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Correction of CD 18-Deficient Lymphocytes by 
Retrovirus-Mediated Gene Transfer 

Leukocyte adhesion deficiency (LAD) is an inherited disorder of leukocyte function 
caused by derangements in CD18 expression. The genetic and functional abnormalities 
in a lymphocyte cell line from a patient with LAD have been corrected by retrovirus- 
mediated transduction of a functional CD18 gene. Lymphocytes from patients with 
LAD were exposed to CD18-expressing retrovirus and enriched for cells that express 
CDl  la  and CD18 (LFA-1) on the cell surface. Molecular and functional analyses of 
these cells revealed (i) one copy of proviral sequence per cell, (ii) viral-directed CD18 
RNA that exceeded normal endogenous levels, (iii) normal quantities of C D l l a  and 
CD18 protein on the cell surface, and (iv) reconstitution of LFA-1-dependent 
adhesive function. 

L EUKOCYTE ADHESION DEFICIENCY 

(LAD) is a rare autosomal recessive 
disorder that is characterized by pro- 

found abnormalities in leukocyte function 
and recurrent, life-threatening infections (1, 
2, 3). Leukocytes from affected patients are 
deficient in three transmembrane glycopro- 
teins that mediate many adhesion-depen- 
dent interactions in the immune system. 
Current management of LAD patients is 
aimed at treating infectious episodes with 
appropriate antibiotics. However, many pa- 
tients die of sepsis in childhood despite 
aggressive supportive therapy. Partial cor- 
rection of leukocyte dyshct ion has been 
achieved in a few patients after allogeneic 
bone marrow transplantation from partially 
histocompatible normal siblings (4). 

The glycoproteins deficient in LAD are 
normally heterodimers formed between one 
of three C D l l  subunits and a common 
CD18 subunit; they are called LFA-1 

(CDlla  and CD18), M o l  ( C D l l b  and 
CD18), and p150,95 (CDl lc  and CD18) 
(5) .  Each type of subunit is encoded at a 
dfferent genetic focus. The first clue con- 
cerning the specific molecular defect under- 
lying LAD came from experiments on the 
biosynthesis of C D l l  and CD18 subunit 
proteins in metabolically radolabeled cells 
(6, 7). Leukocytes from LAD patients syn- 
thesized diminished or structurally abnor- 
mal CD 18 subunit molecules suggesting 
that the primary defect is an abnormality in 
CD18 expression or function. Direct sup- 
port of this hypothesis was provided by 
analyses of DNA and RNA from LAD 
patients, which identified mutations in the 
gene encoding CD18 (6 to 8). The observa- 
tion that LAD patients are deficient in the 
expression of all three heterodimers suggests 
that C D l l  processing and transport to the 
membrane is linked to expression of normal 
CD18 subunits. 

An alternative approach to the treatment 
and potential cure-of LAD is somatic gene 
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that the hematopoietic stem cell would be an 
appropriate target cell for CD18 gene trans- 
fer (4). Finally, the availability of an authen- 
tic canine model of LAD should facilitate 
the development and testing of new genetic 
therapies (11). We describe the use of 
recombinant retroviruses to correct the ge- 
netic and functional defects in lymphocytes 
from an LAD patient. 

Complementary DNA sequences span- 
ning the entire human CD 18 coding region 
were cloned into a retroviral vector depicted 
in (Fig. 1A). The vector, pEMO-CD18, 
contains a single transcriptional unit that is 
initiated at the 5' long terminal repeat 
(LTR) sequence (12). The pEMO-CDl8 
plasmid was transfected into an amphotro- 
pic retroviral packaging cell line (13) and 25 
stably transfected clones were isolated in an 
attempt to identify the highest virus-produc- 

ing cell line (14). The stable transfectants 
were screened for production of pEMO- 
CDlS-derived virus by Southern (DNA) 
blot analysis to detect and quantify proviral 
sequences in infected populations of cells 
(15, 16). Murine fibroblastoid cells (NIH 
3T3 cells) were exposed to viral stocks fiom 
each producer cell line. Genomic DNA from 
each population of infected fibroblasts was 
isolated, digested with Kpn I, and analyzed 
by Southern blotting with human CD18 as 
a probe (15, 16). NIH 3T3 cells infected 
with virus from the highest producing cell 
line contained approximately one-tenth of a 
copy of proviral sequences per cell (Fig. 1B) 
(14). The resulting proviral-derived Kpn I 
restriction fragment was of the correct size 
(3.6 kb), an indication that no detectable 
rearrangements had occurred. Analysis of 
RNA from duplicate plates of cells revealed 

