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Abstract:

An important indication for bone marrow investigation is the presence of bone marrow
failure, which manifests itself as (pan)cytopenia. The causes of cytopenia are varied and differ
considerable between childhood and adulthood. In the paediatric age group, inherited bone
marrow failure syndromes are important causes of bone marrow failure but they play only a
minor role in later life. This review gives a comprehensive overview of bone marrow failure
disorders in children and adults. We classified the causes of bone marrow failure according to
the main presenting haematological abnormality, i.e. anaemia, neutropenia, thrombocytopenia
or pancytopenia. The following red cell disorders are discussed: red cell aplasia, sideroblastic
anaemia, congenital dyserythropoietic anaemia, haemolytic anaemia, paroxysmal nocturnal
haemoglobinuria, iron deficiency anaemia, anaemia of chronic disease and megaloblastic
anaemia. The neutropenias occur in the context of Shwachman-Diamond syndrome, severe
congenital neutropenia, cyclic neutropenia, immune-related neutropenia and non-immune
neutropenia. In addition, the following causes of thrombocytopenia are discussed: congenital
amegakaryocytic thrombocytopenia, thrombocytopenia with absent radii, immune-related
thrombocytopenia and non-immune thrombocytopenia. Finally, we pay attention to the
following pancytopenic disorders: Fanconi anaemia, dyskeratosis congenita, aplastic anaemia,

myelodysplastic syndromes and HIV infection.
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Introduction

An important indication for bone marrow investigation is the presence of bone marrow
failure, which manifests itself as (pan)cytopenia. The causes of cytopenia are varied and differ
considerable between childhood and adulthood as inherited bone marrow failure syndromes
are important causes of bone marrow failure in the paediatric age group but play only a minor
role in adulthood. The inherited bone marrow failure syndromes are frequently, but not
always associated with physical abnormalities and sometimes the haematological
abnormalities precede the onset of other abnormalities. Furthermore, some of these inherited
syndromes may not be recognized until adulthood," > and most of them are associated with an
increased risk of developing myelodysplastic syndromes (MDS) or acute myeloid leukaemia
(AML). Some syndromes, especially Fanconi anaemia and the Shwachman-Diamond
syndrome, also have a tendency to progress to aplastic anaemia. The bone marrow in these
inherited bone marrow failure syndromes is often hypocellular and may show some dysplastic
changes making distinction from refractory cytopenia, a low-grade form of MDS, difficult or
impossible at times.

In adults, common forms of anaemia are iron deficiency anaemia, megaloblastic anaemia,
anaemia of chronic disease and haemolytic anaemia. Thrombocytopenia develops due to
excessive use, excessive peripheral destruction or due to impaired production of platelets in
the bone marrow. Neutropenia in adults is mainly autoimmune, drug related or associated
with infections. In most cases of adult single cell cytopenia, a bone marrow trephine biopsy is
not necessary for the diagnosis. However, in case of cytopenia of unknown origin or in case
of pancytopenia, a bone marrow biopsy is often performed, amongst others to exclude or
confirm the diagnosis of MDS. Since dysplasia of one or more cell lines can be seen not only
in MDS but also in a wide variety of other situations as illustrated in this review, correlation
with clinical parameters, the bone marrow aspirate, the peripheral blood smear and

cytogenetics is essential in the assessment of bone marrow disorders.

This review gives a comprehensive overview of the histopathology of bone marrow failure in
children and adults. The causes of bone marrow failure are classified according to the main
presenting haematological abnormality (i.e. anaemia, neutropenia, thrombocytopenia or
pancytopenia). HIV can cause significant dyshaematopoiesis simulating MDS and will be

discussed under the heading of pancytopenia. Cytopenias associated with inherited
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immunodeficiency disorders or due to marrow infiltration by leukaemia and solid tumours
will not be discussed in this review, neither will infections like kala azar, enteric fever,
malaria, disseminated tuberculosis and leishmania, which are common causes of pancytopenia

in non-Western countries.>*

Anaemia

Anaemia is a frequently occurring isolated disorder. In the majority of cases a bone marrow
biopsy is redundant, since it does not add to the diagnosis, e.g. in patients with proven iron or
Vitamin B12 deficiency. Nevertheless, there are situations in which a biopsy is performed in

order to make a diagnosis or to exclude other pathologies.

Pure Red Cell Aplasia

Pure red cell aplasia (or erythroblastopenia) is a rare disease characterized by a moderate to
severe normocytic anaemia, a profound reticulocytopenia and absence of erythroblasts in the
bone marrow. It can be divided into three groups: a congential form called Diamond-Blackfan
anaemia (DBA), an acquired acute self-limiting form predominantly seen in childhood called
transient erythroblastopenia of childhood (TEC), and an acquired chronic form that occurs
more frequently in adults. The inherited form, DBA, is associated with physical abnormalities
like craniofacial anomalies, radial ray abnormalities, renal defects and cardiac defects in
almost 50% of patients.” This disorder typically presents in the first year of life, although it
may be first recognized in adulthood." ? In addition to anaemia, the development of
neutropenia and/or thrombocytopenia has been described during the course of the disease.’
The genes mutated in DBA that have been identified so far, encode ribosomal proteins.®’
Less than 2 percent of DBA patients will develop haematopoietic or non-haematopoietic

malignancies or MDS.?

Transient erythroblastopenia of childhood (TEC) occurs predominantly in young children
with a mean age of 23 months.® Neutropenia has been described in up to 65% of cases.” The
aetiology is still unknown, but infections by human herpes virus 6'° and parvovirus B19'"-!?
have been demonstrated in some cases although these viruses could not be found in other

studies."? Genetic factors may also play a role, as several cases of TEC occurring in siblings
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and twins have been described.'* > TEC is always self-limiting and spontaneous recovery

usually occurs within 1 to 2 months.

