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The hematopathology subcommittee of
the Mouse Models of Human Cancers
Consortium recognized the need for a
classification of murine hematopoietic
neoplasms that would allow investigators
to diagnose lesions as well-defined enti-
ties according to accepted criteria. Pa-
thologists and investigators worked coop-
eratively to develop proposals for the
classification of lymphoid and nonlym-
phoid hematopoietic neoplasms. It is pro-

posed here that nonlymphoid hematopoi-
etic neoplasms of mice be classified in 4
broad categories: nonlymphoid leuke-
mias, nonlymphoid hematopoietic sarco-
mas, myeloid dysplasias, and myeloid
proliferations (nonreactive). Criteria for
diagnosis and subclassification of these
lesions include peripheral blood findings,
cytologic features of hematopoietic tis-
sues, histopathology, immunophenotyp-
ing, genetic features, and clinical course.

Differences between murine and human
lesions are reflected in the terminology
and methods used for classification. This
classification will be of particular value to
investigators seeking to develop, use,
and communicate about mouse models
of human hematopoietic neoplasms.
(Blood. 2002;100:238-245)
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Introduction

The Mouse Models of Human Cancers Consortium (MMHCC) was
established by the National Cancer Institute (NCI), National
Institutes of Health, to accel erate the tempo at which mouse models
of cancer are developed and validated by the scientific community.
The Consortium aims to use these models to support discovery of
new cancer-related genes and to disclose the pathways and
processes through which these genes affect human cancer devel op-
ment, promote tumor progression, and facilitate metastasis. Ulti-
mately, the modelswill be used to test new approachesto diagnosis
and medical care for cancer.

The hematopathology subcommittee of the MMHCC noted that
terminology for hematopoietic neoplasms is inconsistently applied
to lesions of mice. For example, similar abnormalities may be
described as leukemiain one publication but as myeloproliferative
disease in a publication from a different laboratory, thereby
hampering the ability of the scientific community to draw general
conclusions from the studies. The subcommittee recognized the

need for a classification of murine hematopoietic neoplasms that
would alow investigators to diagnose lesions as well-defined
entities according to accepted criteria. Such auniform classification
will enhance the value of the scientific literature and will make it
possible to meaningfully compare and contrast murine lesions with
human lesions. Proposals for classification will also enhance the
utility of the public database of murine hematopoietic lesions being
created by MMHCC (http://emice.nci.nih.gov/. Accessed April 2,
2002) and the Jackson Laboratory (Bar Harbour, ME) under agrant
from the NCI (http://tumor.informatics.jax.org/FMPro?-db=
Tumorlnstance& -format=mtdp.html&-view). As a result of these
efforts, it ishoped that (1) diagnoses stated in research publications
will be based upon a community standard and (2) new contribu-
tions to the database will permit these classification proposalsto be
revised and enhanced.

The hematopathology subcommittee set out to develop consen-
sus recommendations for classification of murine hematopoietic
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neoplasms and related disorders. In so doing, we have sought to
parallel the structure of the World Health Organization (WHO)
classification of human disorders? but, where appropriate, to use
different terminology in order to highlight differences between
mouse and human biology. As with the WHO classification, these
proposals make use of clinical/biologic, morphologic, immunophe-
notypic, and genetic characteristics of neoplasms for purposes of
classification. It is hoped that the classification will be particularly
relevant for analyses of genetically engineered mice, in which
multiple animals with similar disease may be evaluated. The
classification presented here is aimed specifically at researchers,
pathologists, and other investigators seeking to develop and use
mouse models of human nonlymphoid hematopoietic neo-
plasms. However, in the development of recommendations,
there is an explicit recognition of the limitations of this
classification when not all data are available. Finaly, the
MMHCC has developed a structure for the ongoing develop-
ment of these classification proposals.

Development of the proposals

The subcommittee pursued its goals through a series of meetings
and electronic communications. In an initial meeting, the state of
classification and characterization of murine hematopoietic neo-
plasms was reviewed. Following this, the MMHCC and the
Leukemia and Lymphoma Society (United States) jointly spon-
sored a meeting to discuss the biology of available mouse models
of hematopoietic neoplasms. In October 2000, a meeting of
medical hematopathologists, veterinary pathologists, investigators
who use mouse models of hematopoietic neoplasms, and investiga-
tors with expertise in murine hematology and immunology was
held near Bethesda, MD, under the auspices of the NCI. At this
meeting, abroad spectrum of murine hematopoietic neoplasms was
discussed, and these diseases were compared with their human
counterparts. Areas were identified in which additional studies
would be helpful to allow meaningful comparisons between murine
and human neoplasms. Views for consensus classification were
discussed. Following this meeting, proposals for classification of
nonlymphoid hematopoietic neoplasms were drafted. These propos-
als were placed into an interactive Web site that allowed partici-
pants and interested colleagues to comment. Theseinitial proposals
were revised in light of these comments and are presented here.
Primary materials as well as a broad body of published work were
used in developing this classification. A summary of materials used
by the subcommittee can be viewed in the on-line supplement.
Proposals were devel oped to correspond to aformal Aristotelian
nomenclature. Thus, the proposals reflect a hierarchy of genera
(categories) with differentia (features that distinguish each cat-
egory from every other). The neoplastic cells considered by the
hematopathology subcommittee of the MMHCC have differenti-
ated from hematopoietic stem cells. We recommend that those
neoplasms containing transformed cells that have fully or partially
differentiated into T cells, B cells, or natura killer cells be
collectively termed “lymphoid neoplasms.” Proposals for classifi-
cation of lymphoid neoplasms are given in Morse et a.® Con-
versely, our recommendation is that neoplasms of the other
lineages that arise from hematopoietic stem cells be termed
“nonlymphoid hematopoietic neoplasms.” Biphenotypic leukemias
are included in this group. The classification for nonlymphoid
hematopoietic neoplasmsis summarized in Figure 1.
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Previously used terms arc noted in brackets,

