HEMATOLOGY

Beck editor
Second Edition




HEMATOLOGY
edited by William S./#Betk

N

second edition

The MIT Press ° , el
Cambridge, Massachusetts), ‘and London, England



Copyright @© 1977 by
The Massachusetts Institute of Technology

All rights reserved. No part of this book may be
reproduced in any form or by any means, electronic
or mechanical, including photocopying, recording,
or by any information storage and retrieval sys-
tem, without permission in writing from the pub-
lisher.

Printed and bound by The Alpine Press Inc.
in the United States of America

Library of Congress Cataloging in Publication Data

Beck, William Samson, 1923-
Hematology.

Includes bibliographies and index.

1. Blood--Diseases. 2. Hematology. 1I. Title.
[DNLM: 1. Hematologic diseases. WH100 H486]
RC633.B43 1977 616.1'5 77-5098

ISBN 0-262-02124-6: (hard)

ISBN 0-262-52038-9 (paper)



PREFACE TO SECOND EDITION

Only a few years have passed since publication of

the first edition but new and significant informa-
tion has been eropting as if from dfagon seed. Yet
there is comfort in the fact that new insights are
replacing old complexities and ambiguities on every
side.

Among.tﬁe lectures most extensively revised in this
edition are those on the RES, hemoglobinopathies,
thalassemias, hemolytic anemias, and newer aspects

of the protein interactions in blood cOagulation.
Covetage of the last topic vill appear rigorous and
over-detailed in some’ eyes. But this important sub-
ject is clearly on the nnwe. Hiﬁhout any doubt it is
destined in the years ahead to yield important new
advances.

The general outline of the lyllabus remains as be-
fore. These are lecturea~—we resolutely call them
that rather than chapteta-vhich may be read by the
student in his own time,. both as pteparation for and
reminder of discussions 1n lecture hall and labora-
tory. There is no intention.here to preempt the lec-
turer.-ﬁowéver, experience in the hematology courses
at the Harvard Medical School and the Harvard-M.I.T.
Program in Health Sciences and Technology suggeots
‘that the leotﬁre hour is now best used for illustra=
tion, expansion, or other forms of fugue and counter-
point.1~ S

' Again we have utilized an outline format, which seems
to help with the organization of ideas. Though one
is hardly likely to find 1%
pages, we have tried m‘&‘

ftary quality in these
_this edition somewhat
more readable and less telegtaphic than its prede-
cessor. Decisions on whnt stays and what goes have
not been easy--and ig: view of the moderate increase
in pages it may be that the decisions made were in-
sufficiently stringeht.iThe editor herewith pledges

devout frugality in future'editions.
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Preface to Second Edition

Emphasis remains on physiology and pathophysiology.
This has required systematic consideration of clini-

_'cal ebnormalities, which in the field of hematology

are often brilliantly evocative exemplars of basic
mechanisms. Therapy is mentioneﬂvbut its discussions
are intended'oh the whole to make pathophysiologic
points. Topics are treated in a traditional. sequence--
red cells, thenm white cells, then clotting--and we
aseuhe'that'iectures will be read in that sequence.

HoweVer, cross—references are supplied for those

Awho read the 1ectures in some other sequence.

I must note again that authors of many of these lec-

tures .are indebted to those who lectured in former
years. Rather than adopt complex rules of author-
ship, we have chosen to acknowledge these fine pre-

2 decessors 1n this preface. Beyond those mentioned in

the introduction to the firet edition, I wish now to

’ acknowledge the stimulating past contributions of

Robert W. Colman, Dan1e1 Deykin, Irving Umansky,

‘”Herman,é. Godwin, .and Alan C. Aisenberg. To each

goee my qincere thanks. I must also give recognition

to the'cepable efforts of Mary Ochs who prepared

these pages for the camera and provided a sharp
editoridl eye.~ :

My colleagnes and 2 enjoy conpiling our thoughts

each year ior out“stndents dn this course. These
acts of celebration always cell to mind ‘the extra-

’ ordinary £ecunditg of contemporary biological thought

and the.iqgenu&ty of igs students. Hematology is end-"
lessly iaacinating and tbis is a great time in which
:the_teach;gg i@ﬁ i