+ t 
LTR LTR 

0 
Y 

313 
I I 

LAD 3T3 
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Fig. 1. (A) Schematic representation of the pEMO-CD18 vector. A full-length cDNA clone was cloned 
into an LTR-based vector which was used to make amphotropic virus (12). K represents Kpn I sites, 
and LTR represents long terminal repeat sequences. (B) Southern blot analysis. Total cellular DNA (10 
wg) was digested with Kpn I, fractionated by agarose gel electrophoresis, and transferred to Zetabid 
(15, 16). Filters were hybridized with human CD18 cDNA probes that had been '*P-labeled to high 
specific activiry by the random priming method (30). DNA was obtained from 3T3 cells (lane mock, 
DNA from mock-infected cells; lane 1 copy, DNA from mock-infected cells supplemented with 7.5 pg 
of pEMO-CD18 plasmid; and lane infected, DNA from cells infected with virus from 70-18), from 
EBV-transformed lymphocytes derived from a normal adult (lane control), and from LAD lymphocytes 
[lane mock, DNA from mock-infected cells; lane lac5 DNA from cells exposed to the IacZexpressing 
virus; lane 1 copy, DNA from mock-infected cells plus 7.5 pg of pEMO-CD18 plasmid; and cells 
exposed to the virus from 70-18 and analyzed directly (lane pre-sort), after one round of FACS (lane 
post-sort l), and after two rounds of FACS (lane post-sort 2)]. Molecular weight markers are noted as 
kilobases along the left margin. (C) Total cellular RNA (10 wg) from each population of cells was 
isolated, separated on formaldehyde gels, transferred to nitrocellulose paper, and hybridized with 
human CD18 cDNA probes as described (15, 16). RNA samples were isolated from 3T3 cells that were 
mock-infected (lane mock) or infected with virus from 70-18 (lane infected). Analyses were also 
performed on RNA from an EBV-transformed lymphocyte cell Line derived from a normal adult (lane 
control), and an LAD lymphocyte cell line that was mock-infectid (lane mock) or infected with virus 
from 70-18 and analyzed directly (lane pre-sort), following one round of FACS (lane post-sort l ) ,  or 
two rounds of FACS (lane post-sort 2). The filter was stripped and reprobed with a labeled cDNA 
containing y-actin sequences as described (15). Representative autoradiograms of the filter probed with 
the CD18 probe (top) and y-actin probe (bottom) are presented. 

high levels of viral-directed CD 18 (Fig. 1C). 
Genetic complementation of LAD was 

studied with a previously described in vitro 
model system which- lymphocytes from 
normal and affected patients are immortal- 
ized with Epstein-Barr virus (EBV) prior to 
experimentation (subsequently referred to as 
control or LAD lymphocytes, respectively). 
The LAD lymphocyte cell line was derived 
from a patient (Z.J.S.) with profound ab- 
normalities in leukocvte function and recur- 
rent life-threatening infections [patient 9 in 
(2 ) ] .  A control cell line was derived from 
lymphocytes of a normal adult. Flow cytom- 
etry revealed easily detectable expression of 
CD18 and CDlla  on the cell surface of 
control lymphocytes (Fig. 2, I and J) and 
virtually no expression on the cell surface of 
LAD lymphocytes (Fig. 2, A and B). RNA 
blot analysis revealed the expected 3.4-kb 
CD18 transcript in control lymphocytes and 
no corresponding transcript in LAD lym- 
phocytes (Fig. 1C) (17). 

Retrovirus-mediated gene transfer into 
EBV-transformed lymphocytes was opti- 
mized with an amphotropic virus that ex- 
presses a convenient reporter gene, the lacZ 
gene (1 8). These studies indicated that retro- 
viral infection is most efficient when lvm- 
phoblasts are cocultivated with a virus-pro- 
ducing cell line for 72 hours (19). LAD 
lymphocytes were cocultivated with the cell 
line-producing the CD18-expressing retro- 
virus (70-18) and subsequently analyzed by 
indirect immunofluorescence and flow cy- 
tometry for expression of CD18 and CDl l a  
on the cell surface (20, 21). m e r  cocultiva- 
tion, a small subpopulation of fluorescent 
lymphocytes was detected with monoclonal 
antibodies (MAbs) to both CD18 and 
CDlla (approximately 2 to 4% of total 
cells) (Fig. 2, C and D). The culture was 
enriched for this subpopulation of cells by 
two rounds of fluorescent-activated cell sort- 
ing (FACS) with MAbs specific for CD18 
and CDl la, sequentially (21). Flow cytome- 
tric analysis revealed two populations of 
cells with equal representation (an unstained 
population and a highly immunofluorescent 
population) following the first sort (Fig. 2, 
E and F), and a fairly uniform population of 
highly fluorescent cells after the second sort 
(Fig. 2, G and H). 