The acquired chronic form of pure red cell aplasia can be primary or secondary to various
underlying factors like infections, haematologic malignancies, solid tumours, collagen
vascular diseases or drugs.16 Large granular lymphocyte leukaemia is the most common
underlying haematologic malignancy.'” In up to 22% of patients with pure red cell aplasia, an

associated thymoma is found.

The bone marrow in pure red cell aplasia is either normocellular or hypocellular and typically
shows selective decrease or absence of red cell precursors beyond the proerythroblast stage
(Figure 1). However, during the recovery phase of the disease, increased erythropoetic
activity can be observed.'® The maturation of the granulocytic and megakaryocytic series is
normal and iron stores are often increased." '* There is frequently an increase in
haematogones (benign lymphoid precursors), which might lead to an erroneous diagnosis of
acute lymphoblastic leukaemia.® *° In parvovirus infections, enlarged proerythroblasts with
intranuclear inclusions may be seen and the dyserythropoiesis might be so marked as to
simulate congenital dyserythropoietic anaemia.”’ Immunohistochemical stainings can be used

to identify the parvovirus antigens.

Sideroblastic anaemia

Sideroblastic anaemia includes a heterogeneous group of rare conditions, characterized by the
presence of ring sideroblasts in the bone marrow. Abnormal haem synthesis causes
mitochondrial iron overload in erythroblasts. Several inherited forms have been described
showing different modes of inheritance, a broad clinical spectrum and an initial clinical
presentation ranging from foetal life to late childhood. The most frequent form is X-linked
sideroblastic anaemia caused by mutations of delta-aminolevulinic acid synthase 2 (ALAS2),
an enzyme involved in haem synthesis in erythroid precursors. Acquired forms of
sideroblastic anaemia can be primary, as in refractory anaemia with ring sideroblasts (RARS),
secondary due to the toxic effects of alcohol, lead and drugs, or due to copper deficiency.zz'24

Once considered a morphological hallmark of sideroblastic anaemia, ring sideroblasts can

also be seen in other conditions.
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The diagnosis of sideroblastic anaemia is usually made on the peripheral blood smear and the
bone marrow aspirate, where dysmorphic erythrocytes, ring sideroblasts and erythroid
hyperplasia are seen. Bone marrow trephine biopsies show some degree of erythroid
hyperplasia with increased iron stores. Ring sideroblasts can be easily seen in plastic-
embedded material and smears. Decalcified paraffin-embedded biopsies might sometimes
give false negative results. Bone marrow trephine biopsies are most useful in distinguishing
sideroblastic anaemia from MDS, the latter showing also dysplastic changes in the

granulocytic and megakaryocytic lineages.

Congenital dyserythropoietic anaemia

Congenital dyserythropoietic anaemia (CDA) comprises a group of rare inherited disorders of
erythropoiesis usually characterized by a mild to moderate anaemia, ineffective erythropoiesis
and frequently striking dyserythropoietic changes in the red cell precursors. The group of
CDA was originally classified in three types (LII, III), but variants have been reported and
classified as type IV-VIL* In CDA I, the most frequent form, there is typically a positive
acidified serum test (Ham test), thereby mimicking paroxysmal nocturnal haemoglobinuria.
The mode of inheritance can be autosomal recessive or autosomal dominant. CDA 1 in
particular is associated with dysmorphic features which mainly affect the distal extremities.”®

Thrombocytopenia has been described in patients with CDA I1.*’

The characteristic dyserythropoietic features of CDA can be best observed in the bone
marrow aspirate, a bone marrow trephine biopsy usually does not add to the diagnosis. The
bone marrow trephine will confirm the often marked dyserythropoiesis and erythroid

25:28 and iron stores are often

hyperplasia.” *® Megaloblastic changes are seen in most types,
increased.” CDA 1 is characterized by megaloblastic changes with internuclear chromatin
bridges between erythroblasts. CDA II typically has large portions (10-40%) of binucleated
and multinucleated erythroblasts, shows increased karyorrhexis, and may contain pseudo-
Gaucher cells.” The most distinctive feature of CDA III is the high proportion of giant
multinucleated erythroblasts with up to 12 nuclei.”> Although typical for CDA III, these giant
multinucleated erythroblasts can also be seen in MDS and erythroleukaemia. Non-erythroid
haematopoietic cell lineages are usually normal in CDA, but in patients with
thrombocytopenia a severe reduction of megakaryocytes has been described.”” CDA must be

differentiated from other inherited and acquired disorders showing dyserythropoiesis, such as

thalassaemia, sideroblastic anaemia, vitamin B12 or folate deficiency, iron deficiency, excess
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alcohol intake, MDS, AML, paroxysmal nocturnal haemoglobinuria, aplastic anaemia, AIDS,
infections like malaria and kala azar, or liver disease.”® As some cases of CDA may present
rather late in life they can be misdiagnosed as MDS. The latter, however, will show dysplastic

changes in other cell lineages as well.

Haemolytic anaemia

Haemolytic anaemia is caused by increased destruction of red cells and can be inherited or
acquired. Inherited haemolytic anaemia is either due to red cell membrane defects like in
hereditary spherocytosis, due to haemoglobin abnormalities as in thalassaemia and sickle cell
anaemia, or due to metabolic disorders of the red cell, like in G6PD deficiency. In
thalassaemia, there is additionally ineffective erythropoiesis.

Acquired haemolytic anaemia can be immune-related or non-immune. Haemolytic disease of
the newborn (erythroblastosis foetalis) is the result of the immune destruction of foetal red
cells by alloantibodies transmitted through the placenta from maternal blood. Evans syndrome
is a childhood disorder caused by autoantibodies against red blood cells and platelets,
resulting in haemolytic anaemia and thrombocytopenia. In paroxysmal nocturnal
haemoglobinuria (PNH), haemolytic anaemia develops due to an acquired stem cell
abnormality resulting in alterations in the cell membrane composition and is discussed

separately below.