William, S. Beck
February 1977



FROM INTRODUCTION TO FIRST EDITION

In the present‘Harvard Medical School curriculum,
’hematology is one of a dozen blocks within the large
one-year Pathophysiology course, which begins in the
middle of the first year. For many years we have
furnished our students in this course with syllabus
materials and lecture notes. These notes have long
been known as '"the camel," which,. as everyone knows,
s an animal that looks as thoughiit.hqd"been'pnt
together by a committee. When re;ponsibility for the
course came to me, the scahty 1ecturé notes took the
fo:mlof severe and often uninform#tive outlines.,
Sﬁudents complained of the burdeﬂé'of no£e-taking
and somé brought tape recorders. Aécérdingly; lec-
turers were asked to flesh out théif outlines and:
our camel grew. It became apparent, in time, that
the véluezof}the syllabus would be enhanced by care-
ful editing. The result is the present volume,
The'vast%expansion of knowledgg in the various
branches of pathophysiology poses an increasingly
difficult problem for those who would define the
content of a core. curriculumand establish standards
and priorities for what is to be taught. It is the
editor's yieﬁ that th;s difficult cause can only be
furthere& by the thqughtful preparation of texts
such as this. For ‘the fery act of editing'such a
volume necessitates choices and permits.corfelations
and overviews that are never quite possible when
many and diverse ‘individuals érelresponsible for a
course of imstruction. : : 3 >
- The major goal of this eqdeavor is to improve the
‘quality and usefulness of theseknotes as teaching
instruments. It is our intention to revise this
small volume frequently so it will retain the fresh-
“ness and curfency that characterized the informal
syllabus materialé of previous years.

Some believe it would now be appropriate to aBandon



gFrom Introduction to First Edition

formal lectures. I see much merit in that proposal.
Surely, medical students are capable of handling
reading assignments. Surely, th;y deserve exemption
from having read to tﬁem lectures that they could as
well read themselves. Still there is cause for re-
gret about a step that would deny students an hour
or two with colleagues who rate high as teéchers,
scientists, and personalities. How to make the best
use of thegé'hohrs will be the subject of experimen-
tation and innovation in the years ahead.
Meanwhile, we hope that this brief volume will be
useful to our students, both in the second year
hematology courﬂe and in later clinical years. We
hope, too, that students and physicians beyond Har-
‘vard Medical School nay find this a helpful review
of hematology, one that may serve as a compendium
and guide to the several large new textbooks of
hematology. Iﬁ a sense, this volume is a successor

- to Ham's famods Syllabus and its revision by Page
and Culger. Unlike the present volume, however, the
eérlief~sy11§hu§és:placeﬁ major emphasis on labora-
tory diagnosis. }

I wish, in closing, to acknowledge a group of fine
young eollhgues who taught for a time in this course
and then went to positions of leadership elsewhere.
3 gefer to Neil Abramson, Richard H. Aster, and
Richard A. Cooper. Each left his mark on this course
and on the lecture notes prepared by successors. The
same may be sai& for Louis K. Diamond, who for many

years was a mainstay of the hematology course.

William S. Beck
February 1973
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LECTURE 1

I.BIOLOGY OF
HEMATOPOIESIS

A.Ontogeny

ERYTHROPOIESIS AND INTRODUCTION TO THE ANEMIAS

William S. Beck

In the third week of human embryogenesis, mesenchy-
mal cells in the yolk sac form clusters called
blood islands. Peripheral cells of the islands join

to form a primitive vascular system. Simultaneously,

central cells of the islands differentiate into ele-
ments that become detached and are carried off by
the mounting stream of primitive plasma. These are

the yolk sac gtem-éells. Some differentiate into

primitive erythroblasts, the earliest hemoglobin-

synthesizing cells. Unlike pronormoblasts of adult
bone marrow, they do not mature into erythrocytes.
In the third month of embryonic life, yolk sac stem
cells migrate to the liver, which then becomes the
chief site of blood cell formation. Additional con-
tributions are- then made Sy the spleeh, lymph nodes‘
and thymus. Hematopoiesis may continue in the liver
until after birth. However, bone marrow hematopoie-
sis begins in the fourth lunar month and by the end
of gestation is the major soﬁrce of blood cells.

The terms medullary and extramedullary hematoﬁoie—

sis denote blood cg}liprodﬁction, respectively, b&
bone marrow and by tissues other than bone marrow.
At birth, medullary hematopoiesis occurs in almost
every bone. Flat bones (sternqm, ribs, skull, ver-
tebrae, and innominates) retain most of their
hematopoietic activity throughout life, but hemato-
poiesis progressively diminishes within the shafts
of long bones. In the adult, it is limited to the
ends of these bones. At tjmes of increased demand
for blood cells, active marrow reappears in these-

sites. With the exception of lymphocyte production,

‘hematopoiesis in the adult occurs exclusively in

bone marrow. As noted below, even lymbhocytes de-~



B.Phylogeny

- C.Mammalian bone

marrow

Erythropoiesis and the Anemias

rive from medullary precursors. Some extramedullary

hematopoiesis persists at birth, but it rabidly

diminishes to resume only under abnormal circum-

stances. In such instances, liver and spleen are
the major loci of extramedullary hematopoiesis.
Curiously, the thymus never resumes this embryonic

function.

