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  Immune-mediated destruction of hematopoiesis in idio-
pathic AA has been inferred from the successes of im-
munosuppressive therapies [1]. Based on similar patho-
physiologic features, immunosuppression has been also 
applied as a treatment modality in MDS [2] and has 
proven effective in a significant portion of patients, sug-
gesting that similar pathophysiologic mechanisms may 
operate in these diseases. Common pathophysiology is 
also inferred by the clinical overlap between these dis-
eases; MDS often evolves from AA, and hypoplastic 
MDS shows many clinical similarities to AA [3,4]. In 
analogy to typical AA, MDS cases responsive to im-
munosuppression are mostly hypocellular, associated with 
the presence of paroxysmal nocturnal hemoglobinuria 
(PNH) clone and a high frequency of HLA-DR2 [5,6].
  Because of the low numbers of blood and bone mar-
row (BM) cells, immune-mediated BM failure syndromes 
are intrinsically difficult diseases to study in the labora-
tory. Nevertheless, experimental evidence data supports 
an immunologic mechanism in acquired BM failure (for 
review see [7]). A role for cytotoxic T cells (CTL) in 
AA was first suggested by co-culture and depletion 
experiments, in which inhibition of hematopoietic colony 
formation was associated with this lymphocyte popula-
tion [8,9] and provided the laboratory evidence for an 
autoimmune BM-directed process. Increased numbers of 
activated CTL [10] as detected by the expression of 
HLA-DR [10] and CD25 [11], an inverted CD4/CD8 
ratio [12] have been found in blood and marrow of 
patients with AA [13]. Later, skewing of the variable 
chain (VB)-repertoire of the T cell receptor (TCR) were 
found (see blow), consistent with expansion of auto-
immune T cell clones [14-19]. Similar findings have also 
been reported for some forms of MDS [20]. T lympho-
cytes from AA and MDS patients overproduced inter-
feron-�ñ�� (IFN-�ñ) and tumor necrosis factor-�ï�� (TNF-�ï) 

consistent with a shift in the Th1/Th2 balance [21-24]. 
Marrow localization of pathophysiologic T cells has been 
modeled in vitro [25,26] and observed in vivo [10,27]. 
Although all these results support a view of AA and 
perhaps some forms of MDS as the culmination of a 
cytotoxic lymphocyte (Tc, CTL)-mediated, highly speci-
fic attack on blood forming cells, most of the laboratory 
evidence is indirect as the antigens driving the auto-
immune process remain unknown. The current laboratory 
tests have shown only a poor correlation with disease 
activity and none has been predictive of the effective-
ness of therapy. In addition, their interpretation is ham-
pered by the heterogeneous nature of marrow failure 
syndromes and many external factors not related to the 
primary pathophysiologic process. Clearly, recognition of 
the target (auto) antigens is a major obstacle in the 
differential diagnosis of these diseases and may prove 
essential for the understanding of their pathophysiology 
and design of novel rational therapeutic strategies.

1.2. Hematopoietic Targets and Clues to the 
Pathophysiology

  Hematopoietic progenitor and stem cells are cellular 

targets for the immune attack in bone marrow failure 
syndromes [7]. While in single lineage cytopenias, com-
mitted progenitor cells are likely to be targets (e.g. ery-
throid precursors in pure red cell aplasia), in AA and 
some forms of MDS; hematopoietic inhibition also 
includes multipotent progenitor cells. We have demon-
strated a profound hematopoietic depletion of CD34+ 
cells [28] and of long-term colony forming cells 
(LTCIC), the most immature hematopoietic cells that can 
be measured in vitro [27-29]. CD34+ cell populations 
from AA and MDS show increased expression of Fas 
[30,31] and contains a very high proportion of apoptotic 
cells [32]. Although the target antigens are likely to be 
expressed on early hematopoietic cells, the direct de-
monstration of progenitor-directed cytotoxicity has been 
very difficult due to the technical problems including 
low number of progenitor cells (serving as targets or 
inducers in the functional assays) and availability of 
HLA-matched controls. Similarly, despite many attempts, 
characterization of the antigens that may drive the 
immune response in bone marrow failure syndromes has 
been difficult. Theoretically, the inciting antigen may be 
a foreign protein that either induces a breach of 
tolerance or shows cross reactivity with certain normal 
hematopoietic antigens. In addition, cross-reactive anti-
gens could be also generated by chemical modification, 
conjugation with drugs or be products of an hypothetical 
mutated gene [7]. In the process of the antigenic spread 
[33], additional more common epitopes or even new 
antigens may be recognized and recruit T cells with 
related specificities; consequently, the antigenic spectrum 
can differ early and late in the disease.