Regardless of the cause of haemolytic anaemia, the bone marrow shows hypercellularity with
substantial erythroid hyperplasia, sometimes with a left shift and variable dyserythropoiesis.
Iron stores are increased, sometimes extensively. In addition, autoimmune haemolytic
anaemia often shows small lymphoid infiltrates. In thalassaemia major, the erythroid
hyperplasia is extensive with complete replacement of the fat cells and marked
dyserythropoiesis, sometimes with megaloblastic changes.’® Macrophages are often increased

in number and can have the form of pseudo-Gaucher cells ' **

or sea-blue histiocytes. A
variable degree of granulocytic and megakaryocytic hyperplasia has been described in
thalassaemia, and increased karyorrhexis is indicative of the ineffective haematopoiesis.™ The
dyserythropoiesis can be so marked that it can mimic CDA.

In sickle cell disease, sickle cells may be seen within bone marrow sinusoids during episodes
of sickling. However, sickle cells can also be found in patients with the sickle cell trait.

During a sickle cell crisis, infarction of bone and bone marrow may be present, while fibrotic
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scars with areas of new bone formation and foamy macrophages are signs of previous

infarctions.

Paroxysmal nocturnal haemoglobinuria

Paroxysmal nocturnal haemoglobinuria (PNH) is an uncommon acquired haematological
disorder characterized by intravascular haemolysis, nocturnal haemoglobinuria, thrombotic
events, serious infections, and bone marrow failure. It results from a non-malignant clonal
expansion of one or more haematopoietic stem cells that have acquired mutations in an X-
linked gene, PIGA, causing affected cells and their progeny to be deficient in the complement
regulator glycosylphosphatidylinositol anchored proteins (GPI-AP). This deficiency causes
increased susceptibility of red cells to complement, resulting in intravascular haemolysis.* In
addition to anaemia, neutropenia and thrombocytopenia are common features.’ The mean age
of presentation is 33 years with a broad range (6-82 yealrs).34 There is a close relationship
between PNH and aplastic anaemia (AA). Thirty percent of PNH patients have a previous
history of AA.* On the other hand, PNH clones (often repeatedly recurring) are observed in a
high percentage of patients with AA.* Classic PNH requires features of intravascular
haemolysis. Patients with AA and small to moderate PNH clones but without signs of

haemolysis are often referred to as having an AA/PNH overlap syndrome.

Bone marrow cellularity in classical PNH ranges from normocellular to hypercellular with
marked erythroid hyperplasia. Hypocellular bone marrow with relative red-cell hyperplasia is
seen in cases of AA/PNH overlap syndrome. Some degree of dyserythropoiesis may be
present and distinction from low grade MDS, especially in children, can often not be made on

morphological grounds alone.

Iron deficiency anaemia

Iron deficiency anaemia develops due to shortages of iron stores and typically is microcytic
and hypochromic. Thrombocytosis and, in severe iron deficiency, thrombocytopenia has been
reported.*® *" Although this disease is usually acquired and can be attributed to chronic blood
loss or inadequate dietary intake, an inherited autosomal recessive disorder has recently been
described, causing an iron-refractory iron deficiency anaemia (IRIDA).*** IRIDA is
unresponsive to oral iron therapy and is partially responsive to parenteral iron therapy. It is

caused by mutations in the TMPRSS6 gene which encodes a transmembrane serine protease
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produced in the liver that controls the expression of hepcidin, a hormone regulating systemic

iron, 34

The bone marrow in iron deficiency anaemia usually shows a mild to moderate erythroid
hyperplasia with a predominance of intermediate normoblasts. However, when the anaemia
becomes more chronic, erythropoiesis can be decreased. Dyserythropoiesis, correlated with
the severity of iron deficiency, can be seen as nuclear irregularities, increased karyorrhexis
and erythroblast multinuclearity.*' In case of additional thrombocytopenia, megakaryocytes
are reported to be decreased, adequate or increased.”® The bone marrow reticulum cells are
characteristically depleted of iron. In case of IRIDA, however, the bone marrow may show
detectable iron after intravenous iron therapy, while serum iron concentrations remain low.”
Sometimes, decalcification needed for paraffin-embedded trephine biopsies may leach out

some or all of the iron, so that a positive iron staining can rule out iron deficiency anaemia,

but a diagnosis of iron deficiency cannot always be made on decalcified specimens.

Anaemia of chronic disease / anaemia of chronic inflammation

Anaemia of chronic disease (ACD) is a common cause of anaemia in adults and is primarily
found in patients with diseases causing immune activation like chronic infections,
autoimmune disorders, malignancies, chronic organ rejection and chronic kidney diseases.*
In autoimmune diseases, ACD is the main mechanism of anaemia, although this can also be
caused by other mechanisms such as iron deficiency or drug effects.*’ In addition,

44, 4 . .46
45 aplastic anaemia,

autoimmune disorders can be associated with pure red cell aplasia,
haemophagocytic syndrome*’” and autoimmune myelofibrosis.*® Although anaemia in chronic
kidney diseases can be the result of inflammatory changes and ACD, it could also merely be
due to a poor production of erythropoietin.

In ACD, T-cells and monocytes are activated resulting in the production of cytokines and
eventually in disturbances in iron homeostasis, impaired proliferation of erythroid progenitor
cells and an inadequate erythropoietin response.** Hepcidin, the liver hormone regulating iron

42,49-51

metabolism, plays an important role in ACD. The anaemia is typically normocytic and

normochromic.

