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Chapter 11

Functional and Structural
Interrelationships among the Mac-1,
LFA-1 Family of Leukocyte Adhesion
Glycoproteins, and their Deficiency in
a Novel Heritable Disease

TIMOTHY A. SPRINGER and DONALD C. ANDERSON

1. Introduction

Cell surface adherence reactions are of central importance in the immune func-
tions of lymphocytes, monocytes, and granulocytes. Lymphocytes adhere to
antigen-presenting macrophages or dendritic cells in the induction of T-lym-
phocyte immune responses, and to target cells in cell-mediated killing. Ad-
hesive interactions are fundamental to a wide sprectrum of functions of gran-
ulocytes, monocytes, and macrophages. Specific recognition of opsonized
microorganisms is facilitated by membrane receptors for IgG and for the third
component of complement (C3), which mediate microbe—cell adhesion prior
to the triggering of cytoskeletal events leading to endocytosis. Adhesion me-
diated by IgG (Fc) receptors can also trigger antibody-dependent killing of target
cells, independently of endocytosis. In the absence of opsonins, some micro-
organisms/particles may adhere to granulocytes/monocytes without undergoing
ingestion or may be phagocytized inefficiently, depending on the physical
properties of the microorganisms.*

Cell translocation in vitro and in vivo has also been shown to be influenced
by the precise nature of cell-substrate adherence interactions.'~® Studies em-
ploying time-lapse photography or photomicrography have shown that gran-
ulocytes adhere preferentially to vascular endothelium adjacent to a site of
inflammation.* Evidence exists that physical properties of endothelial cells or
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experimental substrates (glass, plastic, albumin, fibrinogen, fibronectin) influ-
ence adherence, and secondarily the extent and direction of cell migration.?
Substrates that promote irreversible adhesion or those that significantly di-
minish or prevent adherence effectively impair cell translocation. Directed mi-
gration (chemotaxis) appears to require intermittent adhesion that is suffi-
ciently strong to allow attachment to a substrate but sufficiently localized
temporally to allow selective detachment.® ’

A family of high-molecular-weight glycoproteins with identical g subunits
has recently been characterized on leukocyte surfaces that is important in many
of the above adhesion reactions. Monoclonal antibodies have been instrumental
in elucidating the structural interrelationships and functions of these three
glycoproteins, macrophage antigen 1 (Mac-1), lymphocyte function-associated
antigen 1 (LFA-1), and p150,95. Furthermore, this research has led to the def-
inition, with monoclonal antibodies, of a novel heritable disease that manifests
itself in defects in leukocyte adherence and motility.

Using this glycoprotein family as an example, this chapter emphasizes
advances in research on the structure and function of cell surface proteins and
their abnormalities in disease that have uniquely been made possible by the
monoclonal antibody technique of Kéhler and Milstein.

2. Probing Cell Surface Functions with Monoclonal
Antibodies

The lymphoid immune system has been extensively studied as a model of
cell adhesion, both because its cells circulate and can be readily obtained in
suspension, and because adhesive interactions between T cells and other cells
are extremely important in the development, regulation, and expression of
specific immunity. The interaction between cytolytic T lymphocytes (CTL) and
target cells has proved particularly amenable to study. CTLs are readily elicited
to virus-infected cells or to histoincompatible foreign cells. CTLs adhere to and
lyse target cells bearing specific antigen. Prior to the introduction of mono-
clonal technology, CTL-mediated killing had been shown to consist of a Mg?* -
dependent adhesion step and a Ca?*-dependent lethal hit delivery step®; how-
ever, at the molecular level, CTL-mediated killing was essentially a “black
box.”” With monoclonal antibody probes, the structure and function of a number
of molecules participating in the cytolytic T lymphocyte—target cell interaction
have now been elucidated (reviewed by Krensky et al., this volume, Chapter
35). These include the T-lymphocyte receptor for specific antigen and a mol-
ecule with a more general role in leukocyte adhesion reactions, lymphocyte
function-associated antigen (LFA-1).