Much has been learned of the physiology of blood
from studies of the evolution of the hematopoietic
system. Amphioxus and other primitive chordates

lack blood cells. In some invertebrates, hemoglobin

"occurs in. solution in plasma. The mature red cells

of reptiles, birds, and fish contain nuclei and
metabolically active ribosomes and mitochondria.
The locus of adult blood-forming tissue varies in
different species. For example, it is kidney in
amphibia and teleosts; gonads in some fishes; liver
in turtles; and tissues around the heart in stur-

geon and paddlefish.

The fine structure of bone marrow was not eluci-

dated until recently. Nutrient artefies enter mar-

row cavity through bone foramina. Arteries branch
into distibuting arterioles that give rise to an
endosteal bed of sinusoids. From the bed, sinuses
travel in a radial direction toward the central
longitudinal veins lying in the long axis of the
bone. Hematopoietic tissue lies between the sinuses.

Erythropoiesis, granulopoiesis (or myelopoiesis),

and thrombopoiesis take place extravascularly in
the marrow stroma outside the sinusoids. Rates of
hematopoietic activity and blood supply are related.
Sinusoidal walls have three layers: endothelial

cells, basement membrane, and adventitial cells.

Endothelial and adventitial cells are both mono-



II.STEM CELLS

A.Morphologic
definition

B.Kinetic definition

Biology of Hematopoiesis

nuclear reticulum cells that are capable of phago-
cytosis (as will be discussed in Lecture 2). Blood
is présent within the sinusoids, but intrasinus-
oidal materials (both diffusible and particulate)
have free access to eitrasinusoidal areas through
gaps in the walls. Hematopoietic cells, having
undefgone maturation outside the sinusoids, gain
access to the sinusoids at a critical moment in the
maturation sequence. Thn.méchénism of this event,
known as release of blood cells from marrow into

blood, is poorly understood.

Much evidence exists ‘that the marrow of adult mam-
malsicnntains pluripotent stem cells that give rise
to the several lines ofidifferentiated blood cells--
erythrocytes, granulocyfés;.thrombocytes (plate-
lets), and also to 1ymphoidgcells. In the past,
semantic confusion has arisen from the fact that

the term "stem cell” is defined in at least three
ways. '

One definition of the stem cell is as a morphologic
entity. However, étem celis are so'few in number
they were not identified until recently. They were
finally revealed, to the disappointment of some, as
small mononuclear cells resembling lymphocytes.

They are mobile cells and are normally present in
the blood (about 1-5 per 10° nucleated cells). At
certain times, e.g., after whole body irradiation,
during antigenic stimulation, the number in blood
increases. As noted above waves of migration also

occur during embryonic life.

'The stem cell is also definable as a kinetic en-

tity. The stem cell pool is recognized by its abi-
lity (1) to be self-maintaining and (2) to give



C.Operational
definition

Erythropoiesis and the Anemias

rise to further differentiated cells. Our knowledge -
of bone marrow function implies that such cells must
exist. In kinetic terms, any cell with these proper-
ties is a stem cell, even if it is already partially
differentiated.

To obviate confusion between the kinetic and mor-
phologic definitions of stem cell, the noncommittal

term a.cell is preferred in kinetic discussions in

.place of stem cell. An o cell is any cell that can

replace itself and give rise to.a more differenti-
ated cell. The latter is termed an n cell. Discus-
sions of bone marrow kinetics ordinarily deal with
the behavior of compartments of cells. A compart-
ment is.defined as any distinct class of cells,
whether the distinétioﬁ is based on function, mor-
phology, developmental stage, or other properties.
The definition of the o 'cell just given is perhaps
more accurately applied to the a cell compartment,
for it is -the compartﬁeﬁt that renews itself and
gives rise to further differentiated cells. This
is the case because indeterminacy surrounds the be-
havior of individual a cells, which may behave
asymmetrically (o > a,n) or symmetrically (a + 2a,

or a * 2n). Thus, the net behavior of a population
of o cells involves statistical considerations since
experimental difficulties obscure the behavior of

any single stem cell.

