
Chapter 8

The Flow of Granular Organelles
in Leukocyte Differentiation

Arthur K. Sullivan

1. INTRODUCTION

In following the milestones en route to our current image of life inside the cell, one is
reminded of the aphorism that medical science begins and ends at the bedside. Those
careful and insightful clinical observations, unfolding with the suspense of a great mystery
novel, have stimulated many of the basic advances in the field. From their studies on
families with premature heart disease and abnormal lipoproteins, Brown, Goldstein, and
co-workers expanded the concept of intracellular vesicular traffic (Goldstein et ai., 1985).
From observations on children with skeletal deformities and psychomotor retardation
came a new model for how enzymes are directed to lysosomes (Kornfeld, 1986). From
experiments on abnormal blood cells of children with recurrent severe infections were
defined new mechanisms of cell adhesion (Springer et aI., 1987).

Just as the morphogenesis of a whole organism proceeds according to finely timed
and regulated events, so does the synthesis of each organelle within a single cell. Accord
ing to the dictates of its genetic design, a developing blood cell forms granules to
compartmentalize the elements of its secretory apparatus. In a mature neutrophil, mac
rophage, platelet, eosinophil, or basophil, these specialized organelles constitute a major
determinant of function, and if the process fails at any step along the way, disease soon
will follow. As an example, consider the transition of a myeloblast into a polymorpho
nuclear neutrophil. The first stage, the promyelocyte, is defined by the presence of
specialized lysosomelike structures called azurophilic granules. Later, the emergence of
secondary or specific granules identifies the myelocyte. Both of these organelles are
formed in the Golgi apparatus by a series of synchronized reactions that assemble the
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constituent proteins into a precursor vesicle. When myeloid precursors become neo
plastic, they often deviate from their normal program of maturation and fail to produce
granules of sufficient number or quality. This, along with deficiencies in both the phago
cytic apparatus and essential plasma membrane components, results in a predominance of
cells that lack adequate microbicidal competence to prevent recurrent infection, sepsis,
and eventual death of the host.

Throughout this review, intended more to whet the appetite than to be comprehen
sive, I will try to connect different areas of research pertinent to leukocyte differentiation,
summarize the current view of how membrane organelles are formed, discuss a few
illustrative clinical conditions, and finally ponder some of the questions that await an
answer. Because justice to these different topics would require a separate review for each,
I have had to be selective, omitting individual papers and whole areas that might be
significant, and have referred the reader to other publications where details can be found.

2. BIOGENESIS OF MEMBRANE-BOUND ORGANELLES

2.1. Introduction

Although other tissues (e.g., pancreas) can differentiate to form an organ containing
a stable population of secretory cells, leukocytes are exceptional because they are in a
state of constant turnover-each species with its unique granules is replenished from a
common progenitor. From the experimentalist's point of view, however, this complexity
presents problems in trying to dissect how the intracellular machinery is formed. For this
reason, much of the background information has been derived from simpler models, and
at this point I will review some of the present concepts of how the internal membrane
compartments are made.

2.2. Endoplasmic Reticulum

Any protein destined to reside in a membranous organelle, either on the surface or
within the cell, is synthesized, processed, and transported as part of a smaller vesicular
package. It has been one of the major challenges in cell biology to understand the logic
used by these wandering bodies along the way to where they should go. The importance of
this process already has been emphasized by some of the catastrophic diseases that result
when the system does not work.

2.2.1. How Does a Protein Enter the Membrane Compartment?

The first problem was to understand how a nascent protein in a ribosomal complex on
the cytoplasmic side of the endoplasmic reticulum (ER) passes through the membrane into
the lumen, and after it is assembled how it is incorporated into a vesicular carrier bound
for other loci. Stated another way, the question was; What are the signals that direct the
RNA complex to the right place on the ER membrane, and how can a chain of polar amino
acids pass through the lipid bilayer while obeying the rules of thermodynamics? Out of
this evolved the model of the signal recognition particle cycle. This process has been
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reviewed in detail (Rapoport and Wiedmann, 1985; Duffaud et ai., 1985; Rapoport, 1986;
Walter and Lingappa, 1986; Von Heijne, 1988; Lingappa, 1989) and will be summarized
here.

Usually, translation begins at a methionine codon near the 5' end of the rnRNA and
results in a 15-30-amino-acid sequence that becomes attached to a cytosolic complex
composed of a small RNA chain and six proteins, which together are called the signal
recognition particle (SRP). After the SRP-ribosomal complex has been formed, the rate
of translation slows until the complex binds to a receptor on the cytoplasmic side of the
ER membrane called the docking protein. This interaction results in release of the com
plex from the receptor, further elongation of the developing protein, and the beginning of
its intrusion across the membrane. Two predominant hypotheses compete to explain the
mode of vectorial translocation: one proposes that the protein assumes a conformation that
energetically is favorable for interaction with the lipid and that allows it to move in one
direction into the lumen; the other suggests that there is a chain of receptor-mediated
reactions that directs the flow of energy in the appropriate direction. After being translo
cated across the lipid layer, the polypeptide encounters a signal peptidase on the inner ER
membrane, and the signal sequence is cleaved, allowing the remainder of the protein to be
deposited inside the ER lumen. While on the way through the ER membrane, a decision
must be made as to whether the protein will be cleaved to a free form (as for secretory
proteins) or whether it will remain embedded in the membrane (as for integral membrane
proteins), and if fixed in the membrane, how many passes it will weave itself through.
Part of this process may be controlled by a stop-transfer codon, but other evidence from
studies on hybrid proteins, produced by recombining DNA from parts of genes encoding
different soluble and membrane-bound structures, indicates that the necessary information
may reside in the primary polypeptide sequence itself.

While still in the ER, a new protein acquires its N-glycosyl groups by transfer from a
dolichol-oligosaccharide intermediate, and then its mannose-rich core sugars undergo
trimming of their terminal triglucose (Hubbard and Ivatt, 1981). Other modifications
begin here also, including addition of N-acetylgalactosamine to form a linkages (Tooze et
ai., 1988), as well as acyl groups used for a selective kind of anchoring to the membrane
(Hu et al., 1988). At present there is not sufficient information to predict which of the
proteins that exit from the ER are destined to be soluble secretory products or integral
membrane components. There is equally little indication of how a single cell at different
stages in its differentiation can produce many kinds of granular organelles.

2.2.2. What Regulates Exit from the Endoplasmic Reticulum?

After its synthesis is complete, the polypeptide chain is transferred from the ER to
the Golgi apparatus by a process that appears to be the limiting step. Although the passe
partout contained in the primary sequence, or the conformation that permits passage and
determines the rate of flow, has not been identified, it is evident that different proteins
proceed with different kinetics. From studies on three structures that remain in the ER, it
has been suggested that there may be a "gatekeeper" conformation possessing a common
C-terminal tetrapeptide sequence (reviewed in Lodish, 1988). Other work with a mutant
low-density lipoprotein receptor from the WHHL rabbit has shown that the abnormal
precursor protein is of normal size but is degraded before it reaches the plasma membrane.
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Analysis of its encoding gene showed that there is a four-amino-acid deletion in the region
of the membrane junction in a cysteine-rich domain that may prevent exit from the ER.
The authors postulate that this gatekeeper in some way is mediated by formation of
disulfide bonds (Yamamoto, 1986). In another example, a comparison between homolo
gous H2-D and -K murine major histocompatibility complex antigens revealed that the
rate of transfer from ER to Golgi was different for each of them. Such a divergence
between two so closely related structures implies that even more subtle conformational
differences may be the controlling parameters (Williams et at., 1985). In a simpler
system, the slime mold Dictyostelium, mutants have been isolated in which both the
mannosidase and glucosidase contained the correct primary sequence, but neither was
proteolytically processed in a normal manner. These enzymes accumulated in the ER and
did not reach the Golgi, again suggesting that unless a protein can attain the proper
conformation, the localization mechanism cannot function as usual (Woychik and Di
mond, 1987).

The carrier that passes proteins on to the cis Golgi appears to be a membrane vesicle.
It has been identified on density gradients in the very light fraction and enters the stack at a
rate proportional to the rate of secretion of the protein (Lodish, 1988). Distinct from
endosomes, these particles do not contain clathrin but bear another type of coating that has
not yet been identified (Orci et at., 1986). Little is known in mammals of how this
intermediate organelle finds the Golgi, but work with the sec-23 yeast mutant has indi
cated that there is an acceptor protein essential for the process of transfer from the ER
(Ruohla et at., 1988).

2.3. Golgi Complex

2.3.1. Pattern of Flow Through the Golgi Apparatus

After a protein has entered one of the cisternae along the cis face of the Golgi
apparatus, its sugars undergo extensive modification before it finally is released from the
distal trans side (reviewed in Krag, 1985; Farquhar, 1985; Pfeffer and Rothman, 1987).
Early in the course of transit, further mannoses are trimmed from the core before it is
rebuilt into complex and hybrid chains by a host of glycosyl transferases located in an
assembly line fashion along the Golgi membranes. It is not difficult to imagine many
levels at which the character of oligosaccharides can be influenced, depending on the type
and conformation of substrate encountered by the enzyme, how their activities are modu
lated, and how the accessibility and function of sugar nucleotide transporters are regulated
(reviewed in Schacter, 1986; Deutscher et at., 1984; Deutscher and Hirschberg, 1986;
Hirschberg and Snider, 1987). As demonstrated by Pfeffer and Rothman (1987) in cell
free systems, transfer of product between the cis, medial, and trans compartments is
mediated by vesicles. Although specific signals or "routing labels" have not been identi
fied for this process, there is evidence that transport from one Golgi subcompartment to
the next is not random but follows the direction of the recognized compartmental bound
aries. After emerging from the trans face of the stacks, the particle must undergo homo
or heterotypic fusion events or migrate to another site to finally become the mature
organelle it is destined to be. This implies the existence of a further unidentified signal
molecule(s), especially since the role of clathrin as an element of intermediate vectorial
flow remains controversial.
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Quite relevant to differentiation and cell function is the possibility that this complex
interplay of signals may not be fixed in a cell but may be subject to further regulation. For
example, in rat hepatoma cells infected with mouse mammary tumor virus, a major viral
protein is synthesized in the ER as a 74-kDa precursor and, after proteolytic processing in
the Golgi, finally appears on the plasma membrane as a 50-kDa form. However, after the
cells have been exposed to dexamethasone, the same precursor gives rise to three plasma
membrane species of 78, 70, and 32 kDa. Because the effect is inhibited by monensin,
and further sugars have been added to the mannose core, it is possible that the proteolytic
processing occurred in the medial or early trans Golgi elements (Haffar et at., 1988).

2.3.2. Where i>oes the Sorting Mechanism for Membranes Reside?

Evidence is beginning to emerge that the place for actual sorting of products destined
for membranes of cytoplasmic granules is in the trans Golgi stack or in the more distal
trans Golgi network (reviewed in Griffiths and Simons, 1986). After a protein has been
fully processed and is ready to migrate to its final destination, what are the determinants
that dictate either secretion or transport to a membrane organelle? Kelly (1985) has
proposed a model in which the process of protein migration, regardless of final destina
tion, can be either constitutive (implying a constant low-level release or localization) or
regulated (implying sudden discharges of activity following an appropriate stimulus)
(Burgess and Kelly, 1987). Unless the proper signals are supplied, the product follows a
process of passive bulk membrane flow by which the system is programmed to move
vesicles constantly to the plasma membrane.

