and permeabilized as described, incubated with Fc block
(eBioscience) for 10 minutes at 4°C and stained intracellularly
(Supplementary Table S1). Data was acquired on the 3-Laser
Cytek Aurora flow cytometer (Cytek® Biosciences Inc) at the FCF
of LUMC using Spectroﬂo® Software.

2.4 Cytometry data analysis

Flow cytometry data analysis was performed using the OMIQ data
science platform (Omiq, Inc, Santa Clara, CA, USA). Manual
compensation and arcsinh transformation was performed, as
described previously (14). FlowAl was used to remove anomalous
events, based on flow rate and outlier events (15). Data was normalized
using CytoNorm (16) based on a reference control. Cell populations
were identified using the gating strategy described in Supplementary
Figures S1-S3. Absolute blood cell counts were calculated using the
leukocyte subsets (absolute counts and differential) which were
determined on an automated hematology analyzer.

For single-cell analysis, UMAP was performed as
dimensionality reduction (17), and FlowSOM (18) for clustering.
Calculations were based on all normalized expression values in the
respective panel, except the live/dead marker, CD10, CD15, CD38
and IgD. Peripheral blood NK-cells were defined as Lin’
CD56"CD7" (Supplementary Figure S2) and downsampled to
include an equal number per group (e.g., healthy donors and AA
patients). Bone marrow derived B- and progenitor cells were
defined as described in Supplementary Figure SI and also
downsampled to include an equal number per group.

2.5 Statistical analysis

Visualizations and statistics were performed in GraphPad Prism
v9.3.1. (GraphPad Software, San Diego, CA, USA). Heatmaps were
generated using the pheatmap package in R (v4.2.2, R Foundations
for Statistical Computing, Vienna, Austria). The Mann-Whitney U
test was applied for the analysis of non-parametric data. Fisher’s
exact test was used for the analysis of categorical data. A two-sided
p-value of less than 0.05, corrected for false discovery rate (FDR),
was considered statistically significant.

3 Results
3.1 Patient characteristics

In this study, seven pediatric AA patients and seven age-
matched healthy donors were included (Table 1; Supplementary
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clones kel : o . ation o length status
(\%] (y) s* *x cellularity hematopoiesis clonality variation
for BMF
VUS SAMDOYL;
Decreased Chr7(GRCh37):
Ery<1%, hematopoiesis in No (also n 292764011 T>A:
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p-0?
Heterozygous
VUS SAMDY;
Chr7(GRCh37):
Minimal rest No (also n £.92733281T>G: Plin
3 m 2 3 <1% 714 HLA class I Neg No Hypocellular hematopoiesis o falso no No NM_017654.3: Normal . Pos
. . monosomy 7) all fractions
without dysplasia c2130A>C
p-(Lys710Asn)
Heterozygous
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Ery 20-30%, myelopoiesis and
h P . k. .
4 f 16 18 other 209 | No Neg No rogressive MegAKAIyopoIesis | g No No NE NE Neg
fractions hypocellular with relative
50% increased
erythropoiesis
BRCAI1;Chrl7
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Minimal rest 2:41234520G>A: Granulocytes
Ul
5 m 5 5 <1% 293 No Neg No Hypocellular hematopoiesis No No NM_007294.3: Normal 1 " Neg
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hematopoiesis in Granulocytes
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hematopoiesis in
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T- cells

* Anti-nuclear antibodies (ANA), direct antiglobulin test (DAT) and human leukocyte antigen (HLA) antibodies were screened, followed by further specification if tested positive.
** Screened for active ParvoB19, EBV, CMV, Hepatitis A/B/C (if indicated Leishmania and HIV).

*** Iron, folic acid, vitamin B12, thyroid/liver/kidney function, electrolytes.

PNH, paroxysmal nocturnal hemoglobinuria; TPO, thrombopoietin; BMF, bone marrow failure; MMC, mitomycin C; CMV, cytomegalovirus; VUS, variant of unknown significance; NE, not examined.
The symbol ? indicates that the effect of the nucleotide change on the resulting protein is not clear.
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Table S2). No significant differences in age at sampling and sex were
found between both groups (p=0.71 and 0.56, respectively). Five out
of seven patients had classic (very) severe AA according to the
WHO cdlassification with hypocellular bone marrow and trilinear
severe cytopenia. Patient 4 presented with progressive peripheral
cytopenia and marrow hypoplasia 10 years after HSCT for very
severe AA and later she also developed paroxysmal nocturnal
hemoglobinuria (PNH). This patient was initially transplanted at
the age of 4 years by using a HLA-identical sibling. The procedure
was without complications and at yearly follow-up she was free of
symptoms for 10 years. During the recurrent presentation with
cytopenia 10 years post-HSCT, she underwent extensive diagnostic
work-up (DNA was isolated from fibroblasts cultured from skin to
avoid donor DNA contamination) which revealed no explanation
for the peripheral cytopenia and progressive marrow hypoplasia.

