manner to that seen in the presence of TPA
(26). The dissociation of CD4 and p56'*
that accompanies protein kinase C activation
could be important during either T cell
activation by antigen or T cell maturation in
the thymus. Dissociation of CD4 and p56'
could have two effects: It might terminate
regulation of the enzymatic activity of p56'**
by CD4 (4), or it might alter the ability of
p56/* to interact with specific polypeptide
substrates.

Since dissociation of CD4 and p56'*
appears to occur in concert with TPA-in-
duced internalization of CD4, the differ-
ences between the properties of T cells that
are induced to internalize CD4 by TPA and
those that are not might be revealing as to
the role of the dissociation of CD4 and
p56/* in T cell function and development.
Unfortunately, generalizations are difficult
to make. Although TPA-induced internal-
ization of CD4 is reported to occur in most
human T cell lines (5, 27, 28), in human
peripheral blood lymphocytes (6), in murine
thymocytes (22), and in some murine
CD4"-CD8" cell lines such as AKR1 (12),
it does not occur in a number of mature,
antigen-responsive murine T cells (12, 29).

The association of p56'** with both CD4
and CD8 is unlikely to be coincidental. The
implication is that p56/°* is important in the
development or function, or both, of major
histocompatibility complex class I-restricted
and class IT-restricted T cells. The properties
of p56'* when it is bound to CD4 differ
somewhat from those of the protein when it
is bound to CD8. When bound to CD4,
p56'** will undergo autophosphorylation in
vitro and, in many types of T cells, dissoci-
ate when protein kinase C is activated. In
contrast, when bound to CD8, p56'* un-
dergoes less vigorous autophosphorylation
in vitro and does not dissociate when pro-
tein kinase C is activated. It is possible that
the regulation of p56'* by CD4 and by
CD8 will thus be found to differ.
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Recombinant 47-Kilodalton Cytosol Factor Restores
NADPH Oxidase in Chronic Granulomatous Disease

KAReN J. LoMax,* THOMAS L. LETO, HIROYUKI NUNOI,

Joun I. GALLIN, HARRY L. MALECH

A 47-kilodalton neutrophil cytosol factor (NCF-47k), required for activation of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase superoxide (O;7)
production, is absent in most patients with autosomal recessive chronic granulomatous
disease (AR-CGD). NCF-47k cDNAs were cloned from an expression library. The
largest clone predicted a 41.9-kD protein that contained an arginine and serine-rich
COOH-terminal domain with potential protein kinase C phosphorylation sites. A 33—
amino acid segment of NCF-47k shared 49% identity with ras p21 guanosine
triphosphatase activating protein. Recombinant NCF-47k restored O™ -producing
activity to AR-CGD neutrophil cytosol in a cell-free assay. Production of active
recombinant NCF-47k will enable functional regions of this molecule to be mapped.

CTIVATED PHAGOCYTIC CELLS PRO-
duce superoxide anion (O, ), which
is converted to hydrogen peroxide
and other microbicidal oxygen products.
O, generation requires activation of a la-
tent NADPH oxidase. A membrane-bound
cytochrome bssg (1), and both 47-kD and
65-kD neutrophil cytosol factors (NCF-47k
and NCF-65k) (2-4), are necessary for acti-
vation of the NADPH oxidase. It is unclear
how NADPH oxidase is activated, how
many additional components are required,
or how all of the components interact to
achieve a functional enzyme complex.
Several genetic forms of chronic granulo-
matous disease (CGD) have been identified,
in which phagocytic cells are defective in
cytochrome bssg (1), NCF-47k, or NCF-
65k (2, 3). We have isolated cDNA clones
that encode NCF-47k and demonstrated

that recombinant NCF-47k (rNCF-47k) re-
stores Oy -producing activity to NCF-47k—
deficient AR-CGD  polymorphonuclear
neutrophil (PMN) cytosol in a cell-free re-
constitution system.

We obtained NCF-47k ¢cDNA clones us-
ing rabbit antiserum B-1, which recognizes
NCF-47k and NCEF-65k (3), to screen a
Lambda-ZAP expression library of cDNA
inserts derived from differentiated HL-60
cells (5, 6). NCF-47k ¢cDNA clones were
identified based on the ability of their
recombinant fusion protein to inhibit B-1
antibody detection of NCF-47k on immu-

Bacterial Diseases Section, Laboratory of Clinical Inves-
tigation, National Institute of Allergy and Infectious
Diseases, National Institutes of Health, Bethesda, MD
20892.

*To whom correspondence should be addressed.

