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GRANULOMATOUS INFLAMMATION was recognized as a distinct
entity in the early nineteenth century and has been of continuing interest
since.! Yet, the granuloma remains enigmatic. Over the past decade,
the biology of granulomas has been extensively studied, and our under-
standing of mononuclear phagocytes, which constitute granulomas, has
increased significantly. The purposes of this review are to consider these
developments and to put them into a reasonable perspective.

To define a granuloma is difficult. Currently employed definitions
range from inflammation characterized by the presence of lymphocytes,
monocytes, and plasma cells to reactions identified by the presence of
mononuclear phagocytes including epithelioid and giant cells.** A gran-
uloma is defined here as a compact (organized) collection of mature
mononuclear phagocytes, which is not necessarily accompanied by acces-
sory features such as necrosis. The former lesions can be termed pure
granulomas and the latter complex granulomas. Organization and activa-
tion of the mononuclear phagocytes separate granulomas from simple
chronic inflammation; specialized mononuclear elements such as epithe-
lioid cells need not be present.

Granulomatous inflammation can best be analyzed when viewed in the
light of how granulomas develop. Conceptually, granulomas evolve in
three stages: the development of an infiltrate of young mononuclear
phagocytes, the maturation and aggregation of these cells into a mature
granuloma, and the potential, further maturation of these cells into an
epithelioid granuloma. The present review is organized about this concep-
tual framework, so that the host’s system of mononuclear phagocytes and
their biologic behavior are first considered. The development, mor-
phology and metabolism, induction, accessory features, and functions of
granulomatous inflammation are then treated. A hypothetical model of
granulomatous inflammation is presented. The review emphasizes the
areas in need of further study, particularly the fundamental nature of and
the regulatory mechanisms controlling granulomatous inflammation.
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Some of the terms as emploved in this review can be briefly defined.
Monocytes are circulating, relatively immature members of the mon-
onuclear phagocyte system; macrophages are the mature form ordinarily
found in the tissues (Text-figure 1). Upon stimulation, macrophages ma-
ture further into immature epithelioid cells and ultimately into mature
epithelioid cells. Mature granulomas (foreign body granulomas) are dis-
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TexT-FIGLRE 1—Schematic morphology of various elements of the mononuclear phagocyte system
(MPS). Detailed definitions of the cells are found in Adams: Am J Pathol 76: 1748, 1974.
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tinct groups of compactly aggregated, interdigulated. mature mac-
rophages, while epithelioid granulomas are similar lesions comprising
epithelioid cells.

The Mononuclear Phagocyte System

These efficient, morphologically varied phagocytes constitute one
widely distributed group of cells with a common origin, morphology. and
function—the mononuclear phagocyte system (MPS)* (Table 1). In-
cluded are monocytes, macrophages, and specialized progeny such as
epithelioid cells.* Cells of the system have the potential for avid pinocy-
tosis and phagocytosis, strong adherence to glass. and the presence of
receptors for activated C3, and activated Fc, the N-terminal portion
of immunoglobulin.®¢ Mononuclear phagocytes are morphologically
heterogenous because of their varied endocytic histories and degrees of
maturation; but oval euchromatic nuclei, abundant cytoplasm and
lysosomes, and prominent ruffles and pseudopods are common.**

Mononuclear phagocytes arise in the marrow and are released into the
circulation as monocytes ® (Table 1). After a brief sojourn there, they
randomly leave the blood to become the tissue macrophages (his-
tiocvtes.)”® The majority of mononuclear phagocyvtes in acute in-
flammatory foci have a similar origin. though a few are histiocytes.?

The morphology of the elements of the mononuclear phagocyte system
has been extensively reviewed *** (Text-figure 1). Their metabolism is
also well understood. Mononuclear phagocytes are generally dependent
upon glvcolysis, though stimulated macrophages have marked increases
in the hexosemonophosphate shunt.’*'® These cells actively synthesize

Table 1—Cells of the Mononuclear Phagocyte System

Degree of
Cell Location Half-life maturity
Stem cell Marrow ? 0
(Committed)
Monoblast Marrow —
Promonocyte Marrow 1-2 days ES
Monocyte Blood 1day -
Macrophages
Normal tissue macrophage Tissues weeks +~+
Inflammatory macrophage Tissues days to weeks -
Hypermature macrophages
Stimulated macrophage Tissues ? -t
Activated macrophage Tissues ? -+
Epithelioid cells Tissues weeks -
Giantcells Tissues days ++to+++~
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protein, much of which is packaged in the Golgi apparatus to accumulate
in lysosomes.® Mononuclear phagocytes also manufacture a variety of
proteins for extracellular release; these include: interferon, transferrin,
endogenous pyrogen, complement components, lipids, lysozyme, acid
hydrolases, neutral proteases, a cytotoxic factor, and several proteins that
regulate the function and proliferation of other cells.”** Cells of the
macrophage family are actively motile and migrate by ameboid motion,
engaging in both random motility and directed motility (chemotaxis).'®
They avidly ingest extracellular substances by pinocytosis and phagocy-
tosis.® Once extracellular material is endocytosed, primary and secondary
granules or lysosomes fuse with the endocytic vesicle to form secondary
lysosomes.® Most complex molecules and organic particles are then at-
tacked by the wide variety of lysosomal hydrolases and thoroughly de-
graded, e.g., to peptides in the case of proteins.® Various ingested mi-
crobes are readily killed in mononuclear phagocytes by mechanisms that
are as yet incompletely established.® Finally, mononuclear phagocytes can
injure or destroy allogeneic and neoplastic cells.**

