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Acquired aplastic anemia (AA) is a life-threatening bone marrow aplasia caused by the

autoimmune destruction of hematopoietic stem and progenitor cells. There are no existing

diagnostic tests that definitively establish AA, and diagnosis is currently made via system-

atic exclusion of various alternative etiologies, including inherited bone marrow failure

syndromes (IBMFSs). The exclusion of IBMFSs, which requires syndrome-specific func-

tional and genetic testing, can substantially delay treatment. AA and IBMFSs can have

mimicking clinical presentations, and their distinction has significant implications for

treatment and family planning, making accurate and prompt diagnosis imperative to

optimal patient outcomes. We hypothesized that AA could be distinguished from IBMFSs

using 3 laboratory findings specific to the autoimmune pathogenesis of AA: paroxysmal

nocturnal hemoglobinuria (PNH) clones, copy-number–neutral loss of heterozygosity in

chromosome arm 6p (6p CN-LOH), and clonal T-cell receptor (TCR) g gene (TRG) rear-

rangement. To test our hypothesis, we determined the prevalence of PNH, acquired 6p

CN-LOH, and clonal TRG rearrangement in 454 consecutive pediatric and adult patients

diagnosed with AA, IBMFSs, and other hematologic diseases. Our results indicated that PNH

and acquired 6p CN-LOH clones encompassing HLA genes have �100% positive predictive

value for AA, and they can facilitate diagnosis in approximately one-half of AA patients. In

contrast, clonal TRG rearrangement is not specific for AA. Our analysis demonstrates that

PNH and 6p CN-LOH clones effectively distinguish AA from IBMFSs, and both measures

should be incorporated early in the diagnostic evaluation of suspected AA using the

included Bayesian nomogram to inform clinical application.

Introduction

Acquired aplastic anemia (AA) is a life-threatening bone marrow failure (BMF) disorder caused by
T-lymphocyte–mediated autoimmune attack on hematopoietic stem and progenitor cells (HSPCs).1-3 Accu-
rate diagnosis of AA followed by prompt, appropriate therapy is imperative for optimal patient outcomes.4

Currently, no diagnostic tests can definitively establish the autoimmune etiology of marrow aplasia, and diag-
nosis instead occurs via the systematic exclusion of alternative causes of BMF.2,4 Distinguishing immune-
mediated BMF (ie, AA) from inherited BMF syndromes (IBMFSs) is particularly challenging. IBMFSs can
mimic AA in children and young adults, and patients may present with few extrahematopoietic
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Key Points

� Acquired PNH or 6p
CN-LOH clones can
distinguish immune-
mediated AA from
IBMFSs.

� Clonal TCR gene
rearrangement is not
specific for acquired
AA and occurs in
�15% of IBMFS

patients.
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manifestations and no family history.5,6 Despite their overlapping clin-
ical presentations, AA and IBMFSs require distinct approaches to
treatment and family planning. Specifically, immunosuppressive ther-
apy (IST) that is used to treat immune-mediated AA cannot reverse
IBMFS-related marrow aplasia, and misdiagnosis of IBMFSs as AA
can delay definitive treatment while exposing patients to serious com-
plications. Patients with undiagnosed IBMFSs may also experience
significant bone marrow transplant–related complications with
higher-intensity conditioning used for AA or engraftment failure if a
related donor carries unrecognized IBMFSs.5,7,8

Exclusion of IBMFSs can take multiple weeks. At a minimum, patients
should be evaluated for Fanconi anemia (FA) and dyskeratosis conge-
nita (DC) via chromosome breakage and telomere-length analysis,
respectively.2 Genomic testing for IBMFS-associated variants using
next-generation sequencing (NGS) may exclude additional IBMFSs
but can significantly delay treatment. Thus, there is a pressing need
to develop an efficient diagnostic algorithm that accurately discrimi-
nates AA from IBMFSs.

We hypothesized that 3 particular laboratory features tied to the
autoimmune pathogenesis of AA could hold high predictive power
in discriminating AA from other conditions. Previous studies of
clonal hematopoiesis in AA have described 2 recurrent acquired
changes in the HSPCs of AA patients: expanded clonal
populations with paroxysmal nocturnal hemoglobinuria (PNH)
immunophenotype and HLA loss through acquired copy
number–neutral loss of heterozygosity of chromosome arm 6p
(6p CN-LOH).3,9-12 These 2 changes are very rare in age-related
clonal hematopoiesis13-15 and are posited to arise specifically in
AA by allowing mutant HSPCs to escape autoimmune attack.9-12

Clonally expanded T-cell populations are another characteristic
frequently observed in immune-mediated disorders, including
AA, and have been proposed as a diagnostic marker for AA.16-18

Here, we evaluated the prevalence of PNH, acquired 6p
CN-LOH involving the major histocompatibility complex (MHC)
region (6p CN-LOHMHC), and clonal T-cell receptor (TCR) g

gene (TRG) rearrangement, as well as the predictive values of
these measures in establishing correct diagnosis, for 454 pediatric
and adult patients consecutively enrolled in the retrospective/pro-
spective Children’s Hospital of Philadelphia (CHOP)–University of
Pennsylvania (Penn) Bone Marrow Failure Registry. Our results
show that PNH and 6p CN-LOHMHC effectively distinguish AA
from IBMFSs and mimicking conditions, whereas clonal TRG rear-
rangement is not specific for AA.