Although for this study only patients were included without
IBMEFS or other identified cause for BMF, whole exome sequencing
(WES) data revealed interesting variants which were classified as
variants of unknown significance (VUS) in three out of seven
patients. In addition, in one patient, a pathogenic variant BRCAI,
which is not associated with BMF, was found. Mitomycin C (MMC)
DNA breakage test results were normal for all patients. Patients 5
and 6 had shortened telomere length in the granulocyte fraction,
patient 3 had short telomere length for all fractions, however not to
the extent that telomere biology disorder (TBD) was suspected. All
other patients had normal telomere length. Telomere length for
patient 4 could not be performed, due to high donor chimerism in
peripheral leukocytes.

3.2 Absolute B- and NK-cell counts in
peripheral blood of AA patients
are reduced

To study the lymphocyte composition in AA patients,
cryopreserved PBMCs were analyzed by flow cytometry. No
significant differences in the absolute number of T-cells were

10.3389/fimmu.2024.1328175

found between AA patients and healthy donors (Figure 1A).
However, in two AA patients (1 and 6) the T-cell number was
below the normal range of age-matched controls (Supplementary
Table S3). In contrast, absolute NK-cell and B-cells were
significantly lower in AA patients as compared to healthy
controls (Figures 1B, C). Six out of seven AA patients exhibited
NK-values below the lower limit of age-matched controls
(Supplementary Table S3) (19). The seventh patient displayed
markedly reduced NK-cell numbers, just within the normal range.
Regarding the B-cells, four patients had B-cells numbers below and
one just within the normal range. The lymphocyte subsets from the
healthy donors were all within normal range.

3.3 CD56""9" NK-cells with a non-classical
phenotype are enriched in peripheral
blood of a subgroup of AA patients

To study whether the NK-cells in AA patients have an aberrant
phenotype, we performed an in-depth single-cell analysis of the flow
cytometry data. First, NK-cells were categorized into the conventional
CD56%™CD16" and CD56"™CD16"" NK-cell subset. Although the
absolute number of CD56“™ NK-cells in blood was consistently
lower compared to healthy donors in all patients, the CD56°" " NK-
cells were relatively enriched or even higher in absolute counts in 3
AA patients (1, 6 and 7, Figures 2A, B). Within the bone marrow, a
similar enrichment of CD56""8" NK-cells was observed (Figure 2B).

Next, dimensionality reduction (UMAP) and FlowSOM
clustering were performed on the blood NK-cells (Figure 2C;
Supplementary Figure S4). In total 15 clusters were identified,
each representing a unique phenotype (Table 2). Based on the
density of the UMAP, it was evident that the distribution of the
clusters differed between healthy donors and AA patients
(Figure 2C). In line with our results as described above, cluster 8,
11 and 13 representing CD56""8" NK-cells were abundant in AA
patients 1, 6 and 7 (Figures 2C, D). Cluster 11 was characterized by
a classical CD56°"#"" phenotype NKG2A*CD45RA*CD16".

FIGURE 1
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*k %k *
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Lymphocyte distribution in peripheral blood. Absolute numbers of (A) T-cells, (B) NK-cells and (C) B-cells in the peripheral blood of AA patients
compared to age-matched healthy donors (HD). Data were compared using the Mann-Whitney U test. Significant values after multiple testing
correction using the false discovery rate (FDR) are indicated: ***P<0.001; *P<0.05.
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FIGURE 2

NK-cells in blood and bone marrow. (A) Absolute and relative CD569™ and CD56°"9"* NK-cell values within the blood of AA patients and healthy
donors (HD). NK-cells were defined as Lin"CD56"CD7*. (B) Representative flow cytometry plots of total NK-cells from one healthy donor and 3 AA
patients with enriched CD56°"9" NK-cells. The CD69* tissue-resident NK-cells were excluded from the total NK-cell population in bone marrow.
(C) UMAP and FlowSOM clustering of total blood NK-cells based on all fluorochrome conjugated markers, except the live/dead marker. An equal
number of cells per group (HD vs AA) was included in the analysis, resulting in a minimum of 5.533 and a maximum of 9.449 events per sample.
(D) A heatmap based on median expression levels and proportions of each individual cluster. (E) Flow cytometry plots demonstrating expression of
CD45RA, TIGIT and NKG2C in a subgroup of AA patients with enriched CD56°"9" NK-cells. One representative healthy donor is shown. Data were
compared using the Mann-Whitney U test. Significant values after multiple testing correction using the false discovery rate (FDR) are indicated:
***P<0.001; *P<0.05.
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TABLE 2 Definition of NK-clusters.

1 CD56Y™NKG2A"

2 CD56Y™NKG2A CD57"

3 CD56%™NKG2A CD27*CD160™

4 CD56“™NKG2A 'NKG2C*CCR5 " TIGIT™
5 CD56™MermediateNKG2A*CCR5 TIGIT!

6 CD56Y™NKG2A CD57 NKG2C*

7 CD56"8"NKG2A " CD27*CD69* CD160"
8 CD56""8"NKG2A*CD27*CD16* TIGIT*CD45RA
9 CD56%™NKG2A*CD57*

10 CD56“™NKG2A CD57 NKG2C CD16%™
11 CD56°"8"NKG2A ™

12 CD56“™NKG2A CD57*CD16%™

13 CD56"#"NKG2AY™NKG2C CD45RA”
14 CD56Y"™NKG2A NKG2C*CD57*

15 CD56%™NKG2A CD57*

Notably, cluster 8 was uniquely present in patient 1 (9.4% of NK-cells)
and patient 7 (8.5% of NK-cells) and was characterized by a
CD45RA™™TIGIT*CD16" phenotype. Cluster 13, representing
22.5% of NK-cells in patient 7, included CD45RA"I™NKG2C" cells
(Figures 2D, E). Within the CD56*™ compartment, only notable
differences in NKG2C" percentages were detected, but this could be
attributed to CMV serostatus as previously described (Figure 2D)
(20-22). In conclusion, the CD56" ¢ NK-cells that are enriched in a
subgroup of AA patients have an aberrant phenotype.

