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Most patients with acquired aplastic anemia can be effectively treated, either by
marrow (and more recently blood cell) transplant from a histocompatible sibling donor or
by immunosuppressive therapy (reviewed in 1). The most recent single center
publications from large hospitals specializing in transplantation report patient survival of
80-90%, although the more general rate of success from registry datais about 65%. With
intensive immunosuppression using a combination of antilymphocyte globulins and
cyclosporine, 70-80% of patients show hematologic recovery. Important pathophysiologic
inferences have been derived from clinical observations: the success of stem cell transfer
focused attention on a hematopoietic deficit; recovery after antilymphocyte globulin and
cyclosporine implied immune inhibition of marrow function.

Cytotoxic Lymphocytes and Lymphokines and Hematopoiesis, In Vitro and In Vivo

An immune mechanism in aplastic anemiawas first demonstrated in
hematopoietic progenitor colony assays, which showed that blood and marrow cells from
aplastic patients could recover hematopoietic activity after T cell depletion and that
mononuclear cells from patients suppressed normal hematopoietic colony formation in
vitro (reviewed in 2). A soluble inhibitor was detected in untreated tissue culture of
patients' blood and marrow and, with lectin stimulation, from normal blood. This
inhibitor was later identified as grinterferon. In vitro, interferon and also tumor necrosis
factor are produced in culture coincident with the acquisition of activation markers on the
cell surface of cultured lymphocytes, the receptor for interleukin-2 and later HLA-DR.
Most patients show immunophenotypic evidence of cytotoxic lymphocyte activation in
peripheral blood and especially marrow,® increased interferon production by circulating
lymphocytes, and abnormal expression of the grinterferon gene in marrow.* Cell clonal
studies of individual cases have also implicated lymphokine secretion by specific T cell
subsets.(67)

Recent laboratory studies have helped characterize important features of
lymphokine suppression of hematopoiesis. Both interferon and tumor necrosis factor
induce Fas antigen expression on CD34+ cells, leading to increased susceptibility to
apoptosis or programmed cell death.®9 Fasis over-expressed on CD34+ cells from the
marrow of patients with hematopoietic failure syndromes.(10,11) Global cytotoxicity of
lymphokinesis reflected in standard tissue culture of adult bone marrow cells, where
colony formation by both late (CD34+CD38+) and early (CD34+ CD38-) progenitor cells
isinhibited by interferon and tumor necrosis factor.(1? In long-term bone marrow
cultures, the generation of long-term culture-initiating cells (LTC-IC, a stem cell
surrogate; see below) is aso severely diminished by exposure to interferon. In vitro and in
patients, local effects of interferon dominate. Not only is grinterferon mMRNA expressed
aberrantly in the marrow of most patients with aplastic anemia, but, in vitro, endogenous



production is far more efficient than addition of cytokines for inhibition of hematopoiesis:
when normal human stromal cells were engineered to constitutively express relatively
low concentrations of interferon, similar abrogation of LTC-1C generation occurred at
100-fold lower concentrations of endogenous than exogenous cytokine.(!3) Interferon
activates diverse signal transduction pathways in target cells, and some of these pathways
have been identified in CD34+ cells. Nitric oxide synthaseisinduciblein, and NO is
toxic to, CD34+ cells.(1 Interferon regulatory factor-1, an important transcription
regulator, also isinduced in CD34+ cells, and its production is at |east partly responsible
for inhibition of hematopoietic colony formation.*® These pathways may be implicated
in both cell death and abnormalities of hematopoietic cell behavior, such as altered cell
proliferation in response to growth factors and late clonal abnormalities due to genetic
damage.