2. T Cell Repertoire and Pathogenic T Cell 
Clones

2.1. Effector Cells in Bone Marrow Failure
Syndromes

  Several methods have been used to better characterize 
pathologic lymphocytes in AA. Specific T cells express 
activation markers such as HLA-DR, CD25, and CD69 
and secretes IFN-�ñ�� during active disease. Due to anti-
gen-specific T cell receptor triggering and co-stimulatory 
signals, effector cells differentiate from a proliferating 
naive or memory cell pool. This process is associated 
with CD45 isotype switching and loss of CD28 
[2,34,35]. CTL of effector phenotype show high expres-
sion of CD45RA, CD11b, and CD57, and acquire 
cytotoxic granules containing granzyme B and perforin 
[36,37]. CD8+ CD28- and CD8+CD28-CD57+ cells 
exert strong cytotoxicity [38-41] but their proliferative 
potential is poor [36]. It is likely that T cells mediating 
hematopoietic suppression are contained within the 
mature effector cell population. Our results suggest that 
both activation and effector surface markers can be 
combined with TCR analysis to distinguish disease- 
specific autoimmune clones from normal T cell reper-
toire or secondary responses (e.g. alloimmunization, 
infections) [21].
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2.2. Molecular Analysis Of T Cell Receptor

  Analysis of TCR has been utilized in the study of 
classical autoimmune diseases. TCR is a heterodimer 
comprising of �ï(A) and �ð(B) chains; both encoded by 
rearranged V (D) J segments and a constant region (for 
review see [42,43]). This rearrangement between V, D 
and J-regions accounts for the heterogeneity and the fine 
specificity of antigen recognition and is mostly carried 
by VB CDR3 domain. CDR3 of the TCR VB chain is 
a non-germ line-encoded hypervariable region directly 
related to T cell recognition of peptides in the appro-
priate HLA context. During recombination, transferases 
add or remove nucleotides at various VB-DB or DB-JB 
junctions, leading to 6-8 amino acid differences between 
CDR3 within each BV chain, thus creating unique sig-
nature sequences. This process accounts for the virtually 
unlimited antigen-driven expansion of specific clones. 
Clonal or oligoclonal expansion will result in skewing 
of the otherwise normal Gaussian size distribution of 
recombined CDR3 amplification products (CDR3 skew-
ing [43-45]) that is amenable to molecular analysis 
using size sequence analysis of CDR3 amplification PCR 
products, called CDR3 spectratyping. As CDR3 region 
appears to be responsible for the recognition of the pep-
tide presented in the context of HLA, while CDR1 and 
2 regions exhibit affinity to a specific HLA type pos-
sibly, similar CDR3 sequences recognizing a specific 
antigen can be found in individuals with different HLA 
types [46]. Increased frequency of individual clones can 
be also detected by cloning of CDR3 amplification 
products and sequencing of individual clones: under 
normal circumstances due to the great variability of 
CDR3 region within each VB family, most of the 
cloned sequences will be unique. However, expansion of 
a specific T cell will result in a higher probability of 
their amplification and cloning and consequently, many 
cloned CDR3 regions will contain identical sequences. 
The frequency of identical CDR3 sequences corresponds 
to the degree of clonal over-expansion. High frequencies 
of CMV-specific T cells have been observed e.g. in 
CMV and EBV infections [47-49]; different methods 
have demonstrated that virus-specific T clones can 
represent a significant portion of the entire CD8 reper-
toire [50-52]. If substantial, clonal expansion may also 
result in the over-representation of specific TCR within 
a particular VB family (TCR VB skewing) [53]. For 
example, in the large granular lymphocytosis (LGL), a 
condition frequently associated in with the bone marrow 
failure [54,55], extreme clonal expansion can lead to the 
increase in the size of entire VB family. It is likely 
that LGL clones exert TCR specificities recognizing 
hematopoietic targets as PRCA or multilineage cytopenia 
associated with LGL [56,57]. Increase in the size of the 
entire VB family is detectable by flow cytometry [58] 
or by reverse hybridization techniques [59], e.g., using 
microarray technology (see, preliminary results). Increase 
in the size of the entire VB family is detectable by 
flow cytometry [58] or by reverse hybridization [59] 