Methods

Subjects

All 454 pediatric and adult patients referred to the CHOP-Penn Com-
prehensive Bone Marrow Failure Center and consecutively enrolled in
the retrospective/prospective institutional review board (IRB)-
approved bi-institutional Bone Marrow Failure Research Study and
Repository (Penn IRB #811751; CHOP IRB# 10-007569) from
2010 to 2020 were eligible for this study (supplemental Table 1).
Race and ethnicity were self-reported. Informed consent was obtained
from all participants or their legal guardians before enrollment in accor-
dance with the Declaration of Helsinki.

Diagnostic group assignment

Patients were assigned diagnostic groups using standard diagnostic
criteria.19-21 Clinical data were abstracted from the electronic medical
record. AA diagnosis was completed by standard criteria, including a
bone marrow biopsy examination and metaphase cytogenetic analy-
sis, with fluorescence in situ hybridization performed in case of poor
cytogenetic culture growth, followed by systematic exclusion of other
disorders and etiologies that mimic AA.6,20 AA severity was classified
using the modified Camitta criteria.22,23 Patients with isolated hemo-
lytic PNH, as well as PNH that arose from AA (AA/PNH syndrome)
with overt hemolysis and large (.30%) PNH granulocyte (PNHGran)
clones, were grouped into the PNH disease category.24 One PNH
disease patient has undergone spontaneous remission, as previously
described.25

Classical IBMFSs were defined as Shwachman-Diamond syndrome
(SDS), DC, Diamond-Blackfan anemia (DBA), FA, and severe con-
genital neutropenia (SCN). IBMFSswere diagnosed using a combina-
tion of clinical diagnoses and syndrome-specific tests, including
telomere-length measurement by fluorescence in situ hybridization
and flow cytometry for DC, chromosome breakage analysis on lym-
phocytes or skin fibroblasts for FA, and syndrome-specific genetic
testing (supplemental Table 2).21,26 Patients with other inherited dis-
orders, including inherited hematologic diseases associated with
mutations in GATA1 (n 5 1), GATA2 (n 5 2), SAMD9 (n 5 2),
SAMD9L (n 5 1), and MYH9 (n 5 1), as well as Noonan syndrome
(n5 1), X-linked agammaglobulinemia (n5 1), hereditary xerocytosis
(n 5 1), sideroblastic anemia (n 5 7), congenital dyserythropoietic
anemia (n 5 2), glycogen storage disease type I (n 5 1), pyruvate
kinase deficiency (n 5 2), and others (n 5 16), were classified as
other inherited.

Patients lacking an established, specific IBMFS diagnosis, but clini-
cally diagnosed with a presumed congenital BMF syndrome due to
lifelong cytopenias and associated syndromic features, were classi-
fied as BMF not otherwise specified (NOS). Isolated neutropenias
without an established genetic cause were grouped under neutrope-
nia NOS. Myelodysplastic syndrome (MDS) was diagnosed accord-
ing to World Health Organization classification criteria.27,28 Finally,
patients evaluated due to a suspicion of BMF, but subsequently diag-
nosed with other hematologic diseases, were categorized as other;
such diagnoses included acute myeloid leukemia, acute lymphoid leu-
kemia, juvenile myelomonocytic leukemia, iron-refractory iron-defi-
ciency anemia, and cytopenias associated with autoimmune
conditions.

PNH flow cytometry

The presence of PNH clones was established by detection of glyco-
sylphosphatidylinositol (GPI)-anchored protein–deficient granulo-
cytes, monocytes, and erythrocytes using multicolor flow cytometry,
as previously described.29,30 PNH testing was performed as part of
the patients’ clinical evaluation by Clinical Laboratory Improvement
Amendments (CLIA)-certified flow cytometry laboratories at CHOP,
the Hospital of the University of Pennsylvania (HUP), or sendout refer-
ence facilities in the course of routine clinical care. PNH clone size
was determined as the percentage of GPI-anchor–deficient granulo-
cytes.30 PNH testing performed early in the study enrollment period
had a lower limit of quantitation of 1% PNH clone size and evaluated
PNHGran and PNH erythrocytes. Testing performed after June 2018
used high-resolution PNH flow cytometry with a sensitivity threshold
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of 0.05% for PNHGran, 0.3% for PNHmonocytes, and 0.01% for PNH
erythrocytes. PNHGran clone sizes were used for all comparisons
because they were available for all patients and were unaffected by
hemolysis or transfusions. Patients with GPI-deficient PNHGran were
classified into 4 categories based on PNH clone size: subclinical
(,1%), small (1% to ,10%), moderate (10% to 30%), and large
(.30%) (supplemental Table 3). We used a cutoff of PNHGran that
corresponded to our assay sensitivity (.0.05%) because the pres-
ence of even minor PNH populations has been previously shown to
be predictive of immunosuppressive therapy response in AA.31-33 In
patients with detectable PNHGran clones, the median interval from pre-
sentation to first available PNH testing was 0months (ie, at diagnosis),
ranging from initial presentation to 74 months after original diagnosis.