Nonlymphoid Leukemias

Myeloid leukemias [granulocytic leukemia, myel leuk 1
Myeloid leukemia without maturation [myeloid leukemia (myeloblastic type),
without maturation, poorly differentiated myeloid leukemia]
Myeloid leukemia with maturation {myeloblastic leukemia with maturation, moderately differentiated
myeloid leukemia]
Myetoproliferative-disease-like myeloid leukemia [myeloid leukemia (chronic type), well differentiated
myeloid teukemia)
Myel ytic |
Monocytic leukemia

ia [myeloid leukemia (rayelomonocytic type)]

Erythroid leukemiq [erythr ia, er lastic leukemia)
Megakaryocytic leukemia [megakaryoblastic leukemia, megakaryocytic myelosis}
Biphenotypic leukemia

Nonlymphoid Hematopoietic Sarcomas

Granulocytic sarcoma

Histiocytic sarcoma [reticulum cell sarcoma, type A; malignant lymphoma, histiocytic type; histiocytic
Iymphoma; Kupffer cell sarcoma]

Mast cell sarcoma [malignant mastocytoma, mast cell tumor]

Myeloid Dysplasias
Myclodysplastic syndrome
Cytopenia with increased blasts

Myeloid Proliferations (nonreactive)

Myeloproliferation (genetic)
Myeloproliferative disease

Figure 1. Murine nonlymphoid hematopoietic neoplasms and related disorders.

Information needed for classification

Histopathology of mouse tissues as assessed by microscopic
examination of paraffin-embedded tissues is central to pathologic
diagnosis, including diagnosis of hematopoietic neoplasms. How-
ever, additional information is needed to permit rational compari-
sons between diseases of humans and mice. Peripheral blood
findings (including blood cell counts and cytology) aswell as bone
marrow cytology play acritical role in the diagnosis of both mouse
and human nonlymphoid hematopoietic neoplasms. Lineage assess-
ment with cytochemical stains, immunohistochemical stains, and
flow cytometric immunophenotyping provides valuable informa-
tion. In addition, for diagnosing leukemia, it can be useful to
perform serial examinations of periphera blood and/or to assess
whether alesion is rapidly fatal upon transplantation. At present,
genetic characterization of mouse lesions plays a limited but
important rolein classification.

Space constraints do not permit afull presentation of committee
recommendations for approaches to characterization of lesions, but
these recommendations are provided on the Blood website; see the
Supplemental Data Set link at the top of the online article. This
online information includes a practical guide to applying these
classification proposals and will be of particular useto those new to
the field of mouse hematopathology, whether they are studying
spontaneous or induced models of disease. Also included in the
on-line supplement are answers to questions generated during the
development of the proposals.

Proposals
Overview

The committee sought to design a classification that can be readily
compared with the human WHO classification but that aso
appropriately delineates the diseases as they occur in mice. For this
reason, it was recommended that 4 categories of nonlymphoid
hematopoietic neoplasms be defined: nonlymphoid leukemias,
nonlymphoid hematopoietic sarcomas, myeloid dysplasias, and
myeloid proliferations (nonreactive).
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Nonlymphoid leukemias, myeloid dysplasias, and myeloid
proliferations (nonreactive) include diseases that arise primarily as
increased numbers of nonlymphoid hematopoietic cells in the
spleen and/or bone marrow. Leukemias are disseminated diseases
that are rapidly fatal. Many leukemias are characterized by
impaired differentiation, but myeloproliferative-disease-like (MPD-
like) myeloid leukemias retain differentiation to mature forms.
Myeloid dysplasias are characterized by cytopenias and abnormal
differentiation. Myeloid proliferations (nonreactive) encompass
subtle to marked genetically driven expansions of cells that do not
meet criteria for either leukemia or myeloid dysplasia. Nonlym-
phoid hematopoietic sarcomas are cellular proliferations that arise
primarily as solid tumors. Formal criteria for diagnosis and
subclassification of these disorders are given in Figures 2 and 5
through 7 and are discussed below. An overview of these disorders,
including representative examples, is included in the on-line
supplement.

Diseases represented in these 4 categories are heterogeneous.
Guidelines for subclassification reflect an effort to identify analo-
gies with human diseases while at the same time permitting
understandable, reproducible, and useful definition of diseases in
mice. Gaps exist where diseases corresponding to diseases in the
human classification have not yet been clearly described in mice.
We anticipate that these gaps will be filled as scientists continue to
develop and study additional mouse models of human cancer. It is
recommended that investigators classify murine nonlymphoid
hematopoietic neoplasms according to these proposals; they can
also state that a disease has features of a particular human entity.?
For example, the disease arising in hMRP8-PMLRARA transgenic
mice could be described as “acute myelogenous leukemia (AML)
without maturation, with features of human acute promyelocytic
leukemia.” Such assertions may then be assessed on their merits,
rather than on the basis of concerns over the words used for
classification.