To identify the point of divergence between the regulated and constitutive pathways,
experiments were designed with the AtT20 pituitary cell line, which has retained its
capacity to make secretory granules. A transfected influenza virus hemagglutinin (HA)
protein was the model constitutive protein, and insulin inserted into the pathway via its
cDNA was the regulated species. Both of these proteins were randomly distributed
throughout the Golgi complex, but outside of the trans face HA was found only in 100
300-nm vesicles and insulin only in typical dense granules. Applying this technique to
pancreatic beta cells, the investigators showed that both naturally secreted insulin and HA
were found in the trans-most cisternae, but coated granules contained only insulin.
Because it already had been shown that immature vesicles are clathrin coated immediately
after their exit from the Golgi and mature secretory granules no longer are coated, they
concluded that the sorting of HA and insulin preceded formation of the coated particle.
Presumably, this occurs somewhere in the trans-most compartment, and other specific
signals are required at that point for entry into the regulated pathway (Orci et at., 1987).
Similarly, it has been shown in AtT20 cells infected with hepatitis virus that both adre
nocorticotropin and viral proteins travel the same course through the Golgi but diverge
into separate units after they exit from the trans compartment (Tooze et at., 1987).
Because electron microscopic (EM) studies have shown that it can contain both recycling
transferrin receptor and newly formed alpha-I-antitrypsin at the same time, this organelle
may contain also the apparatus for redirecting the endosomallendocytic and exocytic
pathways (Stoorvogel et at., 1988).

Other evidence does not easily fit into a model of simple passive flow through the
proximal Golgi, with active sorting at the distal end. In studies comparing the maturation
of a constitutively secreted Drosophila protein (YP2) that contains a single tyrosine
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sulfation site with that of a mutant that lacks the site, it was noted that the defective fonn
resided in the trans Golgi for a longer time. The authors interpreted this to imply that there
may be a confonnational or S-mediated controlling element (Friederich et al., 1988).
Furthennore, detailed ultrastructural observations and reconstruction of the entire three
dimensional topography of the Golgi apparatus of pancreatic acinar cells have shown that
prosecretory granules appear initially as dilatations on the fenestrated saccules of the cis
(!) side and continue to enlarge as they migrate toward the trans elements prior to budding
(Rambourg et al., 1988).

2.4. Lysosomes

Whatever the mechanism that detennines the route of a glycoprotein through the
Golgi apparatus, we still are left with the problem of how the soluble contents and
membranes come together in a coordinated manner to fonn organelles such as Iysosomes
or leukocyte granules. At present, one subset of lysosomal enzymes and a few lysosomal
membrane proteins have been studied in detail.

2.4.1. The Mannose-6-Phosphate Pathway for Localization
of Lysosomal Enzymes

In the course of studies on fibroblasts from children with a rare syndrome of mental
retardation, skeletal defonnities, and hepatosplenomegaly (I-cell disease or mucolipidosis
II), it was noticed that abnonnal products remained stored in the lysosomes. Further
experiments tracing the pathway of glycosylation of lysosomal proteins revealed that
many acid hydrolases were not phosphorylated at the 6 position of mannose as they are in
nonnal fibroblasts because the N-acetylglucosarninyl-phosphotransferase enzyme was ei
ther absent or defective. This enzyme mediates transfer of P-GIcNAc to protein from
UDP-GIcNAc, fonning a substrate for phosphoglycosidase, which in turn cleaves the
sugar and leaves the phosphomannose-protein (reviewed in Kornfeld and Sly, 1985). By
combining with a receptor for mannose-6-phosphate (M6PR) in the Golgi apparatus, the
product is concentrated and targeted to a prelysosomal vesicle. More recently, two M6PRs
have been identified, one a 46-kDa protein that binds its ligand by a Ca2 +-dependent
process and the other a 215-kDa, Ca2 +-independent structure. Both species have been
found also on the cell surface, but the smaller fonn appears not bind to exogenous ligands
(Stein et al., 1987). The pH dependence of the receptor-ligand interaction enables the
complex to dissociate as the maturing lysosome becomes progressively acidified, freeing
the active enzyme. A special adaptation of this mechanism has been made by osteoclasts,
which appear to use the M6PR to target hydrolytic enzymes to their apical ruffled border
for secretion at sites of bone resorption (Baron et aI., 1988).

Despite the elegance of this work, some very important gaps remain to be filled.
Because not all proteins that bear the requisite core sugars are phosphorylated and sugars
themselves are poor substrates, there must be other control mechanisms that detennine the
selectivity of the phosphorylation reaction. Also, because children with I-cell disease do
not suffer from recurrent infections and their neutrophils appear to have nonnal granule
contents, there must be parallel but different targeting mechanisms operating in other cells
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(Varki et ai., 1982). Evidence for an alternate pathway has been suggested by the observa
tion that beta-galactosidase of epididymal cells binds to membranes through a mechanism
that is inhibited much better by fructose-l,6-diphosphate than by mannose-6-phosphate
(Sosa et ai., 1987).

2.4.2. Lysosomal Membranes Contain Specific Proteins

To fonn a complete organelle, the lysosomal enzymes must be encased in a proper
membrane package. A few proteins have been described that are restricted primarily to
lysosomal membranes, but the recognition code that detennines why they localize there
remains a mystery. Two lysosome-associated membrane proteins (LAMPs) of murine cells
have been studied in detail. LAMP-l and LAMP-2 are highly glycosylated, highly sialy
lated proteins of 105-115 and 100-110 kDa, respectively, originating from a core protein
of 45 kDa. Their tissue distribution is quite interesting in that the major sites of expression
include macrophages as well as epithelioid cells such as kidney tubules, islets of Lan
gerhans, and hepatocytes but not most stromal cell types. Functionally, they may be
involved in proton transport, as indicated by the fact that polyclonal antibodies to them
also reacted with the H+ /K + -ATPase. During their synthesis they are concentrated in the
ER and processed by the Golgi, but they appear not to be phosphorylated on glycosyl
groups (Chen et ai., 1986; D'Souza and August, 1986). More recently, a cDNA for
"LAMP-A" has been cloned from human tissue; it was found to have homology to
immunoglobulin A in the hinge region but did not show any similarity to the M6PR. This
was accomplished after immunopurifying a major sialylated glycoprotein called leuko
sialin from an extract of chronic myelogenous leukemia (CML) cells and later demonstrat
ing immunological cross-reactivity with murine LAMP-l and -2. The high sialic acid
content suggests that it is sorted to the lysosome after passage through the trans Golgi,
because that is where most of the enzymes reside for sialylation and fucosylation reactions
(Viitala et ai., 1988).

A second group of lysosomal glycoproteins (lgp's) has been purified from rat liver;
this group includes species of 120, 100, and 80 kDa that also are heavily glycosylated and
rich in sialic acid. The distribution of gp120 appears to be quite restricted, not detected
even in endosomes (Lewis et aI., 1985). Later cloning of a cDNA showed that the gp120
protein contains five domains similar to that of LEP 100 of the chicken (see below) and
19p 110. Previous speculation that the rich glycosylation of these proteins protected them
from lysosomal proteases did not prove true, because they were shown to be as sensitive
to trypsin as other proteins that bore fewer oligosaccharides (Howe et ai., 1988).

A third group of lysosome/endosome/plasma membrane (LEP) proteins related to
the 19p's was described in chicken embryo fibroblasts. LEP 100, another highly glycosy
lated species derived from a core polypeptide of 45 kDa, was different from other similar
structures in that 90% of it was found in the lysosome, 5-8% was in the endosomal
compiutment, and 2-3% was in the plasma membrane. The endosomal fraction appeared
to be localized by a cloroquine-sensitive process, indicative of a unique recycling pathway
between the lysosome, endosome, and cell surface (Lippincott-Schwartz and Fambrough,
1987). A cDNA of avian origin has been expressed in mouse cells, and the protein product
has been colocalized to lysosomes with LAMP-l and -2. This implies that the necessary
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infonnation for lysosomal targeting lies within the protein itself and does not depend on
modifications restricted to a particular cell (Fambrough et ai., 1988).

2.4.3. How Are Lysosomal Membrane Proteins Processed in the Goigi Complex?

From what has been described above, it is clear that many lysosomal membrane
proteins are glycosylated and probably continue in the Golgi complex through to the trans
elements. The M6PR has been used as a model to follow this process in a number of
studies because it is an integral protein of the Golgi and plasma membranes and carries
enzymes to the prelysosomal compartment but itself does not go into the lysosome. Thus,
it is a useful marker in pinpointing where the final sorting events might occur. In rat liver,
M6PR is found in the trans Golgi as well as in the coated vesicles that are thought to
shuttle the receptor on to distinct endosomes. Also, the Ca2 + -independent fonn has been
shown to be the receptor for type II insulin-like growth factor, to be phosphorylated on
tyrosine and serine, and to be concentrated in a detergent-insoluble, clathrin-coated sub
cellular fraction (Corvera et ai., 1988). An indication of where the M6PR and lysosomal
components diverge has come from experiments showing that after they pass through the
trans Golgi, 19p's are found in high concentration in the lysosomes and low concentrations
in the Golgi, plasma membrane, and endosomes, but M6PR is not detected in the
lysosomes at all. Thus, there must exist a post-Golgi, prelysosomal sorting organelle.
Trying to identify such a structure by EM, Geuze et ai. (1988) found the M6PR of rat
hepatoma cells in endosomal tubules and vacuoles but 19p's only in vacuoles. Monitoring
the course of an endocytic marker (horseradish peroxidase-ferritin), they observed that it
appeared sequentially through M6PR + 19p - ~ M6PR - 19p + vesicles and concluded
that the sorting compartment is the M6PR + Igp + endosome. A similar conclusion was
reached by Griffiths et ai. (1988) from studies on rat kidney cells. They identified the
M6PR in the perinuclear, para-Golgi, multilamellar organelle that contained 19p 120 as
well as cathepsin D and beta-glucuronidase. This entity, which they proposed to be the
"intennediate compartment binding the lysosomal enzyme biosynthetic and endocytic
pathways to lysosomes," was in the process of becoming acidified and was distinct from
the trans Goigi network.

Using methods whereby coated vesicles from endocytic and exocytic pathways could
be separated and immature and mature fonns of representative enzymes (cathepsins C and
D) could be distinguished, Lemansky et ai. (1987) showed that the exocytic coated
vesicles contained only immature enzymes and that lysosomes contained only mature
enzymes. These observations led them to conclude that the process of sorting to
lysosomes must occur distal to the trans Golgi and that coated vesicles are involved in
transport of newly synthesized lysosomal enzymes. The conclusion is supported by other
studies investigating the pathway of Igp 110 and 120 to the lysosome and of Fc receptor
and HA to the plasma membrane. Although the two classes of proteins flowed through the
Golgi complex at the same rate, the lysosomal components reached their destination too
quickly to be explained by an indirect route through the plasma membrane and back to the
lysosome. Thus, they go directly to the lysosome, probably after being sorted in the trans
Golgi network (Green et ai., 1987).

On the basis of this descriptive foundation, several laboratories are trying to elucidate
the mechanisms. Immunolocalization studies have shown that three typical highly
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glycosylated and sialylated lysosomal membrane proteins of rat liver (LIMPs) pass
through the Golgi, distribute to both coated and uncoated vesicles, and pass on into the
same lysosomal granule. Pulse-chase experiments of the three different structures revealed
that they flowed through the Golgi at different rates, suggesting that all proteins bound for
the lysosomal membrane do not have a common carrier. Incubation of cells with
tunicamycin actually increased the rate of incorporation into the lysosomes, supporting
the notion that N-linked oligosaccharides are not essential for targeting (Barriocanal et at.,
1986). It still is not known what triggers the movement of M6PR from binding sites in the
Golgi to the site of ligand dissociation. Although it has been proposed that the binding
process itself was the activator of forward movement and that dissociation 'signaled the
return of free receptors back to the site of binding, Braulke et at. (1987) showed that the
kinetics of the endocytic and sorting pathways follows a constitutive mode not altered by
ligand binding.

