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Abstract

Dysregulation of T cell-mediated immunity is considered a major pathophysiological mechanism in acquired pure red cell
aplasia (PRCA), including idiopathic PRCA, large granular lymphocytic leukemia-associated PRCA, and thymoma-associated
PRCA. Although STAT3 mutations are frequently detected in PRCA patients, the roles of other mutational profiles and their
impact on clinical characteristics remain unclear. In this study, whole-exome sequencing and targeted sequencing using a
custom-designed panel were performed on 53 PRCA patients. The most frequently mutated genes were STAT3 (36%), PCLO
(9%), TET2 (9%), NEB (6%), DNMT3A (6%), and POT1 (6%). Based on genetic profiles, patients were classified into three
groups: those with STAT3 variants (group S), those without STAT3 variants but with variants in clonal hematopoiesis (CH)-
related genes (group C), and those without variants in either STAT3 or CH-related genes (group O). Patients in group O had
a higher median age compared to group S, while group S exhibited milder anemia severity than group C. Additionally, POT1
variants were associated with the idiopathic subtype of PRCA in females, often co-occurring with STAT3 variants. Variants
in CH-related genes and other genes, including STAT3 and POT1, may play crucial roles in the pathophysiology of PRCA.
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Introduction

Acquired pure red cell aplasia (PRCA) is an anemic disorder
of bone marrow failure syndrome, defined by reticulocytope-
nia and a marked reduction or absence of erythroid progeni-
tors in the bone marrow [1]. PRCA develops via T cell- or
autoantibody-dependent immune mechanisms with a variety
of underlying backgrounds. In particular, T cells play a cru-
cial role in PRCA. T cells from patients have been shown to
inhibit erythroid colony formation and/or erythroid cell lines
[2-5], and an increase in CD8* T cells and clonal T cells
with characteristic immunophenotypes has been frequently
recognized [6-9]. In addition, immunosuppressive therapies
targeted at T cells such as cyclosporine A (CsA) have been
quite effective and are the first choice for treating PRCA
subtypes, including idiopathic PRCA, thymoma-associated
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PRCA, and large granular lymphocytic leukemia (LGLL)-
associated PRCA [10-13].

Concerning the genetic background of PRCA, somatic
STAT3 mutations, particularly frequent in LGLL, have been
detected in patients with various types of PRCA, including
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idiopathic, LGLL-associated and thymoma-associated
PRCA [14, 15]. STAT3 mutations are restricted to CD8-
positive (CD8") T cells [14]. Other studies have identified
variants in several genes such as KMT2D, KDM6A, and
BCOR [16-18]. However, many questions remain, particu-
larly regarding the relationship between mutational profiles
and the clinical characteristics of PRCA patients.

To determine the genetic profile and its relationship with
clinical features, we performed whole-exome sequencing
(WES) and targeted sequencing analyses on a large cohort
of patients with PRCA, using an originally designed gene
panel.

Materials and methods
Patients

PRCA patients were enrolled in this study, as were LGLL
patients without PRCA and aplastic anemia (AA) for com-
parison. The diagnostic criteria for these diseases used in
this study are summarized in Table S1 [19-22]. Clinical
data, including age, underlying conditions, and laboratory
data, were collected from medical records. Data on the
therapeutic medications for patients with PRCA and their
outcomes were obtained. The response criterion for PRCA
[23] was also adopted.

This study was conducted in accordance with the Dec-
laration of Helsinki and was approved by the Institutional
Review Board of Shinshu University School of Medicine
(approval number 723) and each participating center. Writ-
ten informed consent was obtained from all the patients and
healthy controls.