The bone marrow in anaemia of chronic disease can be hypocellular, normocellular or

52,53

hypercellular. Most often there is erythroid hypoplasia, though the erythropoiesis can be

normal or even increased.””>* The myeloid and megakaryocytic series are frequently
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increased, but can be normal or decreased.”> > Dysplastic changes in all cell lineages are
present in the vast majority of cases.””™ Although some authors claim that there is no
correlation between myelodysplastic changes in the bone marrow and disease alctivity,53
others do and even describe disappearance of the dysplasia with remission of the autoimmune
disorder.” Iron stores are normal or increased unless a coexisting iron deficiency anaemia is
present. Other bone marrow findings include architectural disturbances with paratrabecular
localization of erythroid and megakaryocytic precursors, increase in reticulin fibres and
occasionally collagen fibrosis with osteosclerosis, necrosis, dilatation of sinuses and the
presence of lymphoid aggregates.’” Furthermore, an increase in polytypic plasma cells of up

. . . . 54,56, 57
to 33% has been described in autoimmune disorders.>* %3

Megaloblastic anaemia

Megaloblastic anaemia comprises a heterogeneous group of disorders characterized by
macrocytaemia in the blood smear occurring due to impaired DNA synthesis. The mildest
form shows only macrocytosis without anaemia. Severe cases may also show leucopenia
and/or thrombocytopenia, since DNA synthesis is affected in all haematopoietic cell lineages.
The most common cause of megaloblastic anaemia is vitamin B12 or folate deficiency.
Vitamin B12- and folate-independent causes of megaloblastic anaemia are inherited or
acquired abnormalities of nucleic acid synthesis (mostly due to drugs), complex mechanisms
or unknown mechanisms as in MDS, AML and CDA.*® Pernicious anaemia is a specific form
of megaloblastic anaemia due to vitamin B12 deficiency in the setting of autoimmune

atrophic gastritis.

In megaloblastic anaemia due to vitamin B12 or folate deficiency, the bone marrow is usually
markedly hypercellular with striking erythroid hyperplasia and numerous megaloblasts,
although the M/E ratio may be increased. The picture can sometimes simulate acute myeloid
leukaemia. In non-anaemic cases, erythropoiesis may be normoblastic or only mildly
megaloblastic.58 Granulocytic precursors can also be increased and often show
nuclear/cytoplasmic asynchrony in the form of giant metamyelocytes and giant bands. There
can be a reduction of megakaryocytes, which may be abnormally large and hyperlobulated
even with bizarre multilobated nuclei. Iron stores may vary between increased and decreased.
After start of therapy, conversion to normoblastic haematopoiesis begins within 12 hours and

is usually complete within 2-3 days.
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Neutropenia

Severe neutropenia is defined as an absolute blood neutrophil count < 500/pL. The acute form
is most often caused by drugs or acute viral infections,” usually lasts only a few days or
weeks and is generally not biopsied. The chronic form can be due to a variety of underlying

disorders that may be either congenital or alcquired.60

Shwachman-Diamond syndrome

Shwachman-Diamond syndrome (SDS) is a rare autosomal recessive inherited disorder
characterized by insufficiency of the exocrine pancreas (replacement by fat), metaphyseal
chondrodysplasia, growth retardation and other physical abnormalities. Neutropenia, chronic
or intermittent, is the most important haematological abnormality and is observed in 88-100%
of patients, but anaemia and/or thrombocytopenia also frequently occur.®’® Recurrent
infections, sometimes fatal, are common. Approximately 90% of patients meeting the clinical
criteria of SDS have mutations in the SBDS gene on chromosome 7.5 The disease has a
propensity to develop into aplastic anaemia, MDS or AML, although clonal chromosome
anomalies may persist for a long time without evolving to MDS or AML, and may even
regress.®” ©” Although the marrow dysplasia and cytogenetic abnormalities are nearly equally

distributed among the sexes, progression to AML occurs predominantly in males.* %

The bone marrow cellularity in SDS is most often decreased, but may be normal or even
increased.®* ® Maturation arrest or absence or myeloid precursors is seen in only a minority
of patients (Figure 2).°" % Normal bone marrow aspirates have been described, even during
episodes of neutropenia, but this may be due to patchy distribution of the hypoplasia.61’ 63
Mild dysplastic changes in granulopoiesis, erythropoiesis or megakaryopoiesis as assessed on
aspirates, are common and can be transient.®> ® % These dysplastic changes are considered to
be part of the syndrome and not indicative of MDS.%> When pancytopenia develops, marrow
changes consistent with aplastic anaemia are seen. Furthermore, bone abnormalities consistent
with low turnover osteoporosis frequently occur. There often is a marked reduction in
trabecular bone volume, in the amount of osteoid (with normal mineralization) and in
numbers of osteoblasts and osteoclasts.®® The osteoporosis is thought to be an integral feature

of SDS that might be directly related to the bone marrow dysfunction and neutropenia.®®
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Severe congenital neutropenia and Kostmann syndrome

Severe congenital neutropenia (SCN) is a form of chronic neutropenia. It was originally
described in 1956 by Kostmann as an autosomal recessive inherited marrow failure syndrome
involving only the neutrophilic lineage.”” Subsequently it was found to consist of a
heterogeneous group of disorders with either an autosomal dominant or autosomal recessive
pattern of inheritance, or sometimes occurring sporadically. Several molecular defects have
been identified in SCN. The majority of patients have an autosomal dominant trait mainly due

70,71 -
" The autosomal recessive

to mutations in ELA2, the gene encoding neutrophil elastase.
form (Kostmann syndrome) accounts for about 30% of cases and is mostly due to mutations
in the HAX! gene.”* In others, the underlying molecular cause is still unknown. SCN usually
becomes symptomatic within the first 6 months of life, presenting with severe pyogenic
infections. The total white cell count may be close to normal due to increased numbers of
eosinophils and monocytes.”" " There can be a mild anaemia and thrombocytosis’® and there
1s an increased risk of transformation to MDS,74 or AML.” Rosenberg et al studied 374

patients with SCN and found that the cumulative incidence for MDS/AML was 21% after 10
years of G-CSF therapy and 36% after 12 years.75

In SCN, bone marrow cellularity is normal or slightly decreased, with a characteristic absence
of fully developed granulocytes which occurs due to a maturation arrest at the promyelocyte
or myelocyte stage (Figure 3).”" "> "® During infections however, there can be a transient
increase of mature neutrophils whereas maturation of other haematopoietic lineages is normal.
Marrow monocytosis and eosinophilia are common.” In cases where neutropenia results from
infections, drugs, allo- or autoimmunity, metabolic disorders or immunodeficiency
syndromes, the bone marrow shows complete maturation of the granulocytic series, or

blockage only at the band stage.