The lysosomes, and presumably other granular organelles, are not static bags of
enzymes. After or slightly before they exit from the trans Golgi network, the precursor
forms become progressively more acidic (Anderson and Orci, 1988). Other studies have
shown that after interspecies hybrids have been produced, the lysosomes intermingle and
intercommunicate, possibly through a distinct set of endosomes (Deng and Storrie, 1988).
Finally, in order to mediate their ultimate role of fusing with phagocytic vacuoles, they
must possess elements that enable them to distinguish their microtubule tracks from the
microfilaments (Matteoni and Kreis, 1987).

2.5. Communication between Compartments: Endosomes

Throughout the cytoplasm, heterogeneous membrane microvesicles, collectively
called the endosomes, mediate regeneration of the plasma membrane and communication
between compartments. There is an extensive literature on the movement and function of
these organelles in specific systems, and only selected points will be discussed here
(reviewed in Willingham and Pastan, 1984; Goldstein et at., 1985; Bergeron et at., 1985,
1988).

2.5.1. Generation of Plasma Membrane Heterogeneity: Polarity

Another challenging aspect of the localization problem is to unravel how the polarity
of selected plasma membrane proteins is generated in different types of cells (reviewed in
Simons· and Fuller, 1985; Simons, 1987). When grown under appropriate conditions in
culture, the colon carcinoma line CaCo-2 establishes a functional polarity for solute
transport and the topographical specialization in structure to support it. On the basis of the
disruption caused by tunicamycin or lysosomotropic agents, Rindler and Traber (1988)
proposed that the constitutive pathway may lead to genesis of membrane at the basolateral
side, but positive signals are needed for subsequent apical localization. Indeed, micro
tubule poisons allow apical proteins to sort erroneously in a basolateral direction and
block apical secretion of lysosomal enzymes (Eilers et at., 1989). In the Madin-Darby
canine kidney cell model, in which renal tubular epithelial cells form an up-down orienta
tion in culture, Vega-Salas et at. (1988) showed that intercellular contacts fix a first stage
of weak polarity during which most of the marker proteins associated with the apical
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surface are stored in a vacuolar organelle. This structure then fuses ("degranulates") at an
area of cell-cell contact at the basolateral side, after which the apical proteins migrate to
the free surface. From detailed kinetic studies, Bartles et al. (1987) showed that proteins
are fIrst transported to the basolateral side and only later are brought to the apex by
another retrieval process.

2.5.2. Communication between Plasma Membranes and Lysosomes

Assuming that the endosomes are a definite functional compartment with a distinct
set of rules to follow, what evidence is there for traffic between the organelles? Clearly
there is intercommunication between the plasma membrane and the lysosome, but it is not
a process of simple melding of one into the other. It has been estimated that only
approximately 1% of the internalized plasma membrane is recycled by way of the
lysosome, and the bulk is returned by an independent route (reviewed in Haylett and
Thilo, 1986). However, the mechanisms governing this course are not evident. Except for
those structures that bind their ligands in clathrin-coated pits and follow a distinct path
way, it appears that there is a similar rate of turnover for most of the plasma membrane
proteins, of which only a small fraction ever becomes associated with the lysosomal
membrane (Draye et al., 1987).

If the bulk of membrane proteins do not pass through the lysosome, where do they go
after endocytosis? On the basis of the fact that the Golgi apparatus is organized to expose
proteins to glysosyl transferases in a sequential fashion, the point of entry and route of a
protein through the stacks can be inferred by modifications of known model oligosac
charide carriers. Results from such studies have led to the conclusion that internalized
plasma membrane does not recirculate through the cis or medial Golgi compartments but
passes through the trans cisterns (Duncan and Kornfeld, 1988; Neefjes et al., 1988).
There can be exceptions to this rule, however, in specialized sites such as the synaptic
vesicule membrane. After fusing with the plasma membrane, certain granule proteins do
not recirculate all the way back to the Golgi but are recovered by a local recycling process,
presumably to keep the material closer to the synaptic terminal for reuse (Lowe et al.,
1988).

2.5.3. Are All Endosomes the Same?

Much of what is known about the activity of these particles has come from studies on
the routes followed by receptor-ligand complexes after they have been enclosed in an
endocytic vesicle pinched off from the cell surface. Depending on the specific molecules
involved, different pathways result: the receptor-ligand complex can return to the plasma
membrane intact (e.g., transferrin), it can be brought to the lysosome and degraded (e.g.,
Fc receptors), or it can dissociate, with only the receptor returning intact to the surface. To
address the question of whether there might be subpopulations of endosomes that mediate
flow along different routes, Bergeron et al. (1988) showed that there are two fractions
(early and late), distinguishable by density, degree of chloroquine binding (acidification),
and pattern of processing of insulin and prolactin, which were named early and late
because of the time sequence noted for the passage of internalized ligand-receptor com
plexes. Possibly, the late fraction may bear unique components, as determined by immu-
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nological markers (Ahluwalia et at., 1988). In agreement with these previous results,
Schmid et 01. (1988) used free-flow electrophoresis to separate endosomes into early and
late fractions and found that their markers could be traced sequentially from one to the
other. On the basis of the patterns obtained, they concluded that the early group is a major
vehicle for recycling of plasma membrane receptors but the late form is involved in
delivery to the lysosomes. However, each type contained distinct proteins and showed
quantal differences in surface charge, consistent with the hypothesis that one is
qualitatively different from the other, of independent origin, and not wholly derived from
the plasma membrane.

These intermediates introduce yet another locus at which specialization can develop
in a differentiated tissue and, in a regulated fashion, respond to the cell's programming.
For example, in the basal state, the glucose transporters of adipocytes are stored in
tubulovesicular structures of the trans Golgi and in small cytoplasmic vesicles, but after
the cell has been stimulated by insulin, they rapidly are translocated to the plasma
membrane (Blok et 01., 1988).

2.5.4. What Might Be the Regulators?

As one can see in this short survey of membrane protein synthesis, there are many
points from whence a minor deviation could be amplified into severe pathology for the
organism. In view of the links that have been made between the ras family of oncogenes
and the complex of GTP-binding structures (the G proteins), it may be opportune at this
time to review some of the evidence for their role in regulating intracellular organelles
(reviewed in Barbacid, 1987; Gilman, 1987; Stryer and Bourne, 1986). Recent reports
have implicated GTP at several controlling points in the process of protein flow through
the synthetic apparatus. It has been shown that for some polypeptides to be inserted into
the ER membrane during formation of the SRP-receptor complex, a GTP-binding protein
is required (Wilson et 01., 1988). In yeast cells, excess GTP can inhibit transfer from the
ER to the Golgi; in a cell-free system designed to study transport between compartments
of the Golgi stacks, addition of the hydrolysis-resistant GTP analog and G-protein ac
tivator GTP'YS resulted in a block at the site of the acceptor membrane, possibly at the step
of vesicle attachment prior to its fusion (Melan~on et 01., 1987). Further work with yeast
cells has revealed yet another site in the temperature-sensitive sec4 mutant, in which
transport of vesicles to the plasma membrane is blocked at the restrictive temperature. In
these cells the sec4 protein, a ras-like GTP binder normally located on the cytoplasmic
face of the plasma membrane and present in some secretory vesicles, does not function.
The authors propose that there may be a group of GTP-binding proteins that can regulate
different steps in exocytosis and that vesicular carriers of different classes might even have
their own form of GTP binders (Goud et 01., 1988). Some of these steps may rely on
fusion reactions of microsomes and endosomes that have been shown to depend on GTP
dependent-glycosylation steps (Paiement and Bergeron, 1983). In addition to regulating
the outward flow, GTP is required also for M6PR to recycle to the trans Golgi network
(Goda and Pfeffer, 1988). In an effort to unify all of this information into a conceptual
rationale, Bourne (1988) has proposed the "G-protein cycle" that regulates the shuttle
between donor and acceptor membranes. After the granular organelles have matured,
these molecules continue to exhibit their effects. Indeed, Bar-Sagi and Gomperts (1988)
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have shown that microinjection of human H-ras proteins into rat mast cells induces
degranulation, extending other studies with neutrophils that demonstrate a role for
guanine nucleotides at multiple steps in the secretion pathway (reviewed in Boxer and
Smolen, 1988). In addition to these observations involving G proteins, the p60 of the c-src
gene family of kinases has been found in high concentrations in adrenal chromaffin
granules and has been implicated in control of the exocytic process (Grandori and Hana
fusa, 1988).

2.6. Secretory Granules

2.6.1. Granule Genesis

Bringing us another step closer to what we encounter in leukocytes are the mecha
nisms of regulated secretion in endocrine cells. Most hormone-containing granules rest in
the cytoplasm until they receive a proper stimulus to migrate, fuse with the plasma
membrane, and release their contents. In the AtT20 pituitary tumor cell model, the
proteins of the granule contents, those of the granule membrane, and those of the plasma
membrane migrate together through the Golgi complex, and separate only later in a post
Golgi fraction. Evidence from experiments using fused genes of vesicular stomatitis virus
G protein (constitutive plasma membrane localization) and growth hormone (regulated
secretion), the products of which can be routed differentially depending on how the
construct is made, indicates that the process depends on information carried by the
protein. Although the code has not been deciphered, the implication of this experiment is
that there are signals for routing to the regulated pathway that ap~ar not to depend on
glycosylation or sulfation (reviewed in Moore, 1987). Even greater complexity is evident
from observations on bovine anterior pituitary cells that can secrete growth hormone,
prolactin, and secretogranin II. By EM, all of these hormones were found together in the
Golgi, but prolactin and growth hormone separated at the stage of budding of the pre
secretory vesicle and usually were distributed into separate secretory granules. Because
the separate granules were not the result of asynchronous synthesis, the implication is that
even within the regulated pathway there may be different controls operating in parallel
(Hashimoto et al., 1987).

2.6.2. Synthesis of Granule Membranes

To study the membrane components, Grimaldi et al. (l987a) prepared monoclonal
antibodies to rat insulinoma secretory granules and identified three main classes of inte
gral membrane proteins. One, called gpIOO-llO, selected for further examination, was
found also in the granules of adrenal chromaffin cells, anterior pituitary, and the liver.
They showed that glucose increased the rate of production of gpllO and proinsulin at the
same time, but induction of degranulation by tolbutamide did not turn on its production;
they concluded that although synthesis and secretion appear not to be coupled, regulated
synthesis of the membrane components is coordinated with that of the granule contents
(Grimaldi et al., 1987b).

In summary, at this juncture we can say that the understanding of how a protein
component of a membrane organelle finds its destination remains quite rudimentary. It is
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reasonable to suspect that subtle changes in the regulation of these events may play a
significant role in controlling a cell's interaction with its internal and external environ
ments. Now that the basic concepts have been formed and the tools are becoming avail
able, the field is ready to focus on model systems that examine the flow of molecules as a
cell evolves in its differentiation or is altered by disease.

3. LEUKOCYTE GRANULES ARE MAJOR DETERMINANTS OF FUNCTION

3.1. Neutrophils

3.1.1. Granules Reflect the Plan of Differentiation

Common to all nonerythroid blood cells is their ability to secrete products related to
their specialized function. Unique to each of them are their granules, evolved to another
level of complexity during differentiation of each respective lineage. Because these cells
have attained such refinement in their process of organelle synthesis, there is much to
learn from them about the dynamics of the internal membrane system.