WES

WES was performed using Ion AmpliSeq technology.
DNA was extracted from CD4* or CD8" T cells of PRCA
patients. The libraries were prepared using the Ion AmpliSeq
Exome RDY Kit according to the protocol for preparing Ion
AmpliSeq libraries (Thermo Fisher Scientific, Waltham,
MA, USA). DNA concentrations in the libraries were
measured using the Ion Library TagMan Quantitation Kit
(Thermo Fisher Scientific). The libraries were subjected
to WES on Ion S5 according to the manufacturer’s stand-
ard protocol using the Ion 540 Chip Kit (Thermo Fisher
Scientific). Data were analyzed using the Torrent Suite
software program (v5.12.1; Thermo Fisher Scientific) and
Ion Reporter software program (v5.12; Thermo Fisher
Scientific). The variants were called using the workflow
“AmpliSeq Exome single sample (Somatic).” The main
variant calling settings were as follows: variant frequency
filter, 0.02; base quality Q-value, > 6.5; minimum coverage
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depth, 20; maximum strand bias, 0.9 (single nucleotide
polymorphism (SNP)], 0.85 (INDEL). Variants that were
considered SNPs or synonymous variants were eliminated.
Variants with a variant allele frequency (VAF) of 20%— 40%
from CD8™ T cells were compared with CD4" T cells, and
the variant characteristics of CD8™ cells were selected.

Target sequencing

Target sequencing was performed using Ion AmpliSeq
technology. Candidate genes were selected from the WES
results, and genes related to clonal hematopoiesis (CH) or
lymphoproliferative disorders were also included. Primers
were designed to cover 97% of the coding sequences of can-
didate genes using the AmpliSeq Designer system (Thermo
Fisher Scientific). The genes analyzed are summarized in
Table S2. Libraries were prepared using the Ton AmpliSeq
Library Kit Plus (Thermo Fisher Scientific) according to the
manufacturer’s protocol. DNA concentrations in the libraries
were measured using the Ion Library TagMan Quantitation
Kit (Thermo Fisher Scientific). The libraries were subjected
to amplicon sequencing on the Ion GeneStudio S5 system
according to the manufacturer’s standard protocol using the
Ton 530 or 540 Chip Kit (Thermo Fisher Scientific). The
data were analyzed using the Torrent Suite software program
(v5.8.0; Thermo Fisher Scientific). The main variant calling
settings were as follows: variant frequency filter, 0.01; base
quality Q-value, >20; minimum coverage depth, 1000; and
maximum strand bias, 0.95 (SNP), 0.9 (INDEL). The called
variants were annotated using WANNOVAR (http://wanno
var.wglab.org/index.php), and variants considered SNPs or
synonymous variants were eliminated. Variants with VAFs
>40% were not considered somatic mutations. Variants
with VAFs <2% were excluded due to a high likelihood of
error. However, STAT3 variants with VAFs of 1-2% were
included, as their reproducibility has been confirmed by pre-
vious reports. [14].

Results
Patient demographics

A total of 53 PRCA patients were included in the study.
Peripheral blood samples were collected from all the
patients. For the control groups, we included 21 LGLL
patients without PRCA and those with aplastic anemia (AA).
The PRCA subtypes were idiopathic (n = 11), LGLL-asso-
ciated (n = 26), thymoma-associated (n = 10), autoimmune
disease-associated (n = 3), and others (n = 3). The etiologies
of AA were idiopathic (n = 9) and paroxysmal nocturnal
hemoglobinuria (n = 1). The clinical characteristics of the
patients are summarized in Table 1. The subtypes of LGLL
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Table 1 The clinical characteristics of patients
PRCA
Whole Idiopathic Thimoma- LGLL-asso-  Autoimmune Others T-LGLL with- AA
associated ciated disease-asso- out PRCA
ciated
No. of patients 53 11 10 26 3 3 21 10
Age, median, 65 (16-86) 72 (35-86) 64 (43- 85) 67 (16- 85) 63 (27- 67) 64 (49- 65) 64 (41- 86) 58 (27-77)
y
Male, % 43 18 50 19 67 67 38 50
WBC, median, 5.3 (1.6-19.1) 4.3 (2.0-7.6) 5.0(1.8-8.7) 6.0(1.6-19.1) 5.7(4.0-6.0) 3.1(2.9-10.9) 4.4(0.7-17.4) 2.3(1.4-3.3)
x 10°/L
Neutrophils, 2.1(0.3-13.1) 2.1(0.9-45) 3.5(0.7-57) 1.7(0.3-13.1) 292.2-34) 1.8(1.5-8.7) 0.8 (0-35.3) 0.9 (0.3-1.9)
median,
x 10°/L
Hemoglobin, 67 (40-100) 53 (42-78) 56 (40- 84) 73 (40- 100) 72 (67- 74) 69 (57-70) 99 (69-160) 88 (49- 146)
median, g/
dL
Platelets, 303 (59-613) 303 (59-613) 283 (213- 299 (161- 362 (208- 314 (243- 236 (5-437) 30 (11- 83)
median, 543) 584) 386) 319)
x 10°/L
Reticulocytes, 9.1 (1.7-46.6) 7.9 (3.1-30.0) 6.2(1.7-3.2) 12.7(2.1- 7.0 (4.1-8.3) 109 (9.2- 59 (0-84) 57.5 (0.6- 78)
median, 46.6) 12.3)
x 10°/L
Follow-up 62 (1-331) 49 (7- 255) 13 (2- 308) 92 (8- 331) 79 (39-171) 76 (1- 152) 36 (0-308) 28 (0- 313)
duration,
median, mo