Mononuclear phagocytes, unlike neutrophilic leukocytes, are not fully
mature when released from the marrow.® Under the influence of vet
unidentified stimuli, they mature into macrophages in the tissues.® This
maturation has been extensively investigated in vitro, particularly in the
laboratory of Cohn.®** Small, immature mononuclear phagocytes de-
velop greater size, large euchromatic nuclei, abundant cytoplasm, numer-
ous Golgi profiles and lysosomes, stacks of smooth and rough endoplasmic
reticulum, and many mitochondria.* These changes have biochemical
counterparts: large increases in the content of protein, RNA, oxidative
enzymes, and lysosomal hydrolases per cell.* Increases in acid hydrolases
are particularly impressive, ranging up to fiftyfold.* Recently, maturation
of mononuclear phagocytes has been directly demonstrated in vivo.

The importance of mononuclear maturation lies in its direct relation to
function. As mononuclear phagocytes mature, they attain increased func-
tional capacity, which is so enhanced in three circumstances. First, mac-
rophages maturing in vitro have more endocytic and degradative abilities
than do monocytes.’** The increased endocytosis encompasses both pi-
nocytosis and phagocytosis. Second, mononuclear phagocytes, morpho-
logically and biochemically similar to mature macrophages, are found at
the site of microbial invasion in animals expressing cellular resistance.?*
These macrophages, termed activated macrophages, have enhanced mi-
crobicidal properties. Third, macrophages stimulated or elicited in vivo
with a variety of agents such as peptone or BCG (the avirulent form of
Mycobacterium bovis, strain Calmette-Guerin) have an increased capac-
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ity to destroy neoplastic cells.*®** Mature, activated, and stimulated mac-
rophages resemble one another in many ways and may all be examples of
the same state of altered function. Yet, differences between them may
exist.* The activated macrophages in salmonellosis have extremely potent
bactericidal properties but a low content of acid hydrolases.® Stimulated
macrophages, in one experimental system, have an increased phagocytic
capacity towards starch granules and tubercle bacilli, while activated
macrophages have increased phagocytic capacity only toward tubercle
bacilli.** Although other factors such as availability of opsonins must be
considered, the possibility that maturation, activation, and stimulation are
separate physiologic states should be borne in mind; indeed, there may be
different states of each. In this review, all instances of enhanced mon-
onuclear function will be collectively termed maturation, with the realiza-
tion that this may represent considerable simplification.

The regulation of mononuclear maturation as marked by the produc-
tion and accumulation of acid hydrolases is incompletely understood
(Table 2). Cohn’s laboratory has shown that the interaction of mac-
rophages with large anionic molecules, certain nucleotides, or antibodies
directed against macrophage membranes stimulates maturation.®** The
phagocytosis of digestible particles produces maturation, although the
phagocytosis of indigestible particles does not.>® Soluble products of
stimulated lyvmphocytes also produce maturation.'®*-* However, not all
the hydrolases of mononuclear phagocytes respond similarly. Lysozyme is

Table 2—Representative Stimulants of Mononuclear Maturation /n Vitro

Anionic molecules
Albumen
Fetuin
Polyglutamic acid
Heparin
Dextrose
Nucleotides
Adenosine
3',5'-Adenosinetriphosphate
Antibodies directed against macrophage membranes
Lymphokines
Digestible particles or substances
Erythrocytes
Carrageenan
Proteose peptone
Endotoxin
Lectins
Pathogens
Streptococci
Mycobacterium tuberculosis
Toxoplasma gondii
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mostly secreted extracellularly, and its production is relatively independ-
ent of extracellular stimulants.’ The production of plasminogen activator,
a neutral serine esterase secreted extracellularly, is enhanced by stimu-
lation but not in the same manner as are the acid hvdrolases.'®
Maturation of mononuclear phagocytes is relatively stable, requiring
several days to occur.®* In addition, mononuclear phagocytes mayv un-
dergo short-lived and readily reversible changes in metabolism. Over a
period of several hours, mononuclear phagocytes can become excited and
develop increased oxygen consumption, phagocyvtic capacity, and motil-
ity 3238

Mononuclear Phagocytes in Culture

The selective accumulation of leukocytes in vivo is incompletely under-
stood but probably relates to the chemotaxis of these cells in vitro (see
below).*** Mononuclear phagocytes respond chemotactically to split
fragments of complement, kallikrein, bacterial factors, basic peptides of
neutrophils and a product of stimulated lvmphocytes (chemotactic fac-
tor).***! Ward and co-workers have found the latter two chemotactants to
be specific for mononuclear phagocytes.*** In comparison with neutro-
philic leukocytes, mononuclear phagocytes have a slower rate of migra-
tion and do not respond to the activated fifth, sixth, and seventh com-
ponents of complement (C567 complex) that potently attracts
neutrophils.* Interestingly, macrophages contain a proteinase capable of
liberating chemotactic fragments from complement.*

