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The effect of heritable LFA-1 deficiency on T lym-
phocyte function was measured. After primary
mixed lymphocyte stimulation, all six patients stud-
ied showed diminished allospecific T lymphocyte
cytolytic and NK activity as compared with kindred
and normal controls. MLR and mitogen-induced pro-
liferative responses were comnsistently depressed.
LFA-1-deficient, EBV-transformed B cell lines were
poor stimulators of T cell responses. Primary cyto-
lytic responses by lymphocytes from severely LFA-
1-deficient patients (<0.2% of normal surface
expression) were consistently more profoundly de-
pressed than those by lymphocytes from moder-
ately deficient patients (about 5% of normal surface
expression). These results demonstrate the impor-
tance of LFA-1 in lymphocyte function. After re-
peated MLR restimulation, proliferative and cyto-
Iytic capacity improved and CTL lines could be es-
tablished from all patients. Cytolysis by lines from
one but not a second severe patient, and by four of
four moderate patients, was inhibited by anti-LFA-
1 MAD, and at 10-fold lower concentrations than
required for inhibition of killing by control CTL
lines. The locus of inhibition was on the target cell
for the severely deficient CTL line, and on both the
target and effector cells for moderately deficient
CTL lines. In contrast, the locus of inhibition for
normal CTL is on the effector cell. These findings
show that LFA-1 can participate bidirectionally in
cell interactions. The in vitro results are discussed
in terms of the clinical findings in patients.

A number of cell surface molecules important in the
interaction between T lymphocytes and other cells have
recently been identified with monoclonal antibodies
(MAD).® A similar set of molecules appears to mediate the
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response of helper T lymphocytes to antigen-presenting
cells and killing by cytolytic T lymphocytes {(CTL) of target
cells. This suggests that these diverse cell functions are
initiated by cell interactions that have a similar molecular
basis. Thus far, conclusions regarding the functional
importance of these surface molecules are based primar-
ily on the ability of MADb to lymphocyte function-associ-
ated antigen-1 (LFA-1) (1-4), T8 (5, 6), and T4 (7-9) to
inhibit function, and the ability of MADb to LFA-2/T11 (2,
3. 10-12), T3 (13, 14), and the antigen receptor (15) to
stimulate or inhibit function. A complementary and rig-
orous method of evaluating the importance of these mol-
ecules would be to examine the functional capacity of
mutant cells deficient in a specific molecule. The recent
discovery of a heritable deficiency disease (16-20) has
now made this possible for the LFA-1 molecule.

LFA-1 was initially defined by MAb that inhibit CTL-
mediated cytolysis in the absence of complement. MAb
blocking studies have shown that LFA-1 is involved not
only in CTL-mediated cytolysis, but also in a wide variety
of leukocyte functions. Anti-LFA-1 MAD inhibit antigen-
specific and mitogen-driven T lymphocyte proliferative
responses (1, 3, 21), natural killer (NK)-mediated cytolysis
(3. 4), and granulocyte antibody-dependent cellular cytol-
ysis (ADCC) (22, 23). Inhibition by anti-LFA-1 MAb of
CTL conjugation to target cells suggests that LFA-1 func-
tions in cell-cell adhesion (1, 24). The LFA-1 glycoprotein
is expressed on essentially all leukocytes but is absent
from nonhematopoietic cells (1). The LFA-1 molecule
consists of a M; = 177,000 « subunit and a M, = 95,000
# subunit noncovalently associated in a heterodimer (1,
2, 4).

In this report, we have investigated the effect of genetic
deficiency of LFA-1 on lymphocyte function. A group of
six patients were studied, all of whom appear to have a
primary deficiency of the M, = 95,000 8 subunit (16, 25).
The LFA-1 a subunit is synthesized but is not expressed
on the surface in the absence of the 8 subunit. Mac-1
and p150,95, two related molecules that utilize distinct
« subunits but share the same 8 subunit as LFA-1, are
also deficient on granulocytes and monocytes of the pa-
tients. These Mac-1-, LFA-1-deficient patients have no
other known biochemical or developmental defects, yet
they manifest life-threatening immune dysfunction. The
patients’ clinical course is characterized by recurrent
bacterial infections, poor wound healing, and lack of
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granulocyte infiltration of inflammatory sites, despite
marked granulocytosis (reviewed in Reference 25). We
find that the lymphocytes from all patients show de-
creased CTL- and NK-mediated killing and T cell prolif-
erative responses compared with their kindred and nor-
mal controls. The role of LFA-1 in lymphocyte function
and in the clinical manifestations of the disease is dis-
cussed in relation to these findings.