For several years most of the interest focused on the granules of neutrophil precursors
because of their easy visualization by routine cytochemical staining as well as their
relevance to bactericidal function. Later, after the platelet release reaction became recog
nized as a significant mechanism in blood clotting, its granule components also came
under more intense investigation. Most recently, with the development of assays to mea
sure lymphocyte-mediated cellular cytotoxicity, the importance of lymphoid granules has
been acknowledged. In the following section, I will survey the major granule-containing
leukocyte populations, concentrating on neutrophils, briefly including platelets and
cytotoxic lymphocytes, but leaving eosinophils and mast cells to others. (See Chapter and
Volume by A. M. Dvorak).

3.1.1a. Suhpopulations of Neutrophil Granules: Morphology. How many dif
ferent types of granule are there in a human polymorphonuclear neutrophilic leukocyte
(PMN)? This question is not just a rhetorical query on how many angels dance on the head
of a pin, because for each structure identified there must be a routing and sorting mecha
nism to coordinate protein synthesis for the granule membrane and its contents. Early
histochemical observations on rabbit bone marrow showed that different membrane-bound
structures appeared in sequence during differentiation of myeloid cells. The seminal work
of Bainton and colleagues established the paradigm of two independent granule popula
tions that provided the temporal and morphological landmarks to begin further classifica
tion. According to this model, after a committed precursor cell (myeloblast) has devel
oped to the point that it produces prominent azurophilic ( primary) granules and
myeloperoxidase (MPO), it is called a promyelocyte. After its proliferative capacity
begins to diminish and the chromatin pattern matures, it is defined as a myelocyte, which
is characterized by another wave of synthesis that generates peroxidase-negative specific
(secondary) granules. For the most part this distinction remains true, although as we shall
see, the borders are becoming blurred and some significant exceptions have been recog
nized (reviewed in Bainton, 1977; Rice et al., 1986).

Although one can identify two types of granule that fulfill these classical criteria, in
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human cells the distinction between them is not as clear. Furthennore, conflicting tenni
nologies and variations in EM technique have led to controversy over a strict mor
phological classification. What is called primary, secondary, or tertiary depends on the
starting point; what may be described as dense can depend on the method of fixation; what
may be considered as variation in shape may depend on the plane of section. Other
qualitative changes occur during maturation of a single structure, as demonstrated by the
diminution of granule staining by cationic dyes between the promyelocyte and PMN
stages as a result of masking of ionic groups on the sulfated glycosaminoglycans (Parmley
et at., 1986). These problems have led to much reevaluation.

Observing the kinds of granules that emerge in myeloid precursors of human bone
marrow, Brederoo et at. (1983, 1986) identified three stages relating to the presence of
MPO. The earliest cell, which they called the eomyelocyte, was recognized by the
presence of nucleated granules, so called because of the central condensation in a round,
oval, or elongated structure. Although MPO was prominent in the rough ER and Golgi, it
was not present in the granule itself. This could imply that before the genes are activated
to make the enzymes of the granule contents, the apparatus must be in place to synthesize
the membrane bags. The second stage, the promyelocyte, showed MPO developing in
small para-Golgi vesicles, then in the nucleated granules, and eventually in azurophilic
granules with their homogeneous matrix and round or oval shape. Although fusions were
not seen, the proximity of vesicles to the granules suggests that they might occur; how
ever, whether MPO is shuttled from the Golgi to a prefonned granule remains to be
demonstrated fonnally. Later, as the size of the Golgi apparatus increases, the activity of
MPO decreases both there and in the ER. Finally, after MPO has disappeared from the ER
and Golgi, a population of elongated, round, or dumbbell-shaped structures begins to
emerge, defining the myelocyte. The question of whether other discrete types, such as
tertiary granules, may develop de novo after this stage remains controversial. A more
recent reevaluation by Tang and Clennont (1989) has demonstrated what appear to be
nucleated primary progranules fonning as bulging dilatations out of the trans Golgi of
promyelocytes. In addition, fusions between granules were clearly shown, some of the
same size and others possibly smaller. Secondary granules also appeared to come from the
myelocyte trans Golgi in a "peeling-off" pattern. Of special interest in this study was
their demonstration that although the cis/trans biochemical polarity of the Golgi apparatus
was preserved throughout granulocyte maturation, the concave/convex configuration
changed.

Using a modified technique for MPO visualization, a very strongly staining smaller
(100-200 nm) structure was identified in the late promyelocyte, after fonnation of the
usual primary granules (spherical, 500 nm; elongated, 200-600 nm) was complete. Often
they appeared in chains attached to trabeculae and tended to accumulate in the trailing end
of polarized polymorphs or at the periphery of spread cells. Appropriate controls showed
that they were not peroxisomes staining by catalase activity (Pryzwansky and Breton
Gorius, 1985). In another careful morphometric study correlating granule fonnation and
maturation of heterochromatin in feline PMN, it was concluded that some MPO-positive
granules do fonn at this stage, possibly by fragmentation of existing structures as well as
the addition of new material. How this might relate to the l00-200-nm particles and
concur with present models of vesicle traffic remains to be seen (Fittschen et at., 1988).
As is evident by now, much of the current view is based on the distribution of MPO.
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Evidence for heterogeneity within the primary granule population has come from colo
calization of MPO activity with immunoreactive elastase, showing in mature PMN that
there tends to be one subgroup with strong MPO and weak elastase and another with weak
MPO and strong elastase (Damiano et al., 1988).

Other proteins, such as lactoferrin (LF), have been found to segregate into the MPO
nonreactive granule population (reviewed in Boxer and Smolen, 1988). Earlier ultrastruc
tural studies had suggested that iron-binding proteins and immunoreactive LF colocalized
with peroxidase and were not in secondary granules (Parmley et aI., 1982). However,
more recent electron microscopic immunolocalization (immuno-EM) of LF in mature
PMN has demonstrated it to be concentrated in round or dumbbell-shaped structures of
approximately 160-nm mean diameter (calculated from the area published, assuming a
circle). In cells at this stage the Golgi and ER did not stain, but in myelocytes from the
bone marrow LF was detected in the Golgi, slightly in the ER, and in more spherical
particles varying between 160 and 225 nm in mean diameter. In promyelocytes, all
organelles lacked LF. Morphometric analysis revealed that the frequency distribution
curves of the sizes of the LF+ and MPO- granules were congruent and that these
particles accounted for nearly 100% of granules, indicating that if other populations exist,
they are a small minority (Miyauchi and Watanabe, 1987). Another interesting family of
molecules, localized to the membranes of specific granules and synthesized during the
myelocyte stage, are the leukocyte adhesion receptors (to be discussed in greater detail
later). By immuno-EM they have been visualized in only MPO- granules, and by simul
taneous staining they were found to be in a subpopulation of LF+ structures (Bainton et
al., 1987).

The granules of other leukocytes have not been subjected to such intense scrutiny.
However, in monocytes the peroxidase is encased in granules of a more complex mor
phology. These include round particles of variable size as well as other elongated struc
tures not found in PMN, which by computer-assisted reconstruction of serial EM sections
were shown to form a network. Because they contain other acid hydrolases and can be
released by agents such as phorbol esters, they are considered to be another type of
lysosome (Deimann and Teckhous, 1985; Swanson et al., 1987).

3.1.1b. Subpopulations of Neutrophil Granules: Degranulation. Another ap
proach to the study of granule heterogeneity is by a parameter related to the cell's function.
The release reaction of granulocytes is a complex process of excitation-response coupling
through which the contents of granule subpopulations are selectively discharged, depend
ing on the agonist used. Particulate activators, such as immune complexes, and the
chemotactic peptide formylmethionyl-Ieucyl-phenylalanine (fMLP) tend to stimulate ex
ocytosis of both primary and secondary types, whereas concanavalin A, phorbol ester,
lithium, and ionophore A23187 induce release of predominantly secondary granule con
tents. However, there are subtle concentration effects that are not well understood, as in the
example of synergy between cytochalasin D and fMLP to provoke the preferential release of
primary granule products. Thus, there is further evidence that these two types of particle are
under independent control (reviewed in Baggiolini and Dewald, 1984; Boxer and Smolen,
1988; Murphy and Hart, 1987).

Even within the two major classes of granules there appear to be functional subtypes.
Reflecting a possible subpopulation of primary granules is the observation that only two of
the three chromatographic variants of MPO were released by fMLP (Pember and Kincade,
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1983). The small (1S0-nm) MPO-containing granules that aggregate near the Golgi and
were found in the lightest-density fraction on the gradients described by Parmley et al.
(1987a) were not released by A23187. Using the probe fura-2 to monitor changes in the
concentration of intracellular free Ca2 + during fMLP-induced exocytosis of secondary
granules, Perez et al. (1987) demonstrated that less was required for release of vitamin
B12-binding protein than for LF, implying that there are functional subpopulations of
morphologically similar granules.

Further interest has focused on the behavior of the leukocyte adhesion receptors
stored in secondary granule membranes. After simulation of PMN with phorbol ester or
low concentrations of fMLP, they are externalized onto the surface of the plasma mem
brane. Another particle that may be a distinct subclass of specific granules is the one that
contains the enzyme gelatinase. This enzyme is localized to a subpopulation of the LF+
structures, but other reports have indicated that it can be released by low concentrations
fMLP, concurrently with externalization of adhesion receptors (Mol antibody to the beta
chain) but independently of other primary or secondary markers (Bainton et al., 1987;
Petrequin et al., 1987; Stevenson et al., 1987). The three known members of this group of
adhesion proteins share a common light (beta) chain, but each has a different heavy
(alpha) chain, which according to the markers used by the International Workshop on
Human Leukocyte Differentiation Antigens have the designations CDI8, and CDlla,
-llb, and -llc, respectively. When PMN were induced to degranulate by fMLP or by
A23187 and cytochalasin B, there was increased surface expression of CDI8, -llb, and
-llc but not CDlla. Further experiments showed that cytochalasin B provoked more
release of gelatinase than of either lysozyme or beta-glucuronidase and that after density
separation of granules, CDllb and -llc appeared in the lightest fraction. The conclusion
was that molecules carrying different alpha subunits of the adherence glycoprotein family
are processed differently, with CDlla being directed mostly to the cell surface but DCllb
and -llc to a tertiary granule (Lacal et al., 1988).

3.1.1c. Subpopulations of Neutrophil Granules: Density. As discussed above,
there is evidence for morphological and functional heterogeneity among subpopulations of
MPO- and LF-bearing granules of neutrophils. Also, density gradient fractionation has
been applied to examine further differences in their physical composition. Using high
resolution isopycnic Percoll gradients, Rice et al. (1986) defined five heavy and eight
light granule subpopulations from mature PMN. Overall, the heavy corresponded to the
primary granules in that most of the MPO activity was concentrated in this fraction and the
light contained most of the lactoferrin, implying the presence of specific granules. In
general agreement with other morphological observations, ultrastructural examination of
samples from the gradients confirmed that those from the heavy fractions were larger, the
"typical" primary granules being 290 nm in mean diameter and the light fraction approx
imately 210 nm. Furthermore, in addition to the presence of a significant amount of MPO
in the lower densities and skewing of LF into the higher densities, there was not complete
congruence of the density profiles for MPO and another lysosomal marker, beta
glucuronidase. This heterogeneity is in agreement with what had been reported earlier
(discussed in Shannon and Zellmer, 1982). Indeed, Bretz and Baggiolini as early as 1974
had claimed that "azurophil granules must be considered a special kind of primary
lysosome which contains microbicidal agents in addition to the characteristic digestive
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enzymes" (Brets and Baggiolini, 1974). Even in the lightest fraction called the micro
granules, which had a mean diameter of 150 nm, there was a significant quantity of MPO,
comprising 3% of the cell's total. The smaller structures stained strongly for carbohydrate,
were formed during the promyelocyte stage in clusters near the Golgi complex, and were
not induced to exocytose by ionophore A23187. It remains to be seen whether they are
related to the small MPO-containing particles described previously (Pryzwansky and
Breton-Gorius, 1985; Parmley et aI., 1987a). Although the usual primary granule markers
(MPO, beta-glucuronidase, and elastase) were distributed throughout the five heavy frac
tions, they were more concentrated in fractions 1 through 4. The heavy fraction 5,
consisting of large (320-nm mean diameter) electron-dense particles present in promyelo
cytes, was unique in that it contained most of the defensin proteins (Ganz et al., 1985;
Rice et aI., 1987).