Cyclic neutropenia

Cyclic neutropenia, also a form of chronic neutropenia, is characterized by regular periods in
which the number of granulocytes fluctuates from normal to (severely) neutropenic, lasting
for between 19 and more than 21 days.77 In addition, there is an inverse oscillation of the
platelets, often of the monocytes and eosinophils and occasionally of the reticulocytes, which
all oscillate from normal to high levels.”” Cyclic neutropenia occurs sporadically or as a result

of autosomal dominant inheritance. As in severe congenital neutropenia, ELA2 mutations are

Published on behalf of the British Divisior}%f the International Academy of Pathology



Page 13 of 40 Histopathology

the most common cause for both sporadic and autosomal dominant cyclic neutropenia.”" ’®

There is insufficient evidence for an increased risk of MDS and AML in cyclic neutropenia.79'

81

In cyclic neutropenia, maturation arrest or absence of granulocyte precursors in the otherwise
unremarkable bone marrow precedes peripheral blood neutropenia, and is followed by a

return to normal maturation before the improvement of peripheral blood counts.® 8% %

Immune-related neutropenia

Immune-related neutropenia can be divided in autoimmune, alloimmune and drug-related
neutropenia. Autoimmune neutropenia can occur as an isolated phenomenon, or as one of the
manifestations of an autoimmune disease such as systemic lupus erythematosus. Alloimmune
neutropenia can occur after allogeneic stem cell transplantation. Although drug associated
neutropenia can be due to antineutrophil antibodies, the main mechanism of most drug-

induced neutropenias is non-immune.

The bone marrow in autoimmune neutropenia usually shows normal or hyperplastic
granulopoiesis with a reduced proportion of mature neutrophils, sometimes with a maturation
arrest at the promyelocyte stage.* Occasionally, lipidladen macrophages or sea-blue
histiocytes are seen.® In autoimmune neutropenia of infancy, phagocytosis of neutrophils by
bone marrow macrophages has been described.*® In drug-induced autoimmune neutropenia,
the marrow can be normo- or hypocellular with marked hypoplasia and left-shifting of the
myeloid series with unremarkable erythropoiesis and megakaryopoiesis, sometimes in the
presence of lymphohistiocytic aggregates, small noncaseating granulomas and

. 7
lipogranulomas.®

Non-immune neutropenia

Chronic neutropenia not related to an immune phenomenon can be idiopathic or associated
with infections (notably typhoid fever), metabolic disorders, immunodeficiency and drugs. In
the chronic idiopathic form, impaired granulopoiesis might be due to overproduction of
cytokines by immune cells within the bone marrow microenvironment, that may exert an
inhibitory effect on myelopoiesis by inducing Fas-mediated apoptosis in the granulocyte

progenitors.® It typically has a low incidence of infection and usually has a benign outcome.
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The bone marrow features in chronic idiopathic neutropenia are well described by Papadaki et
al.¥ The bone marrow trephine biopsy is usually normocellular, but can be hypocellular or
hypercellular. In nearly half the cases, the granulocytic series shows left shifting, which is
most profound in patients with severe neutropenia. Granulopoiesis is hyperplastic in a
minority of cases. Erythropoiesis can be slightly hyperplastic with occasional megaloblastic
features. Megakaryopoiesis is usually normal, but can sporadically be increased or contain
micromegakaryocytes. An increased proportion of plasma cells is seen in half of cases and is
inversely correlated to the number of circulating neutrophils. Non-paratrabecular lymphoid
aggregates without germinal centres are frequently found and there can be an increase in the
numbers of dispersed B-lymphocytes. Eosinophils and histiocytes as well as reticulin fibers

can be slightly increased.

Thrombocytopenia

Inherited forms of thrombocytopenia are rare; two of them will be discussed. Acquired forms
of thrombocytopenia can be seen in both children and adults, and often occur in combination
with other cytopenias such as aplastic anaemia or MDS. Several acquired forms of isolated

thrombocytopenia are discussed below.

Congenital amegakaryocytic thrombocytopenia

Congenital amegakaryocytic thrombocytopenia (CAMT) is characterized by severe
thrombocytopenia due to a lack of megakaryocytes. It presents at birth with haemorrhages of
the skin or gastrointestinal tract mucosa without the physical anomalies typical of other
inherited bone marrow failure syndromes. In most patients with CAMT, mutations in the c-
mpl gene coding for the thrombopoietin (TPO) receptor are present.”’ A very high proportion
of patients subsequently develop multilineage bone marrow failure/aplastic anaemia in the

first or second decade of life, which also seems to be the result of the c-mpl mutations.”!

At the time of diagnosis, the bone marrow trephine usually shows normal cellularity with
absent or low numbers of megakaryocytes but unremarkable erythropoiesis and
granulopoiesis (Figure 4).”! When present, the megakaryocytes are usually small and
immature.”” Although a few CAMT patients have been described with normal numbers of

megakaryocytes in the initial bone marrow samples, serial bone marrow samples in these
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patients show progression to amegakaryocytosis.”> When aplastic anaemia develops, it is

morphologically indistinguishable from aplastic anaemia due to other causes.