MATERIALS AND METHODS

Peripheral blood lymphocytes (PBL). PBL from LFA-1-deficient
individuals, family members, and normal volunteers were purified
on Ficoll/Hypaque gradients as described (16). Tissue typing was
performed by the Immunoiogy Research Laboratory at the Baylor
University School of Medicine and the Histocompatibility Laboratory
at the Dana-Farber Cancer Institute. The human leukocyte antigen
(HLA) types were as follows: patient 1 (HLA-A2,32: B35.51; Cw4;
DR3.4), mother 1 (HLA-A2,2; B27,51; Cwl: DR3.?), father 1 (HLA-
A3,32; B7,35; Cw4,7; DR2.4). patient 2 (HLA-A1,2;B14,14;: Cw7,w8:
DR1,w6). mother 2 (HLA-A1,23; B14,w57; Cw3,w7; DRw6,w9), fa-
ther 2 (HLA-A2,28; B14,w62; Cw1l,w8; DR1,?), patient 4 (A30,32;
B14,W53; DR1j, patient 6 (HLA-A1,?; B8,14; C?; DR3,w7), and his
following three children: patient 7 (daughter) (HLA-A1,29; B8,44;
C?: DR3.w6); patient 8 (son) (HLA-A1,32; B8.40(61): Cw2; DR3,w6);
heterozygote daughter SFO (HLA-A1,32; B8,40 (61): Cw2; DR3,w6);
heterozygote daughter HFO (A1,29; B8,44; DR3).

Human tumor cell lines. The Epstein Barr virus (EBV)-trans-
formed B lymphoblastoid cell lines JY and MANN, as well as the
erythroleukemia cell line K562, were typed by the Histocompatibility
Laboratory at the Dana-Farber Cancer Institute: JY (HLA-A2, B7,
DR4, DRw6), Mann (HLA-A29, B12, DRw7), and K562 (HLA-A", B,
DR").

Culture conditions. Primary culture was performed as described
(7). Briefly, 7 X 108 PBL were stimulated with 1 X 105 JY cells or
medium alone in 2-ml wells (Linbro; Flow Laboratories, McLean,
VA). The JY stimulator cells were irradiated with 10,000 R. The
culture medium was RPMI 1640 supplemented with 10% fetal calf
serum (M. A. Bioproducts, Bethesda, MD), 2 mM r-glutamine (Gibco
Laboratories. Grand Island, NY), penicillin at 100 pg/ml and strep-
tomycin at 100 ug/ml (Gibco), and 25 uM 2-mercaptoethanol (East-
man Organic Chemicals, Rochester, NY). Long-term CTL lines and
NK cells were generated as described (26).

SICr-release assay. Cells were harvested after 6 days of culture,
and cytolytic assays were performed in duplicate or triplicate in V-
bottom microtiter wells (Linbro). Target cells (JY. K562, or MANN)
were incubated with 0.1 mCi of [*!'Cr|sodium chromate for 1 to 2 hr
at 37°C, and 1 x 10 target cells were incubated with 1 X 10%, 2.5 x
10%, or 6 x 10° effector cells (corresponding to effector to target [E:T]
ratios of 100:1, 25:1, and 6:1) for 3 to 4 hr at 37°C. After incubation
the plates were centrifuged, and 100-ul samples of cellfree super-
natant were taken and counted in a gamma counter. Percentage
specific release (% SR) was calculated according to the formula: SR
= 100 X [(E — C)/(T — C)], where E is cpm released by incubating
targets with immune cells, C is cpm released from targets incubated
with medium alone, and T is the total cpm releasable from targets
with 100 ul of 5% Triton X-100.

MAD blocking experiments. MAb were added at various concen-
trations directly to the microculture well at the start of the 3- to 4-
hr incubation of the 3/Cr-release assay, and the percentage of block-
ing was calculated according to the formula: Percent blocking = 100
X [(SR control) — (SR + MADb)/(SR control)], where SR control is the
specific release in the absence of MAb and SR + MAD is specific
release in the presence of MAb. To establish the locus of inhibition
by anti-LFA-1 MADb, effector or target cells were pretreated with MAb
at 50 pg/ml for 30 min at room temperature, washed extensively
four times, and used in standard 3- to 4-hr ®'Cr-release assays.