By relating a histochemical reaction for complex glycoconjugates to different density
particles, four predominant classes of granules have been defined: type I, mature second
ary with intense matrix but not membrane staining; type II, immature secondary with
intense matrix and membrane staining; type III, mature azurophilic with weak matrix but
not membrane staining; and type IV, immature primary, some membrane, and weak
matrix staining. The major conclusion from all of these studies was that there clearly is
heterogeneity among the classic primary/secondary designations and that the classic MPO
and LF markers do not strictly follow a classification based on either size or density alone
(Rice et at., 1986). How much of this heterogeneity reflects intermediates in the synthetic
pathways and vesicular traffic remains to be shown. Now that antibody markers are
becoming( available to identify granule membranes, some of these apparent discrepancies
soon may -be resolved.

3.1.2. Biosynthesis of Granule Contents

Beyond these morphological and functional descriptions, there has not been the same
detailed characterization of the synthesis of leukocyte granules as there has been for the
cytoplasmic structures of some other tissues. Nonetheless, recent attention has focused
upon MPO and LF as model proteins for studying the contents of primary and secondary
granules. Both molecules have been purified, their encoding DNAs have been cloned, and
it has been established that their biosynthesis and processing are temporally linked to the
stages of granulocyte development.

The gene for MPO, located on human chromosome 17, is activated early in the
promyelocyte stage. As the common single-chain precursor protein (80 kDa) matures
through the ER and Golgi apparatus, it is glycosylated, acquires a heme group, and finally
is processed into a homodimer of two heavy/light-chain (60 and 12 kDa) complexes.
Although one oligosaccharide chain is phosphorylated, it appears not to be essential for
targeting and thus not dependent on the mannose-6-phosphate mechanism. Because many
proteins contained in the primary granule are cationic, the speculation has been tendered
that proteoglycans might be involved as a carrier. Pulse-chase experiments with radioac
tive amino acid precursors localize enzyme activity to the heavy granule fraction as well as
to lighter vesicles. Although the incompletely processed enzyme is found in these smaller
particles, the mature primary granules contain only the fully processed species. Further-
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more, correct processing requires an acidic prelysosomal compartment, suggesting an
acid-dependent targeting mechanism (reviewed in Nauseef et al., 1988; Akin and Kin
kade, 1987).

Attempts to understand why MPO synthesis stops at the late promyelocyte stage have
used the human promyelocytic leukemia line HL60. These cells can be induced to acquire
some of the characteristics of mature polymorphic neutrophils but conveniently do not
make secondary granules or LF. During the course of their maturation, MPO-specific
RNA decreases in proportion to the overall RNA level, suggesting that posttranslational
processing may lead to its degradation before it reaches the stable pool and that there
might be an intact negative regulator for the gene itself (Tobler et al., 1988).

In normal marrow cells, biosynthesis of the LF protein begins at the myelocyte and
ends before the band stage (Rado et al., 1984). In both granulocytes from normal PMN
and those from patients with chronic granulocytic leukemia (CGL), an immature precursor
form of LF could not be detected; its oligosaccharide groups were processed more rapidly
than those of MPO, but its appearance in the granules, unlike that of MPO, was blocked
by monensin and NH4 +. Furthermore, the oligosaccharides of LF became resistant to
endoglycosidase H within 30 min, but MPO remained sensitive even in its mature form.
This has led to the speculation that MPO might be released from the cis Golgi and not be
transported through the medial/trans elements (Olsson et al.. 1988). Should this prove
true, in view of the observations of Tang and Clermont (1989) that primary granules come
directly from the trans Golgi, then one might expect to find another particle with a high
concentration of MPO fusing into a budding progranule that lacks MPO. From these data
taken together, it is quite clear that the two products are processed by different pathways.
Using a cDNA probe, Rado et al. (1987) were not able to detect any LF-specific mRNA in
HL60 promyelocytes; these leukemic cells, however, may not accurately reflect the tim
ing of normal marrow precursors. To understand how granulocyte maturation is regulated,
it is of utmost importance to know whether there is any overlap in expression of the MPO
and LF genes, now that the necessary tools are available.

3.1.3. Granule Membranes

Very little work has been done on the composition and genesis of the membrane
moiety of leukocyte granules. Antibodies to the LIMP structures of hepatocyte lysosomal
membranes (discussed above) localize to serotonin-containing granules in rat basophils,
indicating some proteins in common in the organelles of these two tissues. Of the four
proteins studied, LIMP-1 was on the plasma membrane also, and its concentration in
creased after degranulation was stimulated by A23187, whereas that of LIMP-2 and -3 did
not change (Suarez-Quian, 1987). Monoclonal antibodies D46 and K101 have been re
ported to show a granular pattern by immunoperoxidase staining and light microscopy of
HL60 promyelocytes and normal marrow cells and appear not to react with the plasma
membranes of normal human granulated cells, within the limits of detection by flow
cytometry (Fitz-Gibbon et al., 1985; Sullivan et al., 1986).

To attack the problem of granule genesis, the HL60 model can be a useful reference
for examining the process in a more controlled fashion than is possible with whole bone
marrow, as long as one does not forget its limitations. These cells, established from a
patient with acute myeloblastic leukemia (AML), continue to make peroxidase-containing
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granules but few, if any, secondary granules (Gallagher et ai., 1979; Fontana et ai., 1980;
Dalton et ai., 1988). Ultrastructural studies have shown that the MPO+ structures are of
two sizes, the relative frequencies of which can change with time of passage in culture
(Parmley et ai., 1987b). Further work with the D46 antigen revealed that it is expressed on
the surface of a blastic (agranular) variant of HL60 (HL60-D) and on some leukemic T
lymphoblastic lines that do not make any detectable cytoplasmic granules (Fitz-Gibbon et
ai., 1983). Irnrnunoprecipitation studies on biosynthetically labeled cells showed that the
determinant bearing the epitope on the plasma membrane of HL60-D was of a lower
apparent molecular mass (88 kDa) than the integral membrane protein of the parental
HL60 granules (l00-130 kDa) (Peyman and Sullivan, 1987). One could speculate thatthe
localization of this structure on the plasma membrane is a reflection of constitutive
expression in cells that are not able to form granules. However, in cells that have the
mechanisms activated to produce a complete primary granule, the protein localization
comes under the influence of the regulated pathway. Because the HL60-D cells lack any
detectable MPO mRNA (unpublished observations), the results suggest that the genes for
granule membranes might be under control mechanisms independent of those encoding
granule contents.

As determined by their mobility on sucrose density gradients, two major populations
of granules have been identified from HL60 cells. The heavier fraction contained the MPO
and cathepsin G activities, whereas the lighter contained acid phosphatase and beta
glucuronidase, in agreement with studies discussed earlier showing that in normal PMN
the glucuronidase activity tended to be skewed to lighter fractions compared with MPO.
Further work with another HL60 variant line (HL60-A7), containing large aberrant gran
ules deficient in both MPO protein and mRNA, showed that the 046 marker was concen
trated in the lighter fraction. This finding implies that some of the membrane components
of primary granule subpopulations might be unique (Sullivan et ai., 1986; Peyman and
Sullivan, 1987).

3.2. Platelets

The presence of platelet granules and their role in the release reaction are well
described. Although very little has been reported on the control of granule production,
there is a voluminous literature on the plasma membrane and its role in platelet activation
(reviewed in Colman, 1986; Steen and Holmsen, 1987; Clementson and Luscher, 1988;
Phillips et ai., 1988). Here, I will briefly discuss some of the recent findings that are
pertinent to our inquiry into leukocyte granules.

At least two subpopulations of cytoplasmic particles, called the alpha and dense
granules, have been recognized, each containing some components that are unique. In the
disease referred to as the gray platelet syndrome, so called because the platelets appear
faint on routine stains, there is a mild bleeding disorder and the alpha granules are
depleted of all seven of the associated proteins (beta-thromboglobulin, platelet factor 4,
thrombospondin, fibrinogen, fibronectin, platelet-derived growth factor, and von
Willebrand factor). Some of the lysosomal enzymes (e.g., glucuronidase) are present in a
normal concentration, whereas some others are decreased; aggregation of platelets and
release of the dense bodies appear to be normal in response to all stimulants tested except
thrombin. The authors suggest that there may be a packaging defect to account for a lesion
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involving so many different pathways (Srivastava et al., 1987). Using an antibody (SI2)
to a 140-kDa protein of the alpha granule, others have found that the abnormal large
vacuoles seen in gray platelets are reactive, implying that the megakaryocyte can produce
the organelle membrane but is not able to incorporate the content proteins normally (Rosa
et al., 1987). Another group of conditions has been described under the classification of
platelet storage pool diseases, some of which are associated with abnormalities of melanin
granules and abnormal secretion of lysosomal enzymes from the kidney, as well as the
defect in contents of the dense bodies. In the murine analog of this disease, the dense
bodies can be visualized with fluorescent dyes, but the chromogen is released prematurely
in both the mature platelet and the megakaryocyte, again suggesting a defect in the ability
of the structure to properly concentrate its usual contents (Reddington et al., 1987).
Morphological analysis of the release reaction has shown that some of the granules
migrate to and appear to fuse with the plasma membrane. Further confirmation of this has
come from studies with another antibody reactive with a 53-kDa protein present in
cathepsin D-containing granules of both megakaryocytes and endothelial cells. After
stimulation of platelets by thrombin, this structure is externalized to the plasma mem
brane, a phenomenon that has been used clinically to detect platelet activation in patients
with venous thrombosis and after extracorporeal circulation (Nieuwenhuis et al., 1987,
and references therein). These studies emphasize again in another type of cell the principle
of granule specialization in preparing a leukocyte for its task. Because some of the granule
constituents are synthesized by the developing megakaryocytes and others are incorporat
ed from the plasma, there must be further mechanisms for routing both kinds of products
to the right place in the cell (Handagama et al., 1987).

3.3. Cytotoxic Lymphocytes

Much in the news for their potential antitumor activity are the large lymphoid cells
that contain azurophilic granules (LGL). Such cells include lymphokine-activated killers
(LAK cells), cytotoxic T lymphocytes (CTL), effectors of antibody-dependent cytotox
icity (ADCC or K cells), and those known as natural killer (NK) cells, which lack the CD3
surface antigen or rearranged T-cell receptors. Whatever the recognition mechanism used,
which remains controversial for LAK and NK cells, an essential step in the killing process
involves polarization of granules between the Golgi complex and the nucleus and eventual
release at the site of contact with its target. Further proof that granule components are
direct participants in cytolysis comes from the observation that granules purified from
both a rat NK leukemia cell line and preparations of human LAK cells are able to kill
targets that are resistant to intact effectors. During their genesis, these organelles accumu
late the lytic effector molecules, which appear to include serine esterases, perforins related
to the ninth complement component (C'9), and another protein called NK cytotoxic factor
(reviewed in Henkart, 1985, Herberman et al., 1986, Tschopp and Nabholz, 1987,
Ortaldo and Longo, 1988, and Henkart and Yue, 1988; Lowrey et al., 1988).