3.4 NK-cell function is reduced in the
CD56P"9"_enriched patient group

To study the link between the CD56°8" expansion and AA,
functional NK-cell assays were performed. PBMCs were stimulated
with K562 cells, cytokines or, as a control with medium. The
degranulation of CD56™"" and CD56%™ NK-cells, as assessed by
CD107a expression, did not significantly differ between AA patients
and healthy donors (Figure 3A). Only patient 4 had less
externalization of CD107a on CD56"" NK-cells after stimulation
with K562 cells (25.4%) compared to healthy controls (mean 44.9%)
(Figures 3A, B). IEN-y production by CD56"8" NK-cells of both
patient 6 (32.4%) and patient 7 (17.8%) was lower compared to
healthy donors (mean 61.8%) upon stimulation with cytokines
(Figures 3C, D). Although less apparent, IFN-y production by
CD56%™ NK-cells seemed hampered in patient 5 (5.4%), 6 (3.8%)
and 7 (5.5%) compared to healthy donors (mean 24.5%) (Figures 3C,
D). Interestingly, in all conditions, patient 6 and 7 had reduced

perforin expression of CD56"™

NK-cells compared to healthy
donors. This reduction became most pronounced upon stimulation
with cytokines, with a mean fluorescence intensity (MFI) of 3071 and

1148 for patient 6 and 7, respectively, compared to a MFI of 5655
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(geomean) for the healthy donors (Figures 3E, F). For patient 7, a
similar pattern was seen for the CD564™ NK-cells. Together, these
results suggest that NK-cell function is altered in the CD56°€"-
enriched patient group.

3.5 Transitional B-cells are decreased in
AA patients

As AA patients had reduced absolute B-cell values in peripheral
blood, the composition was studied in further detail. While no
significant differences after multiple test correction were observed,
subset analysis indicated that the absolute numbers of B-cell subsets
of nearly all SAA patients were reduced compared to the donor
controls (Figure 4). Interestingly, although most mature B-cells,
including the switched memory B-cells, were reduced in number, Ig
production was not affected (Supplementary Figure S5), indicating
that the B-cell immune response in AA patients is still intact.

The transitional B-cells of AA patients were the only subset with
a trend towards reduction in both absolute numbers and relative
values compared to the donors (Figure 4). When comparing to age-
specific references, five of these patients exhibited absolute numbers
below the normal range (Supplementary Table S3) (23).

3.6 Absence of transitional B-cells seems
independent of bone marrow precursor B-
cell development

As transitional B-cells are early emigrant cells from the bone
marrow, flow cytometry analysis was performed on BMMCs to
determine whether these abnormal cell counts were due to aberrant
precursor B-cell development. The bone marrow composition
revealed significantly decreased percentages of progenitor cells,
myeloid cells, erythroid cells, B-cells and significantly increased
percentages of T- and NK-cells (Supplementary Figure S6).
However, higher levels of blood contamination due to hypoplastic
bone marrow in AA patients might partly explain the increased T-
and NK cell percentages (Supplementary Table S4).

To overcome the limitation of blood contamination, only B-cells
known to be exclusively present in the bone marrow were analyzed
first (precursor B-cells). These included pro B, pre B I, pre B IT and
immature B-cells. In general, significant lower pre B I, pre B II and
significantly higher immature B-cells were observed in patients
(Supplementary Figure S7). Although absolute counts in AA
patients were likely further skewed due to their hypocellular bone
marrow, there was no block in precursor B-cell development that
could explain the absence of transitional B-cells in peripheral blood
(Figure 5). Of patients 1 to 5, who all lacked transitional B-cells in
peripheral blood, patients 4 and 5 had a normal precursor B-cell
development in bone marrow. Patients 6 and 7 had normal numbers
of transitional B-cells in blood, but in patient 7 no pro B and pre B I
cells could be detected, which was also seen in patient 1 (Figure 5).

In bone marrow samples, mature B-cells (i.e., non-precursor B-
cells) are present mainly because of peripheral blood
contamination. The percentage of these so-called “bone marrow
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(A) Degranulation of NK-cell subsets. (B) Representative flow cytometry plots demonstrating a reduction of CD107a*CD56°"9" in patient 4. One
representative healthy donor (HD) is shown. (C) Percentage of IFN-y positive cells for both CD569™ and CD56°"9"t NK-cell subsets.

(D) Representative flow plots of one HD and two AA patients with reduced IFN-y production of both CD56%™ and CD56°"9" NK-cell subsets.