MAD to the LFA-1 « subunit, TS1/12, TS1/22, TS2/4, and TS2/
14, and TS1/18 to the 8 subunit have been described (2). These MAb
recognize three unique and two overlapping determinants on the
LFA-1 molecule (27). MAb were derived from subcloned hybridoma
lines. Other antibodies used include TS2/18 (anti-LFA-2), TS2/9
(anti-LFA-3), w6/32 (anti-HLA-A,B,C}), TS1/16 (anti-HLA-DR} {2]
OKT3, OKT4, OKT8, OKT11 (Ortho, Raritan, NJ). Leu-1, Leu-3a,
and Leu-5 (Becton-Dickinson, Mountain View, CA).

Proliferation assays. Mixed lymphocyte response (MLR) cultures
were established at 1 X 10° responder cells and 10* stimulator cells
(2500 R) per 0.2 ml microtiter well. The cultures were pulsed for 18
hr with 1 uCi/well of [*Hjthymidine (New England Nuclear, Boston,
MA), harvested with a cell harvester (Cambridge Technologies, Cam-
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bridge, MA), and counted in a beta counter.

The blastogenic response of lymphocytes to phytohemagglutinin
(PHA) was measured with 1 X 10° responder cells/well in 0.2 mi of
complete medium and harvested on day 3. Pulsing, harvesting, and
counting were performed as in the MLR assay.

Immunefluorescence. Immunofluorescence flow cytometry was
performed on an Epics V (Coulter) after labeling cells with MAb and
affinity-purified fluorescein isothiocyanate F(ab’), goat anti-mouse
IgG (Tago, Burlingame CA), as described {16).

RESULTS

Two populations of patients have been defined that
differ in the severity of deficiency of Mac-1 and LFA-1
on the cell surface. The severity of the clinical syndrome,
characterized by recurrent bacterial infections, poor
wound healing, and a lack of granulocyte infiltration of
inflammatory sites, has been shown to correlate with the
degree of the deficiency (16, 25). Severely deficient pa-
tients 1 and 2 and moderately deficient patients 4
through 8 express <0.2% and 5%, respectively, of the
normal amounts of Mac-1, LFA-1, and p150,95 on their
neutrophils and monocytes and of LFA-1 on their lym-
phocytes. Both types of patients have been examined in
these studies.

Defective allospecific CTL-mediated killing and nat-
ural killing. PBL from LFA-1-deficient patients, family
members, and unrelated individuals were stimulated
with EBV-transformed B cell lines (JY or MANN) that
were mismatched at both class I and class II HLA loci.
After 6 days, cells were harvested and tested for cytolytic
activity against ®'Cr-labeled JY target cells. All LFA-1-
deficient individuals showed low levels of cytolysis of JY
cells at all effector to target ratios tested (Fig. 1A-C):
patient 1 was less than 10% of control levels, patient 2
was less than 15% of control levels, and patient 4 was
less than 40% of control levels of cytolysis. Similar re-
sults were obtained in other CTL assays after short-term
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Figure 1. CTL {A-C) and cultured NK cells (D-F) from patients (@) 1
(A, D), 2 (B, E), and 4 (C, F), their mothers (O) and fathers (), 6 days
after primary MLC stimulation with JY, were assayed for cytotoxicity in
a 3- to 4-hr *!Cr-release assay at E:T ratios of 100:1, 25:1, and 6:1. Target
cells were JY for CTL and K562 for NK cells.
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(primary or secondary} MLR stimulation. Representative
results with patients 1, 6, 7, and 8 are shown in Table L
The defect in short-term CTL-mediated killing was con-
sistently more pronounced in severely deficient patients
1 and 2 than in moderately deficient patients 4, 6, 7, and
8 (Fig. 1 and Table I).

Because primary human mixed lymphocyte cultures
contain both specific CTL and nonspecific NK cells, we
used MAD blocking to estimate the relative contribution
of each type of killer cell to anti-JY cytolysis. Inclusion
of anti-HLA-A.B,C (W6/32) and OKT3 monoclonal anti-
bodies inhibited greater than 50% of the cytolysis by both
control and patient CTL, demonstrating that the majority
of the observed lysis was allospecific and mediated by
OKT3* CTL (data not shown). LFA-1-deficient CTL were
also defective in their ability to lyse PBL cultured for 1
wk (data not shown), indicating that the defect in cytol-
ysis was not limited to EBV-transformed target cells.

