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Oligoclonal expansion of CD8+CD28– lymphocytes has been con-
sidered indirect evidence for a pathogenic immune response in
acquired aplastic anemia. A subset of CD8+CD28– cells with

CD57 expression, termed effector memory cells, is expanded in several
immune-mediated diseases and may have a role in immune surveillance.
We hypothesized that effector memory CD8+CD28–CD57+ cells may
drive aberrant oligoclonal expansion in aplastic anemia. We found
CD8+CD57+ cells frequently expanded in the blood of aplastic anemia
patients, with oligoclonal characteristics by flow cytometric Vβ usage
analysis: skewing in 1-5 Vβ families and frequencies of immunodomi-
nant clones ranging from 1.98% to 66.5%. Oligoclonal characteristics
were also observed in total CD8+ cells from aplastic anemia patients
with CD8+CD57+ cell expansion by T-cell receptor deep sequencing, as
well as the presence of 1-3 immunodominant clones. Oligoclonality was
confirmed by T-cell receptor repertoire deep sequencing of enriched
CD8+CD57+ cells, which also showed decreased diversity compared to
total CD4+ and CD8+ cell pools. From analysis of complementarity-deter-
mining region 3 sequences in the CD8+ cell pool, a total of 29 sequences
were shared between patients and controls, but these sequences were
highly expressed in aplastic anemia subjects and also present in their
immunodominant clones. In summary, expansion of effector memory
CD8+ T cells is frequent in aplastic anemia and mirrors Vβ oligoclonal
expansion. Flow cytometric Vβ usage analysis combined with deep
sequencing technologies allows high resolution characterization of the
T-cell receptor repertoire, and might represent a useful tool in the diag-
nosis and periodic evaluation of aplastic anemia patients. (Registered at
clinicaltrials.gov identifiers: 00001620, 01623167, 00001397, 00071045,
00081523, 00961064)
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ABSTRACT

Introduction

Acquired aplastic anemia (AA) is a bone marrow (BM) failure syndrome charac-
terized by peripheral blood (PB) pancytopenia and BM hypocellularity due to
hematopoietic stem and progenitor cell destruction.1-7 There is indirect evidence to
support the hypothesis of autologous immune attack: clinical response to
immunosuppressive therapies (IST),1,2,8-10 the predominant role of activated cyto-
toxic T cells (CTLs) in BM growth inhibition,1,10-12 identification of putative
autoantigens,13,14 and oligoclonal expansion of CD8+ lymphocytes.8,14-17

Oligoclonality of T-cell populations has been defined by flow cytometry and
deep sequencing of the T-cell receptor (TCR) Vβ repertoire and by spectratyping
of complementarity-determining region 3 (CDR3) length skewing.18-21 The TCR, an
aβ or γd heterodimer, is responsible for antigen recognition and T-cell activation.22-



26 Each chain is the result of a complex gene locus
rearrangement, known as VDJ recombination.23 On a
rearranged VDJ segment, a terminal deoxynucleotidyl
transferase enzyme increases TCR variability through
insertions/deletions within a hypervariable region, the
CDR3, generating a unique potential antigen-specific
sequence.23 Early in infection, CD28+ CTLs with different
antigen affinity are selected and expanded (polyclonal
phase).27 In late stages, high antigen-affinity CD28– T cells
are in resting state as memory T cells.28-29 The expression
of CD57 on CD8+CD28– T cells identifies a subset of
memory T cells termed effector memory because of their
high antigen-affinity and ability to be rapidly activated
after antigen stimulation, as “tissue-guards”.29,30 Direct evi-
dence of their high antigen-affinity is decreased diversity
in the CD8+CD57+ TCR repertoire (oligoclonality) due to
the presence of only a few selected clones of memory
cells.27
In this work, we investigated the frequency and oligo-

clonal expansion of effector CD28–CD57+ memory cells in
CD4+ and CD8+ T cells and the TCR Vβ repertoire in AA
patients by flow cytometry and deep sequencing tech-
nologies, to provide additional evidence for the immune
hypothesis in AA pathophysiology. 