The development of monocytes into epithelioid and giant cells can be
easily reproduced in vitro. Over the past 50 vears, numerous workers have
observed that monocytes in culture develop into macrophages and ulti-
mately into large epithelial-like cells or giant cells of both the Langhans's
and foreign-body types.*** Lewis, Willis, and Lewis demonstrated that
the epithelial-like cells are histologically identical with epithelioid cells
taken from tuberculous granulomas.*® Sutton and Weis confirmed this
observation ultrastructurally.®® The development of monocytes into
epithelioid cells is accompanied by the biochemical changes characteristic
of maturation in vitro.** Epithelioid cells in vitro also have increased
synthetic, phagocytic, bactericidal, and degradative capacities.® Thus,
epithelioid cells in vitro are generally viewed as highly mature mono-
nuclear phagocytes.**!** The development of epithelioid cells is stimu-
lated by substances similar to those evoking maturation, such as mycobac-
teria, digestible particles, and surface active molecules.?-2

Giant cells are found under similar circumstances and arise by fusion of
mature mononuclear phagocytes.® Employing Sendai virus, Gordon and
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Cohn produced macrophage homokarvons (multinucleate giant cells).®
Initially, the most mature macrophages fuse together and then undergo a
random intermixing of cytoplasmic contents, followed by a colchicine-
sensitive organization of the organelles.® The giant cells initially formed
are of the foreign body type and those formed later are of the Langhans’s
type.®? Giant cells seemingly arise by fusion of mature macrophages and
take the foreign body or Langhans’s form, depending on whether micro-
tubule-mediated reorganization occurs.

Macrophages can also recapitulate the tissue-level organization of a
granuloma in culture. As liquid cultures of mononuclear phagocytes ma-
ture, the macrophages grow apposite, touch, and develop complex inter-
digitations of cytoplasm.*® If the cultures are in a semi-solid medium, the
suspended cells cluster and form round aggregates.®** Stimulated mac-
rophages are more apt to aggregate than are nonstimulated mac-
rophages.®® The basis of this clustering is not known, but several ex-
planations can be suggested. First, increased bulk could promote
aggregation. Second, macrophages might secrete substances inducing
aggregation. Among the numerous products secreted by macrophages is a
factor which induces formation of hematopoietic colonies from stem
cells.*® Third, fundamental cell-to-cell recognition factors such as those
operative in embryogenesis could be involved.*”* All three possibilities
are consistent with the observation that maturation promotes aggregation.
Production of colony-stimulating factor is greater by mature than by
immature mononuclear phagocytes.*® Likewise, morphogenesis may be
regulated by surface antigens; *** the specific surface antigens of macr-
ophages are increased on mature forms.**

The division of mononuclear phagocytes is a frequent feature of gran-
ulomatous inflammation.® Replication of these cells is difficult to study in
vitro because they are blocked in the G, phase and do not normally
divide.®* However, the application of a growth factor from conditioned
medium plus a serum cofactor leads to their division.®* Macrophages
stimulated by thioglycolate are more susceptible to this induction than are
nonstimulated cells.®® The synthesis of DNA in cultured macrophages is
also greater in mature than in immature mononuclear phagocytes.® Mac-
rophages have recently been found to secrete substances capable of in-
ducing other cells to divide,* so the possibility that they regulate their
own growth should be considered.

Origin and Kinetics of Granulomatous Inflammation

The principal elements of a granuloma are mononuclear phagocytes.®
Even granulomas induced by antigen in previously primed animals and
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characterized by numerous eosinophils comprise over two-thirds mon-
onuclear cells.* Granulomas induced by Freund’s adjuvant comprise over
80% mononuclear phagocytes.®” Most of the mononuclear phagocytes
derive from monocytes, though a few are local histiocytes.®* Ebert and
Florey directly observed monocytes to immigrate into the tissues and
there to develop into macrophages and epithelioid cells.® Spector and
colleagues found the macrophages of granulomas derive principally from
monocytes.>*® For example, the mononuclears of granulomas evoked by
incomplete Freund's adjuvant resemble monocytes, not lymphocytes, in
both their phagocytic capacity and pattern of DNA synthesis. Irradiation
of these animals abolishes the granulomatous response; this suppression
can be reversed by the infusion of marrow cells but not of thymic or
lymph node cells. Epithelioid cells in vivo arise from macrophages.®*-™
Giant cells of the foreign body type arise by fusion of either macrophages
or epithelioid cells;*** Langhans’s giant cells derive from foreign body
giant cells.

The tempo at which granulomatous inflammation develops can vary
considerably and depends upon both the inciting agent and the state of
the host. In one series of experiments, the maturation of loose collections
of monocytes into mature granulomas required 3, 9, and 10 days in lesions
evoked by killed M. tuberculosis, living BCG vaccine, or barium sulfate,
respectively.*™™ The further development into epithelioid lesions re-
quired 4 and 22 days in the former two instances. The accumulation and
number of epithelioid cells are accelerated in hosts displaying strong
delayed hypersensitivity to the evoking agent.”™