The Hematopoietic Compartment in Aplastic Anemia

By all measures, hematopoiesisis severely reduced in aplastic anemia. On light
microscopy, morphologically recognizable precursor cells are largely absent on both
aspirate smear and marrow biopsy. Hematopoietic cells, defined by surface membrane
expression of the cytoadhesive protein CD34, are aso uniformly decreased in blood and
marrow.(1617) |ineage-committed progenitors and earlier cells capable of forming mixed
colonies or blast coloniesin semisolid culture medium are also markedly reduced in
number. Hematopoietic stem cells can now be measured in the LTC-IC assay: total
mononuclear cells or CD34+ cells are cultured on normal stroma for about 5 weeks,
following which colony-forming cells are assayed in methyl cellulose. (Like true
repopulating stem cells, LTC-IC are quiescent, survive in tissue culture for many weeks,
demonstrate pluripotency, and have avery low frequency in marrow and blood.) LTC-IC
are uniformly and extremely reduced in all severe aplastic anemia patients on
presentation: their numbers are about 10-fold less than normal in both blood and marrow,
and as the denominator is mononuclear cells, which are also decreased in the disease, the
absolute number of LTC-IC is probably less than 1% of normal.(1® Qualitatively, the
LTC-1C compartment is also abnormal, as cells from aplastic patients show a much lower
cloning efficiency, about 1, compared to normal donors' 4. LTC-IC numbers do not
appear to be predictive of response to immunosuppressive therapy or of a poor outcome.
Although LTC-IC do not fluctuate in number early after treatment, the average LTC-IC
number is higher in patients who have responded to ATG and cyclosporine, and in about
half rises into the normal range. Thus repopulation within the stem cell compartment may
OCCUr in Some Cases.

Hypothetically, marrow failure might result from stroma cell dysfunction.
However, in aplastic anemia stroma appears to be functionally normal in vitro. Adherent
cells from patients support norma CD34+ cell proliferation, while aplastic anemia
CD34+ cellsfail to grow on normal stroma.*® Growth factors are usually much increased
in the circulation of marrow failure patients, and patients, cells generally show high
production of hematopoietinsin vitro (reviewed in 20). Only two growth factors are low:
production of interleukin-1 by monocytes is deficient and stem cell factor blood levels are
decreased.?) The clinical significance of these findingsis uncertain, not only because of



the redundancy of the actions of multiple growth factors but because of the clinical failure
of growth factor replacement with IL-1 or SCF to correct pancytopenia.(?223 Although
growth factor treatment rarely cures aplastic anemia, the efficacy of antilymphocyte
globulins, especialy in comparison to monoclonal antibodies directed to T cell antigens,
has been credited to their ability to promote hematopoietic growth factor production by
lymphocytes.(?%

Antigens and Autoimmunity in Bone Marrow Failure

Host susceptibility has been suggested by a high prevalence of HLA-DR2 among
aplastic anemia patients in general, and in patients responsive to cyclosporine there has
been strong linkage to a specific HLA class || haplotype.(?>26) These results suggest an
initial rolefor aCD4+ T cell, and lymphocytes of this class that recognize autologous
marrow cells have been cloned from occasional patients.(”) Transfusion-associated graft-
versus-host disease, in which HLA disparity produces profound and invariably fatal
aplasia, may be a good model of the immune system in acquired aplastic anemia; in this
syndrome, both helper and cytotoxic lymphocytes, as well as their soluble products, are
pathophysiologic.”

Although aplastic anemiais clinically associated with specific drugs and some
vira infections, the initial events that incite the aberrant immune response are poorly
understood. The hepatitis/aplasia syndrome, in which severe aplastic anemiafollows on
an unexceptional episode of seronegative hepatitis, has not been associated with any
known hepatitis virus,?® including hepatitis C and the novel GBV-C agent.(®)
Uncertainty remains as to whether viral aplastic anemiais the consequence of infection
with an as yet undiscovered agent for seronegative fulminant hepatitis or an exaggerated
immune response to a variety of common viruses. (Similar difficulty has been
experienced in ascribing an infectious etiology to other human immune-mediated diseases
such astype | diabetes mellitus, multiple sclerosis, and rheumatoid arthritis.) Molecular
mimicry, antigenic spread, and altered suppressor cell function are only afew of the
immunologic mechanisms that have been described in experimental models of viraly
incited T cell-mediated diseasesin animals (reviewed in 2).

For drugs, there are long lists of incriminated agents (reviewed in 30,31), but their
mechanisms of action are similarly unsatisfactorily resolved. Clearly drugs used in cancer
chemotherapy-designed for cytotoxicity-regularly produce marrow aplasia, although even
with these agents there may be genetic variability in the degree of hematologic toxicity
among recipients. Similar to chemotherapeutic drugs, benzene produces dose-dependent
marrow suppression, likely functioning as arelatively inefficient version of a
chemotherapeutic agent due to variable absorption, metabolism, and activity on marrow
cells. For agranulocytosis, which has a very high rate of association with drug exposure,
direct effects on granulocyte production have been inferred for the phenothiazines from
laboratory studies as well as the common mild leucopeniathat occursin a substantial
minority of treated patients.