The use of highly specific “functional screening” strategies has allowed
MADbs to cell interaction molecules on CTLs to be readily identified, despite
the use of whole cells to elicit the antibodies® (Fig. 1). In studies on mouse
CTL-mediated killing, rats were immunized to mouse CTLs and 1000 rat X
mouse hybridoma cultures were established per spleen. Culture supernatants
containing secreted antibodies were harvested from the hybridomas 2 weeks
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RAT MAbL,: NO INHIBITION OF LYSIS

Figure1. Screening for monoclonal antibodies block-
ing CTL effector cell function. Rat anti-mouse CTL
MADs are tested for blocking of mouse CTLs with spe-
cificity for rat lymphoma target cells. Antibodies that
might block by binding to the target are avoided, since
the target cell is syngeneic with the rat antibody donor
in the system shown.® Screening for mouse MAbs to
human anti-human histocompatibility antigen CTLs
has also led to the identification of function-associated
antigens on the CTL effector, and additionally, to the
identification of antigens on the target cell important
in CTL recognition.*®

after fusion and incubated with CTLs. Then **Cr-labeled target cells were added
and lysis of target cells was assessed by ®'Cr release (Fig. 1). This assay has
allowed rapid screening of MAbs that inhibited CTL-mediated killing, and the
identification of LFA-1 in mouse®'® and human.*?

The paradigm of inhibiting (or stimulating; see Kaye, this volume, Chapter
32) specific cellular functions with MAbs appears to be generally applicable
to the identification and study of cell surface receptors. The concentrations of
MADbs secreted into tissue culture medium (20-200 pg/ml)*? are high enough
to give saturation binding to cells for most MAbs. The antibodies we have
selected inhibit cellular function at concentrations of 1-5 pg/ml (Refs. 11 and
13 and T. A. Springer and D. C. Anderson, unpublished results). Most effective
blocking is obtained when excess antibody is present throughout the functional
assay. This is particularly important for receptors for which increased surface
expression can be functionally triggered (see below). Possible artifactual effects
on function due to binding to antigens with a high number of sites/cell or due
to cell agglutination, toxicity, or binding to Fc receptors must always be con-
sidered. Such artifacts have been ruled out for anti-LFA-1,'® but one example
of an apparently artifactual inhibition of CTL-mediated killing has been found.
An IgM anti-Thy-1 MAb was obtained that agglutinated CTLs and gave variable
but sometimes strong inhibition of killing.*°

3. Functional Properties of LFA-1

LFA-1 is expressed on the surface of T and B lymphocytes, monocytes,
and granulocytes, but is absent from nonhematopoietic cells. Functional stud-
ies in the mouse and human have given concordant results. Anti-LFA-1 MAbs
inhibit the first step in T-cell-mediated killing, i.e., the adherence of the killer
cell to the target cell.’®>** Non-antigen-specific ‘“natural” killing'**®> and po-
lymorphonuclear leukocyte antibody-dependent cellular cytotoxicity® are also
inhibited.
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The broad distribution of LFA-1 on leukocytes, and the inhibition of gran-
ulocyte-mediated, antibody-dependent cellular cytotoxicity as well as T-cell
functions by anti-LFA-1 MADb, suggested that LFA-1 might be of general im-
portance in leukocyte cell interactions. Further support for this idea has come
from experiments showing that LFA-1 can mediate adhesion between lym-
phocytes in the apparent absence of any other ligand—receptor interactions.
LFA-1 MAbs inhibit spontaneous and phorbol ester-induced self-aggregation
of B-cell lymphoblastoid lines.}” In common with the adhesion step in CTL-
mediated killing, this self-aggregation is divalent cation-dependent. Overall,
the findings suggest that LFA-1 acts as a cell adhesion molecule, which can
synergize with antigen-specific receptors, Fc receptors, or other receptors to
increase the efficiency of cellcell interactions.

