W) Check for updates

Ty . . . .
.@7 Pathophysiologic Mechanisms in
< Z - - .
-WA® - Acquired Aplastic Anemia
7 )

Son e ®

Neal S. Young

Aplastic anemia, an unusual hematologic disease, is implicated in cell culture experiments; clues to the
the paradigm of the human bone marrow failure molecular basis of the aberrant immune response
syndromes. Absence of hematopoietic cells has been include cytokine gene polymorphisms and abnormali-
recognized from the characteristic morphology for a ties in the regulatory pathways for y-interferon. For
century; an immune pathophysiology has been stem cell depletion, mutations in genes of the telomere
inferred from improvement in blood counts with repair complex are present in some patients with
immunosuppressive therapy in the majority of pa- apparently acquired aplastic anemia. Telomerase
tients. Molecular mechanisms underlying both T cell deficiency is associated with short telomeres and a
effector cells and the target marrow stem and progeni-  quantitative reduction in marrow progenitors and likely
tor cells are now being identified. Activated type 1 also a qualitative deficiency in the repair capacity of
cytotoxic T cells and type 1 cytokines have been hematopoietic tissue.

Historically, patients with severe forms of marrow failuresought from the individual patient’s history. An enormous
have faced a dismal prognosis, and there are formidalikerature, dating from the beginning of the"2fentury,
practical difficulties of experimentation in a rare disordedescribed chemical- and drug-induced disease, stimulated
in which the cells of interest have disappeared. Early oby observations of the effects of benzene on blood counts, of
servers of the disease emphasized putative etiologies afiplyrone’s association with agranulocytosis, and a seeming
the relationship of aplastic anemia to environmental fagpidemic of aplastic anemia after the introduction of chloram-
tors, such as chemicals (especially benzene) and idiosyenicol. It is noteworthy that neither chemicals nor drugs
cratically to specific medical drug exposures (most notappear to account for a large proportion of cases of acquired
bly chloramphenicol). Over several decades, and follovaplastic anemia in more modern and formal series.
ing on the observations of improvement of blood counts in  Clinical associations are worth reassessment in the
the majority of patients who were treated with immunosugeontext of the immune hypothesis of marrow failure. Preg-
pressive therapies, understanding of aplastic anemia hwsicy appears a real association, as deduced more from the
cohered around a unified immune mechanism of hematdecumented improvement of blood counts with its termi-
poietic cell destruction. Technical advances in cell biolration than from formal epidemiologic studjhe unusual
ogy, flow cytometry, molecular biology, and immunologysyndrome of eosinophilic fasciitis also is strongly linked
provided methods to measure numbers and function of veryaplastic anemia. Five to ten percent of cases of aplastic
limited numbers of cells. Most recently, acquired aplastianemia follow an episode of seronegative hepatitis, in which
anemia has been linked to inherited genetic mutations, aindmune activation is inferred from the pattern of T cell
the molecular biology of the disease has been elucidatadtivation, cytokine production, and HLA association;
by inferences from the function of the affected genes. despite intensive and sophisticated efforts, an infectious
This review is extracted from a contemporary publicaagent has yet to be identifie@®enzene, or more correctly
tion in Blood! and developed more extensively in thets metabolites, is a marrow toxin in animals and man, but
author’s textbook the reader is referred to other mono-antique case reports leave doubt as to whether marrow fail-
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graphs, textbook chapters, and reviéds. ure in benzene workers was not often myelodysplasia rather
than aplastic anemia. Unpredictable marrow failure in the

Etiologies setting of routine medical drug use is devastating to the
patient and physician and has serious legal ramifications