Once established, granulomas maintain themselves by various combi-
nations of exudation and proliferation.® The kinetics of granulomas in-
duced by many agents reveals two basic patterns: low turnover and high
turnover. Low-turnover granulomas, induced by inert substances such as
carbon or carrageenan, generally resemble mature (foreign body) gran-
ulomas and contain the irritant in most of the macrophages.”™ Immigra-
tion of exogenous monocytes and proliferation of endogenous mac-
rophages are both low, and the lesions are mostly maintained by the long
life-span of the constituent macrophages.” The small amount of replace-
ment is mostly by proliferation.” High-turnover granulomas, induced by
relatively toxic substances such as paraffin oil or mycobacteria, generally
resemble epithelioid granulomas and contain the irritant in a small pro-
portion of the macrophages.”™ Immigration and proliferation are both
brisk, and the constituent macrophages have a relatively short life-span of
several days. Maintenance of the lesions depends more on immigration.
The natural history of high-turnover granulomas is to develop into low-
turnover lesions as the inciting agent is degraded.®™



172 ADAMS American Journal
of Pathology

The proliferating cells of granulomas are predominantly macrophages,
particularly immature forms.®* The macrophages divide to form small,
mononuclear phagocytes which resemble lymphocytes histologically.™
Young epithelioid cells can also divide, apparently having a proliferative
capacity similar to that of macrophages.® Fully mature epithelioid cells
do not divide in dermal lesions induced by BCG, though those of pul-
monary lesions do.”™® Giant cells also do not proliferate, though some of
their nuclei have a limited capacity for division.*

The life-span of the individual elements of a granuloma is varied.
Macrophages of low-turnover lesions survive 4 to 8 weeks; those of high-
turnover granulomas only a few days.® Epithelioid cells live 3 to 4 weeks,
but giant cells survive only a few days.**® The fate of these cells is not
certain. The granuloma itself persists until the inciting agent is destroyed
(see below). The constituent macrophages could have several possible
ends: division, emigration, or death.®*' All of these have been shown to
occur.**"#1% Recently, the population of mature elements such as epithe-
lioid cells and macrophages has been shown to have an additional fate—
reversion to less mature forms.™ The relative contributions of these poten-
tial fates have not been ascertained.

Morphology and Function of the Granuloma

Although the histogenesis of a granuloma depends on both host and
inciting agent, a composite picture can be drawn *-*** (Text-figure 2).
The initial event is acute inflammation. Within 24 hours, mononuclear
phagocytes resembling promonocytes or monocytes dominate the leu-
kocytic infiltrate and have phagocytosed most of the inciting agent. Over
the next several days, the young mononuclears develop into loose sheets of
immature macrophages.® By 3 to 7 days, the reaction comprises mostly
mature macrophages plus a few foreign body giant cells.*® The mac-
rophages and giant cells are compactly aggregated into organized nests
and sheets. These mature granulomas are often referred to as foreign body
granulomas, although substances other than foreign bodies evoke this
reaction.

Certain stimuli induce the further development of a mature gran-
uloma.***** The macrophages enlarge and become densely intertwined, so
that previously crisp cytoplasmic borders are blurred. Their nuclei be-
come eccentric and vesicular and the cytoplasm extensive and pale. These
typical epithelioid cells—arranged in tightly packed nests and swirls,
often around central Langhan’s giant cells—form epithelioid granulomas.

Ultrastructural studies illuminate these observations. Scanning micro-
scopy reveals young mononuclear phagocytes to be small, round cells
having smooth surfaces. Mature macrophages are large, flattened cells
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TexT-FIGURE 2—Schematic diagram of the morphogenesis of a granuloma.

with a surface covered by numerous ridges, flanges, and villi.**®* Epithe-
lioid cells are even larger and interlace with one another closely by
intertwinings of the surface processes.”” By transmission microscopy,
young mononuclear phagocytes have heterochromatic nuclei and sparse,
simple cytoplasm.*® Mature macrophages have euchromatic nuclei, and
an abundant cytoplasm filled with numerous organelles. Their pseudo-
pods touch but do not interlock with those of adjoining macrophages.
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Epithelioid cells are even larger and have a very extensive cytoplasm,
complexly organized and completely filled with organelles. Their numer-
ous pseudopods interlock with those of their neighbors in zipper-like
arrays. Their histologic appearance is thus explained, the complex cy-
toplasmic organization leading to their pale appearance and the inter-
twining of pseudopods leading to the blurred cytoplasmic borders. The
general structure of giant cells resembles that of epithelioid cells.*?!
Those of the Langhans’s type have extensively organized cytoplasmic
organelles and peripherally located nuclei; those of the foreign-body tvpe
have randomly dispersed organelles and diffusely located nuclei. (For
detailed histologic and ultrastructural definitions of the various mon-
onuclear phagocytes of granulomas, see Adams.*)

The fine structure of mononuclear phagocytes is generally similar
whether observed in experimentally produced granulomas, human dis-
ease, or culture.” ' Some workers distinguish two types of epithelioid
cells—phagocytic and secretory ™*'® —though the secretory type resem-
bles immature or developing epithelioid cells.?® In one study, mono-
nuclear phagocytes cultivated in vivo on cellophane strips developed
into large macrophages.® These were termed epithelioid but ultrastruct-
urally resembled macrophages or immature epithelioid cells.*