Acquired 6p CN-LOH detection

The presence of acquired 6p CN-LOH was ascertained by single-
nucleotide polymorphism array (SNP-A) analysis of DNA extracted
from bone marrow or peripheral blood samples.34 SNP-A was per-
formed as part of the standard clinical evaluation by CLIA-certified
cytogenomic testing facilities at the CHOP Division of Genomic Diag-
nostics or ARUP Laboratories. Per institutional practice, clinical SNP-
A testing was performed at the time of initial evaluation and serially
upon diagnostic reevaluation for refractory disease or altered

hematologic parameters.34 An additional 34 AA patients and 14
PNH patients were tested on a research basis at the CHOP Center
for Applied Genomics using Illumina Global Screening Array genotyp-
ing, as previously described.34 The presence of 6p CN-LOH was
detected by direct visualization of the B-allele frequency (BAF) and
log R ratio in GenomeStudio (Illumina, San Diego, CA). Clonality
was determined by examination of BAF, in which patients with large
regions of mosaic homozygosity involving the terminus of the short
arm of chromosome 6 were classified as having acquired 6p
CN-LOH, as previously described (supplemental Table 4).34 Internal
regions of homozygosity, with BAF of 1 or 0, were assumed to be con-
stitutional, and they were excluded from the determination of acquired
6p CN-LOH.35 For patients with acquired 6p CN-LOH, the median
interval from initial cytopenia to available SNP-A genotyping was 5
months, ranging from initial presentation to 117 months after original
diagnosis. Of 16 patients with 6p CN-LOH, 15 had 6p CN-LOH
detected on the first available SNP-A, while 1 patient developed 6p
CN-LOH upon serial testing.

TRG rearrangement assay

Clonal TRG rearrangement testing was performed by the HUP CLIA-
certified Molecular Diagnostics Laboratory as previously described.36

TRG rearrangement was used to evaluate T-cell clonality because

Table 1. The prevalence of 6p CN-LOH, PNH clones, and clonal TRG rearrangement in BMF disorders

Total cohort,

n 5 454

6p CN-LOH clone PNH clone Clonal TRG rearrangement

Diagnostic

group

SNP-A,

n 5 356

6p CN-LOH (1),

n (%)

Comparison,

OR P

PNH

testing,

n 5 190

PNH (1),

n (%) OR P
TCR testing,

n 5 160 n (%) Comparison,OR P

AA 170 141 16 (11) 126 58 (46) 89 26 (29)

AA vs.
PNH,10.39

.025 N/A N/A AA vs. PNH,0.28 .018

PNH disease 42 39 0 (0) 42 42 (100) 20 12 (60)

AA vs.
IBMFSs,19.59

.002 11.10 .035 AA vs.
IBMFSs,2.27

.208

Classical IBMFSs

SDS 11 10 0 (0) 0 N/A 5 2 (40)

DC 34 20 0 (0) 3 0 (0) 6 0 (0)

DBA 35 22 0 (0) 1 0 (0) 8 1 (13)

FA 19 14 0 (0) 2 0 (0) 6 1 (17)

SCN 10 8 0 (0) 0 N/A 1 0 (0)

AA vs. all
inherited
disorders
including

IBMFSs, 26.43

.000 AA vs. all
inherited
disorders
including

IBMFSs, 16.23

.010 AA vs. all inherited
disorders including

IBMFSs, 2.23

.161

Other inherited 38 26 0 (0) 3 0 (0) 6 1 (17)

AA vs. all non-
AA, 56.67

.000 AA vs. all non-
AA, Non-PNH,

38.43

.000 AA vs. all non-AA,
non-PNH,

1.09

.849

BMF NOS 14 13 0 (0) 0 N/A 2 0 (0)

Neutropenia
NOS

42 33 0 (0) 1 0 (0) 9 4 (44)

MDS 14 10 0 (0) 5 0 (0) 3 2 (67)

Other 25 20 0 (0) 7 0 (0) 5 3 (60)