techniques, e.g., using microarray technology.
  Unique sequences of specific TCR VB CDR3 regions 
(“signature clonotype”) can be used as molecular mar-
kers for autoimmune or viral disease and help to 
classify the syndromes based on antigens involved in 
the pathophysiologic process. Specifically applied to 
immune-mediated marrow failure, fine analysis of VB 
CDR3 and clonotype utilization (immunoscope) may serve 
to distinguish specific subsets of marrow failure and for 
the identification of common offending antigens.

2.3. Analysis Of T Cell Receptor in Autoimmune
Diseases and Its Application to Immune-Mediated
Bone Marrow Failure

  Analysis of TCR repertoire including polymorphisms 
within the VB CDR3 of the TCR has been utilized for 
the study of immune mechanisms in autoimmune 
diseases and viral infections [43,44]. In the mouse, 
CDR3 spectratyping showed that the normal T cell 
response to an antigenic protein is to be relatively 
restricted to one or few CDR3 size peaks, corresponding 
to few dominant T cell clones [60]. Skewing of the T 
cell VB spectrum has also been described for many 
animal models of immunologically mediated organ des-
truction such as encephalitis [61,62] and thyroiditis [63]. 
In humans, expansion of specific CDR3 VB TCR clones 
has been found in multiple sclerosis [64], type I 
diabetes mellitus [65], rheumatoid arthritis [66-68], pri-
mary biliary cirrhosis [69], psoriasis [70,71], or during 
graft-versus-host disease [44,60,72-74].

2.4. VB CDR3 Spectratyping

  TCR VB repertoire analysis has also been performed 
in AA, PNH and MDS patients [13-15,18-20,53,75-77]. 
In some studies in AA, a broadly normal VB distri-
bution pattern with over-expression of a few VB types 
indicative of selective CDR3 usage was observed, but 
skewing was not limited to specific VB families. As 
expected, when J-regions were analyzed monoclonality 
was excluded [14]. In other reports, increased skewing 
was detected. For example, in the refractory cyclospo-
rine-dependent AA cases (sharing HLA-DRB11501) 
[15], a significantly skewed CDR3 size pattern was 
found. In 5 of those patients, VB15 CDR3 sequencing 
showed dominant clones. Based on VB identity, indivi-
dual helper [76] and cytotoxic [77] T cell clones have 
been generated and functionally characterized as specific 
for the hematopoietic target cells. Using CDR3 spectra-
typing, we have determined the degree of diversity in 
the T cell response and studied characteristic changes in 
the TCR spectrum in total lymphocytes at initial pre-
sentation and after immunosuppressive therapy [17]. 
Age-matched normal individuals and multi-transfused 
patients with non-immune mediated hematologic diseases 
served as controls and normal values have been est-
ablished for a large number of healthy individuals. In 
new AA, the average frequency of VB CDR3 size 
distribution deviation, indicative of oligoclonal T cell 
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proliferation within a given VB family, was significantly 
increased (44±33% vs. 9±9%; P=.0001). AA patients 
with HLA-DR2 and those with expanded PNH clones 
appeared to have more skewed VB repertoires. Analysis 
of the individual VB subfamilies showed specific and 
seemingly non-random skewing of particular TCR VB 
regions, including oligoclonal pattern for the VB6,15, 
16,21,24 subfamilies in over 50% of all AA patients 
and in VB6,15,16, and 24 in up to 70% of AA patients 
with HLA-DR 1505. When VB repertoire was re- 
analyzed using the same method 3 and 6 months after 
immunosuppressive treatment, the degree of VB skewing 
remained similar after administration antithymocyte glo-
bulin but the overall pattern changed. Patients (N=3) 
treated with high-dose cyclophosphamide showed a much 
higher extent of oligoclonality within all VB families at 
3 and 6 month after initial therapy, consistent with the 
profound and long-lasting contraction of the T cell re-
pertoire. These studies suggested that VB CDR3 spec-
tratyping could be systematically applied to study the 
TCR repertoire. However, the inability to identify speci-
fic and consistent CDR3 skewing patterns and the high 
degree of skewing within multiple VB families have 
implied that this technique alone as applied to the total 
T cell population is not sufficient to recognize auto-
immune T cell clones. Consequently, a more intricate 
analysis is needed. E.g., VB CDR3 skewing should be 
analyzed separately in CD4 and CD8 cells and oligo-
clonality due to T cells depletion should be excluded. 
Other techniques have to be used and possibly com-
bined to facilitate selection of T cell clones, which are 
associated with the immune-ediated bone marrow failure.