The metabolism and function of granulomas are difficult to study
directly. Cytoplasmic synthesis of protein and RNA have been demon-
strated.’® Histochemically, the mononuclear phagocytes contain respi-
ratory and lysosomal enzymes similar to those found in culture.®* These
enzymes, particularly the lysosomal hydrolases, increase markedly as
monocytes develop into macrophages and epithelioid cells.’*** Func-
tionally, the mature macrophages within granulomas are potent pha-
gocytes.® Epithelioid cells are active in pinocytosis, degradation, excretion
of ingested substances, and destruction of microbes.” Dannenberg and
associates have demonstrated that the development of macrophages into
epithelioid cells is associated with destruction of ingested mycobacteria.'*®
However, the phagocytic capacity of epithelioid cells may be less than
that of macrophages. Although epithelioid cells do frequently contain
recently formed phagosomes,® Spector’s laboratory has found that
epithelioid cells phagocytose fewer latex beads and bacteria than do
macrophages.” This might relate to the complex interdigitations of the
cell’s pseudopods.'”

The nature of epithelioid cells is clarified by observations of developing
granulomas, indicating that young mononuclear phagocytes develop into
mature macrophages and ultimately into epithelioid cells. Morpholog-
ically, metabolically, and funtionally, this development in vivo closely
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resembles maturation of these cells in vitro. Most authors accordingly
view epithelioid cells in vivo as mature mononuclear phagocytes.?: - %- %1
Spector has emphasized that epithelioid cells may have important secre-
tory functions.® Certainly, mature mononuclear phagocytes secrete a wide
variety of products and epithelioid cells are well-equipped morpholog-
ically and metabolically for such a role. Epithelioid cells are active in
endocytosis, degradation, and microbial destruction and may have impor-
tant secretory functions as well.

Induction of Granulomatous Inflammation

Certain foreign substances, especially particulate or oily foreign com-
pounds and chronic intracellular parasites, evoke the granulomatous in-
flammatory response '°'®(Table 3). These substances presumably have
properties in common that produce this response. To analyze these prop-
erties, the development of a granuloma can be divided into three steps: a)
the development of a monocyvtic infiltrate; b) the aggregation, maturation,
and organization of these cells into a mature granuloma; and c¢) the
further evolution of this granuloma into an epithelioid one.

The differential accumulation of leukocytes in inflammatory foci may
be an active rather than a passive process.’” Possible explanations include:
cell-specific chemotaxis, differential persistence of chemotactants, inhib-
itors of specific chemotactants, differences in migratory speed of various
leukocytes, and differential persistence of leukocvtes. Separate forces do
seem to attract neutrophils and monocyvtes into granulomas.®” For ex-
ample, the number of monocytes entering granulomas produced by

Table 3—Representative Evokers of Mononuclear Inflammation

Chronic inflammation
Simple delayed hypersensitivity
Carbon
Fibrinogen
Salmonella typhi
Carmine
Mature granulomas
Inert particles
Lipids
High molecular-weight polymers
Delayed hypersensitivity to particle-bound antigens
Brucella abortus
Histoplasma capsulatum
Epithelioid granulomas
Mycobacterium tuberculosis
Granulomatous hypersensitivity
Blastomyces dermatitidis
Treponema pallidum
Chlamydia trachomatis
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Freund's adjuvant is low but constant, while the number of entering
neutrophils is initially high but soon falls to almost zero.*® Leukocyte-
specific chemotaxis may be operative. The potency of the C567 complex
in attracting neutrophils suggests inflammatory foci characterized by acti-
vated complement will be initially dominated by neutrophils. Several
experimental studies do confirm this point.*!'? For example, an-
tigen-antibody complexes formed in antigen excess may evoke neutro-
philic responses and those in extensive antibody excess evoke gran-
ulomas.'® Differential persistence of chemotactants may also be
operative. In peritoneal exudates induced by glycogen or mycobacteria,
neutrophils and neutrophilic chemotactants decline concomitantly, while
monocytes increase, and monocytic chemotactants remain constant.!**!**
Berenberg and Ward have recently described inhibitors of both neutro-
philic and monocytic chemotactic factors.'*® The inflammatory accumula-
tion of neutrophils and of monocytes is blocked by different metabolic
inhibitors.¥ Finally, neutrophils are reported to migrate faster and to
survive for less time than do monocytes.”®* The relative contribution of
these possible mechanisms remains to be established.

Once a loose collection of mononuclear phagocytes has formed, the
cells may disperse, maintain that composition, or develop into a gran-
uloma. The development into a granuloma is characterized by the transi-
tion of a loose infiltrate of monocytes into an organized aggregate of
mature macrophages. The maturation also marks the onset of extensive
proliferation by the macrophages.®* The ability of a foreign substance to
evoke a granuloma might correlate with its content of substances capable
of inducing maturation of macrophages. Products of streptococcal cell
walls evoke modest maturation of macrophages in vitro and mature
granulomas in vivo.'” More to the point, the colloidal form of carragee-
nan evokes both, while the calcium form can evoke neither.!*® However,
the ability to stimulate maturation cannot alone evoke a granuloma.
Endotoxin potently stimulates macrophages in culture but does not evoke
granulomas.'”'*® One additional property needed for granuloma devel-
opment is the persistence of the evoking agent.®* Microorganisms which
can be completely degraded by macrophages in culture evoke only tran-
sient, acute inflammatory responses in vivo; only those organisms resistant
to degradation produce granulomas.™® Granulomas persist only so long as
does the inciting agent.™™ Agents which possess these properties are
generally complex substances, such as incomplete Freund's adjuvant or
paraffin oil, rather than simple molecules, such as carbon or fibrinogen.”™ A
further property promoting granuloma development may be particulate
form. Some hypersensitivity-mediated granulomas require the agent to be
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in particulate form (see below). Finally, a high local concentration of a
given agent is more likely to evoke a granuloma.”™ In summary: Agents
which evoke granulomas are likely to be persistent, particulate substances
that are capable of producing modest maturation of macrophages.