In trying to understand this process from the point of view of leukocyte differentia
tion, two questions arise: Are LAK and NK granules different, and how are they pre
vented from leading to suicide of the host cell? Reynolds et al. (1987) have demonstrated
with rabbit polyclonal antibodies to rat LGL granules that cytolysis by NK cells, but not
by CTL or macrophages, could be blocked by F(ab)'z fragments, concluding that either
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there were different lytic mechanisms operating in the two types of cytotoxic cells or the
CTL junctions could not be penetrated. Conversely, Henkart et al. (1987) found that
antibodies to murine LGL granules neutralized the activity of both, concluding that the
two processes were similar. Assuming that both conclusions are correct, these data might
be evidence that the lytic granules of the two cell types bear both common and distinct
proteins. After being released into the effector-target junction, the lytic molecules must
be prevented from destroying the parent cell, because previous studies have shown that
NK cells are able to recycle and kill several times. In addition to possible specificity in the
form of membrane receptors for the toxins, other factors have been identified. A 65-kDa
granule protein, called homologous restriction factor, has been purified that can interfere
with channel formation induced by the perforin-type of membrane attack complex of CTL
as well as protect from killing by NK, ADCC, and C'9. This molecule showed immuno
logical cross-reactivity to a structure previously found on erythrocyte plasma membranes
(Zalman et al., 1988). Concurrent with granule exocytosis from rat LGL are pro
teoglycans of chondroitin sulfate type A, which may be able to bind and restrict the
activity of granule serine esterases that have been implicated in the killing process, either
directly by their proteolytic action or indirectly as activators of other lytic molecules
(Stevens et al., 1987).

4. GRANULES INTERACT WITH THE PLASMA MEMBRANE

4.1. Neutrophils

4.1.1. Interactions That Promote Cell-Cell Adhesion: Integrins

In addition to being containers of stored soluble products, granule membranes also
may be repositories for preassembled fupctional complexes that can be translocated to the
cell surface on demand, as has been shown for glucose transporters in adipocytes (Blok et
al., 1988). One group of molecules with this capability in blood cells are the leukocyte
cell adhesion molecules (Leu-CAM) which, with the very late antigens (VLA) and
cytoadhesins, constitute the integrin superfamily. These protein complexes all consist of a
group-specific light (beta) chain of 95-130 kDa and an individually specific heavy (alpha)
chain of 130-210 kOa. Some of the ligands that have been found to interact with the
integrin proteins include fibronectin, laminin, and vitronectin, all of which contain a
common tripeptide Arg-Gly-Asp (RGD) sequence involved in the binding site (reviewed
in Hynes, 1987; Ruoslahti and Pierschbacher, 1987; Ginsberg et aI., 1988).

Within the Leu-CAM group are three separate bimolecular complexes with a com
mon beta chain recognized by antibodies to the CO18 determinants: LFA-l, present on T
lymphocytes, monocytes, and neutrophils (alpha chain reactive with CDlla antibodies);
Mac-I, present on monocytes, NK cells, and neutrophils (CD IIb, also a receptor for
complement fragment C3bi); and p150,95, present on neutrophils (COlIc). Although the
presence of CDllb and -llc on a subpopulation of neutrophil secondary granules indi
cates that these granules are synthesized during the myelocyte stage, studies on HL60
promyelocytes have demonstrated that CDlla and -llc, but not CDllb, are present on
the plasma membrane and that with induction of maturation to either polymorphs or
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macrophages the surface representation of all three increases. A similar maturation-related
pattern was observed with spontaneously maturing CGL cells. Because all of these pro
teins are thought to mediate adhesive reactions that are essential for neutrophil function
(see Section 5.1), it has been suggested that the granule reservoir serves to augment the
ability of the cell to invade inflammatory sites (Hickstein et al., 1987).

4.1.2. Other Candidate CeU Adhesion Molecules of Neutrophils

Another fascinating set of membrane glycoproteins are those bearing a fucosyl
lactosamine determinant [Gal bl ~ 4(Fuc al ~ 3)GlcNAc], recognized by CD15 mono
clonal antibodies. This antigen originally was demonstrated as the murine glycolipid
stage-specific embryonic antigen (SSEA-I), thought to be involved in adhesion reactions
during the early stages of rodent development (Solter and Knowles, 1978; Fox et al.,
1981). It was first detected on human granulocytes and other tissues by Beverly et al.
(1980) with the TG-l antibody and later by Civen et al. (1981) as the "granulocyte
specific" Myl antigen. Light microscopy has shown that it is present both on the plasma
membranes and granules of HL60 promyelocytes and on normal granulocytic precursors
from promyelocyte to neutrophil (Fitz-Gibbon et al., 1985); EM analysis has confirmed
its presence on the plasma membrane and localized it to both the matrix and membrane of
lysosomal granules of normal neutrophils (Warhol et al., 1987). Further biochemical
analysis has indicated that it is on the oligosaccharides of LF and a subpopulation of the
Leu-CAM family (Prieels et al., 1978; Skubitz and Snook, 1987). Although this highly
immunogenic structure is present in places where one might expect to find cell adhesion
molecules, its role in granulocyte function remains to be demonstrated.

Another family of molecules that recently has been implicated in cell-cell adhesion
reactions are the carcinoembryonic antigens (CEA) of epithelial tissues (Benchimol et al.,
1989). Structures identified by immunological cross-reactivity (NCA) have been found on
the plasma membranes and in the granules of developing marrow cells, but different
authors have reported variable results as to whether it first appears at the promyelocyte
(implying primary granules) or myelocyte (implying secondary granules) stage. Because
the studies were perfonned with polyclonal antisera, reagents directed at different epitopes
might be an explanation. To date there have not been any reports indicating whether these
highly glycosylated proteins are exocytosed during degranulation or mediate adhesion
events of neutrophils (Burtin et al., 1980; Noworolska et al., 1985; Wahren et al., 1983;
Audette et al., 1987). Because the CEA family is derived from at least 10 genes and the
NCA species that predominates in mature granulocytes (2.3-kb mRNA) appears to be
unique, very selective monoclonal antibodies may be required before the precise pattern
of expression is understood in relation to myeloid maturation and function (Thompson and
Zimmerman, 1988; Cournoyer et al., 1988).

4.1.3. The Regulation of Granules and the Regulation of Plasma Membranes Are
Linked.

During maturation of neutrophils, there appears to be close coordination between the
timing of granule development and that of surface adhesion molecules. Also, the ex
pression of receptors for the chemotactic peptide fMLP increases from the promyelocyte
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through to the polymorph stage (Sullivan et ai., 1987). Recently, the CALLA (common
acute lymphoblastic leukemia antigen; CDIO) structure has been implicated in this reg
ulatory network (reviewed in Le Bien and McCormack, 1989). This antigen was so named
because of where it was fIrst detected, but later it was shown to be present in a wide range
of cells, including fetal liver, proximal renal tubules, glomerular epithelium, and brain.
CALLA is not present on HL60 promyelocytes, and in normal bone marrow it is either
absent or in very low concentration on promyelocytes and myelocytes; it begins to be
expressed on bands and is maximal on mature polymorphs (Braun et ai., 1983). From
information available comparing the DNA sequence with others in the data bank, it is now
proven that CALLA is a neutral endopeptidase, implicated in the degradation of peptide
hormones such as angiotensins, encephalins, and tMLP (Letarte et ai., 1988; Jongineel et
ai., 1989). Such a physiological role is supported by an experiment in which the majority
(>95%) of CALLA + neutrophils were separated from the negative minority population
by cell sorting. It was shown that the negative population had an increased chemotactic
response to complement. However, in view of the hormone degradation hypothesis, it
remains to be explained why the CALLA - cells did not respond differently to tMLP
(McCormack et ai., 1987).

As part of the amplifIcation process, when C3bi binds to its receptor on the neu
trophil plasma membrane, there is exocytosis of further CDllb protein in a large cluster
pattern, as detected by fluorescent staining with the Mol antibody. Further evidence for
this being a granule-mediated event is the observation that patients with specifIc granule
defIciency do not form clusters. These results have been interpreted as supporting the idea
that microdomains are formed at local sites of fusion (Petty et ai., 1987).

What controls the fusion events? As discussed above, the process of degranulation
proceeds from an initial ligand-receptor interaction at the plasma membrane, through the
phospholipase C/diacylglycerollinositol phosphate mechanisms, to eventual elevation of
intracellular free Ca2 + (reviewed in Boxer and Smolen, 1988). Some insights into how
this is coupled to membrane fusion events have come from studies on degranulation of
bovine adrenal medullary cells identifying a 47-kDa protein called synexin. Three immu
nologically cross-reactive proteins of 67, 47, and 28 kDa were found in the cytosol of
human polymorphs that promoted aggregation of isolated secondary granules in a Ca2 + 

dependent manner. An intermediary such as this may be an essential step preceding fusion
of the granules with a phagocytic vacuole or the plasma membrane (Meers et al., 1987).

4.2. Platelets

Cell interaction molecules of the integrin family are major regulators of platelet
aggregation and granule release. Although the leu-CAMs have not been demonstrated
unequivocally on human platelet membranes, the gpIIb-IIIa complex is a member of the
cytoadhesin group, gpIa-IIa is VLA-2, and gpIc may be the VLA-3 or VLA-5 alpha
subunit. As would be expected of these proteins, the gpIIb-IIIa complex binds the RGD
peptide present in fIbrinogen, fIbronectin, and von Willebrand factor, but it appears that
other sites are necessary for optimal interaction (reviewed in Ginsberg et ai., 1988). Also,
other reactions are being recognized that implicate similar molecules in different ways.
Altieri et ai. (1988a) have shown that the CDIlb (Mac-I) structure can bind fibrinogen
independent of the Arg-G1y-Asp site, and after being stimulated with ADP, monocytes
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can bind coagulation factor X through the CDll-CDl8 complex and serve as a surface
for its activation (Altieri et al., 1988b).

Although essential for normal hemostasis, as evident in the bleeding disorder of
patients with Glanzmann's thrombasthenia who lack GrpIIb-IIIa, these molecules also
may be mediators for other kinds of disease. It has been proposed from animal models that
platelet aggregation around a tumor can mediate metastasis; indeed, the murine sarcoma
(PAK 17.15) that requires platelets for metastasis to lungs induces platelet aggregation in
an ADP-dependent fashion. In vitro, this aggregation is inhibited by the RGD peptide, and
injection of the peptide into animals inhibits colonization of the lungs (Ugen et al., 1988).

Another antibody-defined molecule (051) has been described as a panmyeloid anti
gen because of its presence on the surface of neutrophils, granulocytic precursors (blasts
through PMN), monocytes, a minor subpopulation of lymphoid cells, and, most strongly,
platelets. However, staining of granules was not noted in normal marrow cells, HL60
promyelocytes, or U937 monoblasts. In vitro studies have shown that the presence of
purified 051 antibody in the reaction mixture inhibits the second wave of platelet aggrega
tion induced by the weak agonists (epinephrin, AOP, and platelet-activating factor) but
not by the more potent stimulators (collagen, thrombin, and ionophore A23187). Al
though its distribution on other types of cells is similar to that of the CDII-CO18 (Leu
CAM) molecules, the fact that it is strongly expressed on platelets attests to it not being
part of this group; however, it has not been disproven that the antibody reacts to an epi
tope common to all integrin molecules (R. Gareau and A. K. Sullivan, unpublished
observations).