lnfected LAD lymphocytes were analyzed 
for the presence of proviral DNA sequences 
and human CD18 RNA before and after 
each round of FACS (described as pre-sort, 
post-sort 1, and post-sort 2). Enrichment of 
the infected population of LAD lympho- 
cytes for cells that express surface CD18 and 
CDlla was associated with a coordinate 
enrichment in the frequency of proviral se- 
quences (Fig. 1B) and amount of viral- 
directed CD18 RNA (Fig. 1C). This sug- 
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gests that the selected phenotype (that is, 
CD18 and CDl la  expression on the cell 
surface) results from the expression of the 
retroviral-transduced CD18 gene. As was 
expected, the proportion of cells expressing 
CDl l a  and CD18, as measured by flow 
cytometry, accurately predicted the frequen- 
cy of retroviral infection, as measured by 
Southern blot analysis (22). For example, 
after the second round of FACS, the cells 

uniformly expressed CD 1 1 a and CD 18 
(Fig. 2, G and H )  and contained approxi- 
mately one proviral copy per cell (Fig. 1B). 
These cells also express levels of viral-direct- 
ed CD18 RNA exceeding that of the endog- 
enous transcript in normal lymphocytes 
(Fig. 1C). The viral-directed transcript is 
longer than endogenous CD18 mRNA be- 
cause of sequences that have been added to 
the 5' and 3' untranslated regions of the 

Fig. 2. Flow cytometric analysis of ~nti-CDlR 

normal and LAD lymphocytes. Cell 
surface expression of CDl la  and 
CD18 was measured in EBV-trans- 
formed lymphocytes by indirect im- K,kBiF:fed, 
munofluorescence staining and 
flow cytometric analysis (20, 21). 
Each cell population was assayed 
for cell surface expression of CD18 
with a monoclonal antibody to LADBC~IIS  
CD18 (anti-CD18) [CLB-LFA-111 (infect*; 
(31), first column1 and CDl la  with P"-SO") 

&I ' & t i - ~ ~ l l a  h b  [2F12 (32), 
second column]. These cell lines 
included LAD lymphocytes that 
were mock-infected (A and B) or LAD Cells 
infected with virus from 70-18 and (infect& 
analyzed directly (C and D), after POSt-SO" 1) 

the first FACS selecting fo; .CLB- 
LFA-111-positive cells (E and F), 
or after the second FACS selecting 
for 2F12-positive cells (G and H). LAD B cells 
An EBV-transformed lymphocyte (infect*: 
cell line derived from a normal pOSt~SOR ') 

adult was also analyzed (I and J). 
Data are presented as individual 
histograms of cell frequency versus 
immunofluorescence (log scale). In 
each histogram, indirect imrnuno- 
fluorescence staining with the 
CD18 and CDl la  reagents (black- ~rnrnunofluorescence 
ened histogram) is compared to ( ~ o g  Scale) 

indirect immunofluorescence stain- 
ing by isotype-identical negative controlled MAb (open histogram). 

Fig. 3. Qualitative assay Control Anll-CD18 Anti-CDlla 
of CDlla- and CD18- - :,'.-:r . 4 w y e w  

, . 
modulated lymphocyte 
aggregation. Cell lines 
were incubated with LAD 0 cells - 
PMA for 60 min m the (mock ~nfected) 
presence of various 
MAbs (first column, iso- 
type-identical control 
MAb; second column, v ' E - 
anti-CD18 MAb, CLB- .. 
LFA-111; and third col- LAD cells \ 
umn, anti-CDl la  MAb, (ntected, '- 
2F12) in the form of as- post-sort 2, . 
cites (1 : 100 dilution) as 
described previously 
(23). Cells were then vi- 

,- .. - sualized through an in- 
verted Nikon Diaphot 
microscope. Repre- 
sentative rmcrographs Normal 0 cells ' 

are presented. Analyses 
were performed on LAD 
lymphocytes that were 
mock-infected (A, B, 
and C) or infected with 
70-18 virus and sorted twice (D, E, and F), as well as normal lymphocytes (G, H, and I). 

chimeric viral RNA (Fig. 1A). 
Expression on the cefsurface of function- 

al CD 1 la-CD 18 heterodimers was assayed 
on the basis of LFA-1-mediated aggrega- 
tion of phorbol myristate acetate (PMA)- 
stimulated lyrnpho&tes (23). Exposure of 
normal lymphocytes to PMA leads to the 
formation of large cellular aggregates (Fig. 
3G). This aggregation is dependent on 
LFA-1 expression because it can be blocked 
with MAbs to either CD18 or CDl l a  (Fig. 
3, H and I). Lymphocytes derived from 
LAD patients did not exhibit aggregation 
(Fig. 3A). Exposure of retroviral-transduced 
LAD lymphocytes to PMA resulted in the 
formauon-of large aggregates of cells indi- 

- - -  

eating that expression of the recombinant 
CD18 gene fully reconstituted homotypic 
aggregation (Fig. 3D). This conclusion is 
supported by the observation that MAbs to 
CDl l a  and CD18 block aggregation in 
these cells (Fig. 3, E and F). 