Clinical associations in pharmaceutical development. The study of idiosyncratic

Since Ehrlich’s description of the first case of aplastic anerug reactions, by definition so extremely rare, is difficult.
mia in a pregnant woman, precipitating factors have bedinat genetic differences in drug metabolism, especially in
detoxification of reactive intermediate compounds, likely
underlie susceptibility is thus poorly supported by experi-
mental data. Overrepresentation of deletions in the drug
metabolizing glutathione-S-transferase gern@STM1,
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for the most notorious pharmaceutical, chloramphenicdbathophysiology
or for other heavily inculpated agents such as penicillamitie most cases, aplastic anemia behaves as an immune-me-
or gold. Many drugs on “black lists” also more commonlyiated disease. Cellular and molecular pathways have been
cause mild marrow suppression. Regular but only modesiapped in some detail for both effector (T lymphocyte)
destruction of marrow cells may sometimes be a prereqand target (hematopoietic stem and progenitor) cells. The
site for a much more infrequent immune response to @embination of exposure to specific environmental pre-
exposed neoantigen. There is little demographic or clingipitants, diverse host genetic risk factors, and individual
cal difference between patients with idiopathic aplastidifferences in the characteristics of the immune response
anemia and those with an assumed drug etiology. Claitilsely account for the disease’s infrequency, variations in
of permanent aplastic anemia after idiosyncratic exposuite clinical manifestations, and patterns of responsiveness
to minuscule quantities of chloramphenicol, as in ophe treatment.
thalmic solutions, may reflect observation and reporting
biases rather than extreme sensitivity to a hidden metabmmune-mediated T cell destruction of marrow
lite. Conversely, very few chemotherapeutic agents, despA® immune mechanism was inferred from the recovery of
being designed as cell poisons and administered in miliematopoiesis in patients who failed to engraft after stem
gram or gram quantities, directly result in irreversible macell transplant, when renewal of autologous blood cell pro-
row destruction without obvious effects on other organsduction was credited to the conditioning regimen. The ma-
jority of syngeneic transplants in which bone marrow was
Epidemiology infused without conditioning failed, indicating that the
The broad study of large populations and intensive invegathophysiology in these cases must be more complex than
tigation of clinically well-characterized patients are tweimple stem cell absence. The responsiveness of aplastic
complementary approaches to identifying an etiologianemia to immunosuppression remains the best evidence
agent. Unfortunately, neither has yielded conclusive ref an underlying immune pathophysiology: the majority
sults. The two largest controlled epidemiologic studies thaf patients show hematologic improvement after only tran-
have been conducted are the International Aplastic Ansient T cell depletion by antithymocyte globulins (ATG);
mia and Agranulocytosis Study in Europe and Israel in threlapse also usually responds to repeated immunosuppres-
1980s and the recently completed Thai NHLBI Aplastision; and dependence of adequate blood counts on admin-
Anemia Study performed in Bangkok and a northeast ruristration of very low doses of cyclosporine is not infre-
region in the 1990%The incidence of aplastic anemia inquent. As immunosuppressive regimens have intensified,
the West is 2 per million and is about 2- to 3-fold higher ifrom early attempts with corticosteroids to aggressive strat-
Asia. Benzene and pesticides, while significantly assocegies such as high-dose cyclophosphamide, and the pro-
ated, accounted for only a small number of cases in batbrtion of responders has risen, the willingness to ascribe
studies, and medical drugs have a negligible role in Asian immunological mechanism has also increased. Indeed,
In rural Thailand, exposure to nonbottled water as well dittle distinguishes responders to immunological therapy
to certain animals (ducks and geese), to animal fertilizédrom refractory patients (other than age, because children
and also to pesticides suggested an infectious etiology.show higher rates of both hematologic recovery and sur-
vival). Failure to respond to immunosuppression has been
Autoantigens interpreted as indicating an alternative pathophysiology
A few putative antigens have been teased from screenibgt is also consistent with either severe stem cell depletion
antibodies in patients’ sera against a peptide library (lyr immunological mechanisms not susceptible to current
expression of genes expressed in fetal liver or leukenticerapies.
cell lines). Kinectin, a widely expressed protein, bound to In early laboratory experiments, removal of lympho-
antibodies from about 40% of aplastic patiéhtsnother cytes from aplastic bone marrows improved colony num-
antigen that bound to antibodies, in a smaller minority dfers in tissue culture, and their addition to normal marrow-
marrow failure patients, was diazepam-binding related prothibited hematopoiesis vitro. The effector cells were
tein-1, an enzyme essential in the oxidation of unsaturatetentified by immunophenotyping as activated cytotoxic
fatty acids and broadly distributed in tissée3he rel- T cells expressing Thl cytokines, especigdinterferon.
evance of these autoantibodies to a cellular pathophysi@b8 cells containing intracellular interferon may now be
ogy of aplastic anemia is unclear. For kinectin, reactivmeasured directly in the circulati@rand oligoclonal ex-
cytotoxic T cells could be generatietvitro and inhibited pansion of CD8CD28 cells, defined by i) flow cytometric