Long-term CTL from LFA-1-deficient individuals
show improved cytolytic activity. The long-term in vitro
culture of LFA-1-deficient CTL provided an opportunity
to study the evolution of cytolytic function and the sta-
bility of the LFA-1-deficient phenotype. CTL were main-
tained in culture in medium supplemented with interleu-
kin 2 (IL 2) (supernatant from PHA and MLR-stimulated
PBL) and stimulated at 1- to 2-wk intervals with irradi-
ated JY or Mann cells. After 7 wk in culture, the effi-
ciency of cytolysis by LFA-1-deficient lymphocytes in-
creased significantly. Examples of the improvement in
lytic function of CTL lines are shown in Table 1. CTL
cultures of patients 1, 6, 7 and 8 and of related and
unrelated controls were tested after both short- and long-
term culture. Separate cultures from patient 1, estab-
lished from blood donated at different times and stimu-
lated with either JY or Mann, demonstrated comparable
levels of cytolysis, showing that the improvement in lytic
activity was not unique to a particular stimulator or target
cell line (Table I). The lytic activity of cultures from
patients 1, 6, 7, and 8 demonstrated considerable im-
provement (Table I), but did not reach control levels even
after 20 wk in culture (not shown). Comparisons in ex-

TABLE 1
CTL response in short-term and long-term culture of LFA-1-deficient
patients®
5ICr Release
Target
Effector Cells {Donor) Cells Short-Term Long-Term
E:T E:T
Experiment 1 15:1 45:1 11:1 33:1
Patient 1 Mann 5 8 52 68
Mother " 31 51 61 87
Control 45 69 ND ND
Experiment 2 25:1 25:1
Patient 1 JY 12 50
Mother ” 32 60
Father " 65 78
Experiment 3 15:1 451 5:1 151
Patient 6 JY 30 39 52 65
Patient 7 " 40 45 48 63
Patient 8 " 33 42 59 63
Heterozygote daughter » 68 75 61 85
Control " 59 79 53 77

@ Lymphocytes from each donor were co-cultured with irradiated JY or
Mann cells in the presence of IL 2 (see Materials and Methods). Effector
cells were assayed for cytolytic activity against the appropriate target
cells. Data shown are percent specific release in 3- to 4-hr ®'Cr-release
assays. In experiments 1 and 3 the cultures were tested after 2 and 8 wk
of culture; experiment 2 was performed after 1 and 7 wk of culture.
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periment 3 are particularly relevant, because patients 6,
7, 8 and the heterozygote control are from the same
family. Moreover, patient 8 and the heterozygote control
are HLA identical.

The improvement in CTL function was not accompa-
nied by an increase in LFA-1 expression. The CTL line
from severe patient 2 showed <0.1% of normal expres-
sion of the LFA-1 « and 8 subunits (Fig. 2d, e¢). LFA-1
was detectable on the CTL line from moderate patient 4
at 0.7% and 0.6% of the amounts on a control CTL line
for the LFA-1 a and 8 subunits, respectively (Fig. 2j, k).
LFA-1 expression as a percentage of that on the relevant
healthy control cell was consistently lower on CTL and
EBV-transformed cell lines (16) than on normal periph-
eral leukocytes (25) of moderately deficient patients. CTL
lines from unaffected family members expressed normal
levels of LFA-1 (Fig. 2g, h, m, and n). Cell surface expres-
sion of HLA (Fig. 2f and l), T3, T4, T8, LFA-2, and LFA-
3 (not shown) by LFA-1-deficient CTL did not differ from
that of control cells.

Natural killing. In a parallel series of experiments, we
tested whether LFA-1 deficiency affected NK activity.
PBL from LFA-1-deficient individuals, their families, and
unrelated controls were cultured alone or with JY cells
for 6 days (similar NK activity was noted whether stim-
ulator cells were present or absent). NK cell-mediated
cytolysis was assessed on the K562 erythroleukemia cell
line (HLA negative.) All LFA-1-deficient individuals
showed low levels of NK-mediated cytolysis compared
with that of family members and many unrelated indi-
viduals (Fig. 1D-F), although some unrelated individuals
also showed low levels of NK cell-mediated cytolysis (data
not shown).