Thrombocytopenia with absent radii

Thrombocytopenia with absent radii (TAR) is a rare inherited disorder that usually has an
autosomal recessive mode of inheritance. It is characterized by a usually severe
thrombocytopenia at birth and bilaterally absent radii. In contrast to Fanconi anaemia, thumbs
are present. Skeletal abnormalities of the lower extremities as well as cardiac, renal and facial
anomalies can be present. About half of patients have cow’s milk intolerance. Other
characteristic findings are periodic leukaemoid reactions and eosinophilia.”* Platelet numbers
increase with age and can reach near-normal levels in adulthood. Anaemia may develop

secondary to extensive bleeding. The genetic basis of this syndrome is still unclear.”

The bone marrow in TAR is normo- or hypercellular with absent or decreased
megakaryocytes, which, if present, are small, hypolobulated and immature.”® When platelet
counts increase, the number of megakaryocytes also increases and more mature forms are
seen. Erythropoiesis is normal or hyperplastic secondary to the bleeding episodes, but can
occasionally be decreased.”® Granulopoiesis is normal or increased and can be left shifted,

especially during a leukaemoid reaction. Eosinophilia is common.

Immune-related thrombocytopenia

Immune thrombocytopenic purpura (ITP) is usually the result of autoantibodies causing
increased removal of platelets by the spleen and liver, although ineffective platelet production
also seems to play a role.”” ITP is classified as primary (idiopathic) versus secondary or as
acute (usually in childhood) versus chronic (usually in adult Women).97 Secondary ITP can be
associated with other autoimmune diseases, lymphoproliferative disorders, viral infections
and drugs.

Alloantibodies can cause thrombocytopenia after blood transfusion and neonatally when

maternal antibodies are transmitted through the placenta.

In ITP, the bone marrow is normocellular with increased or normal numbers of

megakaryocytes and unremarkable erythropoiesis and granulopoiesis.”® *° Rarely,
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megakaryocytes are decreased.”® Immature megakaryocytes with hypolobated nuclei are
typical for ITP, although dysplastic megakaryocytes, naked megakaryocyte nuclei and, to a
lesser degree, micromegakaryoctyes are also frequently found in ITP bone marrow aspirates.”
Secondary ITP may in addition show features of the associated disorder. When
thrombocytopenia is due to direct megakaryocytic damage by allo- or drug-related antibodies,
their number is usually reduced. TPO receptor agonists used in the treatment in ITP may
induce reversible and dose-dependent bone marrow changes such as megakaryocyte

hyperplasia and increased reticulin fibrosis.'®

Non-immune thrombocytopenia

Non-immune thrombocytopenia can be due to impaired production of platelets in the bone
marrow. Besides the above mentioned inherited amegakaryocytic syndromes, other (very
rare) syndromes with congenital thrombocytopenia are known. An acquired syndrome called
amegakaryocytic thrombocytic purpura (ATP) and its cyclic variant have been described in
adults, being rare disorders characterized by severe thrombocytopenia with absence or marked

. . 101, 102
reduction of megakaryocytes in the bone marrow.

101, 102
1.

The aetiology seems to be
multifactoria Ineffective production of platelets is also the cause of thrombocytopenia
in MDS, which is a clonal haematopoietic stem cell disorder.

Non-immune thrombocytopenia can furthermore be the result of increased utilization or
destruction of platelets outside the bone marrow as seen in thrombocytic thrombocytopenic
purpura (TTP), diffuse intravascular coagulation (DIC), haemolytic uremic syndrome (HUS)

and certain infections.

In the amegakaryocytic thrombocytopenia syndromes, megakaryocytes are absent or
markedly reduced with only small, immature forms. Very few abnormalities are present in the
other haematopoietic cell lineages. In cyclic ATP, megakaryocytes are markedly reduced

during platelet nadirs and atypical micromegakaryocytes can be seen.'"?

When platelet counts
are increasing, the number of megakaryocytes becomes normal or increased and their
morphology turns to normal.'”” In MDS, megakaryocytes are dysplastic and dysplasia can be
seen in other lineages too. When thrombocytopenia has developed acutely due to increased
utilization or destruction of platelets, the bone marrow is morphologically normal. With time,
however, there will be an in increase in the number of megakaryocytes together with a

reduction in their average size.
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Pancytopenia

Pancytopenia can result from a wide variety disorders such as aplastic anaemia, MDS, acute
leukemia, infections (most often HIV), familial haemophagocytic syndrome, severe folate or
Vit.B12 deficiency, autoimmune disorders such as systemic lupus erythematosus, PNH,
inherited bone marrow failure syndromes, hypersplenism or drugs. Some of these disorders
more often present as a single cell cytopenia and have already been discussed, others are

discussed below.

Fanconi anaemia

Fanconi anaemia (FA) is an autosomal recessive or, rarely, X-linked recessive bone marrow
failure syndrome with characteristically an abnormal high frequency of spontaneous
chromosomal breakages and hypersensitivity to DNA cross-linking agents such as
diepoxybutane and mitomycin-C. FA shows considerable genetic heterogeneity, with 13
subtypes currently recognized.'”'® It is associated with a wide range of congenital
abnormalities including generalized hyperpigmentation of the skin, microphthalmia, radial ray
anomalies, genitourinary abnormalities and short stature. However, in about 30% of FA
patients no physical abnormalities are found.'°® Haematological abnormalities generally
develop during the first decade, usually starting with thrombocytopenia and/or anaemia,
eventually progressing to pancytopenia in >90% of patients.'” There is a strikingly increased
risk of MDS, AML and solid tumours, particularly squamous cell carcinomas of the head and
neck, anogenital regions and skin.'”’ The development of MDS is highly associated with the
presence of clonal chromosomal abnormalities, mostly involving chromosomes 1, 3 and 7.'%

The first presentation of FA may be in adulthood with marrow failure or a malignancy.'®”

In early stages, the bone marrow of FA patients might still be normocellular but with disease
progression, it becomes increasingly hypocellular and eventually a histological picture
indistinguishable from other forms of aplastic anaemia will ensue. Megakaryocytes are often
decreased in number. The erythroid lineage usually shows hyperplasia with erythroblastic