PRCA pure red cell aplasia, LGLL large granular lymphocytic leukemia, AA aplastic anemia, WBC white blood cells

with PRCA included CD8*TCRaf (n = 17), CD4"TCRaf (n
= 1), TCRYS (n = 5), and NK-LGLL (n = 3). The subtypes
of LGLL without PRCA were CD8*TCRap (n = 19) and
TCRYS (n = 2).

WES of CD4* T cells and CD8* T cells in PRCA

The PRCA backgrounds analyzed with WES were as fol-
lows: idiopathic (n = 2), thymoma or thymic cancer (n =
5), and autoimmune diseases (n = 2). The median numbers
of CD4* and CD8™ T cells in the peripheral blood of the
patients were 0.54 x 10°/L (0.44-0.68 x 10°/L) and 1.08
x 10°/L (0.29-2.25 x 10°/L), respectively. In this sequenc-
ing analysis, the median depth of coverage was 84x (range:
31-123) for CD4* T cells and 136x (range: 114-205)
for CD8* T cells. The detected variants with VAFs of
20%— 40% are shown in Table S3 and Figure S1. The
median number of mutated genes detected was 12 (range:
9-17) for CD4* T cells and 11 (range: 1-17) for CD8* T
cells. None of the mutated genes were shared across sam-
ples. We included HIPK4, MUC1, and SPAGS as candidate
mutated genes in CD8" T cells and subjected them to target
sequencing. We also added several mutated genes in sam-
ples derived from CD4" and CD8™ T cells, including TET?2,
HCFC1, and NHS, for the panel.

Landscape of mutations in PRCA

To gain further insight into the genetic profiles of patients
with PRCA, we analyzed MNC-derived DNA from indi-
viduals with PRCA, T-LGLL, AA, and healthy controls by
performing amplicon sequencing with a custom-designed
panel. The median depth of coverage in this sequencing
analysis was 3,368 X with a range of 1,665-5,454. MUC17
and IGFN1 were excluded from further analyses because
of their high false-positive rates. The landscape of gene
mutations in PRCA is shown in Fig. la. The identified
mutations are summarized in Table S4. Thirty-three
patients (62%) with PRCA exhibited at least one variant
among the 50 genes included in the panel. Variants of
eight genes were detected in multiple individuals. The
mutated genes included STAT3 (36%), PCLO (9%), TET?2
(9%), NEB (6%), DNMT3A (6%), and POTI (6%) (Fig-
ure S2). The most frequently mutated genes within each
subtype were as follows: PCLO (27%), POT1 (27%), and
STAT3 (27%) in idiopathic PRCA; STAT3 (20%), DNMT3A
(10%), and CUXI (10%) in thymoma-associated PRCA,
and STAT3 (54%) and TET2 (12%) in LGLL-associated
PRCA.
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We categorized TET2, DNMT3A, and CUXI as myeloid

clonal hematopoiesis (M-CH)-related genes and NEB,
PCLO, and KMT2D as lymphoid CH (L-CH)-related genes
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following Niroula et al. [24]. In PRCA patients, variants of
L-CH- and M-CH-related genes were detected in 15% and
17% of cases, respectively. Of the 33 patients with at least
one variant, 31 (94%) harbored variants in STAT3, L-CH-
related genes, or M-CH-related genes. No patients with
PRCA harbored variants in both L-CH- and M-CH-related
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genes (Fig. 1b), confirming the mutual exclusivity of these
mutations. The frequencies of L-CH- and M-CH-related
gene variants among PRCA subtypes, as well as the VAF
of each CH-related gene, showed no significant differences
(Fig. 1c, d). Variants observed in AA are summarized in Fig-
ure S3. No STAT3 or CH-related gene variants were detected
in AA patients. L-CH-related gene variants were more com-
monly found in younger patients, while M-CH-related gene
variants were predominantly associated with age (Fig. 2a,
b). None of the patients with variants in CH-related genes
developed hematological malignancies, except for LGLL,
during the median follow-up period of 5.1 years.