4. Functional Properties of Mac-1, a Molecule Related to
LFA-1

The macrophage 1 (Mac-1) molecule of mouse and human has a g subunit
identical to that of LFA-1, but contains a different a subunit.® In contrast
to LFA-1, Mac-1 is absent from B and T lymphocytes. It is present on monocytes,
granulocytes, and large granular lymphocytes.2°

A MAD to Mac-1 was found to inhibit the complement receptor type 3
(CR3) on mouse and human cells.?* The CR3 mediates adherence and phago-
cytosis of particles opsonized with iC3b, a cleaved, hemolytically inactive
form of the third component of complement. MAbs to the Mac-1, OKM10, and
in some cases the OKM1 determinants on the human Mac-1 molecule also
inhibit CR3 function.’®?%2® MAbs that bind to other determinants on Mac-1
but do not inhibit CR3 activity have also been obtained.?32* Such MAb—Mac-
1 antigen complexes bound to Staphylococcus aureus bacteria specifically ag-
glutinate iC3b opsonized erythrocytes,?® positively demonstrating that the Mac-
1 molecule has CR3 activity. In common with the adherence reactions in which

LFA-1 is implicated, CR3-mediated adherence is dependent on divalent cat-
ions.??

5. Glycoprotein Family Interrelationships

Serology has for many years been a sensitive method for detecting simi-
larities and differences between molecules. However, pure antigen prepara-
tions were required either for immunization or absorption. This was because
it was important to distinguish between (1) a true cross-reaction between a
subpopulation of antibodies to antigen 1 with related antigen 2, or (2) im-
munization with an antigen 1 preparation contaminated with a small amount
of antigen 2, resulting in an antiserum with independent populations of an-
tibodies to unrelated antigens 1 and 2. Since at the forefront of research on
newly discovered molecules pure antigen preparations are almost never at
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hand, it is a tremendous advantage to be able to obtain monospecific, cloned
hybridoma lines after immunization with impure antigen. Using this technique,
highly specific MAbs, as well as those recognizing potential cross-reactions,
may be obtained.

Both types of MAb were obtained to the Mac-1, LFA-1 glycoprotein family,
allowing the interrelationships of its glycoprotein subunits to be elucidated by
immunochemical techniques. The cross-reaction of monoclonal and conven-
tional antibodies between LFA-1 and Mac-1 was one of the first clues that these
surface molecules were related.’®?° Three types of MAb were obtained: those
specific for Mac-1 (Fig. 2A, lane 2), those specific for LFA-1 (Fig. 2A, lane 4),
and those cross-reacting between Mac-1 and LFA-1 (Fig. 2A, lane 3).’®2* Both
molecules contain o and B subunits noncovalently associated in «;f;, com-
plexes, as shown by cross-linking experiments.?#*® The a subunits of Mac-1
and LFA-1 are M; 170,000 and 180,000, respectively; the  subunits are each
M, 95,000. Western blotting of murine Mac-1 and LFA-1 showed that the cross-
reactive MAb reacted with the B subunits of both antigens.?* None of five MAbs
specific for LFA-1 or four MAbs specific for Mac-1 reacted in Western blotting.
The subunit reactivity of two of the MAbs specific for LFA-1 was elucidated
during elution of LFA-1 from MAb-Sepharose columns with increasing pH.
The B subunit was eluted in early fractions, followed by the a subunit in later
fractions. Thus, disruption of the noncovalent association between the o and
the B subunits preceded dissociation of the a subunit from the MAb. These
results showed that two determinants specific to LFA-1 are present on its «
subunit. Polyclonal rat antisera, but none of seven rat anti-mouse MAbs tested,
were reactive with the Mac-1 or LFA-1 a subunits after pH-induced dissocia-
tion.