(E) Intracellular expression of perforin of both CD56%™ and CD56°"9"* NK-cell subsets indicated by the mean fluorescence intensity (MFI). Horizontal
dotted line visualizes the geomean of perforin negative T-cells (negative control). (F) Representative flow cytometry plots showing reduced perforin
expression of CD56°9" NK-cell in AA6 and reduced expression of both subsets in AA7. One representative (HD) is shown. Data were compared
using the Mann-Whitney U test. After multiple testing correction using the false discovery rate (FDR) no significant differences were observed.

mature B-cells” in AA was comparable to the healthy donor
samples. Within this bone marrow mature B-population, the
transitional B-cells were also relatively reduced in AA compared
to the donors (Supplementary Figure S7). The combined data show
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that transitional B-cells are strongly reduced in AA, despite
complete bone marrow precursor B-cell development until the
immature B-cell stage. In addition, about half of the AA patients
had a remarkable reduction in pro-B cells and pre-B-I cells.
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B-cell subpopulation within the peripheral blood
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3.7 A shift towards more precursor B-cells
and less CD34" progenitors in a subgroup
of AA patients

Dimensionality reduction (UMAP) and FlowSOM clustering
were performed on the CD34" progenitors and precursor B-cells
(Figure 6A; Supplementary Figure S8). In total, 20 clusters were
identified, each representing a unique phenotype (Table 3). The
clusters on the lower right (cluster 15-20) represented the CD34"
progenitors and clusters on the left part (cluster 1-3 and 4-14) of the
UMAP the precursor B-cells which were positive for CD19, CD10
and had a gradual increase in the expression of cyIlgM. In patient 1,
2,3 and 7, the distribution in percentages of CD34" progenitors and
precursor B-cells was shifted towards more CD34" precursor B-cells
and less CD34" cells as compared to the healthy donors (Figure 6A;
Supplementary Table S5).

In depth analysis of progenitor cells was performed by selecting
only the CD34"progenitor cells (Figure 6B). Patients 1 and 3 were
excluded from analysis due to an insufficient number of events.
Interestingly, patient 5 clustered with the healthy donors, indicating
no aberrant distribution in CD34" progenitor cells. For all other AA
patients, differences in distribution could be observed compared to
healthy donors. Cluster 15, characterized mostly by late

TABLE 3 Definitions of CD34" progenitors and precursor B-cell clusters.

Phenotype Cluster

EMP 20
EMP 19
EMP and some MPP 18
£ MPP and GMP+LMPP, some pro B 17
=
c
o Majority late GMP and some GMP Is
E +LMPP and EMP
Y Late GMP and B 16
3 ate and some pro
[=]
o Pro B 10
Pre B I and some pre B II 12
Pre B 1 11
Pre B 1 14
Pre B I and pre B II 8
@
] Pre B 1L 9
o
|
o0 Pre B II 7
£
o
4 Pre B 1T 3
5
3
a Pre B II and some immature B 2
Pre B II and some immature B 1
Artefact 4
Immature B 6
Immature B 13
Immature B 5

GMP, granulocyte-macrophage progenitor; MPP, multipotent progenito; LMPP, lymphoid-
primed multipotent progenitor; EMP, erythro-myeloid progenitor.
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granulocyte-macrophage progenitors (GMPs) and some GMP +
lymphoid-primed multipotent progenitors (LMPPs) and erythro-
myeloid progenitors (EMPs), represented 27.5 to 39% of CD34"
cells in these patients, as compared to a mean of 5.6% in healthy
donors. Only 2.7 to 9.6% of these patients’ CD34" cells were
represented by cluster 17, defined as multipotent progenitors
(MPPs), GMP+LMPP and some pro B, as compared to a mean of
32.2% in healthy donors. Cluster 18, characterized by EMPs and
some MPPs, was also reduced in this subgroup of patients, with a
proportion of 0 to 1.3%, compared to a mean of 7.9% in healthy
donors. Together, these results indicate a shift from CD34"
progenitors towards precursor B-cells in AA patients compared to
healthy donors.

4 Discussion

Although the widely accepted hypothesis states that AA is caused
by immune dysregulation or auto-immunity, the exact mechanism is
still not fully understood. As part of the current standard diagnostic
pathway for pediatric patients with BMF, we frequently observed
lower peripheral NK- and B-cell counts in pediatric AA patients.
Interestingly, this observation was not only true in comparison to
healthy controls but also when compared to pediatric patients with
constitutional hypoplastic BMF such as in telomere biology disorders
(TBD), NK- and B-cell counts were frequently decreased in
peripheral blood (3). Therefore, in this study, we aimed to
investigate the presence and characteristics of NK- and B-cells in
peripheral blood and bone marrow of pediatric AA patients in
comparison to age-matched healthy bone marrow donors.