Mutational subtypes in PRCA and their relationship
with clinical findings

Based on mutational profiles, the following patterns were
identified: STAT3-positive (group S, n=19), STAT3-nega-
tive but positive for any CH-related genes (group C, n=12),
and negative for both STAT3 and CH-related genes (group
O, n=22). Group S tended to have more LGLL-associated
PRCA cases; however, there were no significant differences
in the overall PRCA background. Group S included a sub-
group with POTI or CH-related gene variants.

The gender distribution did not differ significantly among
groups. However, the median age of patients in group C was
significantly higher than that of group S (group C: 74.0 years
vs. group S: 64.0 years, p= 0.016). Patients in group S had
relatively higher hemoglobin levels compared to group C
(group S: 71 g/L vs. group C: 63 g/L, p= 0.066) and sig-
nificantly higher reticulocyte counts (group S: 16.2 x 10%/L
vs. group C: 5.5 x 10%/L, p= 0.023). The percentage of
patients receiving immunosuppressive therapies and their
therapy responses did not differ significantly between groups
(Table 2). However, patients with STAT3 variants and those

with multiple gene variants may exhibit a tendency toward
refractoriness to CsA and a higher likelihood of recurrence
after CsA compared to patients without STAT3 variants and
those without multiple gene variants, respectively (11/15
vs. 12/26, p=0.063; 9/11 vs. 14/30, p= 0.13). Additionally,
patients with multiple gene variants may also show a lower
response rate to first-line immunosuppressive therapy (5/12
vs. 23/34, p=0.17) (Supplemental Table S5, 6).

POT1, a gene associated with telomere maintenance,
was mutated in 3 of the 84 patients with hematological
disorders (Table S7). All three patients were female, had
idiopathic PRCA, tested positive for T-cell clonality and
STAT3 mutations, and were relatively young. Two were in
their fourth decade of life. Variants in POT1 were located
near the N-terminus, with VAFs ranging between 2 and 6%
(Figure S4). Among PRCA patients with STAT3 variants,
POTI mutations were exclusively observed in those with
low STAT3 VAFs (Figure S5). These findings suggest that
POTI-mutated PRCA represents a novel subgroup of idi-
opathic PRCA with distinct characteristics.

Somatic and germline TET2 variants in PRCA

Somatic TET2 variants were identified in five patients with
PRCA, with a median VAF of 9.6% (range: 1%-30.5%).
Three variants (R1516X, C1193Y, and 11873 T) have been
reported in COSMIC (v101, released 2024-Nov- 19) as
being associated with myeloid malignancies. However,
PRCA patients with TET2 mutations showed no dysplastic
features in bone marrow cells, no increase in blasts, and no
abnormal karyotypes.

Targeted sequencing identified shared variants between
familial cases (UPN 11 and 20), limited to STAT3 Y640 F
and TET2 N813S, with TET2 variant VAFs >40%. Focusing
on TET?2 variants with VAFs >40% revealed 4 additional

Fig.2 Frequencies of STAT3 (%)
and clonal hematopoiesis- a -
related genes variants. Each
bar shows variant frequen- 40
cies of STAT3 and L-CH- and
M-CH-related genes by sex (a) 20 :
and ages (b). L-CH, lymphoid l
clonal hematopoiesis; M-CH, 0 —
myeloid clonal hematopoie- male
sis. The details of L-CH- and (%)
M-CH-related genes are 60
described in the main text