N/A, not applicable; OR, odds ratio.
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TCR genes rearrange in a stepwise fashion starting with the TRG
locus, such that even TCR-b–expressing cells have TRG rearrange-
ments, which can be used as a biomarker of clonality. Compared
with the TCR b gene (TRB) polymerase chain reaction (PCR) assay,
the TRG PCR assay has less technical complexity and a comparable
or superior sensitivity for detecting clonal expansions in patients with
T-cell lymphoproliferative neoplasms.36-38 DNA extracted from periph-
eral blood or bone marrow specimens was used for PCR detection of
clonal variable (V) and joining (J) fragments by amplification across
unique VJ junctions with fluorescent primers targeting well-
conserved framework regions of TRG V and downstream J segments.
After electrophoretic separation, peak sizes and heights were deter-
mined. Polyclonal T-cell populations produced Gaussian distributions
of peak sizes whereas clonal populations produced distinct peaks.
When a prominent peak was observed in an otherwise polyclonal dis-
tribution, clonality was interpreted using the ratio of the suspected
clonal peak height to the average of the 2 flanking peak heights. All
clinical testing was interpreted in a blinded manner, as this study
was performed after completion of clinical analysis. Twenty additional
samples, selected among IBMFS patients using a random number
generator, were tested on a research basis. The interpretation of
research samples was performed by a molecular pathologist blinded
to the patient diagnosis.

For this study, we used both positive and indeterminate results from
the PCR assay as evidence of likely T-cell clonal expansion. Three
patients had only TRB PCR results available. Patients with a prior his-
tory of solid organ transplant were excluded from TRG analysis.

Statistical analysis

Clinical test results were compared between diagnostic groups using
a 2-tailed Fisher exact test with a significant P value , .05. Odds

ratios (ORs) were estimated using the Haldane-Anscombe correction,
and the Mantel-Haenszel test was used to compute common ORs
across several data sets. Sensitivity, specificity, and positive and neg-
ative predictive values were calculated. Likelihood ratios were com-
puted using an adjusted specificity of 0.995 instead of 1.0 to
prevent division by zero, and Bayesian nomograms were plotted as
previously described.39,40

Results

The cohort of 454 pediatric and adult patients included 170 patients
with AA, 42 with hemolytic PNH, 109 with classical IBMFSs (DBA,
DC, FA, SCN, and SDS), and 38 with other inherited diseases (Table
1; supplemental Table 1). The majority of IBMFS patients had estab-
lished genetic diagnoses (supplemental Table 2). PNH, 6p CN-LOH,
and TRG rearrangement testing results were available for 190, 356,
and 160 patients, respectively (Table 1). Metaphase cytogenetics
data were available for 377 patients (supplemental Table 5), with
98.0% of AA patients and 91.1% of classical IBMFS patients lacking
acquired cytogenetic abnormalities.

Evaluation of predictive value of PNHGran in

AA diagnosis

To evaluate the predictive value of PNH clones for AA diagnosis, we
compared the prevalence of PNHGran between AA and other hemato-
logic diseases. PNHGran were detected in 58 of 126 AA patients
(46%). In contrast, PNHGran were not identified in 22 patients with
other disorders (OR 38.43; P 5 .000). Crucially, when compared
with classical IBMFS patients, AA patients were significantly more likely
to have PNHGran (OR 11.10; P 5 .035). Overall, PNHGran provided a
positive predictive value (PPV) of 100% and a negative predictive value
(NPV) of 48.5%, along with a specificity of 100% and sensitivity of
46.0%, for AA diagnosis and IBMFS exclusion (Table 2). A prior
single-institution report showed no PNHGran in 20 IBMFS patients,
with a similarly high prevalence of PNHGran in patients with AA.41 Com-
bined with our data set, PNHGran provided a 100% PPV for AA diag-
nosis and exclusion of IBMFSs (common OR 25.39; P 5 .000).

The prevalence of PNHGran was similar in pediatric-onset and adult-
onset AA patients, and was not associated with disease duration or
age at testing. Similarly, there was no correlation of PNHGran positivity

Table 2. The diagnostic value of PNH, acquired 6p CN-LOH, and

clonal TRG rearrangement for the diagnosis of acquired AA

Laboratory test Sensitivity, % Specificity, % PPV, % NPV, %

PNHGran 46.0 100.0 100.0 48.5

Acquired 6p CN-LOHMHC 11.4 100.0 100.0 63.2

Clonal TRG rearrangement PCR 29.2 63.4 50.0 41.7

Table 3. The prevalence of clonal TRG rearrangement in BMF disorders

Diagnostic group Total count, n 5 160 Positive, n (%) Indeterminate, n (%) Total clonal TRG rearrangement (1), n (%)

AA 89 14 (16) 12 (13) 26 (29)

PNH disease 20 11 (55) 1 (5) 12 (60)

Classical IBMFSs

SDS 5 1 (20) 1 (20) 2 (40)

DC 6 0 (0) 0 (0) 0 (0)

DBA 8 1 (13) 0 (0) 1 (13)

FA 6 1 (17) 0 (0) 1 (17)

SCN 1 0 (0) 0 (0) 0 (0)

Other inherited 6 1 (17) 0 (0) 1 (17)

BMF NOS 2 0 (0) 0 (0) 0 (0)

Neutropenia NOS 9 2 (22) 2 (22) 4 (44)

MDS 3 0 (0) 2 (67) 2 (67)

Other 5 1 (20) 2 (40) 3 (60)
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with AA severity, although PNHGran-positive patients had higher mar-
row cellularity at AA diagnosis (supplemental Table 6).