T cell proliferation. PBL from LFA-1-deficient patients,
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Figure 2. Immunofluorescence flow cytometry of CTL from Mac-1-,
LFA-1-deficient patients. Patient, kindred, and control anti-JY CTL lines,
12 wk after establishment and 5 days after the last JY stimulation, were
purified by Ficoll-Hypaque sedimentation. CTL were labeled with a mix-
ture of anti-LFA-1 « MAD {TS1/22, TS2/4, TS2/6. TS2/14, and TS1/12).
anti-LFA-1 8 MAb (TS1/18), and anti-HLA MAb (W6/32} as indicated
(solid curves) or with X63 myeloma IgG as control (dashed curves), a
second step of fluoresceinated anti-mouse IgG, and scatter-gated immu-
nofluorescence was determined.
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family members, and unrelated controls were tested for
proliferation after a) allostimulation (JY cells or unrelated
normal PBL) or b) lectin stimulation (PHA). After 3 days
in culture with irradiated JY cells, PBL from LFA-1-
deficient individuals incorporated less than 30% as much
[*H]thymidine as did cells from control individuals (Fig.
3). Similarly poor proliferative responses occurred after
stimulation with normal donor PBL (not shown). LFA-1-
deficient individuals also showed an impaired prolifera-
tive response to PHA, at both 2.5 and 0.25 ug/ml PHA
(Table II). The response could not be improved by addition
of IL 2. Of interest, the long-term CTL lines demonstrated
an improvement in proliferative response to allostimula-
tion that paralleled the improvement in lytic activity.
After 20 wk in culture, CTL lines from deficient patients
proliferated as well as controls when stimulated by the
appropriate allogeneic target cell (JY or Mann; data not
shown).

Defects in the ability of LFA-1-deficient B cells to
stimulate T cell responses. These results show that T
cells from LFA-1-deficient individuals responded poorly
in a number of in vitro functional assays. Because LFA-
1 is present on virtually all leukocytes, it was of interest
to determine whether B cells from these patients could
normally stimulate in the MLR. EBV-transformed B cell
lines were generated from LFA-1-deficient patients, fam-
ily members, and control individuals. These cells were
used as stimulators for MLR and the generation of allo-
geneic CTL, with normal PBL used as responders. In all
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stimulated with 10° irradiated JY cells and assayed for thymidine incor-
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cases, LFA-1-deficient B cells were poor stimulators for
primary allogeneic MLR (representative results are
shown in Table Iil). The LFA-1-deficient EBV lines gave
near-normal secondary stimulation after primary stimu-
lation with LFA-1* EBV lines (data not shown). Addition-
ally, LFA-1-deficient B cells were poor stimulators when
used in primary culture to generate CTL. We were unable
to generate any long-term CTL lines against these LFA-
1-deficient B cells.

Effect of anti-LFA-1 MAb on cytotoxic responses. To
investigate the utilization of LFA-1, we examined the
ability of anti-LFA-1 MAD to inhibit long-term CTL lines.
As noted previously, all LFA-1-deficient patients dem-
onstrated lower levels of cytolysis than related or unre-
lated controls (Fig. 4B; in Fig. 44, higher E:T ratios and
longer incubations were used for patient CTL to obtain
levels of killing similar to normal CTL). Interestingly,
anti-LFA-1 MAb significantly blocked cytolysis by all but
one LFA-1-deficient CTL line (Fig. 4A, B). Furthermore,
the concentration of anti-LFA-1 MAb required for 30%
inhibition of cytolysis was 10- to 30-fold less than the
concentration required for control CTL lines (Fig. 4A, B).
The exception was patient 2, whose CTL were only
slightly inhibited by concentrations of anti-LFA-1 MAb
as high as 500 ug/ml. Figure 4 is representative of many
similar experiments. The differences between the CTL
lines from different patients, and the greater sensitivity
of CTL lines from patients 1, 4, 6, 7, and 8 to inhibition
by anti-LFA-1 than of control CTL, were consistently
observed over many weeks in culture.

LFA-1 is expressed on lymphoid target cells as well as
on CTL. Using CTL lines from normal donors, we have
previously shown that the dominant site of anti-LFA-1
MAD inhibition was the effector cell and not the target
cell. Because anti-LFA-1 inhibited killing by LFA-1-defi-
cient CTL that expressed less LFA-1 than the target cells
which they killed, similar studies on the site of inhibition
were undertaken for LFA-1-deficient CTL. Effector and
target cells were pretreated with anti-LFA-1 MAb (TS1/
18-anti-g-chain or TS1-22-anti-a-chain) and were
washed extensively before use in a standard ®'Cr-release
assay (Fig. b). As noted previously, anti-LFA-1 MADb only
weakly inhibited CTL from patient 2; therefore, pretreat-
ment experiments include data only from patients 1, 4,
5, and 6 (Fig. 5A). The pattern of anti-LFA-1 MAb inhi-
bition differs in the normal and LFA-1-deficient CTL (Fig.
5A and B). As previously found, cytolysis by control CTL
was inhibited by MAD treatment of the effector celis but
not target cells (Fig. 5B). In contrast, cytolysis by LFA-1-