2.5. TCR VB Typing

  Due to the different restriction of CD8 (HLA class I) 
and CD4 (HLA Class II) responses, CD4 and CD8 
populations may show different VB utilization patterns, 
which when analyzed together may limit the ability to 
recognize disease-specific changes in clonal distribution. 
As TCR CDR3 skewing may be a function of the 
relative size of a particular VB family, to restrict the 
search to truly expanded (and potentially specific) T cell 
clones, we have postulated that clonal expansion can 
also lead to an increased contribution of entire VB 
family to the total TCR repertoire. Identification of 
over-expanded VB families can facilitate the selection of 
VB families for further analysis on molecular level. 
Therefore, in the next set of experiments, using anti-
bodies specific for individual VB families (combined 
with CD8 or CD4 staining of CD3 lymphocytes), we 
have established the contribution of each VB family to 
the total lymphocyte pool [53]. Two parameters can be 
tested using flow cytometric analysis of VB families: 
the extent of expansion of an individual VB family and 
the overall degree of VB skewing. In contrast to con-
trols (N=9), in whom, for both CD4+ and CD8+ cells, 
the variability within VB distribution was low, in AA 
(N=23) and PNH (N=10), there was a seemingly ran-
dom over-representation of different VB families as 

defined by their percent increase over the mean +2 SD 
of controls. On average, we found expansion in 10% 
(out of 22 examined) VB families per patient. As 
during the active disease process, specific T cells are 
more likely to be found within the effector cell po-
pulation, we also examined VB family distribution 
among the effector cells phenotypically defined by the 
down-modulation of CD28 (for CD4+ and CD8+ cells) 
and expression of CD57 (for CD8+ lymphocytes). When 
contribution of the individual VB families to the 
effector cell pool was examined, a more evident VB 
distribution skewing was present: in individual patients, 
some VB families accounted for over 50% of total 
effectors (not shown). No preferential expansion of a 
particular VB family was observed neither in relation 
with HLA-A, B or C for CD8 nor HLA-DR for CD4 
VB expansions. Twelve patients were examined prior 
and post immunosuppressive therapy with a relative 
decrease in the degree of abnormal expansion in all 
responding patients, suggesting that some of the VB 
expansions may correspond to the proliferation of speci-
fic autoimmune cells. Of note is that as an alternative 
approach to the flow cytometric measurement of the 
contribution of the individual VB families to the total T 
cell repertoire, a VB-specific miroarray can be used. 
The VB microarray allows the determination of a 
relative contribution of reach VB family to the total 
TCR repertoire. 