The aim of these proposals is to provide recommendations for
classification, not to serve as a comprehensive guide to the
characterization of mouse hematopoiesis. The reader is therefore
referred to a number of excellent references containing additional
useful information and images.*8

Nonlymphoid leukemia

Criteriafor diagnosis and subclassification of nonlymphoid leuke-
mias are presented in Figure 2. Representative images are shownin
Figures 3 and 4A-B.

The choice of the term “nonlymphoid leukemia” rather than
“myeloid leukemid’ as a broad category allows for the useful
classification of “myeloid” (granulocytic/monocytic) as distinct
from erythroid, megakaryocytic, and biphenotypic leukemias. It
was believed that the omission of the term “acute” from the broad
category would make possible the inclusion of both aggressive
diseases with numerous immature formg/blasts and aggressive
diseases with maintained differentiation. Thisis desirable because
of otherwise often similar features of these diseasesin mice. There
was broad consensus that leukemias are characterized by cytope-
nias and by increased nonlymphoid hematopoietic cells in bone
marrow and spleen. In addition, there was consensus that leuke-
mias are characterized by evidence of dissemination of neoplastic
cells. While most cases of leukemia are associated with the spread
of nonlymphoid hematopoietic cells outside of the blood, spleen,
and bone marrow, some leukemias present with minimal spread but
with a high white blood cell count and numerous immature
forms/blasts in the blood (see, eg, Cuenco et a®). For this reason,
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Defining Criteria
1. A nonlymphoid hematopoictic ncoplasm that diffusely involves hematopeietic tissue, generally
both the spleen and bone marrow.

2. Mice exhibit anemia, neutropenia, and/or thrombocytopenia.

3.

ic cells are i d in spleen (generally in both bane marrow and

Nonlympl
spleen).

4. Neoplastic cells are disseminated as defined by any combination of the following*:
phoid paietic cells are i d in tissues other than blood, spleen, and bone

marrow,
(B) Leukocytosis is present, and nonlymphoid i forms
leukocytes in the peripheral blood.

t make up at least 20% of

5. Disorder exhibits additional aspect of y in ag
combination of the following*:
(A) At least 20% nonlymphoid immature forms/blasts in blood, spleen, or bone marraw.

or behavior as defined by any

(B1) Rapidly fatal to primary animal (median time from appearance of leukemia in peripheral
bloodt to moribund is 4 weeks or less),

(B2} T to normal or ly irradiated hi: ipi and rapidly fatal
to transplant recipients (median time from transplantation to moribund is 8 weeks or less).

Subclassification

Myeloid Leukemias
L ias of It ic and/or ytic cells and their precursors.

Myeloid leukemia without maturation

Leukemia in which neoplastic cells are poorly differentiated and not monocytic

1. At least 20% forms/blastst in ic tissuc (usually bone marrow; splenic
nonlymphoid tissuc can be used as an alternative, see text).

2. At Jeast 90% of nonlymphoid, nonerythroid}
forms/blasts.

3. Without 2 monocytic component.

ietic cells in ic tissue are i

Myeloid leukemia with maturation

Leukernia in which neoplastic cells are moderately differentiated and neutrophilic
1. Atleast 20% i forms/blasts in h poietic tissue.

2. Fewer than 90% of nonlymphoid, nonerythroid h ietic cells in h
forms/blasts.

3, With a neutrophilic companent.}

4. Without a monocytic component.

ic tissue are i

MPD-like myeloid leukemia

Leukemia in which neoplastic cells are well differentiated
Fewer than 20% i forms/blasts in b ic tissue,

Myelomonocytic leukemia

Leukemia in which lastic cells are mod; ly dif
monocytic cells

1. At least 20% i forms/t int ietic tissue.
2. With a ncutrophilic component,

3. With a monocytic component.

both neutrophitic and

Monocytic leukemia

Leukemia in which neoplastic cells are poorly or moderately differentiated and monocytic
1. At least 20% immature forms/hlasts in hematopoietic tissuc.

2. With a monocytic component.

3. Without a neutrophilic component.

Erythroid Leukemia

At least 50% nucleated erythroidt cells in hematopoictic tissue

Megakaryocytic Leukemia

At least 50% megakaryocytict cells in hematopoietic tissue

Biphenotypic Leukemia

1. At least 90% immaturc forms/blasts in hematopoietic tissue.
2. Biphenotypic.t

Additional Descriptors (see text)

Acute

With multilineage dysplasia

Therapy related

*Meaning “one or more of the attributes that follow.”

1Sec online supplement for proposed definitions.
+As with morphologic subclassification of human acute myeloid leukemias, nucleated erythroid

1
cells, lymphocytes, plasma cells, macrophages, and mast cells are excluded.