108, 110. 111 A5 dysplasia limited to the erythroid

islands, megaloblastic changes and dysplasia.
lineage is frequently found in FA, one must be very hesitant to regard these findings as MDS
(Figure 5). Chioc et al. described the morphological and cytogenetic characteristics of FA-

related MDS.'"® An increase in blasts and the presence of dysgranulopoiesis are the most
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reliable criteria for diagnosing FA-related MDS, and are highly correlated to the presence of

clonal abnormalities, followed by dysmegakalryopoiesis.108

Dyskeratosis congenita

Dyskeratosis congenita (DC) is typically characterized by the mucocutaneous triad of nail
dystrophy, mucosal leucoplakia and abnormal skin pigmentations, although a variety of other
abnormalities have been reported. The classical features usually appear during childhood.'"
The pattern of inheritance may be X-linked recessive, autosomal dominant or autosomal
recessive. The mutations that have been identified thus far interfere with telomerase activity,
although the genetic basis of disease is still unknown in the majority of patients.'"> '"* DC has
an increased risk of MDS and acute leukaemia as well as of solid tumours, especially
squamous cell carcinomas. Most patients (>90%) progress to aplastic anaemia with bone

112

marrow failure being the major cause of mortality. ~ The onset of cytopenia can precede the

appearance of the characteristic mucocutaneous triad.

The bone marrow findings in DC range from normal to variable stages of aplasia depending
on the stage of the disease and eventually will be indistinguishable from aplastic anaemia due

to other causes.

Aplastic anaemia

Aplastic anaemia (AA) is characterized by pancytopenia and an acellular or markedly
hypocellular bone marrow. AA can be idiopathic (~70%), inherited (~15-20%) or secondary

to radiation, drugs, viruses or immune disorders (~1O—15%).105

Idiopathic and secondary AA
are usually immune mediated by autoreactive lymphocytes mediating destruction of
haematopoietic stem cells.'"” The clinical course of AA is highly variable with some patients
having only mild symptoms, needing little or no therapy, and others presenting with life-
threatening pancytopenias.''> Patients with AA are at risk for the development of clonal
disorders, e.g. PNH clones.®> ''® In addition, the development of MDS!''"!? and AML is
related to emerging clonal chromosomal abnormalities, mostly monosomy 7. It is important to
identify patients with AA in the setting of one of the inherited bone marrow failure syndromes
as these rarely respond to immunosuppressive therapy. Since the histopathology of idiopathic,
inherited and secondary AA is similar, the distinction can only be made by ancillary tests.

Furthermore, it is important to differentiate AA from hypocellular MDS and hypocellular
AML.
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A trephine biopsy is essential for diagnosing AA and whatever the underlying cause, bone
marrow morphology is similar. There is a marked reduction in haematopoietic cells with
replacement by fat cells and a variable inflammatory infiltrate of plasma cells, mast cells,
interspersed or aggregated lymphocytes, macrophages and sometimes eosinophils (Figure 6).
This reactive infiltrate might be so extensive that at first glance the marrow may even seem

120,121 hecrosis or

hypercellular. In addition, there may be oedema and/or haemorrhages,
cellular debris. Macrophage iron is often increased; the amount of reticulin is normal or only

slightly increased. Some cases may contain so-called hot spots: hypercellular areas consisting
mainly of erythroid precursors which are often left-shifted and synchronized at the same stage

of development.121

In adults, clusters of more than 20 erythroid cells and the presence of left-
shifted and/or synchronized erythropoiesis in an otherwise empty marrow are considered part
of AA. In children however, these findings should be regarded as evidence for refractory
cytopenia of childhood, a low-grade form of paediatric MDS, according to the WHO

classification 2008.'%?

In addition, aplasia and dyserythropoiesis are frequently found in
Fanconi anaemia so this disorder should always be excluded by ancillary chromosomal
breakage tests before diagnosing AA or MDS in young persons. Furthermore, the presence of
dyserythropoiesis in an aplastic marrow should also raise the question of PNH-associated AA
in both children and adults.

It is always important to differentiate AA from hypocellular MDS (h-MDS). In AA, cell
atypia is found only in erythroblasts and not in other cell lineages.'*> While megakaryocytes

. . . 121
are absent or reduced in numbers but otherwise normal in AA,

they are present and atypical
in the majority of cases of h-MDS.'* The presence of reticulin fibrosis further favours h-
MDS over AA.'** The amount of CD34 positive blasts is often low in AA, whereas it is
normal or increased in h-MDS.'** '?® In hypocellular AML, another important differential
diagnosis of AA, the amount of blasts is per definition increased (= 20% in adults and > 30%
in children). Their identification by immunostains is therefore crucial.

Finally, it should be kept in mind that subcortical bone and sites other than central axial bone

marrow normally contain little haematopoiesis in adult patients, so that trephine biopsy

specimens taken from these areas are not suitable for diagnosing AA.

Myelodysplastic syndromes

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal haematopoietic stem

cell disorders characterized by ineffective haematopoiesis resulting in peripheral cytopenia,
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and a propensity to progress to AML. MDS mainly occur in the elderly, but occasionally can
be seen in childhood as well.'*”'** In adults, low-grade MDS usually present with anaemia
whereas in childhood they more often present with thrombocytopenia or leukopenial.129 Two
thirds of cases of paediatric MDS are considered primary, whereas one third of cases has an
association with an inherited/constitutional disorder or follows chemotherapy. The most
recent WHO classification recognizes several subgroups, mainly based on morphology, blast

count and cytogenetic abnormalities.'®

The threshold for diagnosing AML is an increase in
myeloblast in peripheral blood or bone marrow of > 20% in adults and of > 30% in children.
However, MDS secondary to chemotherapy or radiation therapy should be classified together
with therapy-related AML as ‘therapy-related myeloid neoplasm’ regardless the blast count.
Furthermore, MDS associated with Down syndrome, which accounts for 20-25% of cases of
MDS occurring in childhood,"*' is considered to be a unique biological entity and is classified

together with AML as ‘Down syndrome-related myeloid leukaemia’ irrespective of the blast

count.