human hematopoietic colony formation, but anti-kinectimnalysis for T cell receptor (TCR)pVsubfamilies; ii)
T cells were not found in patierifsi-or diazepam-binding spectratyping to detect skewing of CDR3 length; and iii)
related protein-1, a putative T cell epitope derived frorsequencing of the CDR3 region to establish a molecular
this protein could stimulate cytotoxic T cells obtained fronclonotype'® Patients at the time of clinical presentation
one patient, and T cell precursors with peptide-bindinlgave oligoclonal expansions of a fe\s Yubfamilies, which
activity were present in two cases. diminish or disappear with successful therapy; original
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clones reemerge with relapse, sometimes accompaniediByor cobblestone-forming cells, which measure a primi-
new clones, consistent with epitope spreading of the intive infrequent and quiescent multipotential progenitor cell,
mune response. Occasionally, a new clone persists in a#so show marked deficiency, and from the product of the
mission, perhaps evidence of T cell tolerance. low percentage of marrow cellularity and the scant num-
The impact of T cell attack on marrow can be modeleers of LTC-IC per mononuclear cell, suggest that only a
invitro andin vivo. y-Interferon (and tumor necrosis factor-few percent of residual early hematopoietic cells remain in
o) reduces the numbers of human hematopoietic progeseverely affected patients by the time of clinical presenta-
tor-derived colonies$n vitro; the cytokines efficiently in- tion. Qualitative features of these few cells, as measured,
duce apoptosis in CD34 target cells, at least partialfpr example, by poor colony formation per CD34 cell or
through the Fas-dependent pathway of cell death. illso inadequate response to hematopoietic growth factors, are
vitro, sustained exposure to low concentrationg-ioter- harder to interpret, but recent genetic studies have sug-
feron markedly reduces the output of long-term culturegested explanatory mechanisms (see below). The reduced
initiating cells (LTCI-IC), consistent with local amplifica- number and function of the marrow is secondary to cell
tion of toxicity in the marrow milieuln vivo, the infusion destruction, and apoptosis is prevalent among the few re-
of parental lymph nodes cells into F1 hybrid donors causesining element®. Microarray of the scant CD34 cells
pancytopenia, profound marrow aplasia, and death. Mfrom marrow failure patients revealed a transcriptome in
rine ATG, cyclosporine, and also monoclonal antibodieshich genes involved in apoptosis, cell death, and immune
to interferon and tumor necrosis factor abrogate hemategulation were upregulatédthis transcriptional signa-
logic disease and rescue animals; there is a powerful “innore can be reproduced in normal CD34 cells exposed to
cent bystander” effect, in which activated cytotoxic T cellinterferon?’
kill genetically identical targets. One peculiar feature of white blood cells in aplastic
Why T cells are activated in aplastic anemia is uncleaanemia is short telomeres. Telomere shortening was ini-
HLA-DR?2 is over-represented among patients, suggestiiglly most easily blamed on stem cell exhaustion. How-
a role for antigen recognition, and its presence is prediever, the discovery, first by linkage analysis in large pedi-
tive of a better response to cyclosporinBolymorphisms grees, that the X-linked form of dyskeratosis congenita was
in cytokine genes, associated with an increased immudae to mutations iDKC1 and subsequently purposeful
response, also are more prevalent: a nucleotide polymatentification of mutations imMTERC in some autosomal
phism in the tumor necrosis factor(TNF2) promoter at dominant patients with this constitutional marrow failure
—308%'" and homozygosity for a variable number of disyndrome indicated a genetic basis for telomere deficiency.
nucleotide repeats in the gene encoghrgerferon’®* Con-  Central to the repair machinery is an RNA template, en-
stitutive expression of Thet, a transcriptional regulator thabded byTERC, upon which telomerase, a reverse tran-
is critical to Th1 polarization, occurs in a majority of aplasscriptase encoded BYERT, elongates the nucleotide re-
tic anemia patient®. Mutations inPRF1, the gene for peat structure; other proteins, including fbKC1 gene
perforin, are responsible for some cases of familial hemproduct dyskerin, are associated with the telomere repair
phagocytosis; mutations iBAP, a gene encoding for a complex. Systematic surveys of DNA disclosed TiEsRC?
small modulator protein that inhibi{sinterferon produc- and laterTERT mutation®® in some patients with appar-
tion, underlie X-linked lymphoproliferation, a fatal illnessently acquired aplastic anemia, including older adults. Fam-
associated with an aberrant immune response to herpeslyi-members who share the mutation, despite normal or
ruses and aplastic anemia. Perforin is overexpressedni@ar normal blood counts, have hypocellular marrows, re-
aplastic marrow? Perforin and SAP protein levels are markduced CD34 cell counts and poor hematopoietic colony
edly diminished in a majority of acquired aplastic anemiformation, increased hematopoietic growth factor levels,
cases (Solomou E, unpublished dak&g¢senchymal cells and of course short telomeres. The clinical presentation of
from aplastic bone marrow also may inadequately suppras®st adult patients withlERC andTERT mutations is much
T cell activatior?* Genome-wide transcriptional analysislater than in typical dyskeratosis congenita, and they lack
of T cells from aplastic anemia patients has implicated cortypical physical anomali€€2° Chromosomes are also pro-
ponents of innate immunity in aplastic anemia, includintected by several proteins that bind directly to telomeres,
Toll-like receptors and natural killer cef&for which there  and polymorphisms in their gend€RF1, TERF2) are also