We categorized pediatric patients as AA if patients were healthy
until the onset of BMF, unexposed to cytotoxic drugs or radiation
and if other known causes of BMF, mainly inherited bone marrow
failure syndromes (IBMFS) and (pre)malignant conditions, were
excluded. In parallel to adult patients with acquired/immune AA,
this category of pediatric patients might suffer from an auto-
immune driven process affecting healthy hematopoiesis. In
immune AA, the most hypothesized disease mechanism includes
a viral infection driven T-cell attack towards the hematopoietic stem
cell, although the initiating antigenic target for this immune
response remains elusive. In addition, ineffective inhibition of the
T-cell response by regulatory cells and cytokines maintaining
immune dysregulation, auto-immunity and micro-environmental
marrow inflammation have been proposed to facilitate the
disruption of hematopoiesis in these patients (24).

In this study, we focused on a potential role for NK- and B-cells
in pathogenesis. We observed a reduced absolute number of NK-
cells in peripheral blood of all patients. However, the considered
immunoregulatory CD56""8" NK-cell subset (25, 26) was enriched
in three patients (1, 6 and 7) and even normal absolute CD56Pright
counts were detected in two of them. After HSCT, which is like AA
also an inflammatory setting, absence of T-cells is associated with
expansion of CD56""8" NK-cells (27). Therefore, the expansion of
the CD56"8" NK-cells might be a result of the low T-cell numbers,
as observed in patient 1 and 6. The loss of CD45RA on this subset
suggests that these NK-cells are activated. Accordingly, in the blood
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of both multiple myeloma patients and HSCT recipients a similar
loss of CD45RA was observed (28). However, in spite of normal
degranulation, IFN-y production and perforin expression were
reduced in this specific patient subgroup, suggesting the function
of NK-cells to be impaired. Interestingly, the observed reduction in
NK-cell function was not limited to the CD56"8" NK-cells.
Impaired NK-cell activity has been reported in multiple auto-
immune diseases, including multiple sclerosis (MS) (29), systemic
lupus (SLE) (30), rheumatoid arthritis (RA) (31) and adult AA
(12, 32, 33). Overall, these results imply that diminished NK-cell
function in a subgroup of AA patients might underly the auto-
immunity. Importantly, degranulation, IFN-y production and
intracellular perforin of AA patients with reduced CD56""8" NK-
cell counts (patient 2, 3, 4 and 5) were within the range of healthy
controls. Of note, NK-cells were found to be relatively increased in
the bone marrow. Additional analyses are required to pinpoint the
exact role and cellular interactions of NK-cells in pediatric AA.

In our pediatric AA cohort, the absolute numbers of B-cells
were reduced in peripheral blood, which concerned all B-cell
subsets. Although a greater sample size is required to confirm the
observation, the trend towards reduction or even absence of
transitional B-cells was remarkable and in line with a previous
study in adult AA (13). Transitional B-cells are regarded as the
intermediates between bone marrow precursor-B and peripheral
naive mature B-cells. However, this population is also suggested to
contain B-regulatory cells (Bregs), which have specific B-cell
receptor repertoire characteristics outside the trajectory of gene
loss or gain between precursor B - naive mature stages (34).
Reduction of these Breg cells in AA was previously hypothesized
to be involved in defective inhibition of auto-reactive T cells (13).
Interestingly, even in AA patients with normal distribution of
precursor B-cell stages in the bone marrow, the transitional
compartment was reduced, suggesting a partial differentiation
failure from immature to transitional B cells or selective loss, as
naive B-cells were not reduced. It might be that the specific
reduction of Bregs contributes to the development of AA.
However, in depth functional investigations on the normal role of
Bregs are necessary to determine whether this phenomenon indeed
contributes to the pathogenesis in AA and if Bregs can be used as
diagnostic or prognostic markers in immune AA.

Furthermore, in depth analysis of the bone marrow CD34"*
progenitors and precursor B-cells revealed a shift from CD34"
progenitors towards more precursor B-cells in a subgroup of AA
patients as compared to the healthy donors. Reduced CD34+
progenitor cells are a hallmark of AA, but it is remarkable that the B-
cell lineage remains relatively unaffected in comparison to the myeloid
lineages, which are completely absent or destroyed. This might be partly
explained by a difference in cellular turnover between the lineages.
Further research is necessary to better understand this observation.

Although patients in this study were selected after exclusion of
constitutional BMF syndromes to increase the probability of an
underlying immune based disease mechanism, we were intrigued by
the identification of a germline VUS in 3 out of 7 patients in BMF
related genes (SAMDY, SAMDIL and RPS24) and a pathogenic
BRCA1I mutation in another patient. Despite the lack of evidence for
the pathogenicity of these variants, especially the SAMDY and
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RPS24 mutations might suggest a predisposing role for the
development of AA. Comparable observations were reported for
TERC, TERT, and SLX4 variants of unknown significance
predisposing or causing AA (35). Hypothetically, these variants
might not be pathogenic as a single factor causing BMF as
compared to other known pathogenic SAMD9 and RPS24
mutations in IBMFS but might render patients more susceptible
to BMF within a multifactorial disease mechanism. Functional
studies are essential to provide additional information on whether
these variants predispose patients to AA by intrinsic increased HSC
vulnerability to inflammation, increased T-cell auto-reactivity
directly or via accumulation of additional somatic mutations and/
or reduced inhibitory potential of the regulatory immune cells (24).

Limitations of this study include low patient numbers and low
numbers of bone marrow cells to study and quantify findings due to
hypocellularity of the bone marrow.