Figure 2. Nonlymphoid leukemia.

alternative criteria for defining dissemination are included in the
definition. Finally, after discussion of how to use the percentage of
immature formg/blasts (see on-line glossary for definition and
discussion of the term “immature forms/blasts’), tempo of disease
course, and transplantability to distinguish leukemia from less
aggressive disturbances of hematopoiesis, aternative criteria for
defining a process as “leukemia’ were agreed upon. The first of
these (BA, at least 20% immature formg/blasts) is straightforward,
isclosely aligned with the definition of acute leukemiain the WHO
classification, and should be readily available to the examining
pathologist. The other criteria (5B1, 5B2) reflect our opinion that
diseases characterized by rapid lethality in the primary animal or in
secondary recipients should also be considered to be “leukemias’
when thisinformation isavailable (which it will befor many studies
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Figure 3. Variable appearance of myeloid leukemia in mice. (A) MPD-like myeloid leukemia. Note complete maturation of myeloid forms to segmented neutrophils (Wright
Giemsa, X 1000). Myeloproliferative disease can exhibit a similar morphology but lacks the constellation of other features that characterize leukemias. (B) Myeloid leukemia
with maturation showing macrophages dispersed among the tumor cells (hematoxylin and eosin [H&E], X 100). (C) Myeloid leukemia with maturation. Note heterogeneous
differentiation and large macrophages with striated eosinophilic cytoplasm (H&E, X 400). (D) Myeloid leukemia with maturation with many ring forms (H&E, X 1000). (E)
Myeloid leukemia without maturation. Note many immature forms/blasts with azurophilic granules (Wright Giemsa, X 1000). (F) Myeloid leukemia without maturation seen as a
poorly differentiated tumor in the splenic red pulp. No evidence of myeloid maturation can be seen. Residual nucleated erythroid cells are present (H&E, X 400).

of genetically engineered mice). It is recommended that “acute” be used
to describe a nonlymphoid leukemia only when the disease fulfills both
criterion 5A and either criterion 5B1 or criterion 5B2.

The characterization needed for diagnosis and subclassification
of leukemias extends beyond histopathology; it is recognized that
the modalities required for assessing the criteria included in these
proposals may not be available to the pathologist or scientist
evaluating an animal. In such cases, the investigator should note the
limitations and should state the diagnosis consistent with available
findings. The recommendations of Dunn* and others*681213 regarding
histopathologic diagnosis of leukemia are pertinent, even in circum-
stances in which these suggestions may lead to presumptive rather than
definitive diagnosis. Additional studies of the features of murine
nonlymphoid hematopoietic illnesses that correlate with aggressive
biologic behavior may allow other criteriato be devel oped that will
aid in diagnosis of nonlymphoid leukemia.

Neoplasms that in humans would be confined mainly to the
bone marrow often also involve the splenic red pulp in mice. This
occurs because the spleen is an important hematopoietic organ
throughout its life. The splenic hematopoietic tissue has a capacity
to expand that is not available to the hematopoietic tissue of the
medullary cavity in mice or in humans. This may result in less
marked competition between neoplastic and nontransformed hema-
topoietic counterparts in mouse leukemias and may account for
neutropeniabeing aless common feature of leukemias of mice than
of humans.

Because the mouse spleen is a hematopoietic organ, diagnosis
and subclassification of nonlymphoid leukemias must take into
account the following: (1) the possibility of leukemiasarising in the
spleen, (2) the mixture of cell types present in the spleen aswell as
the bone marrow, and (3) the capacity of normal splenic hematopoi-
etic tissue to expand. Consideration of these issues led to the
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Figure 4. Erythroid leukemia, megakaryocytic leukemia, histiocytic sarcoma, and mast cell sarcoma in mice. (A) Erythroid leukemia. Note erythroblasts in liver (H&E,
X 1000). (B) Megakaryocytic leukemia. Note various forms of immature neoplastic megakaryocytes (H&E, X 400). (C) (D) Histiocytic sarcoma: a relatively common tumor in
mice that is rare in humans (H&E, X 400). (C) A solid sheet of eosinophilic histiocytes forming elongated or round patterns is seen. (D) Histiocytic sarcoma showing
multinucleated histiocytes and vascular invasion in the liver. (E) Amast cell sarcoma showing a uniform population of small cells with prominent granular eosinophilic cytoplasm
(H&E, X 400). (F) Giemsa stain of mast cell sarcoma shows strong metachromasia of many tumor cells. Metachromatic staining is also revealed by toluidine blue stain
(Giemsa, X 400).

Defining Criteria:

1. A nonlymphoid hematopoietic neoplasm that is primarily 2 solid tumor mass.

following recommendations. First, the specification of at least 20%
immature forms/blasts in the spleen has been included as part of

2. Bone marrow, if involved, contains at Jeast focal areas in which hematopoicsis is preserved.

3. Lesionis

criterion 5A for nonlymphoid leukemia. For the purpose of (0 msive o sumaunding s andor

diagnosis of leukemia, all nucleated spleen cells should beincluded

when this criterion is applied. Second, although leukemias can Subclassification

arise in the spleen, the bone marrow is often diffusely involved at Granulocytic Sarcoma

the time these leukemias are diegnosed and studied. When thisis Lesion is composed predominantly of granulocytic* and/or relatively unditferentiated nonlymphoid

hematopoietic cells,

the case, bone marrow should be used as the primary tissue for

subclassification because these marrows are overwhelmingly com- Histiocytic Sarcoma

posed of leukemic cellswhereas the spleens often contain amixture Lesion is composed predominantly of histiocytic* cells.