This definition regards the stem cell as a colony-
forming unit, or CFU, in the assay system devised
by Till and McCullocﬁ. In this method, suspensions
of marrow cells are injected intravenously into
lethally irradiated mice in which the spleen and
marrow have been reduced to stroma and are heﬁato—
logically empty. After 10 days, discrete macrosco-

pic colonies are observed in the animal's spleen,



Stem Cells

which has become a "home" for the wandering injected
stem cells. Single stem cells lodge in the spleen
stroma 3nd there, under the peculiarly specific

influence of the so-called hematopoietic inductive

microenvironment (HIM), proliferate and differen-

tiate into large colonies. Initially, stem cells
proliferate actively and produce minute clonal

~ colonies, of undifferentiated étem cells. After 5
days, specific differentiation takes piace and dis-
crete colonies are seen macroscopically on the sur-
face of the spleen and within its parenchyma.
Chromosome 'studies. indicate that each colony is
derived from a singleAstem cell. In view of this,
.enumeration provides a valid quantitative assay of
the number of CFU's. In this method stem cells are
_detected indirectly by observing the results of
their proliferatién and differentiation; hence '"CFU"
is a noncommital or operational term applicable to
colony-forming units from injected suspensions of
marrow, spleen, or diverse materiais.

Most spleen colonies (60% of them) contain only
_erythxoid cells. About 20% contain only myeloid
cells (neutrophilic); 15% are megakaryocytic. After
‘10 days, colonigs may include more than one cell
line~-and more-CEUfs. This is evidence that the
marrow stem cell gives rise to each of the principle
cell lines. Some believe it also gives rise to
other marrow elementé, including lipocytes, fibro-
cytes, chondrocytes and osteocytes.

A second assay.system for stem cell colonies em-
ploys tissue culture methods. Such‘techniquesvwere
unreliable until it was found that media must be

semisolid and contain a stimulating factor. The

first colonies obtained in culture consisted of
myeloid cells and depended on a stimulating factor

called.colonyéstimulating actiﬁity, or CSA, which




Erythropbiesis and the Anemias

is readily providéd by "feeder cells." A layer of
neonatal kidney cells, for example, produces a fac-
tor that disposes marrow stem cells to form myeloid

clones in 7-10 days. For human cell cultures, the

. best ‘source of CSA is blood leukocytes. When leuko-

cytes are fractionated, the richest subcellular
source of CSA is the cell membrane fraction. CSA
exists in several molecular forms that have been
designated (with their mol. wts.): CSA I (60-
70,000); CSA II (35,000); CSA IIT (15,000); and CSA
IV (1,300). Forms I, TI, and III are glycoproteins;
IV is a hydrophobic' peptide. Myeloid colonies in
cultufe differ from spleen colonies, e.g., culture
colonies contain fewer cells (20-50,000) than spleen
colonies (> 10%). Their progenitors are termed,
respectively, CFU-C and CFU-S. This methodology
then led to discovery of the CFU-E, a colony-

forming unit, committed to erythropoiesis, and the
BFU-E, a "burst"-forming unit, also committed to
erythropoiesis and apparently a precursor of the
CFU-E.

Known progenitors of hematopoietic cells and their

lineages are summarized in Table 1-1 and Fig. 1-1.

Table 1-1. Known Hematopoietic Progenitor Cells
Term Required stimulus Detected by Postulated role
CFU-S  Mouse tissues Spleen colony assay Pluripotent stem cell
CFU-C  Feeder cell layer; Colony formation in Committed progenitor
urine, tissue ex- agar medium of granulopoiesis
tracts, leukocyte
extracts, etc. _
BFU-E Erythropoietin Colony formation in  Committed progenitor
agar culture of erythropoiesis
3 ; o (early)
CFU-E . Erythropoietin Colony formation in Committed progenitor
agar culture -of erythropoiesis

(late)
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/.\Band'r

Msgukaryocytes lymphocytes

Platelets ‘ ‘
} g Granulocytes and
macrophages

Fig. 1;1. Postulated lineages and relationships
of hematopoietic progenitor cells. (Adapted from
J. E. Till et al, Fed Proc. 34, 2279, 1975) .

Although ehéh type. of the CFU is a distinct progeni-
tor cell, only tﬁe'CFU—S.is a truly pluripotent

stem cell. The CFU-C, BFU-E, and CFU-E are unipo-
tential near-descendants already committed to dif-
ferentiation along a specific line. They require
only a stimulus to launch their maturation via blas-

tic transformation and further differentiation. The

stimulus is a humoral "poietin." Erythropoietin,
" the specific stimulus for stem cells committed to
erythropoiesis, will be discussed later in this
- lecture. Mounting evidence supports the existence

of a leukopoietin and a thrombopoietin responsible

for the differentiation of stem cells committed to
granulopoiesis and thrombopoiesis, respectively.
These will be discussed in Lectures 16 and 25. Pre-
sumably leukopoietin and CSA are identical.

Stem cells have been profitably studied by "suici&e"
techniques in which actively dividing cells take up
enough tritiated thymidine (®H-TdR) to cause radia-
tion-induced '"suicide." In such experiments most
pluripotential CFU-S's are spared. Thus it is be-
lieved that pluripotent stem cells are in two func-
tional states: a majority that are at rest, and a

small minority that are actively proliferating