Pediatric immune AA patients may be successfully treated by
IST to avoid risks of HSCT. However, diagnostic markers to identify
immune AA and prognostic markers to predict IST response are
required to personalize treatment. Therefore, high-dimensional
single-cell studies in larger homogeneous patient cohorts are
crucial for the identification of disease-causing events that could
serve as targets for therapy.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Medical Ethics
Committee of the LUMC. The studies were conducted in
accordance with the local legislation and institutional
requirements. Written informed consent for participation in this
study was provided by the participants’ legal guardians/next of kin.

Author contributions

LV: Formal analysis, Investigation, Methodology, Visualization,
Writing — original draft. MO-D: Formal analysis, Methodology, Writing
- review & editing, Investigation. JM: Formal analysis, Writing — original
draft. YS: Formal analysis, Investigation, Writing - review & editing. KK:
Formal analysis, Investigation, Writing — review & editing. AL:
Conceptualization, Writing — review & editing. MB: Conceptualization,
Methodology, Supervision, Writing - original draft. AM:
Conceptualization, Methodology, Supervision, Writing — original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
financially supported by a grant from the Stichting Zeldzame Ziekten
Fonds (BMF2023). LV was supported by funding from the Leiden

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1328175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vissers et al.

University Medical Center and JM was supported by reNEW, the Novo
Nordisk Foundation for Stem Cell Research (NNF21CC0073729).

Acknowledgments

The authors gratefully acknowledge the Flow cytometry Core
Facility (FCF) of Leiden University Medical Center (LUMC) in
Leiden, the Netherlands (https://www.lumc.nl/research/facilities/
fcf), coordinated by dr. T. Tak and M. Hameetman.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Vissers L, van der Burg M, Lankester A, Smiers F, Mohseny A. Optimizing
diagnostic methods and stem cell transplantation outcomes in pediatric bone marrow
failure: a 50-year single center experience. Eur ] Pediatr. (2023) 182:4195-203.
doi: 10.21203/rs.3.rs-2774561/v1

2. Vissers LTW, van der Burg M, Lankester AC, Smiers FJW, Bartels M, Mohseny
AB. Pediatric bone marrow failure: A broad landscape in need of personalized
management. ] Clin Med. (2023) 12:7185. doi: 10.3390/jcm12227185

3. Atmar K, Ruivenkamp CAL, Hooimeijer L, Nibbeling EAR, Eckhardt CL,
Huisman EJ, et al. Diagnostic value of a protocolized in-depth evaluation of
pediatric bone marrow failure: A multi-center prospective cohort study. Front
Immunol. (2022) 13:883826. doi: 10.3389/fimmu.2022.883826

4. Marsh JC, Ball SE, Cavenagh J, Darbyshire P, Dokal I, Gordon-Smith EC, et al.
Guidelines for the diagnosis and management of aplastic anaemia. Br ] Haematol.
(2009) 147:43-70. doi: 10.1111/j.1365-2141.2009.07842.x

5. Antonio MR. (Auto-)immune signature in aplastic anemia. Haematologica.
(2018) 103:747-9. doi: 10.3324/haematol.2018.190884

6. Giudice V, Feng X, Lin Z, Hu W, Zhang F, Qiao W, et al. Deep sequencing and
flow cytometric characterization of expanded effector memory CD8(+)CD57(+) T cells
frequently reveals T-cell receptor VP oligoclonality and CDR3 homology in acquired
aplastic anemia. Haematologica. (2018) 103:759-69. doi: 10.3324/
haematol.2017.176701

7. Lin FC, Karwan M, Saleh B, Hodge DL, Chan T, Boelte KC, et al. IFN-y causes
aplastic anemia by altering hematopoietic stem/progenitor cell composition and
disrupting lineage differentiation. Blood. (2014) 124:3699-708. doi: 10.1182/blood-
2014-01-549527

8. de Latour RP, Visconte V, Takaku T, Wu C, Erie AJ, Sarcon AK, et al. Th17
immune responses contribute to the pathophysiology of aplastic anemia. Blood. (2010)
116:4175-84. doi: 10.1182/blood-2010-01-266098

9. Kordasti S, Costantini B, Seidl T, Perez Abellan P, Martinez Llordella M,
McLornan D, et al. Deep phenotyping of Tregs identifies an immune signature for
idiopathic aplastic anemia and predicts response to treatment. Blood. (2016) 128:1193-
205. doi: 10.1182/blood-2016-03-703702

10. Liu S, Li Q, Zhang Y, Li Q, Ye B, Wu D, et al. Association of human leukocyte
antigen DRB1*15 and DRB1*15:01 polymorphisms with response to
immunosuppressive therapy in patients with aplastic anemia: A meta-analysis. PloS
One. (2016) 11:e0162382. doi: 10.1371/journal.pone.0162382

11. Zhang J, Liu T, Duan Y, Chang Y, Chang L, Liu C, et al. Single-cell analysis
highlights a population of Th17-polarized CD4(+) naive T cells showing IL6/JAK3/
STAT3 activation in pediatric severe aplastic anemia. ] Autoimmun. (2023) 136:103026.
doi: 10.1016/j.jaut.2023.103026