LAD has been considered a candidate for 
bone marrowdirected gene therapy (1, 2). 
Our experiments contribute to the develop- 
ment of such therapies because they demon- 
strate the feasibility of reconstituting normal 
adhesion function in cultured LAD cells by 
retrovirus-mediated transduction of a nor- 
mal CD18 gene. The vector used in our 
study drives expression of CD18 from a viral 
LTR which contains transcriptional ele- 
ments that possibly confer expression in a 
constitutive and nonrestricted manner. 
Identical results have been obtained with a 
higher titer arnphotropic virus derived from 
a vector that expresses CD18 from another 
strong promisdous promoter, the 5' flank- 
ing sequences of the chicken p-actin gene 
(24). These kinds of vectors, in fact, may be 
sufficient to reconstitute the normal regula- 
tion of C D l l  and CD18 expression that 
occurs during the inflammatory response in 
vivo because the majority of this regulation 
is posttranscriptional (25).   ow ever, the 
CD18 gene appears to be transcriptionally 
regulated in a lineage-specific manner and 
during myeloid development (26). The po- 
tential effects of ectopic and unregulated 
expression of CD18 on hematopoietic de- 
velopment and function, such as may occur 
in a recipient of genetically modified stem 
cells, must ultimately be studied in an appro- 
priate animal model. 

A major obstacle to the use of gene 
therapy for LAD now becomes efficient 
retrovirus-mediated gene transfer into the 
human hematopoieuc stem cell. We and 
others have developed methods for efficient- 
ly infecting murine hematopoietic stem cells 
with replication-defective virus; however, 
progress in the human system has been slow 
(16, 27). Recent advances in our under- 
standing of human hematopoiesis (28) and 
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the availability of putative human stem cell 
assays (29) provide an important framework 
to begin studies on gene transfer into hu- 
man stem cells. Additional improvements in 
gene transfer may be realized through the 
use of higher titer amphotropic viruses or 
the development of techniques to enrich for 
transduced LAD stem cells such as those 
based on cell surface expression of C D l l  
and CD18. 
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Cell Cycle Dependence of Chloride Permeability in 
Normal and Cystic Fibrosis Lymphocytes 

Cystic fibrosis (CF) is a genetic disease characterized by abnormal regulation of 
epithelial cell chloride channels. Nonepithelial cells, including lymphocytes and 
fibroblasts, may exhibit a similar defect. Two independent techniques were used to 
assess the macroscopic chloride permeability (Pel) of freshly isolated B lymphocytes 
and of B and T lymphocyte cell lines. Values for Pel increased specifically during the GI 
phase of the cell cycle and could be further enhanced by increasing intracellular 
adenosine 3',5'-monophosphate (CAMP) or calcium. In lymphocytes from CF pa- 
tients, regulation of Pcl during the cell cycle and by second messengers was absent. 
Characterization of the cell cycle-dependent expression of the chloride permeability 
defect in lymphocytes from CF patients increases the utility of these cells in the analysis 
of the functional consequences of mutations in the CF gene. 

ANY OF THE SALT TRANSPORT AB- 

normalities of cells from patients 
with CF are due to impaired sec- 

ond messenger activation of C1- permeabili- 
ty (PC,) (1). Patch-clamp studies of airway 
cells reveal a defect in the activation of an 
outwardly rectified C1- channel, both in 
response to agonists that act by means of 
CAMP as measured during cell-attached re- 

cording and in excised, inside-out mem- 
brane patches exposed to CAMP-dependent 
protein kinase. In single-channel studies, a 
similar C1- channel was identified in B and 
T lymphocyte cell lines that was also defec- 
tive in its activation (2 ) .  However, these 
results were difficult to confirm, either be- 
cause of low channel density (2) or failures 
in channel activation by agonists (3). To 
avoid the sampling problems inherent in 
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J. K. Bubien, K. L. Kirk, R. A. Frizzell, Department of single-channel measurements. we used two 
Phpsiologv and Biophvsics, and Gregonr ~ l L m i n ~  James 

" 
Cystic ~ibrosis Research Center, ~niversity of Alabama independent techniques assess the 
at Birmingham, UAB Station, Birmingham, AL 35294. scopic C1- permeabilities in normal lympho- 
T .  A. Rado, Department of Medicine, University of cytes and those from CF patients: fluores- Alabama at Birmingham, UAB Station, Birmingham, 
AL 35294. cence digital imaging microscopy (FDIM) 
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