Since polyclonal antisera sample a wide variety of antigen epitopes, they
are useful for obtaining more general conclusions about the immunochemical
relationships between proteins. Mac-1 and LFA-1 were purified on MAb af-
finity columns. Antisera were then prepared to Mac-1 and to the LFA-1
subunit, which was separated from the g subunit by an SDS—PAGE purification
step. Antisera were tested with preparations of subunits dissociated at high
pH. No cross-reactions between the a subunits were found at antibody con-
centrations 100- to 500-fold higher than required for reaction with the ho-
mologous a subunits. Thus, the a subunits are completely immunologically
distinct. In contrast, cell lysates containing LFA-1 were as effective as those
containing Mac-1 in absorbing antibodies to the Mac-1 B subunit present in
anti-Mac-1 serum. Thus, the LFA-1 and Mac-1 B subunits are immunologically
identical.?*

Most mouse anti-human Mac-1 and LFA-1 MAbs were found to be im-
munoreactive with subunits dissociated by high pH. As in the mouse, MAbs
specific for an individual member of the family were found to be a subunit-
specific, while MADbs reacting with all types of af complex were found to react
with the common B subunit.™®

These results are in agreement with chemical characterization. The B sub-
units are identical by isoelectric focusing and peptide mapping; the o subunits
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Figure 2. Immunoprecipitation of Mac-1, LFA-1, and p150,95 from healthy adults and deficient
patient granulocytes. Granulocytes were surface-labeled with 251 using lactoperoxidase. Triton X-
100 lysates of (A) healthy control or (B) patient granulocytes were immunoprecipitated with anti-
p150,95 MAb SHCL3 (lane 1), anti-Mac-1 « MAb OKM10 (lane 2), anti-B MAb TS1/18 (lane 3),

anti-LFA-1 o MAb TS1/22 (lane 4), or anti-CR1 MAb 44D (lane 5). Precipitates were subjected to
SDS 7% PAGE and autoradiography.
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focus at distinct pI values and share at most one out of 17 tyrosyl tryptic pep-
tides.'®?%2° The NH,-terminal amino acid sequences of the LFA-1 and Mac-1
a subunits show 33% homology (T. A. Springer, D. B. Teplow, and W. J. Dreyer,
Nature, in press). This is highly significant homology, suggesting that the genes
arose by a duplication event, but this degree of homology is generally too low
to be immunochemically detected. As a rule, for globular proteins, 60% se-
quence homology is required for cross-reaction to occur.?”-28

Polyclonal antiserum to Mac-1 has been useful in molecular biology ex-
periments.”®*° Polyclonal rabbit antiserum prepared to Mac-1 purified on MAb
immunoaffinity columns®*® was found to immunoprecipitate Mac-1 translated
in an in vitro reticulocyte lysate system, while none of several MAbs tested
were effective. With polyclonal anti-Mac-1 IgG, Mac-1 mRNA preparations
were purified approximately 1000-fold using the polysome purification pro-
cedure described by Kraus (this volume, Chapter 25). cDNA prepared to im-
munopurified mRNA, and oligonucleotide probes specified by the NH,-ter-
minal sequence, have been used to clone the Mac-1 « subunit gene (L. Sastre,
T. Springer, T. Roberts, ]. Roman, and W. Dreyer, unpublished results).

A third type of a complex has been identified in humans by precipitation
with anti-B MAb.*® (Fig. 2). This af complex has been termed p150,95 after
its subunits of M; 150,000 and 95,000. Recently, two MAbs specific for the
p150,95 molecule were identified among MAbs in the myeloid panel of the
second international workshop on human leukocyte differentiation®! (see Fig.
2A, lane 1). Additionally, an IgM MADb to p150,95 has been obtained by im-
munizing mice with a mixture of human p150,95, Mac-1, and LFA-1. This
antigen preparation was purified from granulocyte lysates using an anti-B sub-
unit MAb coupled to Sepharose (L. Miller and T. A. Springer, unpublished).
The p150,95 molecule is expressed on human monocytes and granulocytes but
not on B or T lymphocytes.3?-32