12. Liu G, Chen Y, Lu D, Liu B, Zhang T, Deng L, et al. Single-cell transcriptomic
analysis of PB and BM NK cells from severe aplastic anaemia patients. Clin Transl Med.
(2022) 12:€1092. doi: 10.1186/s12967-022-03313-x

13. Zaimoku Y, Patel BA, Kajigaya S, Feng X, Alemu L, Quinones Raffo D, et al.
Deficit of circulating CD19(+) CD24(hi) CD38(hi) regulatory B cells in severe aplastic
anaemia. Br ] Haematol. (2020) 190:610-7. doi: 10.1111/bjh.16651

14. Melsen JE, van Ostaijen-Ten Dam MM, Lankester AC, Schilham MW, van den
Akker EB. A comprehensive workflow for applying single-cell clustering and

Frontiers in Immunology

13

10.3389/fimmu.2024.1328175

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1328175/full#supplementary-material

pseudotime analysis to flow cytometry data. J Immunol. (2020) 205:864-71.
doi: 10.4049/jimmunol. 1901530

15. Monaco G, Chen H, Poidinger M, Chen ], de Magalhides JP, Larbi A. flowAl:
automatic and interactive anomaly discerning tools for flow cytometry data.
Bioinformatics. (2016) 32:2473-80. doi: 10.1093/bioinformatics/btw191

16. Van Gassen S, Gaudilliere B, Angst MS, Saeys Y, Aghaeepour N. CytoNorm: A
normalization algorithm for cytometry data. Cytometry A. (2020) 97:268-78.
doi: 10.1002/cyto.a.23904

17. McInnes L, Healy J, Melville ]. UMAP: Uniform Manifold Approximation and
Projection. Journal of Open Source Software. (2018) 3(29):861, doi: https://doi.org/
10.21105/j0ss.00861

18. Van Gassen S, Callebaut B, Van Helden M]J, Lambrecht BN, Demeester P, Dhaene
T, et al. FlowSOM: Using self-organizing maps for visualization and interpretation of
cytometry data. Cytometry A. (2015) 87:636-45. doi: 10.1002/cyt0.a.22625

19. van der Burg M, Kalina T, Perez-Andres M, Vlkova M, Lopez-Granados E,
Blanco E, et al. The euroFlow PID orientation tube for flow cytometric diagnostic
screening of primary immunodeficiencies of the lymphoid system. Front Immunol.
(2019) 10. doi: 10.3389/fimmu.2019.00246

20. Lopez-Verges S, Milush JM, Schwartz BS, Pando M]J, Jarjoura J, York VA, et al.
Expansion of a unique CD57+NKG2Chi natural killer cell subset during acute human
cytomegalovirus infection. Proc Natl Acad Sci. (2011) 108:14725-32. doi: 10.1073/
pnas.1110900108

21. Hammer Q, Riickert T, Borst EM, Dunst J, Haubner A, Durek P, et al. Peptide-
specific recognition of human cytomegalovirus strains controls adaptive natural killer
cells. Nat Immunol. (2018) 19:453-63. doi: 10.1038/s41590-018-0082-6

22. Riickert T, Lareau CA, Mashreghi M-F, Ludwig LS, Romagnani C. Clonal
expansion and epigenetic inheritance of long-lasting NK cell memory. Nat Immunol.
(2022) 23:1551-63. doi: 10.1038/s41590-022-01327-7

23. Driessen GJ, Dalm VA, van Hagen PM, Grashoff HA, Hartwig NG, van Rossum
AM, et al. Common variable immunodeficiency and idiopathic primary
hypogammaglobulinemia: two different conditions within the same disease spectrum.
Haematologica. (2013) 98:1617-23. doi: 10.3324/haematol.2013.085076

24. Wu Z, Young NS. Single-cell genomics in acquired bone marrow failure
syndromes. Blood. (2023) 142:1193-207. doi: 10.1182/blood.2022018581

25. Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA, Ghayur T, et al.
Human natural killer cells: a unique innate immunoregulatory role for the CD56
(bright) subset. Blood. (2001) 97:3146-51. doi: 10.1182/blood.V97.10.3146

26. Melsen JE, Lugthart G, Lankester AC, Schilham MW. Human circulating and
tissue-resident CD56bright natural killer cell populations. Front Immunol. (2016) 7.
doi: 10.3389/fimmu.2016.00262

27. Lugthart G, Goedhart M, van Leeuwen MM, Melsen JE, Jol-van der Zijde CM,
Vervat C, et al. Expansion of cytotoxic CD56(bright) natural killer cells during T-cell
deficiency after allogeneic hematopoietic stem cell transplantation. J Allergy Clin
Immunol. (2017) 140:1466-9. doi: 10.1016/j.jaci.2017.06.039