Under appropriate circumstances, mature granulomas can evolve into
epithelioid lesions, a change representing intensification of maturation.?
The two processes are similar metabolically and morphologically and both
are reversible after removal of the stimulant.™ This step in the devel-
opment of a granuloma relates to the character of the evoking agent. For
example, particles of both oak and pine produce mature granulomas but
only pine pollen, which has a high content of lipid, evokes epithelioid
lesions.'® Those substances evoking epithelioid lesions in vivo should thus
produce extensive maturation in vitro. The methanol extraction residue
(MER) of tubercle bacilli has been so tested and does have such a twofold
effect.” Epithelioid granulomas seemingly arise when substances capable
of evoking mature granulomas also stimulate mononuclear phagocytes to
mature fully.

The factors which induce mononuclear maturation in vivo are not well
characterized. The various lipid and wax fractions of the tubercle bacillus
have long been viewed as responsible for producing epithelioid cells in
some circumstances.”™'* These studies have been critically consid-
ered.’™'* In summary: Large amounts of lipid are required to produce
lesions, and many question whether the lesions contain true epithelioid
cells.’**** Another suggestion has been that colloidal substances evoke
epithelioid cells.'” Again, it may be questioned whether true epithelioid
cells are produced. Finally, the presence of delayed hypersensitivity can
also evoke epithelioid cells (see below). Attempts need be made to charac-
terize precisely the substances evoking mononuclear maturation in vivo.

Delayed Hypersensitivity and Formation of the Granuloma

The role of delayed hypersensitivity in inducing granulomatous in-
flammation has been extensively investigated, particularly in the labora-
tories of von Lichtenberg and of Warren.'#'® Delayed hypersensitivity to
the substances evoking a granuloma is not necessary for development of
the lesion.” Inert particles such as polystyrene beads or barium which
evoke no hypersensitivity can induce granulomas.'*-'# Even in the experi-
ments described below, small but definite granulomas are found in bead-
treated control groups, where either antigen or sensitization is absent. On
the other hand, delayed sensitivity alone does not evoke a granuloma.
Skin-test reactions are certainly not granulomas. In sensitized hosts, intact
mycobacteria evoke large granulomas but finely disrupted organisms pro-
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duce only transient mononuclear responses resembling skin-test reac-
tions.'*

Delaved hypersensitivity can, however, greatly augment and accelerate
the development of mature granulomas.’*-*** Experimental animals, sen-
sitized to a given antigen and subsequently challenged with that antigen
bound to inert particles, develop granulomas where the particles
lodge.'®'® The granulomas form faster and reach a larger size than in
nonsensitized animals challenged with particle-bound antigen or in sensi-
tized animals challenged with particle alone. The accelerated and aug-
mented granulomas contain epithelioid and giant cells plus eosinophils,
while the control lesions resemble typical mature granulomas.'*-1%#-13
Accelerated granuloma development is immunologically specific, depen-
dent upon carrier rather than hapten recognition, transferred by T lym-
phocytes but not by serum, and is suppressed by thymectomy or the
administration of antilvmphocyte globulin.’*-*** Lymphokines, soluble
products of stimulated lvmphocytes, could mediate this response. In vitro,
lvmphokines attract and immobilize macrophages and stimulate them to
mature.’® Lymphokines have been implicated in inflammatory responses
in vivo,"'* and antigen-induced granulomas can be stimulated in vitro
to produce substances capable of inhibiting macrophage migration.'

The relationship of delayed sensitivity to the development of epithe-
lioid granulomas is similarly complex. It is not obligate. Although some
authors suggest that all epithelioid granulomas are hypersensitivity reac-
tions,’! cellophane strips, antigen-antibody complexes, and the methanol
extraction residue of tubercle bacilli evoke epithelioid granulomas.®'*
Furthermore, epithelioid granulomas can be evoked in thymectomized
animals, which have significantly prolonged survival of allogeneic skin
grafted across a strong transplantation barrier.”®® On the other hand, the
presence of delaved sensitivity does accelerate and augment the devel-
opment of epithelioid cells. In granulomas induced by BCG, the rate of
development and the number of epithelioid cells are greatest when de-
layed sensitivity is maximal and bacillary products are still present.”™ This
phenomenon is well demonstrated in leprosy, where the formation of
epithelioid cells and the strength of cell-mediated immunity are directly
correlated.'*