Methods

Human samples
Heparinized whole PB was collected from patients and healthy

subjects after informed consent, in accordance with the
Declaration of Helsinki31 and protocols approved by the National
Heart, Lung, and Blood Institute Institutional Review Board
(National Institutes of Health, Bethesda, MD, USA) (see Online
Supplementary Table S1 for clinical characteristics). HLA haplotypes
are reported in Online Supplementary Table S2. All patients received
a diagnosis of severe AA (SAA) according to the International
Study of Aplastic Anemia and Agranulocytosis32 and to the criteria
of Camitta.33 At the time of blood sampling, none of the patients
had received therapy. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Paque density gradient centrifugation (MP
Biomedicals, LLC, Santa Ana, CA, USA) according to the manu-
facturer’s instructions.

Flow cytometry 
A minimum of 4x106 PBMCs from each subject were stained for

TCR Vβ repertoire analysis (Online Supplementary Figure S1). The
manufacturer’s instructions for the IOTest Beta Mark (Beckman
Coulter, Miami, FL, USA) were optimized to avoid incorrect com-
pensation due to the existence of FITC/PE double positive anti-
bodies in the kit, as described in Online Supplementary Methods.
Expansion of CD8+CD57+ cells was defined using as a threshold
the mean frequency calculated in healthy subjects. Vβ skewing in
SAA patients was described when the frequency of one Vβ family
was higher than the mean+3Standard Deviation (SD) in healthy
subjects.16 The term “immunodominant clone” was defined as the
Vβ+ population by flow cytometry or the DNA sequence by deep
sequencing present in the highest abundance.17

TCR repertoire deep sequencing
For VDJ combination and CDR3 sequence profiling,34 DNA was

isolated from FACS- or beads- (Miltenyi Biotec Inc., San Diego,
CA, USA) sorted CD4+ and CD8+ T cells from 12 SAA patients
with CD8+CD57+ cell expansion and 9 healthy subjects 
(mean: 3.2 μg of DNA; range: 0.2-27.4 μg) (Online Supplementary

Table S2). DNA was also isolated from beads-sorted CD8+CD57+

cells from 2 of the 12 SAA patients with enough cells for further
analysis (mean: 1.6 μg of DNA). TCR repertoire sequencing was
performed with an Illumina HiSeq 2000 sequencer (Illumina Inc.,
San Diego, CA, USA). Detailed information is provided in the
Online Supplementary Methods. Data have been deposited in the
NCBI GEO database (accession n. GSE101660). 

Statistical analysis
Data were analyzed using R (RStudio, Boston, MA, USA) and

Prism (v.7.02; GraphPad software Inc., La Jolla, CA, USA). Mann-
Whitney U test, Wilcoxon signed rank sum test, pair and un-
paired t-tests, or χ2 test were used for data with abnormal distribu-
tions. Bonferroni and Dunn’s corrections were used for multiple
comparisons. P≤0.05 was considered statistically significant, after
adjustment with Bonferroni and false discovery rate (FDR).35

Linear regression was performed for correlations. Log-rank
(Mantel-Cox) test was used for progression-free survival data
analysis. Simpson's diversity index was calculated according to
the following formula:

in which ni represents the clone size as the number of copies of
each clonotype (i) or the total number of CDR3 sequences belong-
ing to each i clonotype, and n is the total number of different
clonotypes in the sample or the total number of sequences for
each sample.

Results

Effector memory CD8+CD57+ T cells frequently show
oligoclonal expansion of TCR Vβ  repertoire by flow
cytometry
Immunophenotyping and flow-cytometry Vβ usage

were performed in 24 SAA patients. Clinical characteris-
tics are reported in Online Supplementary Table S1. A group
of 34 healthy subjects was studied in order to define nor-
mal ranges of T-cell populations and Vβ family expression.
SAA patients showed higher frequencies of CD8+CD57+
cells (25.6±17.3% vs. 13.3±12.6% in healthy individuals;
P=0.003), and decreased frequency of CD8+CD28+ cells
(56.8±25.7% vs. 68.8±19.1%; P=0.046). A negative corre-
lation between CD57 and CD28 expression was also pres-
ent (r2=0.601, P<0.0001). No differences were found for
CD28+ and CD57+ cells within the CD4+ subset (P=0.974
and P=0.250, respectively) (Figure 1A). 
By Vβ usage, polyclonal expansion was observed in