28. Krzywinska E, Cornillon A, Allende-Vega N, Vo DN, Rene C, Lu ZY, et al. CD45
isoform profile identifies natural killer (NK) subsets with differential activity. PloS One.
(2016) 11:¢0150434. doi: 10.1371/journal.pone.0150434

frontiersin.org


https://www.lumc.nl/research/facilities/fcf
https://www.lumc.nl/research/facilities/fcf
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1328175/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1328175/full#supplementary-material
https://doi.org/10.21203/rs.3.rs-2774561/v1
https://doi.org/10.3390/jcm12227185
https://doi.org/10.3389/fimmu.2022.883826
https://doi.org/10.1111/j.1365-2141.2009.07842.x
https://doi.org/10.3324/haematol.2018.190884
https://doi.org/10.3324/haematol.2017.176701
https://doi.org/10.3324/haematol.2017.176701
https://doi.org/10.1182/blood-2014-01-549527
https://doi.org/10.1182/blood-2014-01-549527
https://doi.org/10.1182/blood-2010-01-266098
https://doi.org/10.1182/blood-2016-03-703702
https://doi.org/10.1371/journal.pone.0162382
https://doi.org/10.1016/j.jaut.2023.103026
https://doi.org/10.1186/s12967-022-03313-x
https://doi.org/10.1111/bjh.16651
https://doi.org/10.4049/jimmunol.1901530
https://doi.org/10.1093/bioinformatics/btw191
https://doi.org/10.1002/cyto.a.23904
https://doi.org/10.1002/cyto.a.22625
https://doi.org/10.3389/fimmu.2019.00246
https://doi.org/10.1073/pnas.1110900108
https://doi.org/10.1073/pnas.1110900108
https://doi.org/10.1038/s41590-018-0082-6
https://doi.org/10.1038/s41590-022-01327-7
https://doi.org/10.3324/haematol.2013.085076
https://doi.org/10.1182/blood.2022018581
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.3389/fimmu.2016.00262
https://doi.org/10.1016/j.jaci.2017.06.039
https://doi.org/10.1371/journal.pone.0150434
https://doi.org/10.3389/fimmu.2024.1328175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

29. Linemann A, Tackenberg B, DeAngelis T, da Silva RB, Messmer B, Vanoaica
LD, et al. Impaired IFN-y production and proliferation of NK cells in multiple sclerosis.
Int Immunol. (2011) 23:139-48. doi: 10.1093/intimm/dxq463

30. Park Y-W, Kee S-J, Cho Y-N, Lee E-H, Lee H-Y, Kim E-M, et al. Impaired
differentiation and cytotoxicity of natural killer cells in systemic lupus erythematosus.
Arthritis Rheumatism. (2009) 60:1753-63. doi: 10.1002/art.24556

31. Aramaki T, Ida H, Izumi Y, Fujikawa K, Huang M, Arima K, et al. A significantly
impaired natural killer cell activity due to a low activity on a per-cell basis in rheumatoid
arthritis. Mod Rheumatol. (2009) 19:245-52. doi: 10.3109/5s10165-009-0160-6

32. Gascon P, Zoumbos N, Young N. Analysis of natural killer cells in patients with
aplastic anemia. Blood. (1986) 67:1349-55. doi: 10.1182/blood.V67.5.1349.1349

33. Chen T, Liu C, Li L, Liu H, Wang T, Shao Z, et al. CD56bright natural killer cells
exhibit abnormal phenotype and function in severe aplastic anemia. Int J Lab
Hematology. (2019) 41:353-63. doi: 10.1111/ijlh.12982

34, Martin VG, Wu Y-CB, Townsend CL, Lu GHC, O’Hare JS, Mozeika A, et al.
Transitional B cells in early human B cell development - time to revisit the paradigm?
Front Immunol. (2016) 7. doi: 10.3389/fimmu.2016.00546

35. Collopy LC, Walne AJ, Vulliamy TJ, Dokal IS. Targeted resequencing
of 52 bone marrow failure genes in patients with aplastic anemia reveals an
increased frequency of novel variants of unknown significance only in
SLX4. Haematologica. (2014) 99:¢109-11. doi: 10.3324/haematol.2014.
105320


https://doi.org/10.1093/intimm/dxq463
https://doi.org/10.1002/art.24556
https://doi.org/10.3109/s10165-009-0160-6
https://doi.org/10.1182/blood.V67.5.1349.1349
https://doi.org/10.1111/ijlh.12982
https://doi.org/10.3389/fimmu.2016.00546
https://doi.org/10.3324/haematol.2014.105320
https://doi.org/10.3324/haematol.2014.105320

	Potential role of B- and NK-cells in the pathogenesis of pediatric aplastic anemia through deep phenotyping
	1 Introduction
	2 Methods
	2.1 Patients
	2.2 Phenotyping of peripheral blood and bone marrow mononuclear cells
	2.3 In vitro assessment of NK-cell degranulation and IFN-&gamma; production
	2.4 Cytometry data analysis
	2.5 Statistical analysis

	3 Results
	3.1 Patient characteristics
	3.2 Absolute B- and NK-cell counts in peripheral blood of AA patients are reduced
	3.3 CD56bright NK-cells with a non-classical phenotype are enriched in peripheral blood of a subgroup of AA patients
	3.4 NK-cell function is reduced in the CD56bright-enriched patient group
	3.5 Transitional B-cells are decreased in AA patients
	3.6 Absence of transitional B-cells seems independent of bone marrow precursor B-cell development
	3.7 A shift towards more precursor B-cells and less CD34+ progenitors in a subgroup of AA patients

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