Granulomatous hypersensitivity encompasses a group of diseases,
characterized by the indolent development of epithelioid granulomas
after the injection of specific antigen into a sensitized host.!** These
diseases are typified by deodorant-induced or zirconium granulomatosis.
In these patients, the injection of elemental zirconium specifically pro-
duces epithelioid granulomas 6 to 8 weeks later. Injection of zirconium
into nonsensitized patients produces only chronic inflammation or mature
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granulomas.**® Granulomatous bervlliosis is a similar disorder. Peripheral
lvmphocytes from these latter patients undergo specific blastogenesis
when challenged with beryllium.**'** Recently, an experimental model of
bervllium sensitivity has been described in which the animals express
delaved sensitivity to bervllium.*® Lymphocytes of these animals undergo
blastic transformation when specifically challenged with bervllium and
can transfer the sensitive state to naive animals. It is tempting to group
sarcoidosis with these disorders. The injection of Kveim antigen does
evoke epithelioid granulomas within 6 to 8 weeks. The reaction of pe-
ripheral leukocytes from patients who have sarcoidosis to Kveim antigen is
currently unsettled; various laboratories have reported both positive and
negative responses.'*14

Accessory Features of Granulomatous Inflammation

Emphasis has been placed on the accumulation and maturation of
mononuclear phagocytes in granulomas. Other histologic characteristics
which may be present (such as subacute inflammation or necrosis) are
viewed as being superimposed. Conceptually, this view is useful because
it links otherwise disparate disorders such as actinomycosis and sarcoid-
osis.'® Factually, it can be defended because pure granulomas can easily
be transformed into complex ones by subtle alterations in host or agent.
For example, the onset of delayed hypersensitivity generally marks the
development of caseous necrosis in tuberculosis.*'* In coccidioidomy-cosis,
the release of endospheres from the spherules converts mature gran-
ulomas into subacute inflammatory responses.!*

Necrosis accompanies many granulomas. In many cases, the devel-
opment of delayed hypersensitivity to the intruder produces necrosis. For
example, the onset of sensitivity and caseous necrosis are coincident in
tuberculosis;**'* tubercle bacilli do not generally evoke necrosis in un-
sensitized hosts.*® The effector mechanism producing the necrosis is not
known. In vitro, stimulated lvmphocytes release factors which are non-
specifically toxic for many cells.’® Vascular spasm and subsequent, central
ischemia have been observed in hypersensitivity reactions.’” Finally,
macrophages die much more rapidly in sensitized than in nonsensitized
hosts.™ Factors other than hypersensitivity also produce necrosis. Foreign
substances such as silica are directly toxic to macrophages and cause
leakage of lysosomal enzymes.'” Substances such as endotoxin, certain
bacteria, and antigen-antibody complexes are not toxic but do cause
macrophages to release large quantities of acid hvdrolases into the
extracellular compartment.!’” Lastly, the potent neutral proteases.
elastases, and collagenases of macrophages are extensively secreted ex-
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tracellularly after a complex triggering by ingested particles.**'** The
enzymes of macrophages remain active after the macrophages die.'*
Although granulomas are not always accompanied by necrosis, their
constituent macrophages do contain potent lytic enzymes capable of
extensive tissue destruction when released extracellularly by a variety
of mechanisms.

Leukocytes other than mononuclear phagocytes may accompany gran-
ulomas. Small mononuclear cells having small dark nuclei and histologi-
cally resembling lvmphocytes are common. Most of these are very young
mononuclear phagocytes, because they have the DNA-synthesis and the
phagocytic characteristics of monocytes not lymphocytes.® Lymphocytes
are present in some chronic inflammatory responses. Contact-sensitivity
sites and granulomas induced by M. tuberculosis in sensitized animals
both contain short-lived, replicating, steroid-sensitive T-cells.**-*** B-cells
have been identified in chronic inflammatory responses.’®*'* Lym-
phocytes are generally present in granulomas when delayed hypersensi-
tivity is operative.”” Eosinophils accumulate around antigen-antibody
complexes in vivo, if thymic function is intact. Lymphocytes secrete a
chemotactant precursor, which attracts eosinophils after it has been acti-
vated by antigen-antibody complexes.!* The appearance of eosinophils
may then indicate the presence of antigen-antibody complexes plus
thymus-dependent lymphocytes.’s

Granulomatous Inflammation in the Host's Economy

One of the basic functions of the granuloma is to rid the host of
unwanted substances.’®'* Most foreign substances and toxins are even-
tually phagocytosed by macrophages and therein detoxified and degraded
as much as possible. Macrophages are also important in the destruction of
autochthonous tissue debris, effete cells, and metabolites.>'%® If these
exogenous and endogenous substrates cannot be degraded, they are con-
tained within macrophages and thus segregated from the host’s milieu
interieur. 2

Granulomatous inflammation is highly effective in destroving path-
ogens.'*® Pathogens not destroved by the acute inflammatory response,
generally facultative or obligate intracellular parasites, become contained
in macrophages, which may coalesce to form mature granulomas.*-'¢?
This sequence of events can be seen in chronic granulomatous disease,
where organisms that normally evoke suppurative inflammation produce
granulomas instead.'®' The resistant organisms may be destroved within
the macrophages. If they persist, delayed hypersensitivity often develops.
Epithelioid granulomas then develop, and the organisms are destroyed.
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Thus. the development of a granuloma frequently heralds destruction of
persisting, resistant, intracellular parasites.