Surface expression of p150,95 and Mac-1 can be dramatically “upregu-
lated” by physiological stimuli. The stimulatory agents include f-Met-Leu-Phe,
an analogue of bacterial proteins, and C5a, an anaphylactic fragment of the
complement component C5. These agents bind to specific receptors on myeloid
cells and stimulate a broad spectrum of physiological responses, including
increased adherence, chemotaxis, and granule secretion. In vivo, these agents
stimulate circulating granulocytes and monocytes to aggregate, adhere to en-
dothelial cells, and migrate into inflammatory sites.*® When granulocytes®? or
monocytes (Fig. 3) are stimulated in vitro with f-Met-Leu-Phe (10~8 M), the
amount of Mac-1 and p150,95 expressed on the cell surface is increased four-
to sevenfold. In contrast, surface expression of LFA-1 is unaffected. These large
increases in surface expression occur within § hr, suggesting a latent store
of Mac-1 and p150,95 in granulocytes and monocytes. Secretion of components
stored in secondary granules and perhaps in other secretory vesicles is stim-
ulated under these conditions.** This suggests an intracellular location, per-
haps in the membrane bilayer surrounding secretory organelles, for the latent
store of Mac-1 and p150,95. The lack of such a store of LFA-1 suggests that
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after biosynthesis, targetting of these molecules to the plasma membrane or
secretory organelles is influenced by their o subunits.

6. Mac-1, LFA-1 Deficiency Disease

With the use of MAbs, a novel disease has been recognized in which the
Mac-1, LFA-1 and p150,95 glycoproteins are deficient. Recurrent bacterial in-
fection, progressive periodontitis, persistent leukocytosis, and/or delayed um-
bilical cord separation has been described in patients whose neutrophils dem-
onstrated depressed phagocytic function and deficient adherence and
chemotaxis.?*~3® When total, surface-labeled granulocyte proteins from these
patients were subjected to SDS-PAGE, (a) glycoprotein(s) variously estimated
to be M; 110,000,%° 180,000,%® 150,000,%” or 138,000°® was found to be lacking.
Deficiency of a specific surface molecule in one of these patients was pin-
pointed using MAbs to the a and B subunits of Mac-1.3840:41

Deficiency on the cell surface of both the a and B subunits of Mac-1 might
be secondary to a lack of the « or B subunit. If the primary deficiency were of
the B subunit, a lack of LFA-1 and p150,95 would also be predicted. This
hypothesis has been tested with MAbs specific for the LFA-1 oL and Mac-1
aM subunits and the common B subunit,®® and more recently with p150,95-
specific MAbs®"®® which presumably react with the p150,95 aX subunit.
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Expression on the surface of patient cells was quantitated by immunoflu-
orescent flow cytometry. Patient granulocytes and mononuclear cells were
markedly deficient in the entire glycoprotein family, as shown with MAbs
specific for each a subunit and the common B subunit. An interesting quan-
titative difference was seen between patients. Patients 1 and 2 expressed be-
tween 0.2 and 0.5% of the normal amounts of Mac-1, LFA-1, and p150,95,
values that are marginally distinguishable from complete absence. In contrast,
patients 4—8 expressed clearly higher but subnormal amounts of 3—9% of these
molecules. These levels of expression have been termed severe and moderate
deficiency, respectively.?® Incubation of patient granulocytes with 1078 M f-
Met-Leu-Phe resulted in a small absolute increase in the amount of surface-
accessible Mac-1, p150,95, or the common B subunit in moderately deficient
patients, but the percent of normal expression remained unchanged in com-
parison to similarly treated healthy cells.