However, most drugs associated with blood dyscrasias do not regularly produce
marrow suppression, and the frequency of severe idiosyncratic hematologic reactionsis
extremely low. For direct activity of adrug on the marrow, atoxic intermediate



metabolite could be generated in some individuals, due to genetic variability ina
component of one of the complex enzymatic pathways leading to drug excretion. Such a
toxic metabolite might be unusually or excessively generated or normally produced but
not detoxified. By definition, toxic intermediate compounds are highly reactive and have
abrief half-life, making them difficult to study in aclinical setting. For aplastic anemia,
thereisasingle laboratory example implicating a toxic intermediate metabolite in a case
of aplastic anemia, involving the neuroleptic carbamazapine: using an in vitro biological
assay, apatient’s cells were unable to convert a metabolite (generated by rat microsomes)
that was toxic to his own lymphocytes, presumably through a deficiency of an epoxide
hydroxylase.(?

In addition to direct effects of drugs or their metabolites on hematopoietic cells, a
second route to marrow failure would involve immune cells. Agranulocytosis following
aminopyrine is the classic example of antibody-mediated, highly selective destruction of
granulocytic precursors. Plasmainhibitors, however, are variably detected in aplastic
anemia and only rarely characterized as immunoglobulins, usually in the context of an
established autoimmune disease like systemic lupus erythematosus. T cell-dependent
mechanisms of hapten recognition have not been described for drugsimplicated in
aplastic anemiaand only occasionally for agranulocytosis, but arolefor T cellsis
supported by recent studies that have shown strong associations between certain HLA
types and clozapine agranulocytosis in Jewish patients®® and methimazole
agranulocytosis in Japanese.(®4

Late Clonal Disease

A high rate of relapse to pancytopenia and the late development of clonal
hematol ogic diseases, especialy paroxysmal nocturnal hemoglobinuria, myelodysplasia,
and acute myelogenous leukemia, are important clinical issuesin the management of
patients after immunosuppressive therapy. Support of hematopoiesis from avery limited
stem cell pool or, conversely, increased mitotic activity of primitive stem cells during
stem cell pool regeneration might contribute to these |ate genetic events. Although the
great majority of new patients have norma marrow cytogenetic studies, evidence of the
paroxysmal nocturnal hemoglobinuria phenotype has been detected in alarge proportion
of aplastic anemia cases on presentation. >

The paroxysmal nocturnal hemoglobinuria syndrome - intravascular hemolysis,
venous thrombosis, and marrow failure - is characterized by deficient presentation of a
class of cell surface proteins linked to the plasma membrane by a glycophosphoinositol
anchor (reviewed in 36). Although many biochemical steps are required for the synthesis
of this structure, all patients suffer mutations or deletions in a single X-chromosome gene
called PIG-A. The relationship of the known genetic and biochemical defectsin
paroxysmal nocturnal hemoglobinuriato aplastic anemia remain unknown but is more
likely to be secondary to selective extrinsic pressure than to an intrinsic growth advantage
for the abnormal cells. In the clinic, paroxysmal nocturnal hemoglobinuria cells appeared
in the blood of some lymphoma patients treated with a monoclonal antibody directed to a
glycophosphoinositol-linked membrane protein.(37) In the laboratory, the murine PIG-A
gene was disrupted in “knock-out” experiments.(®® Deficient cells formed no



hematopoietic colonies, but they also failed to undergo embryogenesis. Embryoid body
formation was corrected by coculture with normal cells, and hematopoietic colony
formation by the knock-out cells was normal from these chimeric pseudo-embryos. Cell
to cell protein transfer of glycophosphoinositol-linked membrane proteins could be
demonstrated by flow cytometry. PIG-A mutant cells may arise occasionally in normal
marrow but expand under conditions of immune system attack or in afailing marrow
environment.

Conclusion

In all patients with aplastic anemia, cells at all stages of hematopoietic
development, from stem cells to blood elements, are severely reduced. Most aplastic
anemia appears to be mediated by cells and soluble products of the immune system,
which cause hematopoietic cell destruction through the Fas system and programmed cell
death. Severe aplastic anemiais amenable to immunosuppressive treatments. Etiologic
mechanisms are poorly understood, but identification of the virusin the hepatitis/aplasia
and fulminant hepatitis syndromes should allow definition of the aberrant immune system
response to certain foreign antigens. The relationship of late clonal disease - especially
paroxysmal nocturnal hemoglobinuria and myelodysplasia - to autoimmune destruction of
hematopoiesis and stem cell recovery may lead to novel biological insights.
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