Granulomas may also be operative in inducing immunity. Since mac-
rophages are important in the induction and regulation of the immune
response,'® % the injection of an antigen into areas of granulomatous
inflammation increases the immune response to that antigen.'® This
adjuvant effect involves stimulation of macrophages as well as of T and B
Ivmphocytes.'* %" The presence of a granuloma suggests that cellular and
humoral immunity to antigens contained within the granuloma will be
augmented. Living, intracellular parasites are particularly likely to stimu-
late delaved sensitivity.? It is interesting that those invaders. which are
not directly destroved by macrophages, have the capacity to stimulate T
cells and thus ultimately focus the activities of macrophages upon destroy-
ing the invaders.?

Finally, granulomas may take part in the destruction of neoplasms.
Macrophages are important in the host’s general resistance to tumors and
their cvtotoxic effectiveness in citro is increased when they are stimu-
lated.” An example of this augmentation in civo is found in the regression
of localized nodules of tumor injected with BCG.'*® Hanna, Zbar, Rapp,
and associates studied intradermally transplanted hepatomas in guinea
pigs and found that intratumoral injection of BCG produces complete
regression of the local tumor and of nodal metastases.'® The regressing
tumors, local and distant, are characterized by the presence of gran-
ulomas. Similar observation have been made in humans and in other
experimental systems.'*®

Coda

On the basis of current information, a hypothetical model of gran-
ulomatous information can be constructed (Text-figure 3). The in-
troduction of a foreign substance or parasite into the host evokes acute
inflammation, including exudation of neutrophilic and mononuclear pha-
gocytes. These leukocytes engulf the invader and attempt to destroy it. If
their attempt is successful, the inflammatory response subsides. If not, the
invader comes to lie within mononuclear phagocytes. The continued
presence of the invader, especially in a particulate form and in a high
concentration, may stimulate mononuclear phagocytes to mature, coa-
lesce, and divide. A mature granuloma thus results. If the intruder and its
components are particularly stimulatory or if delayed sensitivity develops,
the macrophages mature even further into epithelioid cells. The resultant
epithelioid granuloma persists until the foreign intruder is destroved.
Then, the lesions slowly resolve as the mononuclears die, revert to less
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mature forms, or wander off. Resolving epithelioid granulomas first take
the form of mature granulomas, which in turn further develop into simple
chronic inflammation. Alterations in either the intruder or the host can
change this picture by superimposing additional features such as necrosis
or influx of other leukocytes.

The definition and classification of granulomatous inflammation are to
some extent arbitrary. Several definitions of a granuloma are possible: a) a
focal collection of mononuclear cells including lymphocytes, mononuclear
phagocytes, and plasma cells; b) a focal collection of mononuclear pha-
gocytes alone which has maintained that appearance since its inception; c)
a focal, organized collection of mononuclear phagocytes; or d) a focal
organized collection of mononuclear phagocytes containing epithelioid
cells. The first two definitions do not distinguish granulomatous from
chronic inflammation. Because the third permits histologic distinction of a
granuloma, it is employed here. However, it does exclude disorders such
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as typhoid and anthracosis, which have been classed as granulomas.**® The
fourth is unnecessarily restrictive, excluding most reactions to foreign sub-
stances. Grouped here as mature and epithelioid types, granulomas might
also be classified on the basis of turn-over (high or low) or origin (immuno-
logic or nonimmunologic).!” The latter two classifications cannot be
applied histologically and could be confusing, in that histologically similar
lesions might be classified differently.

What is the fundamental significance of granulomatous inflammation?
The development of a granuloma may represent a specific, inflammatory
response evoked by certain foreign invaders.'® Alternatively, its presence
may merely indicate that a foreign substance is being contained and
degraded by the mononuclear phagocyte system and that this is occurring
under certain conditions of macrophage number and maturation such that
the histologic form, which we recognize as a granuloma, is produced. To
some extent, the issue is philosophic and not capable of resolution. The
presence of a granuloma does signify that a foreign substance has resisted
destruction by the acute inflammatory response and is being seques-
tered and destroyed by mature elements of the mononuclear phagocyte
system. From a phylogenetic point of view, phagocytosis by mononuclear
phagocytes is one of the host’s most primitive defense systems.'™ The
primitive phagocytes of molluscs, for example, surround foreign objects
and then form morulae about the invader.'® The granuloma will un-
doubtedly remain important as a diagnostic reaction to the surgical pa-
thologist, but its position as a specific inflammatory response needs to be
reassessed critically.

Recent advances in our understanding of mononuclear phagocytes plus
extensive studies of mononuclear inflammation have provided a large
body of data on the granuloma. A conceptual framework has been con-
structed and employed to assess this data. Viewed in this fashion, many
aspects of granulomatous inflammation can be explained, though many
others need further study. What factors regulate the aggregation, division
and maturation of mononuclear phagocytes in vivo? What is the fate of
the cells of a granuloma? The function and metabolism of epithelioid cells
need more investigation, particularly in regard to secretory activity. What
factors are responsible for the differential accumulation of leukocytes, for
the development of granulomas, and for the production of epithelioid
cells? What are the mechanisms by which delayed hypersensitivity alters
granulomas? What is the immunologic basis of granulomatous hypersensi-
tivity, as well as the cause of necrosis in granulomas? The analytical
framework and developmental model presented here may have to be
modified or discarded in the light of such studies, but hopefully it will
first fulfill a heuristic function.
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