5. PATHOLOGY OF MYELOID GRANULES AND PLASMA MEMBRANES

5.1. Nonneoplastic

5.1.1. Leukocyte Adhesion Protein Deficiency

If proper behavior of granular organelles is important for blood cell function, then its
failure should cause disease. A forceful illustration of this, in which the transition of
applied technology has moved very rapidly from thermometers to Southern blots, is the
leukocyte adhesion deficiency syndrome. In this rare group of patients with impaired
wound healing and recurrent severe pyogenic and fungal infections, it was observed that
the response to complement-independent activators of the respiratory burst and degranula
tion were normal, but many parameters of neutrophil function were defective, including
impairment of adherence, aggregation, chemotaxis, and C'3-dependent phagocytosis.

Further examination of leukocytes from these patients revealed that none of the anti
COlI or -COI8 antibodies (OKMl, Mol, or Leu-M5) reacted, implying that the initiat
ing lesion was linked to production of the beta chain. Later studies on a larger group
demonstrated heterogeneity in the clinical behavior, with at least five patterns, ranging
from very severe to moderate, that reflect quantitative deficits in beta-chain production
and qualitative defects in mRNA or protein processing. In addition to abnormal gran
ulocytes, they show diminished lymphocyte-mediated immunity assessed by NK/ADCC
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and helper T-cell function, to the extent that allografts are poorly rejected. This, however,
has worked to the advantage of some in that a bone marrow transplant, which cures the
disease, can be sustained with minimal need for immunosuppressive drugs. On the basis
of these observations, clinical trials are in progress testing antibodies to LFA-l to assess
their possible value in blocking rejection of HLA-mismatched marrow transplanted for
other conditions (clinical syndrome reviewed in Anderson et ai., 1985; reviewed in
Springer et ai., 1987, and Todd and Freyer, 1988; Kishimoto et ai., 1987). In agreement
with the lack of Leu-CAM expression on platelets, coagulopathies are not part of the
disease complex.

The receptor for LFA-l has been identified as the intracellular adhesion molecule 1 of
the immunoglobulin gene superfamily. From evidence that this structure is used by lym
phocytes to bind to endothelial cells and the observation that it can be up regulated by
interleukin-l, tumor necrosis factor, and gamma interferon, it appears that it may be part
of a significant regulatory mechanism for leukocyte traffic through tissues (Dustin and
Springer, 1988). On the other hand, because the known Leu-CAM molecules appear not
to be expressed on myeloblasts and patients with deficiency states have normal blood cell
counts, these structures probably are not part of the elusive regulatory system mediating
interaction between hemopoietic precursors and the bone marrow stroma.

5.1.2. Primary Granule Abnormalities

Another disorder associated with recurrent bacterial and fungal infections is Chediak
Higashi disease (CHD). In this disease, the neutrophils are remarkable for their large
lysosomelike granules, the origin of which remains controversial (reviewed in Rotrosen
and Gallin, 1987; Lehrer et ai., 1988). In two cases studied by White and Krumweide
(1987), the granules varied in size, shape, and internal structure, and the peroxidase
reaction showed that there was a mixture of normal- and abnormal-size structures, some
of which appeared in a chaotic array of aggregations. Surveying the pattern of granule
development in myeloid precursors at different stages of maturation, they found that the
abnormal coalescing structures were more common in circulating PMN than in earlier
forms and proposed that the huge granules are secondary lysosomes formed by an ongoing
process of inappropriate fusion. Ganz et al. (1988) purified granules from the neutrophils
of another three patients, all of which showed decreased levels of elastase and cathepsin G
but a near-normal concentration of defensins. On the basis of this and other information
from previous reports that MPO and glucuronidase activities are normal in CHD, the
authors proposed that this "may be a disorder of regulation of protein synthesis, protein
processing, or granule assembly rather than a primary lesion in elastase and cathepsin G
genes." This is supported by evidence from the beige mouse model showing that elastase
and cathepsin G concentrations are normal in late marrow precursors but absent in cir
culating PMN (Takeuchi et ai., 1987). The fact that these patients are partially albino and
their NK cells also exhibit the morphological abnormality supports the idea that CHD may
be the result of a more generalized granulopathy.

Isolated enzyme deficiency can occur without any conspicuous aberration in granule
structure, as in one of the most common human genetic diseases, MPO deficiency.
Patients with this condition do not have as severe septic episodes as do those with some of
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the other phagocyte disorders, but they may have an increased susceptibility to fungal
infections. mRNA has been studied from some of these patients, and there appears to be a
variety of posttranscriptional defects (reviewed in Nauseef, 1988, 1989). Another HL60
variant (HL60-A7) has been reported that has abnormal fused primary granules and less
than 5% MPO activity or RNA (by cell-free translation or Northern blotting) but by
immunohistological staining has normal elastase and cathepsin G proteins. After incuba
tion of HL60 and HL60-A7 cells with radioactive mannose, purification of the granule
membranes, and analysis of the proteins by gel electrophoresis, it was shown that the
major band seen in extracts of parental HL60 cells (gp II0-170) was not found in HL60
A7 cells (Sullivan et al.. 1986; Peyman and Sullivan, 1987; unpublished results). Al
though multiple mutations are possible, an alternative possibility could be that activation
of the MPO gene is linked to the genesis of an essential component of the granule
membrane, as implied by Ganz et al. (1988) to explain the multiple defects of CHD.

5.1.3. Secondary Granule Abnormalities

Patients with a quantitative defect in secondary granules (SGD) often suffer from
recurrent bacterial infections (reviewed in Gallin, 1985; Boxer and Smolen, 1988; Lehrer
et al.. 1988). Investigating the nature of the morphological abnormality of a single
patient, Parmley et at. (1983) showed that the PMN contained MPO + primary granules,
as well as small aberrant MPO- elongated particles (100-200 nm) that were more
numerous in bands and PMN than in less mature marrow cells. The primary granules for
these patients, however, continued to stain heavily for sugars, unlike those that develop in
normal cells. Detailed studies on another two patients confirmed that the concentrations of
the primary granule proteins MPO, elastase, and cathepsin G were normal, but LF was not
detected by immunoprecipitation. Analysis of RNA from marrow cells revealed that the
LF message was markedly decreased, but the small amount present was of normal size.
Because LF is produced by several other tissues, it was sought and shown to be released
normally into nasal secretions; Southern blotting of DNA from nasal tissue showed that
the gene was present in a single copy and yielded restriction fragments of normal size.
However, not compatible with a strict interpretation of the two-granule model are two
other observations: the defensins, previously shown to be localized to the largest and
heaviest of the putative primary granules, were at only 10% of the normal level, and
gelatinase, a tertiary granule product, was not released after induction of degranulation
(Petty et at., 1987; Ganz et at., 1988; Lomax et at., 1989). Recently, the restricted nature
of the lesion in SGD has been called into question with the observation that the MPO +

granules are of a much smaller diameter than normal (mean of 160 versus 240 nm),
although they are not decreased in number. Thus, the marked decreases in both typical
secondary granules and the large defensin-rich structures, and now abnormal primary
granules, all suggest that there is a more generalized synthetic defect (Parmley et al..
1989).

On the basis of these patterns of coupled deficiencies, it would be reasonable to
search for targeting mechanisms common to the proteins of specific progranule mem
branes and their contents. Possible independent segregating units in subpopulations of
primary and secondary granules might include MPO to one class (evidence from HL60-
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A7), elastase and cathepsin to another (from CHD lesion), and LF, defensins, and gela
tinase to others (from SGD).

5.2. Leukemic

5.2.1. Granule Failure in Myeloid Leukemia

During normal hemopoiesis, the precursors of granulocytes, macrophages, and
platelets concentrate a significant measure of their activity on forming granular organ
elles. According to the model proposed by Sachs (1982), an essential step in leuke
mogenesis is the uncoupling of signals that regulate a cell's decision to self-renew or to
mature. As a consequence of this loosened control, one would predict that in myeloid
leukemia a variety of granule defects would occur in one or more lineages. Indeed, this is
what happens. Although solid tumors expand to compress a vital structure, leukemia is
fatal most often because the bone marrow does not produce leukocytes and platelets that
are sufficiently competent to prevent sepsis and hemorrhage.

S.2.la. Leukemia-Related Granulopathies: Acute Leukemia. One can see
quite readily that the blastic cells in myeloid leukemia are too immature to produce a
normal complement of granules, but it is not so obvious that the residual mature cells also
are deficient in granule-related enzymes. In a series of papers, Bendix-Hansen and collab
orators (1987) reported their results on a large number of patients with different types of
leukemia monitored over an extended period of time. They found that the few circulating
mature neutrophils were deficient in MPO in 40-50% of cases with AML of the differ
entiating myeloblastic and myelomonocytic types (M2 and M4 by the French-American
British classification), in 20% of cases with chronic-phase CGL, but not in any with acute
or chronic lymphoid leukemia. In another series, deficiency of elastase was 'reported to be
even more frequent than that of MPO (Havemann et ai., 1983). Although this parameter
was not useful in predicting who might attain a complete remission, of those who had
deficient PMN detected at presentation and went on to relapse, most continued either to
produce the deficient PMN throughout their course or to show an increase prior to the
recurrence of overt disease. In two patients, this preceded other clinical signs by 2 and 8
months (Bendix-Hansen, 1987, and references cited therein). This observation indicates
that there is a subgroup of AML in which the neoplastic cells can escape the drive to
replicate but are not able to activate the mechanism(s) necessary for synthesis of normal
granules.

In another series of leukemic patients, Davey et ai. (1988) confirmed that 59% of
patients with AML [type Ml (nondifferentiating myeloblastic) and types M2, M4, and M5
(monoblastic)] produced mature PMN that lacked both MPO enzymatic activity and
immunoreactivity; these authors extended their previous results to show that elastase and
LF often were deficient as well. Of further significance in this study was the observation
that a number of patients appeared to have a defect in genesis of primary granule enzymes,
without a measurable decrease in LF content. However, it is difficult to discern from such
qualitative histological methods whether this merely reflects differences in the relative
sensitivities of the assays and the larger proportion of secondary granules in PMN.
Because there has not been described a congenital disease of primary granule membrane
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deficiency, and because it is not known whether the signals needed to initiate production
of specific granules depend on information generated during synthesis of the primary
granules, it will be important to study these "experiments of nature" with antibodies to
granule membranes in order to ascertain whether a cell can make the second type indepen
dently of the first.

A classic morphological feature used in the diagnosis of AML is the Auer rod
phenomenon. These cytoplasmic structures, found in various forms in AML types M2,
M3, M4, and M5, contain MPO and elastase and are thought to have evolved from
primary granules. Although large bizarre-shaped granules (pseudo-Chediak-Higashi) oc
cur often in leukemic cells, their relationship to the process of Auer rod formation is not
certain (Bessis, 1973; Tulliez and Breton-Gorius, 1979; Payne and Harrow, 1982;
Havemann et at., 1983; Jain et at., 1987). On the basis of their EM observations using
tilted specimens, Dixon et at. (1984) have proposed that after the granules fuse, their
membranes form tightly rolled lamellae that eventually break apart to form multiple small
tubules. Of interest in this regard is one patient with acute promyelocytic leukemia (M3)
in whom a large percentage of blast cells contained Auer rods, none of which stained with
the D46 anti-granule membrane antibody, although the primary granules themselves re
acted well (A. K. Sullivan, unpublished observations).