Evaluation of predictive value of 6p CN-LOHMHC in

AA diagnosis

To ascertain the predictive value of acquired 6p CN-LOH in AA diag-
nosis, we evaluated SNP-A for 356 patients (Table 1). Sixteen of 141
AA patients (11.3%) had 6p CN-LOH clones, always encompassing
the MHC region and HLA genes (supplemental Figure 1; supplemen-
tal Table 4). In contrast, none of 215 non-AA patients had acquired 6p
CN-LOH (OR 56.67; P5 .000). Compared with 74 classical IBMFS
patients, none of whom had 6p CN-LOHMHC, 6p CN-LOHMHC

(regardless of clone size) was significantly more frequent in AA (OR
19.59; P 5 .002), with a 100% PPV, 63.2% NPV, 100% specificity,
and 11.4% sensitivity for AA diagnosis (Table 2).

6p CN-LOHMHC was detected at similar frequencies in patients
across the age spectrum, including 10.3% of pediatric-onset and
12.7% of adult-onset AA patients (P5 .786), and was not associated
with duration of AA, severity of AA, or marrow cellularity (supplemental
Table 6).

Evaluation of predictive value of clonal TRG
rearrangement in AA diagnosis

In contrast to PNH and 6p CN-LOH, a clinical test of T-lymphocyte
clonality, as measured by positive or indeterminate results on the
TRG PCR assay, was less specific for AA. We evaluated the pres-
ence of clonal TRG rearrangement in 160 patients (Table 3), and in
agreement with prior studies showing increased T-cell clonality with

age,42 we found a higher frequency of clonal TRG rearrangement in
older patients (41.5% in adults vs 18.8% in children; OR 3.07; P 5

.021) (supplemental Table 6).

In comparison with 26 classical IBMFS patients, AA patients were �2
times more likely to have clonal TRG rearrangement (29% [26 of 89]
vs 15% [4 of 26]; OR 2.27), although this difference was not statisti-
cally robust (P 5 .208). This remained true when adjusting for age
(common OR 2.41; Padj 5 .231). Overall, clonal TRG rearrangement
provided a 50% PPV, 41.7% NPV, 63.4% specificity, and 29.2% sen-
sitivity for the diagnosis of AA and exclusion of IBMFSs (Table 2). In
aggregate, clonal TRG rearrangement was �3 times more likely in
patients with acquired disorders (AA, PNH, neutropenia NOS, and
MDS) than in patients with inherited conditions (36.4% [44 of 121]
vs 15.6% [5 of 32]; OR 3.09; P5 .032); this difference remained sig-
nificant after age adjustment (common OR 3.16; Padj 5 .003).

Co-occurrence of PNHGran, 6p CN-LOHMHC, and clonal

TRG rearrangement in AA and PNH disease

Of 72 AA patients evaluated for all 3 findings, 46 patients (64%)
tested positive for at least 1 (Figure 1A). Forty-one patients (57%)
tested positive for either PNHGran or 6p CN-LOHMHC. Most patients
with clonal TRG rearrangement also had PNHGran (17 patients;
23.6%) or 6p CN-LOHMHC clones (4 patients; 5.6%).

Because of the shared autoimmune pathogenesis of AA and hemo-
lytic PNH,43,44 we also evaluated the prevalence and co-occurrence
of 6p CN-LOHMHC and clonal TRG rearrangement in PNH patients.
In contrast to AA patients, who had 11% prevalence of 6p CN-
LOHMHC, none of 39 PNH patients had detectable 6p CN-LOH

A
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Clonal TCR gene
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5 (7%)
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6 (8%)

PNH clone
19 (26%) 
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(64%)
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80%

60%

40%
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Figure 1. Comparison of the prevalence of 3 AA-associated laboratory findings (6p CN-LOH, PNH clones, and clonal TRG rearrangement) in AA and PNH

patients. (A) The prevalence of 3 AA-associated laboratory findings (PNH clones, acquired 6p CN-LOHMHC, and clonal TRG rearrangement) in the 72 AA patients within the

CHOP-Penn cohort who had all 3 tests performed. The bar graph on the left depicts a combined prevalence of 64% for PNH clones, acquired 6p CN-LOHMHC, and clonal TRG

rearrangement, with the frequency and co-occurrence of each finding shown in the Venn diagram on the right. (B) A paired bar plot presenting the prevalence of the indicated

laboratory findings in patients with AA and PNH disease. PNH patients were defined as those with clinical hemolysis and .30% PNH granulocytes on flow cytometry, and, by

definition, all PNH disease patients had PNH clones. In contrast to AA patients, who had 11% prevalence of 6p CN-LOH, none of the 39 PNH disease patients had detectable 6p