of leukemic cells and normal hematopoietic elements. Third, in Mast Cell Sarcoma

some cases |t may be nmy to wbclmfy |eukern|as on the 1. Lesion has characteristic cytology: uniform, closely packed cells with round nuclei and clear, abundant
. . . . N . R A cytoplasm with or without granules.

basis of findings in the spleen, including (1) leukemias of splenic 2. Cells exhibit features of mast cells.*

origin early in their course and (2) leukemias for which bone *See online supplement for proposed definitions.

marrow is fibrotic or otherwise not available for evauation. In Figure 5. Nonlymphoid hematopoietic sarcoma.
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these cases, the guidelines set forth in Figure 2 for the purpose of
subclassification of nonlymphoid leukemias can be applied to the
spleen with these provisions: (1) Lymphocytes should be excluded
from consideration when immature formg/blasts and erythroid,
megakaryocytic, monocytic, and neutrophilic cells are enumerated;
and (2) wheresas at least 20% monocytic cells in spleen (lympho-
cytes excluded) can be used to define a monocytic component,
caution iswarranted in smilarly using at least 20% neutrophilic cellsin
spleen (lymphocytes excluded) to define a neutrophilic component
because such cells may represent residua normal hematopoietic tissue.

As with the subclassification of human AML in the WHO
classification, it is recommended that investigators note if multilin-
eage dysplasiais present and if theillnessistherapy related.

Nonlymphoid hematopoietic sarcoma

Criteriafor diagnosis and subclassification of nonlymphoid hema-
topoietic sarcomas are presented in Figure 5. Representative
images are shown in Figure 4C-F.

In the human WHO classification, histiocytic sarcomais considered
one of the histiocytic/dendritic cell neoplasms, mast cell sarcoma is
considered with mast cell leukemiaas one of the mast cell diseases, and
myeloid sarcoma is considered an dternative presentation of acute
myeloid leukemia. The broad spectrum of described nonlymphoid
hematopoietic neoplasms in humans and an understanding of their
behavior over timeled to this system for classification.

Nonlymphoid leukemias and nonlymphoid hematopoietic sarco-
mas are closely related diseases in mice, as they are in humans.
Nevertheless, the presentation and appearance of these diseases are
generaly distinct in the mouse. Furthermore, our understanding of
the evolution of these diseases over time is limited. It therefore
appears appropriate to consider nonlymphoid hematopoietic sar-
coma as a separate category of disease in mice. In addition to the
information contained here, the reader is referred to previous
publications that describe the histopathology of histiocytic sarco-
mas and mast cell sarcomas.>®

It is recognized that these sarcomas may progress to leukemia,
particularly upon serial transplantation, and that there are cases that
are difficult to classify even at presentation. Of note, a diagnosis of
sarcoma can occasionally be made in animals with a coexistent
leukemia or lymphoma distinct from the sarcoma. For example,
mice with BCR-ABL—induced leukemias may also have BCR-ABL—
induced histiocytic sarcomas.4

Myeloid dysplasia

Criteria for diagnosis and subclassification of myeloid dysplasias
are presented in Figure 6.

Defining Criteria:
1. In the peripheral blood mice exhibit one or more of the following:
(A) Neutropenia (with or without anemia, with or without thrombocytopenia)
(B) Thrombocytopenia without either leukocytosis or erythrocytosis
(C) Anemia without either leukocytosis or thrombocytosis

2. Mice exhibit a defect in ion of nonlymphoid I ic cells as evidenced by one of
the following;:

(A) D lopoiesis, dyserythropoiesi
increased nonlymphoid immature forms/blasts

(B) At least 20% nonlymphoid immature forms/blasts in bone marrow and/or spleen

and/or dyspl. megakaryocytes with or without

3. Disorder is not a nonfymphoid leukemia (if a disorder satisfies criteria 1 and 2 for myeloid
dysplasia but also fulfills criteria for nonlymphoid leukemia, the diagnosis of nonlymphoid
leukemia should be applied).

Subclassification

Myelodysplastic Syndrome

Disorder fulfills criterion 2A.

Cytopenia with Increased Blasts
Disorder fulfills criterion 2B.

Figure 6. Myeloid dysplasia.
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The need for a term to encompass diseases that are character-
ized by abnorma differentiation and cytopenias was apparent.
Theterm “myeloid dysplasia’” was chosen rather than myelodys-
plastic syndrome (MDS) to alow the inclusion of mouse
diseases that, in principal, are closely related to diseases
designated MDS in humans, while avoiding the implication that
these mouse diseases necessarily correspond to entities de-
scribed in the WHO classification.

Current knowledge of murine diseases that may be classified as
myeloid dysplasias is limited, hampering our ability to provide
guidelines for diagnosis and subclassification. Nevertheless, if a
disease does not meet criteria for nonlymphoid leukemia, the
criteria for myeloid dysplasia encompass a range of diseases with
abnormal differentiation and cytopenias. The view that guided
criterion 2 is that both dyspoiesis and increased nonlymphoid
immature formg/blasts can reflect abnormal differentiation. In
regard to criterion 2B, a cutoff of 20% was chosen to set a high
threshold for calling diseases “myeloid dysplasia’ specifically
when morphologic dyspoiesis is not observed. Diseases charac-
terized by (1) cytopenias and dyspoiesis or (2) cytopenias,
dyspoiesis, and increased immature forms/blasts (even when the
immature forms/blasts are fewer than 20%) may of course also
be classified as “myeloid dysplasia” Note that most murine
neoplasms with at least 20% immature formg/blasts are leuke-
mias and not myeloid dysplasias.