S.2.lb. Leukemia-Related Granulopathies: Myelodysplasia. At the other end
of the leukemia spectrum are the myelodysplastic syndromes (MDS), in which most of the
polymorphs appear mature superficially and blastic cells are present in a minority. Patients
with the pattern referred to as refractory anemia and excess myeloblasts (RAEB) suffer
from frequent infections due to both quantitative and qualitative granulocyte defects, as
well as occasional bleeding due to similar deficiencies in their platelets. If they do not
succumb to these problems, they usually progress to a form of acute leukemia that seldom
responds to any treatment other than bone marrow transplant (reviewed in Jacobs and
Clark, 1986, and Mufti and Galton, 1986). Likewise, in some of the clonal my
eloproliferative disorders (CGL, polycythemia rubra vera, and myeloid metaplasia) there
is a tendency for both bleeding and thrombosis, and often the platelets show abnormal
structure, aggregation, and granulation (reviewed in Schafer, 1984).

Similar to what they observed in AML, Bendix-Hansen and collaborators (1987)
found that in 26% of MDS cases the polymorphs were deficient in MPO. Similarly, of the
patients reported by Davey et ai. (1988),43% showed a granulocyte dyscrasia, including
decreased MPO, elastase, and LF. Although difficult to distinguish from MDS, a single
patient with aplastic anemia has been reported to have residual neutrophils deficient in
MPO (Bizzaro et ai., 1988). When the dysplasia began to transform into leukemia or
when peroxidase-deficient PMN arose de novo, chromosomal aberrations usually devel
oped concurrently but did not reflect any of the known cytogenetic abnormalities associ
ated with MDS. From a different direction, Friedman et at. (1985) used a CDl5-related
antibody (H3617l) to stain polymorphs from patients with RAEB and found that in 8 of 13
the cells were deficient. Again, this finding supports the notion that the leukemic gran
ulopathy is not restricted to enzyme deficiencies but consists of a more general defect in
granule formation. However, these studies did not determine whether the lack of staining
was due to a masked or absent antigen or to failure to produce the entire granule.

Even in some leukemic myeloblasts and polymorphs in which MPO can be detected,
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the predominant type of primary granule is the early micro form, affirming that even when
routine histochemical stains suggest there is normal function, more subtle defects must be
sought (Parmley et ai., 1987a). It remains to be seen where these overt patterns of granule
failure originate and what steps are disrupted in the normal flow of vesicular intermedi
ates. As more is understood of how G proteins regulate reactions along the granule
synthetic pathway, it will be reasonable to ask whether the leukemic granulopathies are a
consequence of the ras gene mutations at codons 12 and 13 reported in AML and
myelodysplasia (Lyons et ai., 1988; Bar-Eli et ai., 1989). It appears that expression of this
oncogene is not essential for the proliferative component of the neoplastic phenotype, but
it becomes more pronounced in both MDS and CML as they progress to the agranular,
blastic stages (Hirai et ai., 1988; Le Maistre et af., 1989).

S.2.le. Leukemia-Related Granulopathies: Lessons from HL60. As summa
rized previously, the HL60 cell line produces prominent azurophilic granules that contain
peroxidase, elastase, cathepsin G, and other primary granule-associated products. In
many ways, the behavior of these cells mimics different events seen in primary leukemic
myeloid cells, although not necessarily as the result of identical mechanisms. Although
they replicate as promyelocytes, 5-10% of them mature spontaneously, and almost all of
them can be induced to stop dividing and progress to metamyelocytes or macrophages by
many different reagents (reviewed in Collins, 1987). Within a culture of HL60 cells there
is a small fraction (less than 0.1 %) that have become completely blastic, agranular, and
nonmaturing and can be selected by repeated exposure to inducing agents (e.g., dimethyl
sulfoxide) or by flow cytometric sorting for cells that lack the CDI5 surface antigen (Fitz
Gibbon et ai., 1983; Sullivan, unpublished). In one sense, this mimics what occurs in
CML during progression to "blastic crisis," when the stem cells no longer give rise to
progeny that are capable of maturing and produce only agranular forms.

Although the MPO-rich HL60 cells appear to be promyelocytic, their azurophilic
granules are not completely normal. On density gradients they are lighter than those from
mature PMN, and by EM the predominant type is similar to the immature microgranular
variety that is apparent with stains for sulfated glycoconjugates (Rice et ai., 1986);
Parmley et ai., 1987a). Overall, the MPO enzyme appears to mature in a normal se
quence, with the 89-kDa precursor being associated with the lighter fraction on density
gradients (Golgi, ER, and plasma membranes) and the 59-kDa mature form localizing to
the denser mature granule fraction (Nauseef and Clark, 1986). Ultrastructural localization
of MPO has shown that most cells stain in the perinuclear cistern and ER, indicating that
they are actively making the enzyme, but in only 5-10% is MPO visible in the Golgi.
Furthermore, the granule membranes themselves are thinner than normal and closer in
thickness to the ER membrane. This deviation from normal led Bainton (1988) to arrive at
a conclusion similar to that of Olsson et ai. (1988) that in most of these cells transfer of
vesicles and/or fusion with the Golgi may be blocked during most of the cell cycle,
resulting in budding of MPO-containing vesicles directly from the ER or an early Golgi
compartment.

If HL60 cells are leukemic promyelocytes and they produce primary granules, why
do they not make Auer rods? Also, why do these structures not form in many leukemic
cells that appear to possess the prerequisite granules? It is reasonable to anticipate that the
answers to such questions might point to a step in the pathway of vesicular traffic that is
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altered in leukemic precursor cells. The observations that HL60 granule membranes
appeared less mature than normal and that the originating patient (whose cells did not
contain Auer rods) may have had acute myeloblastic (M2) and not acute promyelocytic
(M3) leukemia introduce the possibility that the primary granules of leukemic patients
must attain a minimal level of maturity before they become fusogenic (Dalton et al.,
1988). Furthermore, a variant HL60 line (HL60-A7) has been described by Sullivan et al.
(1986) in which most of the granules are large and fused, similar to the pseudo-Chediak
Higashi structures suggested to be possible precursors of Auer rods (Bessis, 1973; Payne
and Harrow, 1983). Analysis of the granule membranes has shown that the major
glycoprotein that was identified by biosynthetic incorporation of tritiated mannose into
parental HL60 was not evident in HL60-A7 (peyman and Sullivan, 1987). Although this
clearly points to a processing defect in the membrane proteins of the aberrant granules, it
is premature to extend this observation to suggest that a similar lesion necessarily would
be present in primary leukemic cells or that there is any link to the observed N-ras codon
61 mutations reported in HL60 (reviewed in Collins, 1987).

5.2.2. Plasma Membrane Antigens in Diagnosis and Prognosis

By focusing on individual molecular entities, one hopes to understand mechanisms
of disease more precisely than is possible by using classical morphology and enzyme
cytochemistry. Over the past few years monoclonal antibody technology, in addition to its
expanding commercial appeal, has brought a new dimension to the diagnosis and classifi
cation of leukemia. This has resulted in a proliferation of market reagents directed to
different plasma membrane antigens and a profusion of publications too voluminous to
catalog in this review. Recently, a very comprehensive summary of leukocyte cell surface
proteins has been published (Horejsi and Bazil, 1988).

Many of the target antigens selected for study were those shown to be expressed at
different stages of granulocytic maturation, and most of them have been detected on
different subclasses of leukemic cells. Some have proven quite useful for distinguishing
myeloid from lymphoid leukemias, especially those cells that do not exhibit sufficient
morphological features to enable absolute distinction by standard criteria (Linch et al.,
1984; Strauss et al., 1984; Pessano et al., 1984; Lange et al., 1984; Lowenberg and
Bauman, 1985; Hanson et al., 1987; Davey et al., 1987). As shown in the large Cancer
and Acute Leukemia Group B study, it appears that there is no single marker that can do
this definitively, but by selecting an appropriate panel one may ascertain lineage in over
95% of cases. Interestingly, the resulting clusters of surface antigen phenotypes exhibited
by leukemic cells from different patients do not correlate strongly with the French
American-British classification except for types M6 (erythroleukemia) and M7 (mega
karyoblastic).

The potential for using a more objective (albeit expensive) system of classification
now is pointing the way to new therapeutic possibilities. For example, in acute non
lymphoblastic leukemia, the expression of My4 (CDI4) and My7 (CDB) antigens pre
dicted a lower rate of complete remission, and expression of HLA-DR, My8, and Mol
(CDll) predicted a sooner relapse. Using these reagents, a new type of leukemia
biphenotypic-has been identified, which usually has Iymphoblastoid morphology but
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bears a mixture of Iymphoid- and myeloid-associated antigens. Such patients have a
poorer prognosis and enter remission only 35% of the time, instead of the 76% observed
for the comparison group (Griffin, 1987; Merle-Beral et al., 1988). If these exemplary
observations continue to be confirmed, it is realistic to anticipate that improved therapeu
tic strategies will follow; patients in the higher-risk groups would be selected to receive
more aggressive treatments, while others would have their treatment tailored more di
rectly to the biological characteristics of their leukemic cells.

Further attempts are being made to correlate the cell surface antigenic phenotype with
other functional parameters. Gallin et al. (1986) have identified a structure (antibody
31D8) that is present on >95% of normal PMN but is decreased on the neutrophils of a
minor subgroup of patients with CML. These cells generate only a low level of superoxide
in response to fMLP, and the patients from whom they were obtained all progressed to
blast crisis during the lO-month period of study. In the same disease, Todd et al. (1987)
used three antibodies, one of which was to CDllb, to examine the patterns of staining on
sections of bone marrow. Again, loss of antigen expression predicted progression to
blastic crisis.

6. CONCLUSION

Over the past two decades, much has been learned about life inside the cell, how the
organelles are formed, and how the internal dynamics flow with the endosomal currents.
In Virchow's 1860 English edition of Cellular Pathology, he noted that the "colourless
corpuscles" contained granules, but did not give any indication that he thought they were
relevant to function. About 50 years later, in 1912, Gulland and Goodall of Edinburgh, in
The Blood: A Guide to Its Examination and to the Diagnosis and Treatment of Its
Diseases, mentioned in passing that the "view that the neutrophils break down to form
antitoxins is plausible ... ," but they did not consider the possibility that the red
cytoplasmic dots in their drawings were pertinent. It was only after another 50 years, with
the advent of the electron microscope, that one was able to appreciate the complexity of
granular organelles and their contribution to our survival among the microbes. Today, with
new immunological probes arriving almost daily, we are in the middle of a very exciting
period as many laboratories are reconstructing the architecture of blood cells as they
differentiate and perform or become distorted by disease.

Questions that one can hope will be answered soon include the following: What are
the mechanisms that enable a myeloid cell to make so many different granules at different
times? What are the signals that enable the different granule proteins to find the right
membrane at the right time? What are the relationships between the known regulators of
internal vesicle traffic, such as the G proteins, and the synthesis of neutrophil granules? Is
the granulopathy of leukemia merely an epiphenomenon to the neoplastic cell's prolonged
replication, or are both attributes the consequence of a common lesion?

As a final aside, these vignettes in the history of medicine might serve to give
perspective and guidance to reviewers of research grants who may have drifted so far from
the guiding shores of clinical perspective that they rebuff endeavors they view as \'too
descriptive." It should be evident that very little has been accomplished in medical basic
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science that does not rest on the shoulders of clinical observation or follow the road map
drawn by the careful cartographers of descriptive pathology.
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