TABLE Il
Proliferative responses to PHA®

{*H| Thymidine incorporation X 1072 + SD

2.5 pg/ml

2.5 ug/ml YIL2 0.25 pg/ml No PHA
Patient 2 28+ 3 36+ 2 1.5+0.7 0.3x 0.05
Mother 101 + 8 142 + 20 9.1+04 0.5+ 0.01
Brother 1 102+ 2 123+ 3 49+2.1 05+ 0.2
Brother 2 138+ 9 162 + 15 10.0 + 3.0 0.4+ 0.1
Patient 4 23+ 5 22+ 4 0.6+32 1.0+ 1.0
Mother 75 + 25 90 = 13 13.9+25 3.0x 24
Sister 108 + 15 111 £16 9.2+1.0 9.0+13
Unrelated control 1 71 +14 107 £ 33 4.7+49 1.1+ 1.0

2 PBL from patients, family members, and an unrelated individual were stimulated with PHA at 2.5 ug/ml or 0.25 ug/
ml as designated, pulsed for 18 hr with 1 xCi/well of [*H]thymidine, and harvested on day 3. IL 2-conditioned medium was

added on day O as indicated.
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TABLE I
Proliferative responses to patient and control EBV-transformed B cell lines®

Stimulated with®

Normal - +
Responder Medium LFA-1" lines Control LFA-1* lines
control Patient 1 Patient 2 Patient 4 Col Co4
AK 386 4,993 83 2,297 2.,086° 18,631
+251 +1007 +57 +1456 +560 +3497
MC 543 1,064 2,777 7.746 12,897 27,499
*217 +428 +572 +869 +1248 +3415

“Patient and control lymphocytes were transformed with EBV and passaged in parallel. Proliferative responses to
irradiated EBV-transformed stimulator cells are expressed as [*H]thymidine incorporation (cpm). HLA-types: AK HLA-A3,
B7, 38, DR6, 6; MC HLA-A3, 30, B7, 13, DR4; line Col HLA-A24, B44, w60. DR6, 6; line Co4 HLA-A1, 9, B8, 40, 41, DR3,
5: patient 1 HLA-AZ2, 32, B35, 51, DR3, 4; patient 2 HLA-A1, 2, B14, DRI, 6; patient 4 HLA-A30, 32, B14, w53, DR1.
There were DR locus mismatches in all combinations except for AK with Col.

® With the HLA-DR identical combination omitted (footnote c), the groups differed, p = 0.012, by Wilcoxon’s exact test.

¢ AK responder and Col stimulator were both HLA-DR6, accounting for the low proliferative response.
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Figure 4. Inhibition of cytolysis by anti-LFA-1 MAb (TS$1/18). Long-
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individuals) were assayed for cytotoxicity in 3- to 4-hr *'Cr-release assays.
LFA-1 MAb (TS1/18) was added at the initiation of the assay at the
indicated final dilutions. (A) Patient 1 (A), patient 2 (l), and patient 4 (¢)
at E:T ratios of 20:1 were compared with father 1 (O), mother 1 (A),
mother 2 (), mother 4 (V). control 3 (¢). or control 4 (©) at E:T ratios of
10:1. (B) Patient 6 (A), patient 7 (), and patient 8 (®) were compared with
controls at E:T ratios of 45:1 (or at 15:1 with identical results, data not
shown).

deficient CTL could be inhibited by MAb treatment of the
target cells (Fig. 5A). In the case of CTL from the severely
deficient patient 1, the target cell was the dominant site
of inhibition. For moderately deficient patients 4, 6, and
8, pretreatment of the target cells or pretreatment of the
effector cells resulted in comparable degrees of inhibi-
tion. These differences between moderately deficient
CTL, severely deficient patient 1 CTL, and control CFL
were consistently found in over six different experi-
ments.
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Figure 5. Inhibition of cytolysis after pretreatment of effector and/or
target cells with anti-LFA-1 MAb. CTL from A) patients 1, 4, 6, and 8 and
B) related and unrelated controls were tested against the target cell line
JY. CTL and JY cells were preincubated with anti-LFA-1 MAb and
washed. Pretreatment of the CTL alone, the target cells alone, and both
the CTL and the target cells was compared with the inhibition of cytolysis
observed when anti-LFA-1 MAb was added at the beginning of the assay.
Specific lysis ranged from 40 to 64%.