b 4

20 E
0

female

B THR 'm

-49

STAT3

50-59

60-69 70-79 80-
Age

B LcCH M-CH

@ Springer



1476

Annals of Hematology (2025) 104:1471-1479

Table 2 Comparison among the mutational subgroups

group S, n=19 group C, n=12 group O, n=22 P
Age, median (range), y 64 (16-85) 74 (42-86) 63 (27-85) *0.016
Male, n (%) 9 (47) 6 (50) 8 (36) 0.68
WBC, median(range), X 10°/L 5.20 (1.78-19.13) 5.38(1.60-8.00) 5.52 (2.00-10.93) 0.78
Neutrophils, median (range), x 10°/L 1.49 (0.28-13.20) 3.13 (0.84-4.48) 2.30 (0.72-8.74) 0.056
Lymphocytes, median (range), x 10°/L 2.90 (0.05-9.86) 1.63 (0.42-5.60) 1.85 (0.68-5.52) 0.25
CDS8™T cells, median (range), x 10°/L 1.15 (0-7.64) 0.52 (0.20-5.03) 1.08 (0.21-4.93) 0.39
Hemoglobin, median (range), g/L. 71 (50-100) 63 (42-90) 63 (40-99) 0.061
Reticulocytes, median (range), X 10°/L 16.2 (2.1-46.6) 5.5(1.7-16.8) 10.0 (2.6-34.6) *0.023
Platelets, median (range), X 10°/L 250 (161-613) 305 (144-511) 319 (59-584) 0.56
LD, median (range), IU/L 204 (147-350) 171 (139-273) 194 (137-405) 0.41
Erythroblasts in BM, median (range), % 1.6 (0.2-20.7) 0.8 (0-8.2) 0.5 (0-3.4) 0.46
Therapy
CsA 15 9 17 1
CY 12 3 5 0.66
Others 5 3 8 0.62
Response to 1-st line therapy 10/18 7/10 11/18 0.80
Relapse after immunosuppressive therapies 5/18 1/10 4/18 0.60
Refractory to CsA 11/15 4/9 8/17 0.17

“Significantly different

group S STAT3-positive, group C STAT3-negative and positive for any CH-related genes

group O negative for both STAT3 and CH-related genes, PRCA pure red cell aplasia, CsA cyclosporine, CY cyclophosphamide

patients were identified. The TET2 variants are summarized
in Figure S6 and Table S8. Sanger sequencing of DNA from
the buccal mucosa of UPN 9, 11 and 35, confirmed the cor-
responding TET?2 variants, strongly suggesting germline
TET?2 mutations in these cases. UPN 9 and 35 had no family
history of cytopenia or hematological malignancies. Ger-
mline TET2 variants (F387Y, N813S, and R881 W) have
not been previously reported in COSMIC or other known
germline variant databases [25-27]. Of the patients with
TET2 variants, 25% (UPN 11, 20, and 91) had STAT3 vari-
ant commutations.

Variants in T-LGLL with or without PRCA and STAT3
variants

In LGLL, STAT3 mutations are associated with PRCA [28],
and STAT3 mutations are frequently found in other subtypes
of PRCA as well [14]. When comparing mutational profiles
beyond STAT3 in T-LGLL with or without PRCA (Table S9),
the genes most frequently mutated in LGLL without PRCA
were STAT3 (48%) and TET2 (10%). In the CD8*TCRaf
subtype, patients with PRCA exhibited significantly lower
VAF:s for STAT3 mutations than those without PRCA (2.3%
vs. 18.9%, p=0.042). Patients positive for STAT3 mutations
without PRCA were of very old age (over 80 years) or pos-
sessed STAT3 mutations with high VAFs (Figure S7).

@ Springer

Discussion

In this study, we provided a comprehensive mutational pro-
file of PRCA. In addition to STAT3, CH-related genes were
frequently identified, and variants of L-CH-related genes
were detected as often as those of M-CH-related genes in
PRCA. We identified three mutational subgroups in PRCA:
STAT3-positive (group S), STAT3-negative but positive
for any CH-related genes (group C), and negative for both
STAT3 and CH-related genes (group O). The age of onset
and severity of anemia varied across these groups. Group S
predominantly consisted of LGLL-associated PRCA, with
abnormalities in cellular immunity likely playing a signifi-
cant role in its pathophysiology. Group C included individ-
uals with a later age of onset, where the accumulation of
mutations in hematopoietic stem cells might contribute to
anemia development.

The mutational profile and clinical characteristics of
group O remain unclear, underscoring the need for more
comprehensive genetic analyses. These findings suggest that
the heterogeneity of PRCA may be partially attributed to
differences in genetic mutation profiles.