The difficulty of classifying human diseases that have features
of both MDS and MPD was reflected in the WHO classification by
the creation of a category designated myel odysplastic/myeloprolif-
erative disease. In making recommendations for mice, we intended
the term “myeloid dysplasia’ for diseases that are more closely
related to human MDS than either human MPD or MD/MPD. This
view guided criterion 1.

At this time, recommendations regarding the morphologic
features that should be considered dyspoiesis in mice are specula-
tive. Characteristics described as dyspoiesis in cats and dogs as
well as those described in the French-American-British proposals
for classification of human MDS may be applicable to mice.1>16
For erythroid cells, dyspoiesis may include maturation of the
cytoplasm preceding maturation of the nucleus (megaloblastic
change), nuclear fragmentation, irregular nuclear contours, abnor-
mal mitotic figures, ringed sideroblasts, and multiple nuclei. For
megakaryocytes, dyspoiesis may include cells with multiple sepa-
rated nuclei, small cells with one or more small oval nuclel in
mature cytoplasm (micromegakaryocytes), large cells with unlo-
bated nuclei, and large cells with bizarre hypersegmentation. For
neutrophilic cells, dyspoiesis may include abnormal cytoplasmic
maturation, manifested as pale basophilic cytoplasm in mature
neutrophils, and abnormal nuclear maturation as evidenced by the
presence of open chromatin in mature cells. In addition, we have
noted that the presence of neutrophils with lobated, as opposed to
ring-shaped, nuclei may represent dysplasia.

In humans, there are patients with MDS who exhibit minimal
morphologic dyspoiesis. Similar diseases may also exist in mice
that should be classified as myeloid dysplasias. A monoclonal
population of hematopoietic cells, a karyotypically abnormal
population for example, can support a diagnosis of myeloid
dysplasiawhen morphologic dyspoiesisis minimal.

In regard to subclassification, we make the following provi-
sional recommendations. First, the cell types that are dysplastic or
decreased should be stated. Second, if adisease is characterized by
increased immature forms/blasts without morphologic dyspoiesis,
it may be designated a*“ cytopeniawith increased blasts.” Third, if a
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Defining Criteria
1. Myeleid proli 1 ive) may be morphologicall i le from reactive
processes. Reactive causes for increased numbers of nonlymphoid hematopoietic cells should be
i ! {see text). By definition, this diagnosis is for lesions that are nonreactive, persistent,
genetically determined, and meet criteria 2-4 below.

2. Mice exhibit ymiphoid b ic cells as evids d by any ination of the
Tollowing:
(A} Erythrocytosis, leukocytosis of myeloid cells, and/or thrombocytosis/circulating
micromegakaryocytes
(B) 5 lymphoid ietic cells in spleen and'or bone marrow

3. Disorder is not 2 nonlymphoid leukemia (if a disorder satisfies criteria | and 2 for myeloid
proliferation [nonreactive] but also fulfills criteria for nonlymphoid leukemia, the diagnosis of
nonlymphoid leukemia should be applied).

4. Disorder is not a myeloid dysplasia (if a disorder satisfies criteria | and 2 for myeloid proliferation
[nonreactive] but alse fulfills criteria for myeloid dysplasia, the diagnosis of myeloid dysplasi
should be applied).

Subclassification

Myeloproliferation (genetic)

Disorder fulfills criterion 2B but not eriterion 2A.

Myeloproliferative Disease
Disorder fulfills eriteria 2A and 2B.

Figure 7. Myeloid proliferation (nonreactive).

disease is characterized by morphologic dyspoiesis, it may be
designated a“ myelodysplastic syndrome.” If adisease has features
of a particular human myelodysplastic syndrome, it may be
designated a “myelodysplastic syndrome with features of a named
human MDS.”

Myeloid proliferation (nonreactive)

Criteria for diagnosis and subclassification of myeloid prolifera-
tions are presented in Figure 7.

The term “myeloproliferative disease” has been used to de-
scribe modest increases in bone marrow and splenic granulocytic
cellsin certain strains of genetically engineered mice, rapidly fatal
neoplasms with large numbers of predominantly differentiating
cells, and everything in between. For purposes of classification, we
thought it would be helpful to distinguish between aggressive
proliferations and indolent processes. It was furthermore thought
that the term “myeloproliferative disease” should be used for
disorders that parallel those in the WHO classification, as opposed
to being a general term for processes with increased numbers of
nonlymphoid hematopoietic cells. We propose that aggressive
neoplasms with retained differentiation be classified as MPD-like
myeloid leukemias according to the criteria presented in Figure 2.
In addition, the term “myeloid proliferation (nonreactive)” is
proposed to encompass (1) diseases similar to human MPD as well
as (2) mouse disorders that lack a human counterpart but are more
similar to MPD than to other human illnesses.