DISCUSSION

The ability of anti-LFA-1 MAD to inhibit CTL-mediated
cytolysis, NK cell-mediated cytolysis, and T cell prolifer-
ative responses previously suggested that this cell surface
molecule is important in lymphocyte function (1, 2). In
this study, we have examined the immune function of
lymphocytes from patients with heritable LFA-1 defi-
ciency. This experiment of nature offered a unique op-
portunity to study the importance and mechanism of
action of the LFA-1 molecule. After primary MLR stimu-
lation, all patients studied ({two severely and four moder-
ately LFA-1 deficient) showed diminished allospecific cy-
tolysis and NK activity as compared with their kindred
and normal controls. MLR and mitogen-induced prolif-
erative responses were consistently depressed. In addi-
tion, LFA-1-deficient EBV lines were poor stimulators of
T cell responses. These results with genetically deficient
cells confirm the importance of the LFA-1 cell surface
molecule in lymphocyte function.

The patient cells studied here are deficient in LFA-1,
as well as the Mac-1 and p150,95 molecules, which share
a common g subunit. The primary defect appears to be
in the 8 subunit; LFA-1 « subunit precursor is made in
normal amounts in all patients tested (patients 1, 2, and
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4), but is not expressed on the cell surface in the absence
of the 8 subunit (16). Lymphocytes express LFA-1 but
not Mac-1 or p150,95. All three molecules are expressed
on monocytes, but Mac-1 does not appear to contribute
to antigen-presenting function (unpublished observa-
tions), and there is no evidence for a contribution by
pl50.95. No deficiencies in over 20 other surface
markers have been found on patient cells. The functions
studied in this paper thus appear to be related to the
deficiency in LFA-1 only.

Cytolytic activity and proliferative responses of LFA-1-
deficient cells improved after repeated restimulation.
There was no concurrent increase in LFA-1 expression.
It appeared that CTL were selected that had compensated
for the LFA-1 deficiency. The mechanism of this com-
pensation is unknown, but it could involve changes in
the number or affinity of antigen-specific receptors, or
of other accessory molecules. Anti-LFA-1 MAb had pre-
viously been shown to block primary killing more po-
tently than secondary CTL killing, and to block lectin-
dependent killing more potently at low lectin concentra-
tions than high. It was therefore proposed that LFA-1
makes a more important contribution to low avidity than
to high avidity cell interactions (1). The involvement of
other T cell accessory molecules in antigen responsive-
ness has been shown to be inversely related to the affinity
of the antigen receptor (28). The existence of such com-
pensatory mechanisms suggests that LFA-1 may not be
absolutely required for all lymphoid cell interactions.

One of the most interesting findings to emerge from
these studies is that LFA-1 on the target cell can contrib-
ute to the CTL-target cell interaction. Previous studies
with normal CTL in both mouse and human had dem-
onstrated the functional importance of LFA-1 on the CTL.
Mouse anti-rat CTL were inhibited 90% by rat anti-mouse
LFA-1 MAD, which bound only to the mouse CTL effector
(29). Killing by human CTL was inhibited when effector
cells, but not when target cells, were pretreated with
anti-LFA-1 MAD (3). In contrast, killing by severely defi-
cient patient 1 CTL was inhibited by anti-LFA-1 pretreat-
ment of target cells but not effectors. Killing by CTL of
moderately deficient patients 4, 6, and 8 was inhibited
by pretreatment of either effectors or targets. These dif-
ferences may be a reflection of the relative density of
LFA-1 on the target cell and CTL. Normal CTL have more
LFA-1 than the B lymphoblastoid target cell line JY. The
density of LFA-1 on moderately deficient CTL, however,
is less than that on the JY target cell. LFA-1 on severely
deficient CTL is undetectable. Consistent with the lower
amount of LFA-1 present on patient CTL or involved in
patient CTL-target cell interactions, killing was inhibited
by 10- to 30-fold lower concentrations of LFA-1 MAb
than required for comparable inhibition of control CTL-
mediated killing. It is proposed that LFA-1 on both the
effector and the target contributes to the interaction
between these cells in proportion to its cell surface con-
centration. Thus, differences in the site of inhibition may
be a result of the relative concentration of LFA-1 on the
target and CTL. These findings suggest that LFA-1 can
function bidirectionally. In agreement with this, JY cells
stimulated with phorbol esters can aggregate with them-
selves, and this homotypic adhesion reaction is inhibited
by anti-LFA-1 MAD (30). Furthermore, EBV lines estab-
lished from normal, but not LFA-1-deficient, lympho-
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cytes undergo self-aggregation (Rothlein and Springer,
manuscript submitted).