total CD4+, CD4+CD28+, CD4+CD57+ and CD8+CD28+
cells in both healthy subjects and SAA patients (Figure 1B
and Online Supplementary Figure S2). Oligoclonal expan-
sion of CD8+CD57+ cells was present in 92% of SAA
patients with 1-3 immunodominant clones, while in total
CD8+ cells oligoclonality was reported only in 33% of
cases (Online Supplementary Figure S3). Patients did not
show expansion of a shared Vβ family, as each subject car-
ried a different TCR Vβ rearrangement in effector memo-
ry CD8+ T cells (Figure 2A). None of the 7 patients with-
out CD8+CD57+ cell expansion showed Vβ skewing in any
subgroup, with mean frequency of the immunodominant
clone of 3.8% (range: 0.21-6.01%). Conversely, all 17
patients with effector memory CD8+ cell expansion
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showed Vβ skewing in 1-5 Vβ subgroups, and frequencies
of the immunodominant clones ranged from 2.1% to
66.5% (mean: 9.9%). 
Progression-free survival (PFS) analysis was performed

on all SAA patients, divided according to pre-treatment
frequencies of effector memory CD8+ T cells (cut-off value
13.3%) (Figure 2B). No patients with low CD8+CD57+ cell

frequency (n=7) experienced relapse (median survival not
reached; median follow-up time: 13.6 months), while 7 of
the 17 SAA subjects with expanded effector memory T
cells relapsed or died (median survival 13.2 months; medi-
an follow up: 10.4 months). However, statistical signifi-
cance between the two curves was not reached (P=0.089).
Vβ usage was analyzed in CD4+ and CD8+ T-cell subsets

TCR repertoire of effector memory T cells in AA
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Figure 1. Immunophenotyping and flow cytometry analysis of Vβ usage in severe aplastic anemia (SAA) patients and healthy subjects. (A) Percentages of CD28+

and CD57+ cells were calculated in both CD4+ and CD8+ compartments for healthy controls and SAA patients. Data are shown as mean±Standard Deviation (SD).
Unpaired t-test was performed. *P<0.05; **P<0.01. (B) Vβ usage was studied in T-cell compartments (by row), and percentages of each Vβ family were reported as
total CD4+ or CD8+ cell percentage. For Vβ usage in healthy subjects, data are shown as mean+SD, combining the results from all 34 healthy donors. For SAA
patients, 2 representative cases are shown. 
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in serial samples available for Patients 4, 22, and 34 in
order to understand the correlation of Vβ usage with clin-
ical course (Figure 2C and Online Supplementary Figure
S4A). For Patient 22, at baseline, Vβwas the immunodom-
inant clone and mostly enriched in CD8+CD57+ cell popu-
lation, rather than in CD4+CD28+, CD4+CD57+, and
CD8+CD28+ cells. After ten days of IST, the size of the
CD8+CD57+ clone was greatly reduced. The clone was
detected again at six months (3 months before clinical
relapse) and further increased at relapse (Figure 2C), sug-
gesting association of Vβ expansion with clinical status.
Patients 4 and 34 were non-responders at three months,
and non- and minimal partial-responders at the 6-month
time point. However, no significant changes in immun-
odominant clone size were observed (Online

Supplementary Figure S4A). Vβ usage was also investigated
at baseline in the BM of these 2 patients (Online
Supplementary Figure S4B), and high concordance with Vβ
usage of PB CD8+CD57+ cells was described. 
Increased expansion of effector memory CD8+ T cells

with age has been reported;36 therefore, we used a pool of
age-matched healthy controls to assess the effect of age.
There was no correlation between the size of the immun-
odominant clone in CD8+CD57+ cells and age in healthy
subjects (r2=0.0003, P=0.919) or in SAA patients (r2=0.140,
P=0.079) (Online Supplementary Figure S5). However, a cor-
relation was found between CD57 expression and age in
SAA patients (r2=0.552, P<0.0001). 
We then assessed the effect of transfusion history on