The bone marrow of patients with MDS usually is hypercellular but hypocellularity can be
seen, especially in children.'* Dyshaematopoiesis is the hallmark of the disease and the bone
marrow architecture is usually disturbed (Figure 7). There is often erythroid hyperplasia and
dyserythropoies is manifested by left-shifting, synchronization of the erythroid precursors
within the erythroid islands, nuclear abnormalities and sometimes presence of megaloblasts.
Dysgranulopoiesis is characterized by decreased maturation of the myeloid precursors and
clusters of immature myeloid precursors abnormally located in the centre of the bone marrow
fields (so-called ALIPs) which are typically seen in high-grade MDS. In trephine bone
marrow biopsies, dysplastic features are most prominent in the megakaryocytes, which
typically show hypolobulation, wide separation of the nuclear lobes, rounded nuclei and
micromegakaryocytes. Iron stores are increased due to ineffective haematopoiesis or
transfusions and significant fibrosis can be seen in approximately 10% of cases. Other
common findings include the presence of oedema, increased number of microvessels,
plasmacytosis, increased mast cells, macrophages with increased cellular debris,
lymphocytosis and lymphoid follicels.'*® The dysplastic features of hypocellular MDS are
similar to the normo- and hypercellular forms.'* Distinction of hypocellular MDS form AA is

important and is discussed under AA (see above).
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HIV

Patients with HIV infection can suffer from various cytopenias and late in the course of the
disease, pancytopenia with marked lymphopenia may ensue. A bone marrow biopsy may be
performed in search of infection, for staging of malignant lymphoma or to rule out MDS.
Since dysplastic changes are a feature of HIV infection itself, or can be induced by anti-
retroviral therapy distinction from MDS can be challenging. Furthermore, superimposed

infections can complicate the picture.

The bone marrow in patients with HIV can be either hypercellular, normocellular or
hypocellular.'** The normal bone marrow architecture is often disturbed and dysplastic
changes are almost always present which can be similar to those of MDS. However,
dyserythropoiesis is usually less severe in HIV than in MDS and occurs mainly in patients
treated with HAART therapy with megaloblastic changes being particularly associated with
AZT therapy.'*” '*® In contrast to MDS, in which erythropoiesis is usually hyperplastic, the
myeloid/erythroid ratio in HIV is usually normal and initially there may even be neutrophilic
and megakaryocytic hyperplasia in HIV."*® An increase in blasts can be seen in MDS, but
never in HIV. In addition, bone marrow trephine biopsies in HIV patients often show
eosinophilia, lymphohistiocytic infiltrates and reactive plasmacytosis.">’ Granulomas are
encountered in approximately 15% of bone marrow trephines and might by merely due to the
HIV infection but a thorough search for other infections is required. HIV associated stromal

136, 137
Dense

changes include edema, gelatinous transformation and increased reticulin fibers.
collagen fibrosis, however, is not a feature of HIV."® In all instances one should carefully
search for opportunistic infections, especially mycobacterial, fungal and protozoal infections.
Lastly, there can be bone marrow involvement by lymphomas, Kaposi sarcoma and

Castleman disease, resulting in bone marrow failure.

Concluding remarks:

Dyshaematopoiesis is the hallmark of MDS, but as illustrates in this review, dysplasia of one
or more cell lines can be seen in a wide variety of other situations such as in inherited bone
marrow failure syndromes, PNH, infections such as HIV and parvovirus B19, drugs and
autoimmune diseases. Therefore, correlation with clinical parameters, the bone marrow
aspirate, the peripheral blood smear and cytogenetics is essential in the assessment of bone

marrow disorders.
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Figure 1: Pure red cell aplasia
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Figure 2: Shwachman-Diamond syndrome
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Figure 3: Severe congenital neutropenia
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Figure 4: Congenital amegakaryocytic thrombocytopenia
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Figure 5: Fanconi anaemia
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Figure 6: Aplastic anemia
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Figure 7: Myelodysplastic syndrome
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Figure legends:
Figure 1: Pure red cell aplasia in an 18 year old male with Hodgkin lymphoma in remission.
The bone marrow is normocellular but consist mainly of granulopoisis and megakarypoiesis.

Maturing erythropoiesis is not seen. Iron stores are increased due to blood transfusions.

Figure 2: Shwachman-Diamond syndrome. Case of an 8 year old boy with a hypocellular
bone marrow, dispersed erythropoiesis and mainly immature granulocyte precursors.

Megakaryocytes are present in normal numbers. This patient later developed pancytopenia.

Figure 3: Severe congenital neutropenia. Normocellular bone marrow in an 8 year old child,
showing normal erythropoiesis and megakaryopoiesis. Neutrophil maturation is virtually

absent. Eosinophils are increased.

Figure 4: Congenital amegakaryocytic thrombocytopenia. Normocellular marrow with
maturing granulopoiesis, slightly hyperplastic erythropoiesis and absence of normal

megakaryocytes.

Figure 5: Fanconi anaemia in a 4 year old boy. Hypocellular bone marrow with a focus of
early erythroblasts. This dyserythropoiesis is typical of FA and should not be confused with
MDS.

Figure 6: Aplastic anaemia in a 14 year old girl. Markedly hypocellular bone marrow devoid

of hematopoietic cells with only scattered lymphocytes, plasma cells and mast cells.

Figure 7: Myelodysplastic syndrome in a 65 years old female. Hypercellular bone marrow
with a disturbed architecture. Erythropoiesis is scattered and immature forms and nuclear
irregularities are seen. There is decreased maturation of the myeloid precursors and immature
myeloid precursors are abnormally located in the centre of the bone marrow fields.

Megakaryocytes are small and atypical showing hypolobulation.
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