Variants of L-CH-related genes were much less frequent
than those of M-CH-related genes in the general population
without hematological abnormalities [24]. NEB and PCLO
variants were infrequent in T-cell lymphomas, including
T-LGLL [29, 30]. In this study, TET2 and DNMT3A were
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classified as M-CH-related genes according to Niroula et al.
[24]. Mutations in these genes have also been shown to be
associated with lymphoid malignancies [31], which suggests
that TET2 and DNMT3A may be classified as L-CH as well.
Consequently, L-CH-related gene variants might be more
closely related to the pathophysiology of PRCA than those
of M-CH-related genes.

The lower VAFs of STAT3 mutations in LGLL-associated
PRCA than those LGLL without PRCA, which was consist-
ent with a previous report [32], and frequent clonal T cells
negative for STAT3 mutations in other subtypes of PRCA
imply that STAT3-mutated T cells might not directly affect
impaired erythropoiesis of T cell-mediated PRCA. Rather,
complex and heterogeneous T cells and other cells with
various backgrounds, including variants of lymphoid and/or
myeloid CH-related genes, in addition to STAT3, contribute
to the pathogenesis of PRCA. PRCA patients with STAT3
mutations could be classified into two groups, one is STAT3
high VAFs and the other is STAT3 low VAFs (Figure S5
and S7). Patients with STAT3 variants of high VAFs had
relatively fewer mutations of CH-related genes and VAFs
of STAT3 seemed to increase with an age-dependent man-
ner. On the other hand, patients with STAT3 variants of low
VAFs had more mutations of CH-related genes and/or POTI
with no relationship with age. Patients in these two groups
may develop PRCA through different mechanisms.

The subjects who were positive for L-CH-related variants
were at a higher risk of developing mature B cell malignan-
cies, including chronic lymphocytic leukemia as described
in a previous report [24], than those without L-CH-related
variants, although the risks of T cell disorders have not been
well studied. We included only three L-CH-related genes
in our target gene panel, which excluded highly mutated
genes, such as DUSP22, FATI or ATM [24]. Patients may
be found to possess other gene variants when analyzed using
more comprehensive methods. Further research is needed to
determine the relationships between variants of STAT3 and
CH-related genes and cell lineages and their developmental
processes.

Among the M-CH-related genes, TET2 variants were
most frequently detected in PRCA, whereas DNMT3A was
the most frequently mutated gene in AA [33] and age-related
CH [34]. Frequent TET2 variants with a high VAF among
various subtypes of PRCA regardless of age suggest impor-
tant roles of TET2 in the pathogenesis of PRCA. TET?2 vari-
ants in PRCA were also reported by Fujishima et al. with a
frequency of 8% (3/38) [18]. The five germline TET2 vari-
ants detected in this study might contribute to the clinico-
pathological features of PRCA, based on the extremely low
frequencies in public databases. It is also assumed that those
mutations have functional deleterious effects calculated by
SIFT and PolyPhen (Table S8), although functional stud-
ies on these variants are lacking. Impaired erythropoiesis in

PRCA might arise from an altered methylation status derived
from TET2 mutations of either germline or somatic changes.

Somatic POT] variants have been identified in lymphoid
neoplasms, such as chronic lymphocytic leukemia [35] and
NK/T cell lymphoma [36]. Germline POT] variants are
associated with clonal hematopoiesis, T cell clonality, and
various solid and hematological malignancies [37]. Whether
or not telomere length and telomerase activity are affected
in PRCA in relation to abnormal cellular immunity or
impaired erythropoiesis is unclear; however, POTI-mutated
PRCA might be a subtype with certain clinicopathological
characteristics.

PRCA and AA share several clinical features among
acquired bone marrow failure syndromes, including T-cell
abnormalities, efficacy of immunosuppressive treatments,
and decreased hematopoietic progenitor cells. However, the
mutational profiles of these two diseases were considerably
different in our study and previous reports, which suggests
unique features of PRCA among bone marrow failure syn-
dromes [16-18, 38].

In conclusion, variants of CH-related genes and other
genes, such as STAT3 and POT1, were recurrently found in
patients with PRCA, and mutations in these genes may play
important roles in the pathophysiology of PRCA.
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