2.6. Search for Disease-Specific Clonotypes

  Further studies were performed to devise more precise 
strategies of recognition for bone marrow failure-specific 
signature clonotypes. We hypothesized that disease- 
specific clonotypes are likely to be contained within VB 
families that are both oligoclonally distributed and 
numerically expanded. We have previously shown that 
numerical contraction of an individual VB family may 
result in oligoclonal spectratyping pattern. Consequently, 
for cloning of clonotypic CDR3 sequences reflecting 
immune response in BM failure states, we selected only 
those individual VB subfamilies, which showed numeri-
cal expansion by flow cytometry or VB microarray. The 
contribution to the total lymphocyte pool was measured 
either by flow cytometric VB-spectratyping or gene 
chip-based VB spectratyping. Molecular analysis of VB 
CDR3 size distribution pattern (CDR3 spectratyping) in 
expanded CD4 VB subfamilies demonstrated a polyclo-
nal size CDR3 distribution, while within over-repre-
sented CD8 VB types, a marked skewing was noted 
consistent with a non-random expansion of specific T 
cell clones. CDR3 amplification products from expanded 
VB families were subcloned into E. coli and the 
frequency of individual sequences determined in 20 
randomly selected clones. In normal individuals (N=6) 
with a normal size distribution of the CDR3 VB ampli-
fication product, 20 clones, obtained and per VB family, 
showed that identical sequences can be encountered at 
relatively low rate: on average, we have found that 
identical sequences can be found in 163% of CDR3 
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clones. In contrast, in one patient, we found that 12 of 
20 VB7 clones contained a unique CDR3 sequence 
(VB7J2.1C1), highly suspicious of an immunodominant 
clonotype. In another patient, in a highly expanded 
VB13 family we found that 15 of 20 clones contained 
a unique CDR3 sequence (VB12J1.1C2). However, ex-
panded VB families within CD4 cell populations were 
rarely found to show an oligoclonal-skewing pattern of 
their CDR3 amplification products.
  We have concluded that oligoclonally distributed, and 
numerically expanded VB families within CD8 cells 
may be used for cloning of clonotypic CDR3 specific 
sequences. In contrast, lack of oligoclonal patterns with-
in the CD4 cell populations suggested that other 
methods might be needed for the recognition of CD4 
restricted clonotypes. Generally, our approach for select-
ing VB families for cloning can be further refined to 
include a sorting step for activated cells or those with 
mature effector phenotype [21]. In these experiments, we 
were able to enrich for lymphocytes with inhibitory 
activity using cells sorted based on their effector pheno-
type. It is likely that such an approach may increase 
the probability that T cell selected for cloning will 
contain disease-specific clonotypes. 
  A functional approach can also be chosen for the 
identification of CD4 clonotypes [19]. Based on the 
hypothesis that common clinical features may be 
indicative of similar pathophysiology and possibly, of 
antigens inducing immune attack on hematopoietic 
progenitor cells, we selected a group of AA patients 
with unifying clinical characteristics: all showed severe 
acute pancytopenia and evidence for activation of 
lymphocytes by flow cytometry and all patients selected 
for the analysis showed a small PNH clone and all 
cases shared HLA-DRB115. These features have been 
associated with immune-responsiveness to immunosup-
pression [7,78]. Activated T cells, defined by the pre-
sence of CD69, were analyzed and sorted by flow cyto-
metry from patient’s marrow, cultured, and immortalized 
by infection with herpes virus saimirii; individual clones 
were established by limiting dilution. A total of 112 
CD4 and 32 CD8 T cell clones were obtained. A large 
number of CD4 T cell (class-II dependent) clones was 
randomly selected for analysis of TCR VB gene usage; 
26 of 32 CD4 T cell clones displayed VB5 TCR. By 
sequencing, an identical nucleotide sequence of the 
N-D-N region of VB5 was found in 20/26 of these 
CD4 T cell clones. The high frequency of clones 
bearing identical CDR3 sequence indicated over-repre-
sentation of CD4 T cells with a specific TCR VB5 
clonotype. CD4 cells of this clonotype showed expres-
sion of HLA-DR and phenotypic characteristics indica-
tive of a mature memory/effector while the intracellular 
cytokine expression pattern was consistent with a Th1 
phenotype.
  To determine the functional relevance of this T cell 
clone, we performed cytotoxicity and hematopoietic 
inhibition experiments using colony assays. When pa-
tients’ CD34+ cells were used as target cells, a large 
proportion of these cells were lysed by the selected 

clone with high killing rates at low E: T ratios. 
However, when normal CD34+ cells matched for DRB1