CN-LOH clones (OR 10.39; P 5 .025) at the level of sensitivity of the SNP-A assay ( �5% clone size). Conversely, among 13 AA patients who had acquired 6p CN-LOH, PNH

clones were found in 4 patients (31%), ranging from 0.01% to 1.30% granulocyte clone size. Compared with AA (29%, 26 of 89 patients), PNH disease patients had a higher

prevalence of clonal TRG rearrangement (60%, 12 of 20 patients; OR 3.63; P 5 .018); this trend endured following age adjustment, although it was no longer statistically

significant (common OR 3.07; Padj 5 .068).
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clones (OR 10.39; P 5 .025) at the level of sensitivity of the SNP-A
( �3% to 5% clone size) (Figure 1B). Conversely, among 13 AA
patients who had acquired 6p CN-LOHMHC, minute PNHGran clones
were identified in 4 patients, ranging from 0.01% to 1.30% PNHGran

clone size. None of the AA patients with 6p CN-LOHMHC developed
clinically significant PNHGran clones. These data suggest that PNH
and 6p CN-LOHMHC represent alternative means of immune escape
in AA, such that having both in the same cell confers no further advan-
tage to the HSPCs, leading to the clonal dominance of 1 or the other
immune escape event but not both together.

In agreement with previous reports showing frequent skewing of TCR
repertoires in hemolytic PNH disease,24,45,46 we found a 60% preva-
lence (12 of 20) of clonal TRG rearrangement in PNH patients. Clonal
TRG rearrangement was more prevalent in patients with PNH disease
than AA (OR 3.63; P 5 .018), although this difference was not
statistically significant after age adjustment (common OR 3.07;
Padj 5 .068).

Discussion

Our study provides a comprehensive analysis of the predictive power
of 3 laboratory findings associated with the autoimmune pathogenesis
of AA for the diagnosis of immune-mediated AA: PNH clones,
acquired 6p CN-LOHMHC, and clonal TRG rearrangement. Our
results demonstrate that PNH and acquired 6p CN-LOHMHC clones
are highly specific for immune-mediated AA, hold a �100% PPV for
distinguishing immune-mediated AA from IBMFSs, and can facilitate
AA diagnosis in up to 57% of patients. Importantly, the absence of
PNH and 6p CN-LOHMHC should not be used to exclude AA, as their
NPVs are low (Table 2). In contrast to PNH and acquired 6p CN-
LOHMHC, general T-cell clonality as measured by TRG PCR assay
is not specific to AA, is influenced by other clinical factors including
age, and can be found in up to 15% of IBMFS patients. The Bayes
nomogram for positive PNHGran and acquired 6p CN-LOHMHC dem-
onstrates the tests’ clinical utility in greatly increasing the posttest
probability of immune-mediated AA (Figure 2). Our findings support
the routine clinical use of PNH and 6p CN-LOH testing early in the
diagnostic algorithm to facilitate more efficient diagnosis of immune-
mediated AA and to exclude IBMFSs (Figure 3).

Although the pathogenesis of PNH has long been linked to immune-
mediated AA,3,43,44,47,48 studies examining the predictive value of
PNH clones for the diagnosis of AA and exclusion of IBMFSs are
sparse. Our data show that PNHGran clones are highly specific for
immune-mediated AA, with �38-fold higher frequency of PNHGran in
immune-mediated AA compared with other disorders. Our study is
the first validation of an earlier single-institutional study that reported
no PNHGran clones in 20 patients with classical IBMFSs. Combining
both studies to increase statistical power, we found that AA patients
have �25-fold higher odds of expanded PNHGran populations com-
pared with IBMFS patients. Although testing in these studies was
driven by clinical suspicion of PNH, our results are supported by a pre-
vious flow cytometry–based analysis of an unselected cohort of 28
children with SDS and an NGS-based study of 110 SDS patients,
which found no PNH clones or PIGA mutations, respectively.49,50

Two historical cases of patients with presumed FA and PNH have
been reported; however, neither used modern testing for FA. In
1944, Dacie and Gilpin described 2 brothers with pancytopenia
and hemolysis including features reminiscent of contemporaneous
descriptions of FA and PNH; however, neither FA nor PNH were
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Figure 2. The Bayes theorem/Fagan nomograms demonstrating the pretest

and posttest probabilities of immune-mediated AA diagnosis with positive

PNH or 6p CN-LOHMHC test results. (A) The Bayes likelihood ratio (LR) nomogram

illustrating the predictive value of PNH clones for the diagnosis of AA. PNH clones are