To examine the deficiency at a molecular level, patients’ granulocytes were
labeled with *?°T and subjected to immunoprecipitation. A representative ex-
periment with patient 1 is shown in Fig. 2. From control cells, the anti-aL. MADb,
anti-aM MAD, and anti-p150,95 precipitated the respective individual a sub-
units noncovalently associated with the common B subunit (Fig. 2A, lanes 1,
2, and 4). The anti-B MAb precipitated the B subunit and the three types of
subunits noncovalently associated with it: aL, aM, and the aX subunit of the
p150,95 molecule (Fig. 2A, lane 3). In contrast, cells from patients were strik-
ingly deficient in all these molecules (Fig. 2B, lanes 1—4). The normal parents
and siblings of the patients were positive for immunoprecipitation.?® The CR1
was present in similar amounts in normal and patient cells (Figs. 2A and 2B,
lane 5).

To test for low levels of expression in patient cells, autoradiograms were
subjected to prolonged exposure.??3° Precipitation of small amounts of LFA-
1, Mac-1, and p150,95 was detected in moderately deficient but not in severely
deficient patients. Notably, anti-aL. and anti-8 MAbs each precipitated both «
and B subunits. This shows that when surface expression can be detected on
patient cells, it is due to the presence of the normal of complex, rather than
to the presence of free a or B subunits.

The deficiency appears to be limited to the Mac-1, LFA-1 glycoprotein
family. The CR1, the neutrophil Fc receptor, and HLA antigen glycoproteins
were present in normal amounts and were of normal mobility in SDS—PAGE.
Furthermore, out of 118 antimyeloid MAbs screened in the second international
leukocyte workshop, the only negative MAbs were 16 directed to the LFA-1,
Mac-1 family or its members.>® Normal numbers of f-Met-Leu-Phe receptors
and normal granule secretion triggered by receptors for f-Met-Leu-Phe and C5a
have previously been described on these patients’ cells.®®*2 Furthermore, latent
CR1*? but not Mac-1 or p150,95 was present in patients’ granulocytes, which
could be expressed on the surface in response to f-Met-Leu-Phe or C5a.

A number of lines of evidence show that Mac-1, LFA-1, p150,95 deficiency
is a heritable autosomal recessive disease®®3°: (1) Mothers and fathers were
found to express approximately half the normal amount of aL,, «M, and B sub-
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Figure 4. LFA-1 biosynthesis in patient and normal lymphocytes. Lymphocytes of patient 2 were
blast-transformed with phytohemagglutinin (identical results were obtained with lymphocytes of
patients 1 and 4).** Cultured blasts were then labeled with [**S]methionine for 2 hr, and either
harvested immediately or chased for 22 hr with unlabeled methionine as indicated. Triton X-100
and sodium deoxycholate-solubilized cell lysates were immunoprecipitated with Sepharose-cou-
pled TS1/22 anti-LFA-1 « MAb, TS1/18 anti-B MAb, or activated, quenched Sepharose as a negative
control. Precipitates were subjected to SDS—PAGE and fluorography.

units, both on unstimulated and on f-Met-Leu-Phe-stimulated granulocytes. (2)
In the case of X-linked inheritance, two populations (normal and defective) of
maternal granulocytes would be expected as a result of X-chromosome inac-
tivation, as is observed in the X-linked form of chronic granulomatous disease.
However, all four mothers had a single population of granulocytes expressing
intermediate levels of each glycoprotein subunit. (3) One recently identified
family contains a cluster of an affected father, son, and daughter.?® (4) Equiv-
alent numbers of male and female patients have been identified. (5) One patient
(#3) was the product of a consanguinous marriage.