Myeloid proliferations (nonreactive) include awide spectrum of
processes, with those similar to human diseases at one end and
subtle increases in splenic nonlymphoid hematopoietic cells, most
often in genetically engineered mice, at the other end. The
possibility of considering subtle expansions as entities outside the
classification of nonlymphoid hematopoietic neoplasms was consid-
ered, but was rejected for 2 reasons. First, these expansions can
giveriseto leukemia. Second, they often result from the expression
of genetic abnormalities closely associated with human leukemias.
The term “myeloid proliferation (nonreactive)” was chosen rather
than myeloproliferative disease to allow the inclusion of such
mouse processes while avoiding the implication that these abnor-
malities necessarily correspond to particular entities described in
the WHO classification. In making recommendations for mice, we
intend the term “myeloid proliferation” for processes that are
closely related to either human MPD or MD/MPD, as well as for
nonreactive, persistent, genetically determined expansions that
may progress to overt disease.
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Mouse diseases that are classifiable as myeloid proliferations
have been described, but the extent to which these diseases can be
reproducibly and usefully subclassified is unclear. At present, we
make the following provisional recommendations. First, the cell
types that are increased should be stated. Second, if a disorder is
limited to increased nonlymphoid hematopoietic cells in spleen
and/or bone marrow without increased counts in the peripheral
blood, it may be designated a “myeloproliferation (genetic).”
Third, if adiseaseis characterized by increased blood counts along
with increased nonlymphoid hematopoietic cells in spleen and/or
bone marrow, it may be designated a “ myeloproliferative disease.”
If adisease has features of a particular human chronic myeloprolif-
erative disease or myelodysplastic/myeloproliferative disease, it
may be designated a “myeloproliferative disease with features of a
named human MPD or MD/MPD.”

Distinguishing neoplasms from
reactive conditions

Reactive abnormalities of hematopoietic cells can result from
various conditions, including nutritional deficiencies, infections,
tumors of nonhematopoietic cells, toxins, autoimmune blood cell
destruction, and dysregulation of the lymphoid system. Investiga-
tors need to be alert to the possibility that an expansion of
hematopoietic cells represents a reactive, as opposed to a neoplas-
tic, process, and should be especialy cautious in making a
diagnosis of hematopoietic neoplasm whenever an infection or a
nonhematopoietic tumor is present. Two types of reactive processes
that are common in mice can be particularly difficult to distinguish
from neoplasms: extramedullary hematopoiesis, especialy as re-
flected by increased hematopoiesis in the spleen, and leukemoid
reactions in the peripheral blood. Evidence for a process being
neoplastic includes the following: the absence of infectious or
inflammatory lesions; the absence of nonhematopoietic tumors,
adequate nutrition; the absence of exposure to drugs or toxins; the
abnormalities’ being persistent and progressive as assessed by
serial physical examination or examination of the blood; presence
of clonal hematopoiesis (see below); and the lesion’s being
transplantable (see below).

Monoclonality

Neoplasms typically arise from the sequential acquisition of
genetic mutations and therefore are generally monoclonal prolifera
tions. However, it was noted that if genetic changes engineered into
mice are sufficient to induce disease, then such disease will not be
monoclonal. In addition, assessment of clonality for nonlymphoid
hematopoietic neoplasms requires the application of methods that
may not yet be widely available or may not be applicable (eg,
cytogenetic analysis, X-chromosome inactivation, assessment of
provirus integration status). It was further noted that monoclonal
proliferations may not necessarily cause illness. For proliferations
of nonlymphoid hematopoietic cells, clonality can be used to help
indicatethat alesion is neoplastic, but assessment of clonality isnot
required for diagnosis or classification.

Transplantation

The ability of expanded populations of hematopoietic cells to
transplant is an important biologic characteristic. Demonstration
that a disease is transplantable can be particularly valuable in
helping to exclude the possibility that alesion isreactive. However,

¥20g dunr g0 uo 3senb Aq jpd'gez00020€ L 8Y/ L 8E Y08 L/8EZ/1/00 L /4Pd-B]01E/POOI/8U" suoledlqndyse//:dny woly papeojumod



BLOOD, 1 JULY 2002 - VOLUME 100, NUMBER 1

although transplantation seems to correlate with degree of malig-
nancy, some benign tumors can be transplanted whereas lesions
that behave in a malignant fashion in the primary host are not
necessarily transplantable. Given current limitations in our under-
standing of the relationship between transplantability, biologic
behavior, and human neoplasms, we have proposed that transplant-
ability per se should not serve as a defining element for mouse
hematopoietic neoplasms.

To expand our understanding of the significance of transplant-
ability, it isrecommended that investigators include descriptions of
the cells transplanted (origin, preparation, number); route of
injection; type of recipient (eg, nude/other immunodeficient strain/
histocompatible, unirradiated/histocompatible, sublethaly irradi-
ated/histocompatible, lethally irradiated); and character of disease
in the recipient (localized/disseminated, time from transplantation
until illness). It was noted that tail vein injection of 1 X 10° cells
into sublethally irradiated histocompatible recipients is one ac-
cepted method for assessing transplantability of nonlymphoid
hematopoietic lesions.t”

Perspectives

Previous proposals for the classification of murine nonlymphoid
hematopoietic neoplasms have been described by Dunn, Perkins,*
and, more recently, by Fredrickson and Harris® and Frith et al . The
Bethesda proposal's build upon these previous categorizing schemes
to guide the classification of the wide spectrum of nonlymphoid
hematopoietic neoplasms that develop in genetically engineered
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mice. These proposals will also permit newly described diseases to
be placed into an existing framework.