is some preliminary experimental supp8#’ more or less prevalent in aplastic anemia compared to
healthy control$® A few of our patients also have heterozy-
Hematopoiesis gous mutations in the Shwachman-Bodian-Diamond syn-

Immune attack leads to marrow failure. The pallor of thdrome @8DS) gene. Almost all children with this form of
modern biopsy core or empty spicules of an aspirate, fewaonstitutional aplastic anemia are compound heterozygotes
no CD34 cells on flow cytometry, and minimal numbers ofor mutations ireBDS, and their white cells have extremely
colonies derived from committed progenitors in semisolidhort telomeres; however, tBBDS gene product has not
media all reflect the severe reduction in hematopoietic celteen directly linked to the telomere repair complex or to
that defines the disease. Stem cell “surrogate” assays, LTi€lomere binding. A parsimonious inference from all these
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data is that inherited mutations in genes that repair or pnhile the PIG-A- clone appears transcriptionally similar to
tect telomeres are genetic risk factors in acquired aplas@®34 cells from normal donof$Despite a few provoca-
anemia, probably because they confer a quantitatively rive studie?***"no satisfying mechanism to explain clonal
duced hematopoietic stem cell compartment that may alsscape has convincing empiric support (see*Ref re-

be qualitatively inadequate to sustain immune mediategew).