oligoclonal expansion of effector memory T cells, as trans-
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Figure 2. Vβ usage at diagnosis and during treatment. (A) Percentages of Vβ family in CD8+CD57+ cells were calculated on total CD8+ cells, and Vβ skewing in severe
aplastic anemia (SAA) patients was defined using the mean+3Standard Deviation (SD) of a given Vβ group in healthy donors. Relative expansion of each Vβ subgroup
is shown in the bar graph. Patients were divided based on the absence or presence of expanded CD8+CD57+ cells, using the mean in healthy donors (13.3%). Skewing
of one Vβ family is reported as an orange bar. (B) Progression-free survival rate of SAA patients with CD8+CD57+ cells ≤13.3% (n=7) or >13.3% (n=17) prior to treat-
ment. Log-rank (Mantel-Cox) test was performed. (C) Vβ usage was performed in Patient 22 at diagnosis, at 10 days of treatment, and at 6 and 9 months (relapse).
Perturbations during treatment and relapse are reported as percentage of positive CD8+CD57+ and Vβ2+ cells (left), or absolute lymphocyte and Vβ2 clone count
(right). 
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fusions expose T cells to multiple foreign epitopes.37 A
group of 5 pure red cell aplasia (PRCA) patients, 10 sickle
cell disease (SCD) subjects, and 8 myelodysplastic (MDS)
patients who had been heavily transfused before sampling
were studied for CD8+CD57+ cell expansion and Vβ usage
(Online Supplementary Table S1). No variations were
observed in CD8+CD57+ cell frequencies when PRCA,
MDS, and SCD patients were compared to healthy sub-
jects (22.8±25.1% vs. 21.6±9.7% vs. 30.6±28.3% vs.

13.3±12.6%, respectively; P=0.216) (Online Supplementary
Figure S6A). Vβ skewing was described in 4 PRCA patients
in 1-8 subgroups, in all 8 MDS subjects in 1-4 Vβ families,
and in 7 SCD patients in 1-5 subgroups (Online
Supplementary Figure S6B). Oligoclonal expansion was
described in 91% of cases and subjects without skewing
did not present effector memory T-cell expansion.
Subsequently, we combined all subjects and divided them
according to their transfusion history and the presence of

TCR repertoire of effector memory T cells in AA
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Figure 3. Characterization of Vβ/Jβ plot, CDR3 size and DJ length profiles in healthy donors by deep sequencing. (A) T-cell receptor β variable (TRBV)/T-cell receptor
β joining (TRBJ) plots showed a “citylike” landscape for total CD4+ and CD8+ cell populations in healthy subjects (HC). (B) The size of the complementarity region 3
(CDR3) and DJ length profiles were also defined, showing similar features in CD4+ and CD8+ cells. 
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CD8+CD57+ T-cell expansion. By χ2 test, transfusion histo-
ry did not correlate to CD8+CD57+ expansion (P=0.255). 

Total CD8+ cell TCR repertoires are polyclonal in
healthy subjects
Deep sequencing of TCR repertoire was performed in

CD4+ and CD8+ populations sorted from 9 healthy donors.
The average depth of sequencing was 10,790,646±4,050,138

in CD4+ T cells, and 10,961,961±3,879,596 in CD8+ popula-
tions. The mean frequency of the immunodominant clone
was 4.1±4.1% in CD4+ cells and 17.3±16.9% in CD8+ cells.
By plotting the number of reads of each Vβ and Jβ
matching,17 a “citylike” landscape was described for total
CD4+ and CD8+ T-cell populations (Figure 3A and Online
Supplementary Figure S7A), because of the presence of a
more homogenous distribution of TCR rearrangement fre-
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Figure 4. The TCR repertoire by deep sequencing analysis from total CD8+ cells in severe aplastic anemia (SAA) patients with CD8+CD57+ cell expansion. In contrast
to healthy CD8+ profiles, most SAA patients (AA) displayed oligoclonal features in a TRBV/TRBJ rearrangement plot (A) and CDR3 size and DJ length profiles (B). CD4+

and CD8+ profiles are shown for each SAA patient. In AA1 and AA6, only CD8+ cells were sufficient for deep sequencing.
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quencies (“midtown”). The normal CDR3 size and DJ
length profiles were defined by comparing distributions
among healthy donors (Figure 3B and Online
Supplementary Figure S7B). In CD4+ and CD8+ cells, profiles
were typically distributed in a Gaussian manner with 10-
12 different size classes of 30-65 nucleotides (nt) sizes at 3
nt intervals, and they completely overlapped. Similarly, DJ
length profiles assumed an asymmetric Gaussian distribu-
tion with 2-5 predominant length classes without nt inter-
vals in CD4+ and CD8+ subsets. 