The MMHCC hematopathology subcommittee is continuing
its work and we look to the broader research community for
input related to these efforts. This classification will be revised
and updated as additional information becomes available.
Further development is essential. Investigators are invited to
submit their e-mail addresses to the subcommittee in order to
receive requests for information, updates to this classification,
and postings to the MMHCC Web site of protocolsfor character-
ization as well as descriptions of new models. The Web site
currently reflects ongoing efforts to place known models of
nonlymphoid hematopoi etic neoplasmsinto the diagnostic groups
delineated here. In the future, the MMHCC plans to provide
additional information about and access to murine models of
nonlymphoid hematopoietic neoplasms.

Acknowledgments

The authors thank Cheryl Marks, Susan Seweryniak, and R. Allan
Mufson for their support of this project; Kevin Shannon, H. Jeffrey
Lawrence, and Richard A. Van Etten for helpful discussions; and
Philip Chan for his assistance. The content of this publication does
not necessarily reflect the views or policies of the US Department
of Health and Human Services, nor does the mention of trade
names, commercial products, or organizations imply endorsement
by the US government.

1.

NCI establishes consortium to develop mouse
models of human cancers [press release]. Be-

thesda, MD: National Institutes of Health, Decem-

genetically engineered mice. In: Ward JM, Mahler
JF, Maronpot RR, Sundberg JP, Frederickson
RM, eds. Pathology of Genetically Engineered
Mice. Ames: lowa State University Press; 2000:

poietic system. In: Mohr U, ed. International Clas-
sification of Rodent Tumors: the Mouse. Heidel-
berg, Germany: Springer-Verlag; 2001:417-451.

MDS1/EVI1 fusion protein induces an acute my-
elogenous leukemia (AML) in mice: a model for
human AML. Proc Natl Acad Sci U S A. 2000;97:

acute myeloid leukemia. A report of the French-
American-British Cooperative Group. Ann Intern

Dunn TB. Normal and pathologic anatomy of the
reticular tissue in laboratory mice, with a classifi-
cation and discussion of neoplasms. J Natl Can-

Pattengale PK. Tumours of the lymphohaemato-

ber 28, 1999.
2. Jaffe ES, Harris NL, Stein H, Vardiman J, eds. 365-381.
Pathology and Genetics of Tumours of Haemato- 8. Frith CH, Ward JM, Harleman JH, et al. Hemato-
poietic and Lymphoid Tissues: WHO Classifica-
tion of Tumours. Lyons, France: IARC Press;
2001.
3. Morse HC Ill, Anver MR, Fredrickson TN, et al. 9. Cuenco GM, Nucifora G, Ren R. Human AML1/
Bethesda proposals for the classification of lym-
phoid neoplasms in mice. Blood. 2002;100:246-
258.
4. Perkins AS. The pathology of murine myelog- 1760-1765.
enous leukemias. Curr Top Microbiol Immunol. 10. Bennett JM, Catovsky D, Daniel MT, et al. Pro-
1989;149:3-21. posed revised criteria for the classification of
5. Ward JM, Mann PC, Morishima H, Frith CH. Thy-
mus, spleen, and lymph nodes. In: Maronpot RR,
Boorman GA, Gaul BW, eds. Pathology of the Med. 1985;103:620-625.
Mouse. Vienna, IL: Cache River Press; 1999:333- 11,
360.
6. Fredrickson TN, Harris AW. Atlas of Mouse He-
matopathology. Amsterdam, The Netherlands: cer Inst. 1954;14:1281-1433.
Harwood Academic Publishers; 2000. 12.
7. Taddesse-Heath L, Morse HC Ill. Lymphomas in

poietic system. In: Turusov VS, Mohr U, eds. Tu-

13.

14.

15.

16.

17.

mours of the mouse. 2nd ed. Lyons, France: In-
ternational Agency for Research on Cancer;
1994:651-670. Pathology of Tumours in Labora-
tory Animals. Vol. II.

Frith CH, Ward JM, Fredrickson T, Harleman JH.
Neoplastic lesions of the hematopoietic system.
In: Mohr U, Dungworth DL, Capen CC, Carlton
WW, Sundberg JP, Ward JM, eds. Pathobiology
of the Aging Mouse. Washington, DC: ILSI Press;
1996:219-235.

Million RP, Van Etten RA. The Grb2 binding site is
required for the induction of chronic myeloid leu-
kemia-like disease in mice by the Bcr/Abl tyrosine
kinase. Blood. 2000;96:664-670.

Raskin RE. Myelopoiesis and myeloproliferative
disorders. Vet Clin North Am Small Anim Pract.
1996;26:1023-1042.

Bennett JM, Catovsky D, Daniel MT, et al. Pro-
posals for the classification of the myelodysplas-
tic syndromes. Br J Haematol. 1982;51:189-199.

Lavau C, Luo RT, Du C, Thirman MJ. Retrovirus-
mediated gene transfer of MLL-ELL transforms
primary myeloid progenitors and causes acute
myeloid leukemias in mice. Proc Natl Acad Sci

U S A. 2000;97:10984-10989.

¥20g dunr g0 uo 3senb Aq jpd'gez00020€ L 8Y/ L 8E Y08 L/8EZ/1/00 L /4Pd-B]01E/POOI/8U" suoledlqndyse//:dny woly papeojumod