damage. Telomeres are short in one-third of aplastic ane-

mia patients, but mutations have only been identified WDS

less than 10% of cases. The most interesting explanatiorsigreotypical patterns of aneuploidy develop in a minority
involvement of other genes, including for other membeisf patients over time: monosomy 7 or trisomy 8 are most
of the large repair complex, telomere-binding proteins, stilharacteristié® Trisomy 8 MDS shares many immune ab-
obscure components of the alternative repair system, amormalities with aplastic anemia. Patients respond to im-
some DNA helicases. Alternatively, telomere shorteninghunosuppressive therapies, and oligoclonal T cell expan-

may be secondary to stem cell replication. sions are usually presefitT cell oligoclones appear to
recognize the aneuploid cells, and specifically WT1 anti-
Clonal Evolution gen that they express at high levels, but the target cells are

Clinically, aplastic anemia may coexist or appear to evolveot killed due to upregulation of anti-apoptosis genes, in-
to other hematologic diseases that are characterized by prlrdingc-myc, survivin, andCDK1.4° For trisomy 8, abnor-
liferation of distinctive cell clones, as in paroxysmal nocmal cells targeted by the immune system appear to be se-
turnal hemoglobinuria (PNH) or myelodysplasia (MDS)lected for their capacity to survive cytotoxic lymphocyte
The mechanisms linking immune-mediated and premaligttack.

nant pathophysiologies are not well elucidated in marrow Monosomy 7 is also a frequent cytogenetic abnormal-
failure or in parallel circumstances (chronic hepatitis anity in aplastic anemia but has a poorer prognosis, patients
hepatocellular carcinoma, ulcerative colitis and colon camsually succumbing to refractory cytopenias or evolving
cer, and many others). The presence of tiny clones at the titneacute leukemi&. Emergence of monosomy 7 has been
of diagnosis of aplastic anemia, detected using extremeigked to exogenous use of granulocyte colony-stimulat-
sensitive assays—phenotypic (flow cytometry for PNH) oing factor (G-CSF) in aplastic anenttegas occurs also in
cytogenetic (fluorescenn situ hybridization for MDS)— treated severe congenital neutropenia. Laboratory studies
also creates problems of disease classification and patisaggest that monosomy 7 clones expand in an abnormal

diagnosis. cytokine milieu: high G-CSF concentrations lead to selec-
tion of cells that bear a short isoform of the G-CSF receptor
PNH that signals proliferation but not differentiatitin.

Fifty percent or more of patients at presentation with pan-

cytopenia have expanded populations of PNH cells, eas®yospects

detected by flow cytometry due to the absence of glycosyf-residual stem cell numbers indeed limit recovery in a
phosphatidylinositol-linked membrane proteins, the resutubstantial proportion of patients treated with immuno-
of somaticPIG-A gene mutation¥.Most clones are small suppressionex vivo expansion of hematopoiesis may be
and do not lead to clinical manifestations of hemolysis qrossible, as for example using Hox box proteins. An ex-
thrombosis, but classic PNH can be dominated by marrgranding view of immune activities in aplastic anemia and
failure (the “aplastic anemia/PNH syndrome”), and all PNkh other human autoimmune diseases may explain why im-
patients show evidence of underlying hematopoietic definunosuppressive therapy is sometimes ineffective or inad-
ciency. The global absence of a large number of cell sieguate. Quantitative and practical measurements of oligo-
face proteins in PNH has been hypothesized to allow “eslonal T cell activity and of hematopoietic stem cell num-
cape” and survival of a pre-existing mutant clone. Associ@er and function may allow laboratory testing to guide
tion of an expanded PNH clone with HLA-DR2nd with  treatment decisions. Ultimately, definition of genetic risk
autoantibodie$! and as a predictor of responsiveness tfactors, affecting hematopoietic cell function and the im-
immunosuppressive therapi@sll suggest that the escapemune response, will clarify how agents in the environment
is from immune attack. However, there is little concretaitiate and perpetuate the marrow destruction of aplastic
experimental evidence of reproducible differences in eanemia.
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