Deep sequencing allows detailed characterization of
oligoclonality in SAA
Deep sequencing of TCR repertoire was performed in

CD4+ and CD8+ cells from 12 SAA patients who had
demonstrated CD8+CD57+ cell expansion by flow cytom-

etry, and also in CD8+CD57+ cells from 2 of these patients.
The average depth of sequencing was
13,861,048±4,992,677 in CD4+ T cells,
13,873,207±5,029,195 in CD8+ T cells, and
21,030,616±1,238,660 in CD8+CD57+ cells. The mean fre-
quency of the immunodominant clone was 3.3±3.4%
(range: 0.2-11.8%) in CD4+, 18.2±14.9% (range: 3.3-
54.1%) in CD8+ cells, and 59±28.9% in CD8+CD57+cells.
By plotting TRBV/TRBJ rearrangements from CD4+ cells,
the “citylike” landscape was found in 11 out of 12 patients
(Figure 4A and Online Supplementary Figure S8A). In the
CD8+ cell pool, the “citylike” landscape was found in 3
patients (AA7, AA8, and AA11), whose clones showed
very low frequencies (4.3%, 3.4%, and 3.3%, respective-
ly). The remaining patients displayed a “skyscraper” land-
scape due to the presence of 1-3 immunodominant clones.

TCR repertoire of effector memory T cells in AA
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Figure 5. The TCR repertoire by deep sequencing of enriched CD8+CD57+ cells in severe aplastic anemia (SAA) patients. (A) The enrichment of the clone in effector
memory CD8+ T cells, comparing TRBV/TRBJ rearrangement in total CD8+ cells (left) with those in CD8+CD57+ cells (right) from the same patients. (B) CDR3 size and
DJ length profiles from CD8+CD57+ cells also overlapped with those in CD4+ and CD8+ profiles.
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CDR3 size and DJ length profiles were defined in total
CD4+ and CD8+ cells and compared within each patient
(Figure 4B and Online Supplementary Figure S8B). In CD4+
cells, all patients displayed CDR3 profiles with normal
Gaussian distribution, as described in healthy subjects. In
CD8+ cells, Patients AA7, AA8, and AA10 to AA12 had
CDR3 size profiles with Gaussian distributions. In the

remaining patients, CDR3 profiles showed different
shapes with 8-13 different classes and 1 or 2 predomi-
nant peaks of various nt sizes (36-57). For DJ length pro-
files in SAA patients, the asymmetric Gaussian distribu-
tion was described in all CD4+ cells, and in 6 (AA5-AA8
and AA11-AA12) CD8+ populations. Similarly,
TRBV/TRBJ rearrangement plots from the CD8+CD57+
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Figure 6. Homology assessment. (A) CDR3 sequence pools were analyzed among patients (AA) and healthy subjects (HC) for the presence of homology. Shared and
immunodominant sequences were reported as a heatmap based on their relative expression: in the same row, from lowest (gray; <0.01%) to highest (red; >5%) val-
ues. (B) Structural analysis was performed comparing the sequences for common pattern, using both alignments at the N-terminal of Vβ gene (left) or at the C-ter-
minal of Jβ gene (right).
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cell pool of AA3 and AA4 showed the same “skyscraper”
landscape, but more enriched (Figure 5A), as well as
CDR3 size and DJ length profiles that overlapped those
in total CD8+ cells, although these were again more
enriched (Figure 5B).

TCR repertoire diversity and shared CDR3 sequences
in SAA patients and healthy subjects
Simpson’s index of diversity was calculated for each

healthy and each SAA subject. This index is used in ecol-
ogy for in-depth assessment of the degree of diversity of a
system, related to the richness (or number of species pres-
ent) and evenness (or relative abundance of each).38 Thus,
this index assesses the probability that 2 randomly select-
ed individuals from a system belong to the same species.
For a TCR repertoire, the index measures the probability
that 2 CDR3 sequences randomly selected from CD4+ or
CD8+ pools of one subject could be identical.17,38 A value
close to 0 means infinite diversity, and a value close to 1
no diversity.36 In our cohort, Simpson’s indexes were sim-
ilar in healthy controls and SAA patients for CD4+
(0.990±0.005 vs. 0.991±0.005, respectively; P=0.537) and
CD8+ cells (0.983±0.013 vs. 0.927±0.084, respectively;
P=0.060). By paired t-test, Simpson’s indexes in SAA sub-
jects were significantly different between CD4+ and CD8+
cells (P=0.047) (Online Supplementary Figure S9A). When
compared to those indices in CD8+CD57+ cells, decreased
diversity in the CD8+ effector memory compartment was
described (total CD4+ cells vs. CD8+CD57+ cells, P<0.0001;
total CD8+ cells vs. CD8+CD57+ cells, P=0.0003) (Online
Supplementary Figure S9B). 
In order to test the hypothesis that an autoreactive clone