�100% specific for the diagnosis of immune-mediated AA, and have a positive like-

lihood ratio of �92 for the diagnosis of immune-mediated AA. The patient’s clinical

presentation and various clinical factors including age, congenital defects, medica-

tions, and comorbidities can influence the estimated pretest probability of immune-

mediated AA diagnosis. Shown are 3 examples of patients with a high (75%), mod-

erate (50%), and low (3%) pretest clinical suspicion of immune-mediated AA. Iden-

tifying a PNH clone raises the posttest probability of immune-mediated AA to .98%

for moderate and high probability patients, allowing clinicians to confidently and

efficiently establish a diagnosis of immune-mediated AA. In the patient with a very low

suspicion of AA based on other factors, a PNH clone strongly suggests AA diagnosis,

with a 74% posttest probability of immune-mediated AA. (B) The Bayes LR nomo-

gram illustrating the predictive value of acquired 6p CN-LOHMHC for AA. Acquired 6p

CN-LOHMHC is �100% specific for the diagnosis of immune-mediated AA, and has a

positive LR of �23 for the diagnosis of immune-mediated AA. Shown are 3 examples

of patients with high (75%), moderate (50%), and low (3%) pretest clinical suspicion

of immune-mediated AA. Identifying an acquired 6p CN-LOHMHC clone raises the

posttest probability of immune-mediated AA to .98% for the high probability and to

.95% for the moderate probability patients, allowing clinicians to confidently and

efficiently establish AA diagnosis. The patient who was previously not suspected of

having AA due to various clinical characteristics now has a posttest probability of

�41% of an immune-mediated AA diagnosis, which should be further considered in

the clinical evaluation of this patient.
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established by modern laboratory testing, and the apparent familial
nature of hemolysis challenges PNH diagnosis.51 In 2003, Wain-
wright et al reported a patient with severe pancytopenia and PNH
clone expansion confirmed by flow cytometry; however, FA diagnosis
was rendered despite 2 normal chromosome breakage studies, rais-
ing the strong possibility of a false-positive third chromosome break-
age test.52 Taken together, all available data provide compelling
evidence that clonal expansions of PNHGran are highly specific to
immune-mediated AA and can be used to distinguish AA from
IBMFSs.

We and others previously identified somatic HLA loss as a recur-
rent finding in AA, present in �17% of patients.10,12,19,53,54

Somatic HLA loss occurs by 2 distinct genetic mechanisms,
acquired 6p CN-LOHMHC or inactivating mutations in HLA class
I genes12,19,54; however, only 6p CN-LOHMHC is currently amena-
ble to clinical testing by SNP-A genotyping. In contrast, somatic
HLA mutation identification requires targeted NGS of HLA genes
and specialized bioinformatic analysis,12 which, at the time of this
publication, is not available clinically. Notably, acquired 6p CN-
LOHMHC is the more common mechanism of somatic HLA loss,
whereas mutational inactivation of HLA alleles without accompa-
nying 6p CN-LOH occurs in �5% of AA patients.12 We expect
that somatic-inactivating mutations in HLA alleles are also specific
for AA, and their clinical testing would facilitate AA diagnosis in
another �5% of AA patients.

Importantly, unlike acquired 6p CN-LOHMHC, which we found to be
highly specific for immune-mediated AA, constitutional homozygosity
of 6p and acquired 6p CN-LOH excluding the MHC region are unre-
lated to AA pathogenesis and should not be used in the diagnostic
workup. For instance, a SNP-A analysis of 130 FA patients reported
2 cases of 6p CN-LOH.55 However, unlike acquired 6p CN-LOHMHC

in AA, which includes the MHC region and leads to somatic HLA loss,
these 2 cases involved the distal end of chromosome 6p with the
breakpoints outside of the MHC region (supplemental Figure 1).
The same study uncovered no cases of acquired 6p CN-LOH among
15 743 population controls.55 Similarly, 2 independent SNP-A analy-
ses found no instances of 6p CN-LOH in 73 FA and 68 DBA patients,
respectively.56,57 To the best of our knowledge, there have been no
published reports of acquired 6p CN-LOHMHC in IBMFSs, reinforcing
our findings that it is highly specific to immune-mediated AA.

Although our study focused on distinguishing AA from IBMFSs, our
results support the use of PNH and acquired 6pCN-LOHMHC to iden-
tify patients with AA-type immune-mediated marrow failure more
broadly. Patients diagnosed with hypocellular MDS or refractory cyto-
penia of childhood (RCC) may have varying etiologies of marrow dys-
function, including immune-mediated marrow failure, occult IBMFSs,
sporadic MDS, and other inherited MDS predisposition syndromes
(eg, GATA2 deficiency).58-62 In fact, a subset of MDS patients was
previously reported to have durable objective responses to AA-type
IST with horse antithymocyte globulin and cyclosporine.63 Although
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Figure 3. The diagnostic utility of PNHGran clones, acquired 6p CN-LOHMHC, and clonal TRG rearrangement for acquired AA. Following initial hematologic

evaluation, which includes a complete blood count (CBC) with differential, a bone marrow aspirate and biopsy, and cytogenetics analysis, the diagnostic evaluation of patients