The molecular pathogenesis of this deficiency was investigated in biosyn-
thesis experiments. Biosynthesis experiments with normal cells have shown
that the « and B subunits are derived from separate precursors denoted as o’
and B’, and that association into an o’B’ complex precedes processing to the
mature af form and expression on the cell surface.’®** In patients’ cells, the
a'L precursor was synthesized in normal amounts and had normal stability;
however, o'L never matured to oL (Fig. 4B, lanes 1 and 2), and lack of precip-
itation of o’L by anti-8 MAbs showed that it did not become B-associated (Fig.
4B, lanes 3 and 4). Two lines of evidence strongly suggest that the primary
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Figure 5. Biosynthesis of the Mac-1, LFA-1 glycoprotein family. The biosynthetic pathway in
normal cells is as described in Ref. 19. The evidence for a primary block in B-subunit synthesis,
a secondary block in a'L biosynthesis due to lack of B-subunit association, and hypothetically
similar blocks in a’M and oa'X biosynthesis is discussed in Ref. 33 and the text. Lack of a-subunit
processing and transport to the cell surface or to latent pools appears to be due to a requirement
for association with the B subunit.

defect is in the B subunit: (1) the presence of normal a'L but absence of any
form of aLB complex either at the cell surface or as an intracellular precursor
that would have been detectable by precipitation of oL or o’L by anti-g MAbs,
and (2) the lack of three different surface proteins, which have as their only
common structural entity the g subunit.

The effect of B deficiency on biosynthesis of the Mac-1, LFA-1 family is
summarized in Fig. 5. The presence of o’'L precursor but no oL inside patients’
cells and the absence of cell surface aL. show that association with the B subunit
is required for processing and transport to the surface. Biosynthesis experi-
ments have been done thus far with cells that express only LFA-1, but since
the biosynthetic pathways of Mac-1, p150,95, and LFA-1 are similar in normal
cells,'® it is proposed that a’'M and o'X intracellular precursors are blocked at
the same point in their biosynthetic pathway in patient myeloid cells, as shown
in Fig. 5.

The lack of three a subunits on the cell surface as the result of B-subunit
deficiency represents an interesting example of the effects of gene complemen-
tation on the phenotypic expression of an inherited defect. The lack of a latent
pool of Mac-1 and p150,95 in patients’ cell suggests that subunit association
is also required for entry into this pool, which is presumably intracellular.
Studies with endoglycosidase H digestion of Mac-1 have shown that the ma-
turation of a'M to aM is due to the conversion of high-mannose to complex-
type carbohydrates (T. Kishimoto, L. Sastre, and T. A. Springer, unpublished
results). This type of carbohydrate processing is known to occur in the Golgi,
suggesting that lack of association with B in patients’ cells blocks transport to
the Golgi. To further understanding of the nature of the mutation at the mRNA
and DNA level, DNA probes specific for the a subunits (see above) and 8 sub-
units are being prepared.



202 Chapter 11

Other patients appear to resemble the eight we have studied in lacking
multiple members of the Mac-1, LFA-1 glycoprotein family. Two patients in
the eastern U.S.,%>#1*5 one in the western U.S.,*® three in England,*” and one
in France®® have a similar deficiency of  and of multiple a subunits. Although
none of these patients have been characterized by biosynthetic labeling of pre-
cursors, the findings in each case are suggestive of a similar B-subunit defect.

Heterogeneity among these patients in their symptoms heretofore hindered
their classification into a single clinical entity. A common molecular basis for
their disease has now been demonstrated: inherited Mac-1, LFA-1 deficiency.
Severe and moderate deficiency variants of the disease have been recognized;
heterogeneity with respect to the severity of clinical illness and/or abnormal-
ities of leukocyte functions observed among recognized examples of this dis-
ease appears causally related to quantitative differences among the patients in
surface expression of this critical glycoprotein family.>® Granulocytes of pa-
tients 4—-8 have about 5% of normal amounts on the cell surfaces, whereas
patients 1-3 have a clearly more severe, almost complete deficiency. Patients
2 and 3 died before the age of 2; patient 1 is 5 years old. Among our patient
population, patients 4-8 appear to have a relatively less severe clinical disease
as compared to patients 1-3 and have survived longer (mean age 19 years).
The presence of identical molecular deficiencies among these patients has con-
firmed that they represent examples of the same genetic disease. However, the
possibility exists that disease among different recognized kindreds results from
independent mutations within or affecting the same gene. This is suggested by
the quantitative variations in Mac-1, LFA-1, p150,95 surface expression and
the different ethnic backgrounds among the patients, including Anglo-Saxon,
Iranian, and Hispanic.