is triggered by autoantigens, CDR3 amino acid sequences
from healthy subjects and patients were screened for
homology and then compared to public and private TCR
repertoires reported in literature,39 as described in the
Online Supplementary Methods. From analysis of sequences
in the CD8+ cell pool, a total of 29 CDR3 sequences were
shared between patients and controls, but these sequences
were highly expressed in SAA patients and also present in
their immunodominant clones (Figure 6A). When we
searched for these common sequences in the whole CDR3
sequence repertoire from CD8+CD57+ cells in AA subjects,
CD8+CD57+ cell pools from AA3 and AA4 showed enrich-
ment in frequencies of the immunodominant clones (from
53.61% to 79.12% for AA3 patient and from 23.45% to
38.14% for AA4 patient). Structural analysis of shared and
immunodominant sequences did not show a pattern of
common charged residue among patients (Figure 6B and
Online Supplementary Methods). Immunodominant and
shared CDR3 sequences were compared with CDR3 β
repertoires reported in literature for infectious, autoim-
mune and malignant diseases.39 For confirmation, the
VDJdb database, a database of known antigen specific
sequences (https://vdjdb.cdr3.net), was also used. No match-
es were found for infectious diseases, while 2 sequences
present in AA9 were reported previously in AA and parox-
ysmal nocturnal hemoglobinuria (PNH).8,40 Lastly, we
sought to perform homology assessment for reported
PNH-related clonotypes on the entire TCR repertoire
without frequency restriction, as small PNH clones could
be present in healthy individuals.40 Two of the reported 12
CDR3 sequences (CATSRTGGETQYF and CATSRV-
VAGETQYF) were found in our TCR repertoires with a

mean frequency of 0.1±0.2% and 4.7±9.4% in SAA
patients, and 0.0003±0.0001% and 0.01±0.002% in
healthy subjects. No matches were found in the enriched
CD8+CD57+ T-cell pool (Online Supplementary Table S3).

Discussion

The character of oligoclonal expansion of CD8+CD28–
lymphocytes in AA, described by Risitano et al.,8,41 strong-
ly suggests an antigen driven mechanism of T-cell activa-
tion, ultimately leading to destruction of hematopoietic
stem and progenitor cells. In this study, we focused on a
subset of CD8+CD28–CD57+ T lymphocytes, termed effec-
tor memory cells because of their high antigen-affinity
and their ability to undergo activation after antigen stimu-
lation.27,36 Others have reported the expansion of effector
memory CD8+ T cells in the tumor microenvironment and
in PB from patients with solid tumors, hematologic malig-
nancies, chronic infections and autoimmune disorders.36,41-
44 In cancers, effector memory T cells appear to have an
important role in immune surveillance; for example, their
increase after interferon (IFN)a treatment correlates to
better prognosis in melanoma patients,43 and expanded
CD8+CD57+ T cells reach normal levels after removal of
head and neck cancer.36 Higher frequencies of CD8+CD57+
cells have also been described in SAA and MDS patients,
which decrease in responders after anti-thymocyte globu-
lin treatment.44 The expansion of effector memory cells
could also occur in older healthy subjects as a result of life-
long exposure to common pathogens, but it is related to
reduced overall immune responsiveness to novel
antigens.45,46 Consistent with previous studies, the SAA
patients in our cohort had higher frequencies of
CD8+CD57+ cells at diagnosis (25.6% in SAA patients vs.
13.3% in healthy subjects). Moreover, patients with CD8+
effector memory T-cell expansion at diagnosis experi-
enced shorter PFS. No age-effects were seen for clone size
in either patients or healthy subjects. 
There is indirect evidence of immune pathophysiology