Quantitative measurement of cell surface expression
and immunoprecipitation studies have allowed the defi-
nition of the severe and moderate phenotypes of Mac-1,
LFA-1 deficiency (25). Mac-1, LFA-1, and p150,95 are
expressed in 5% of normal amounts, and a-§ complexes
are detectable by immunoprecipitation in moderate defi-
ciency and in <0.2% of normal amounts and undetectable
by immunoprecipitation in severe deficiency. These dif-
ferences are related to the severity of clinical expression
and abnormalities in adhesion-dependent granulocyte
defects.

Similar heterogeneity was apparent among our patients
in the severity of T lymphocyte functional defects. Se-
verely deficient patient CTL responses were consistently
more depressed than those of moderately deficient pa-
tients. Differences were also apparent in long-term pa-
tient CTL lines. Killing by CTL lines from all moderately
deficient patients was inhibitable at both the target and
the effector cell levels. The moderately deficient patients
4, 6, 7, and 8 are all related and are likely to have the
same mutation. Killing by severely deficient CTL was
either inhibited by MAb at the target cell level only (pa-
tient 1) or only slightly inhibitable (patient 2). Findings
were similar with patient 1 CTL lines that recognized
different HLA disparities; analysis of additional patient
2 CTL lines has been prevented by her death at the age
of 18 mo. Whether the differences between patients 1
and 2 relate to the HLA disparities or te differences in
the genetic lesion are unknown. Patients 1 and 2 are
unrelated. Patients from different kindreds may have
different genetic lesions in or affecting the LFA-1 8 sub-
unit gene. Further definition of this lesion at the DNA
level may result in recognition of subtypes within the
moderate and severe deficiency groups.

Recent studies by other investigators on individual
Mac-1-, LFA-1-deficient patients (19, 20, 31, 32) obtained
quite varied results when lymphoid function was mea-
sured. CTL-mediated and natural killing ranged from
normal and inhibitable by anti-LFA-1 MAb (19, 31) to
profoundly deficient (32). In none of these studies were
both primary and long-term CTL-mediated killing re-
sponses observed. The contribution to functional re-
sponses by target cell LFA-1 was not measured. Further-
more, the patients were not classified as to moderate or
severe deficiency phenotype. Our findings have empha-
sized the importance of considering all of these factors
in functional assessments.

The clinical findings of recurrent, life-threatening bac-
terial infections and severe periodontal disease in Mac-
1-, LFA-1-deficient patients appear to reflect a dysfunc-
tion in granulocyte and monocyte adherence and migra-
tion into inflammatory sites. Predominantly, serum im-
munogiobulin levels are normal or elevated, delayed hy-
persensitivity reactions are within the normal range, and
viral infections resolve normally (25). Granulocyte func-
tion may be more profoundly affected than lymphocyte
function becase 1) three as opposed to one cell surface
molecules are affected. 2} lymphocytes but not granulo-
cytes can migrate into sites of infection (25), and 3) other
accessory molecules on lymphocytes or selection of cells
with high-affinity antigen receptors may help compen-
sate for LFA-1 deficiency. It should be pointed out, how-
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ever, that some clinical findings have been reported that
suggest lymphocyte dysfunction. This is in a minority of
cases, all apparently of the severe phenotype. A patient
in France described by Fischer et al. (32) developed cu-
taneous candidiasis, and failed to produce antibody to
polio virus, diptheria, and tetanus toxoids after vaccina-
tion. An Iranian patient, patient 3 of the Texas series
described by Anderson et al. (25), died of an overwhelm-
ing pico RNA virus infection involving the oro-hypophar-
ynx, glottis, trachea, and lung. It thus appears possible
that lymphocyte defects contribute to the clinical find-
ings in severely deficient patients. Further clinical obser-
vations will be required to determine the significance in
vivo of the clearly documented lymphocyte dysfunction
in vitro in this disorder.
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