15 or DR mismatched CD34+ cells (N2) were used as 
targets, no cytocidal activity was observed. In addition, 
there was no lysis of HLA-matched immortalized lym-
phoblastoid cells, suggesting the absence of the antigen 
on non-myeloid cells. When inhibitory effects on 
hematopoietic progenitor cell growth in vitro were deter-
mined, the selected clone markedly reduced the numbers 
of autologous erythroid colonies (from BFU-E; from 120
±2 to 10±4) and myeloid colonies (from CFU-GM, 
from 60±7 to 30±5, and CFU-G, 40±8 to10±7), but 
not those derived from normal CD34+ cells.
  Availability of a specific clonotypic sequence enabled 
us to determine whether molecularly similar clones 
bearing similar TCR were also present in other patients 
with DR 1501, and whether the immunosuppressive 
treatment affected the prevalence of the pathogenic 
clone. After amplification of BV5 cDNA from bone 
marrow of 5 AA patients, PCR products were subjected 
to Southern hybridization with a specific probe, which 
encompassed the clonotype-specific sequence of N-D-N 
region. The amplified products derived from 3 patients 
exhibited strong bands before treatment, but the density 
of the specific band dramatically decreased thereafter. In 
contrast, in one AA patient and normal controls (N=9) 
no signal was obtained although BV5 amplification 
products were always obtained. In addition, prior to 
institution of therapy, the initial VB5 CDR3 size pat-
terns of 4 of 5 patients studied were abnormal, showing 
very few or a single predominant peak, while with 
hematologic response, the CDR3 BV5 size patterns 
normalized. Both the results of Southern hybridization 
and the CDR3 size analysis indicated that oligoclonal 
expansion of a limited number of T cells might be a 
distinctive feature in some AA patients with DRB115. 
To directly detect the specific BV5 sequence and to 
determine its relative over-representation within the TCR 
repertoire, VB5 cDNAs from two AA patients and two 
normal controls with DRB115 were amplified and 
cloned, and the nucleotide sequence of 20 individual 
clones determined. From the deduced amino acid se-
quence of each clone, the most frequent amino acid 
(nucleotide) sequence of the N-D-N region of both of 
patients was identical to that of the original clonotype. 
Before treatment, frequency of clones bearing this 
specific sequence was high (16/20 in P1, 13 of 18 in 
P2) and markedly declined with successful therapy (P1, 
5/18 and 5/21 in P2). In contrast, we did not detect the 
clonotypic sequence in any of the normal individuals 
matched for DR indicating that it is either absent in or 
its frequency is very low <1 in 20.

3. Conclusions

  The key component to the understanding of the path-
ophysiology of immune-mediated bone marrow failure is 
the clarification of the nature of the antigen(s) driving 
the pathologic immune response. However, identification 
of these antigens has been difficult, as it requires 
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cloning of autoreactive T cells. Conversely, T cell clones 
are required for the functional screening of peptide 
libraries, protein fractions, or expression libraries derived 
from the patient's marrow. So far all the attempts based 
on cellular and serologic strategies have been unsuc-
cessful. It is likely, that the recognition of the immune 
targets helps to understand the pathogenesis and clinical 
associations of AA. For example, abnormal cells in AA 
and MDS may harbor the inciting antigens but the 
immune response lacks the selectivity. Clonal selection 
pressure may be a result of this process or alternatively, 
emergence of tolerance could lead to the establishment 
of abnormal hematopoiesis. Clonal proliferation of LGL 
could represent an extreme example of the response to 
an immunodominant hematopoietic antigen.
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