of AA, including oligoclonal expansion of effector CD8+ T
lymphocytes.8,41 Clonality of T-cell subsets can be studied
by flow cytometry analysis of  Vβ usage, CDR3 size spec-
tratyping or deep sequencing of VDJ combinations, and
CDR3 nucleotide and amino acid sequences.17-20,47 In SAA
patients, expansion of at least one Vβ family in both CD4+
and CD8+ effector CD28dim cells by flow cytometry with
polyclonal features in CD4+ and oligoclonal characteristics
in CD8+ cells has been described.1,8,15,41,44 The CDR3 size
skewing by spectratyping in the CD8+ population but not
in CD4+ cells confirmed clonality in CD8+ cells.8,21,41 In our
current work, we demonstrate by flow cytometry and
deep sequencing that oligoclonal expansion occurs mainly
in effector memory CD8+ cell compartment, as the
immunodominant clones were highly enriched in
CD8+CD57+ cells and had decreased diversity on deep
sequencing. Effector memory T cells are a circulating T-
cell population that can migrate to the BM under different
types of stimulation.30 Vβ usage of peripheral CD8+CD57+
T cells may mirror that in the BM, as suggested by the
high concordance between PB and BM in our AA patients.
In our cohort, 75% of SAA patients with effector memory
cell expansion also showed oligoclonal features by deep
sequencing of the total CD8+ cell compartment:
TRBV/TRBJ rearrangement plots with a “skyscraper” pro-
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file due to the presence of 1-3 immunodominant clones,
and predominant classes in CDR3 size and DJ length pro-
files. These findings were confirmed by TCR repertoire
sequencing of CD8+CD57+ enriched cells from SAA
patients. Similar deep sequencing features have been
described in whole blood in T-cell large granular lympho-
cyte leukemia (T-LGLL).17 T-LGLL, a chronic lymphopro-
liferation of TCRaβ+CD3+CD5dimCD8+CD57+CD16+ cells
with monoclonal TCRγ-chain rearrangement and preva-
lence in the elderly, is frequently associated with autoim-
mune diseases.16,17 Thus, similarities between our SAA
cohort and T-LGLL patients suggest a common patho-
physiology of expanded autoreactive T lymphocytes.
Characterization of long-term Vβ usage has already been
proposed as a biomarker of disease progression in T-LGLL
and AA,8,16 given that immunodominant clones can
remerge during relapse.16 However, high heterogeneity in
the TCR repertoire during immunosuppressive therapies
has been reported.8,16 In our study, immunodominant
clones were longitudinally investigated in 3 AA patients.
In Patient 4, expanded clones slightly decreased during
treatment but did not disappear, as no hematologic
improvements were observed. In Patient 34, clone 17
remained stable during the course of the disease, while
clone 13.6 increased at three months and slightly
decreased at six, concomitantly with a minimal partial
response. In Patient 22, clone 2 completely disappeared at
six months of treatment and the patient achieved hemato-
logic remission; however, at the time of relapse the clone
increased again. Our data suggest that Vβ typing of the
CD8+ CD57+ T-cell population by flow cytometry might
be a useful biomarker to monitor clonal kinetics during the
course of AA, but a larger cohort of patients and a more
sensitive technique, such as deep sequencing, are needed
to validate the clinical usefulness.
Chronic antigen exposure is required to trigger T-cell acti-

vation, as in persistent viral infections or with antigen
spread during autoimmune and malignant diseases.17 For
viral infections, CDR3 homology in public sequence reper-
toires, and also cross-reactivity between viruses, is limited

by the number of possible epitopes.41,48 For autoimmune dis-
eases, including T-LGLL, clonotypes can be private to a spe-
cific disease because of the unlimited number of possible
epitopes.17,41,49 Despite the large diversity of TCR CDR3
sequences, only 29 shared CDR3 sequences were found in
our cohort; these were highly expressed in SAA patients
and enriched in the CD8+ CD57+  T-cell population. By using
sensitive techniques such as deep sequencing, we detected
sequences at very low frequencies. However, the finding
that a group of clonotypes is shared between SAA patients
and healthy subjects suggests the existence of common epi-
topes driving activation of T-cell autologous clones (as also
described by Gargiulo et al. in PNH patients40). As chronic
transfusion could be the source of antigen exposure, we
investigated its effect on effector memory T-cell expansion
in other hematologic diseases. A comparison between
transfused patients and healthy subjects showed no signifi-
cant variations in CD8+ CD57+ cell frequencies (P=0.216).
Oligoclonal expansion of effector memory CD8+ T cells

is frequent in AA and may correlate with prognosis, con-
sistent with a role of effector memory T cells in BM
destruction during active disease. Deep sequencing tech-
nologies allow in-depth characterization of the TCR reper-
toire, and flow cytometric analysis of Vβ usage may be
useful to determine diagnosis and prognosis of SAA
patients, and to monitor their clinical course. 
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