with suspected AA should include upfront testing for AA-specific laboratory findings using peripheral blood flow cytometry to detect PNH and single-nucleotide polymorphism

array testing of bone marrow or peripheral blood DNA to detect acquired 6p CN-LOHMHC in addition to exclusion of alternative etiologies of pancytopenia. The presence of PNH

clones or acquired 6p CN-LOHMHC is predictive of AA, which may allow clinicians to bypass extensive IBMFS testing. In the absence of these findings, AA diagnosis is

established by excluding alternative etiologies of marrow aplasia, including exclusion of telomere biology disorders via telomere-length measurements and FA via chromosome

breakage testing. Select patients suspected of having other IBMFSs may require comprehensive genetic testing. As PNH and acquired 6p CN-LOHMHC are clonal changes that

emerge in response to autoimmune attack on the bone marrow, their prevalence may rise over the disease course. Thus, serial testing for these markers (along with repeating a

bone marrow biopsy with cytogenetic analysis and genetic testing for unrecognized germline mutations) may increase the diagnostic yield later in disease. This may be particularly

helpful for patients who are refractory to IST, for whom there may be lingering concerns that failure to respond to IST could indicate a mistaken diagnosis of immune-mediated AA,

and that a patient’s marrow failure is caused by other, non–immune-mediated etiologies such as IBMFSs. LDH, lactate dehydrogenase.
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available studies of immunosuppression in MDS have largely been
underpowered, factors predictive of IST response included marrow
hypocellularity, young age, HLA-DR15, and PNH clones.63-65 Simi-
larly, pediatric RCC patients who have PNH clones were previously
reported to have improved responses to IST, suggesting that their
marrow dysfunction is likely immune-mediated.33,66 The close link of
PNHGran and acquired 6p CN-LOHMHC to the autoimmune pathogen-
esis of AA can facilitate efficient identification of patients with AA-type
autoimmune marrow failure among those diagnosed with RCC or
hypoplastic MDS.

This study has limitations. Particularly, this is a retrospective analysis of
testing performed as part of routine clinical care. Although not all
patients had all 3 laboratory tests completed, each of these findings
has been independently evaluated, and our statistical analysis shows
significant differences in the frequencies of PNHGran and acquired 6p
CN-LOHMHC in AA compared with IBMFSs and other hematologic
diseases. Although not all patients had testing performed at initial pre-
sentation, the median time from presentation to testing for PNH and
6p CN-LOH was 0 and 5 months, respectively, with all but 1 patient
having a positive finding on the first available testing. Notably, the time
of testing would not impact the 100% PPV for AA diagnosis, although
it may affect the diagnostic sensitivity, as the prevalence of PNH and
6p CN-LOH may rise with disease progression and ongoing treat-
ment. Thus, we recommend the use of serial testing to potentially
increase diagnostic yield by affirming AA later in the disease course,
a strategy that, alongside repeating a bone marrow biopsy that
includes cytogenetic analysis and considering genetic testing for
occult IBMFS germline mutations, may be especially helpful in poorly
responding patients with enduring diagnostic uncertainty (Figure 3).
Furthermore, our study does not include testing for somatic mutations
in myeloid malignancy–associated genes. Notably, multiple authorita-
tive analyses have previously shown that somatic mutations occur fre-
quently in healthy aged individuals, as well as in patients with AA,
PNH, MDS, and various inherited disorders.9,11-14,19,67-71 Thus, with
the noteworthy exception of mutations that lead to PNH clones or
acquired HLA loss and are specific to AA, which we describe in
this study, MDS-associatedmutations have not yet been shown to dis-
criminate AA from IBMFSs effectively, and their utility in the diagnostic
evaluation of AA requires further study.

In sum, our study provides a comprehensive analysis of the diagnostic
value of PNH, acquired 6p CN-LOHMHC, and clonal TRG rearrange-
ment for AA in a large cohort of patients with BMF disorders and other
hematologic diseases. Our results establish 100% specificity and
PPV of both PNH clones and acquired 6p CN-LOHMHC for the diag-
nosis of immune-mediated AA. In a clinical setting, discovering either
of these 2markers can significantly increase the posttest probability of

immune-mediated AA. In contrast, a positive TRG PCR-based assay
of general T-cell clonality is not specific to immune-mediated BMF.
Future studies using more sophisticated assays of autoreactive
T-cell expansion, perhaps including TRB sequencing or functional
assays of T-cell autoreactivity, may help to define the role of T-cell anal-
yses in AA diagnosis. In conclusion, our results support the routine
early use of PNH and 6pCN-LOHMHC testing to effectively distinguish
immune-mediated marrow failure from inherited conditions. The next
frontier in BMF diagnostics will include combining these 2 current
assays of immune-mediated BMF with more sophisticated T-cell anal-
yses and faster, more comprehensive somatic and germline genetic
studies to improve the accuracy and efficiency of diagnosis of
acquired and inherited BMF disorders.
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