Since a deficiency of the Mac-1, LFA-1 family has been clearly documented
on multiple types of leukocytes, including granulocytes, monocytes, and T and
B lymphocytes, the observed functional abnormalities of both phagocytic and
lymphoid cells of these patients®®*? are not unexpected. Recurrent soft tissue
infections secondary to bacterial microorganisms is unquestionably related to
granulocyte dysfunction in this disorder. Patient granulocytes are deficient in
multiple adhesion-dependent functions, including attachment and spreading,
aggregation, chemotaxis, antibody-dependent cytotoxicity, and CR3-mediated
adherence and phagocytosis.?>-3%424¢ Deficiency of CR3 function as measured
with iC3b-opsonized particles is in good agreement with the previous identi-
fication of Mac-1 as the CR3%"* of human myeloid cells. The wide spectrum
of adhesion-dependent abnormalities may be related to all three members of
this glycoprotein family, since all are expressed on normal granulocytes and
monocytes. Treatment with combinations of anti-aL, -aM, and -B MAbs repro-
duces abnormalities in adhesion-related functions in normal granulo-
cytes,'®38424¢ while no blockade of adherence-independent functions, in-
cluding shape change and specific binding of chemotactic factors, is observed.
Interestingly, granulocyte adhesion, in common with other functions in which
Mac-1 and LFA-1 are implicated, is divalent-cation dependent.?
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The failure of patients’ granulocytes to hyperadhere in response to che-
moattractants in vitro may be related to deficient upregulation of Mac-1 and
p150,95.%® Since granulocyte adherence to endothelial cells in vivo and to a
variety of substrates in vitro represents the prerequisite for mobilization to
inflammatory sites and for chemotaxis, respectively, the adherence abnormal-
ities in this disorder provide a plausible explanation for clinical features of
impaired pus formation, occurrence of necrotic infections of skin and mucous
membranes, and impaired wound healing. Lack in patients of granulocyte or
monocyte accumulation at abraded skin sites (Rebuck skin window test) is also
notable in this respect.3®

Although lymphocytes express only one member of the family, LFA-1,
some evidence supports the clinical pathological importance of lymphoid cell
dysfunction in this disorder. Of importance, the death of patient 3 was related
to a fulminant and progressive viral (pico RNA virus) respiratory infection.
Impaired proliferative responses of patient cells to PHA (10-25% of normal
values) and diminished cytolytic T-lymphocyte and natural killing activity
have been documented in studies on some of our patients®” as well as in a
patient reported elsewhere.*® Interestingly, the PHA responses and cytotoxic
killing by lymphocytes of patients 1, 2, and 4 are even further decreased by
anti-LFA-1 MAD, suggesting that even the small amounts of LFA-1 present on
patient cells can contribute to their functional responsiveness.!” The functional
defects of LFA-1-deficient lymphocytes appear identical to the defects observed
in normal lymphocytes treated with anti-LFA-1 MAb. The excellent agreement
between studies on MAb-treated normal cells and on genetically deficient cells,
both for LFA-1 and Mac-1, is an important confirmation of the validity of using
MAD probes for the study of cell surface function.

Previously, immunodeficiency diseases have been described in which spe-
cific cell lineages are absent or abnormally developed, as in severe combined
immunodeficiency; secreted components are lacking, as in complement defi-
ciencies; or intracellular enzymes are lacking, as in chronic granulomatous
disease. To the best of our knowledge, Mac-1, LFA-1 deficiency is the first
reported instance of an immunodeficiency disease related to the lack of specific
cell surface proteins. The combined tools of monoclonal antibodies and an
inherited deficiency syndrome should allow rapid progress in understanding
the important functions of the Mac-1, LFA-1 glycoprotein family in leukocyte
adhesion reactions.
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