REPORTS 409



noblots of PMN cytosol (7). The identity of
NCF-47k cDNA was further confirmed us-
ing antiserum obtained from rabbits immu-
nized with partially purified NCF-47k (7,
8). This rNCF-47k antiserum detected
NCF-47k in normal PMN cytosol but failed
to detect this protein in AR-CGD PMN
cytosol known to be deficient in NCF-47k
activity (2), similar to results with B-1 anti-
serum (3).

The NH,-terminus of recombinant fusion
protein produced by Lambda-ZAP—derived
plasmids contained a 3-kD segment of B-
galactosidase. The NCF-47k clone 8a pro-
duced a 50-kD fusion protein and was se-
quenced in its entirety (9, 10) (Fig. 1A). An
open reading frame was identified that was
in frame with the fused B-galactosidase se-
quence. A short 5’ sequence precedes the
first Met codon with flanking sequences that
conform to Kozak consensus criteria (11).
This is followed by a 1119-bp open reading
frame coding for a 373—amino acid protein
of 41.9 kD. A polyadenylation signal at base
pair 1303 (12) is followed by a polyadenyl-
ated tail.

We analyzed the NCF-47k ¢cDNA se-
quence with University of Wisconsin Ge-

A

netics Computer Group (UWGCG) and
other software (13). The last 82 residues
(292 to 373) at the COOH-terminus con-
tain 20 arginines (24%) and 14 serines
(17%) (Fig. 1A). This 82-residue segment is
unusually basic with a net charge of +19. It
is flanked by a short, highly acidic region,
residues 211 to 254, with a net charge of
—13. The sequence preceding residue 211
has a relatively balanced charge distribution.
The overall net charge of NCF-47k is +9,
consistent with the inability of the native
protein from PMNs to bind to anion ex-
change resins (2) and its basic pI as deter-
mined by two-dimensional gel electrophore-
sis and immunoblot analysis (14).

PMNs from NCF-47k—deficient AR-
CGD patients do not phosphorylate a 47-
kD protein seen in normal activated PMNs
(2, 15, 16). The existence of several pI forms
of the 47-kD phosphoprotein after PMNs
are activated suggests multiple phosphoryl-
ation of the same protein (15). Phosphoa-
mino acid analysis of the PMN 47-kD phos-
phoprotein detects only phosphoserine (15).
Protein kinase C phosphorylates a 47-kD
protein in PMN cytosol fractions that con-
tain NCF-47k (17). Also, antisera that bind

CCAGTC

ATGGGGGACACCTTCATCCGTCACATCGCCCTGCTGGGCTTTGAGAAGCGCTTCGTACCCAGCCAGCACTATGTGTACATGTTCCTGGTG 90
M GDTT FIRUHIALLGT FET KR RTFV?PSQHYVYMTFLV 30
AAATGGCAGGACCTGTCGGAGAAGGTGGTCTACCGGCGCTTCACCGAGATCTACGAGTTCCATAAAACCTTAAAAGAAATGTTCCCTATT 180
K WQDULSEIKVVYRRTPFTETIYETFHTI KTTLIEKTEMMTPFZPTI 60
GAGGCAGGGGCGATCAATCCAGAGAACAGGATCATCCCCCACCTCCCAGCTCCCAAGTGGTTTGACGGGCAGCGGGCCGCCGAGAACCGC 270
E AGAINUPENR RTITIPHTLUPAPIKU WP FDGAO QRAAENT R 9
CAGGGCACACTTACCGAGTACTGCAGCACGCTCATGAGCCTGCCCACCAAGATCTCCCGCTGTCCCCACCTCCTCGACTTCTTCAAGGTG 360
Q GTLTEYTCSTULMSLPTI KTIS®RTCPHLTLTDTFTFTI KV 12
CGCCCTGATGACCTCAAGCTCCCCACGGACAACCAGACAAAAAAGCCAGAGACATACTTGATGCCCAAAGATGGCAAGAGTACCGCGACA 450
R PDDLIKLUPTDNAQQTI KT KTPETT YLMPIKTUDSGT KT STAT 15
GACATCACCGGCCCCATCATCCTGCAGACGTACCGCGCCATTGCCAACTACGAGAAGACCTCGGGCTCCGAGATGGCTCTGTCCACGGGG 540
D I TG?PTITIULA QTYHRATIANYTEIKTSGSE EMALSTG 180
GACGTGGTGGAGGTCGTAGAGAAGAGCGAGAGCGGTTGGTGGTTCTGTCAGATGAAAGCAAAGCGAGGCTGGATCCCAGCGTCCTTCCTC 630
DVVEVVYVEZEKSESGWWTFCQMIKAIKT RGUWTIUZPASTFIL 210
GAGCCCCTGGACAGTCCTGACGAGACGGAAGACCCTGAGCCCAACTATGCAGGTGAGCCATACGTCGCCATCAAGGCCTACACTGCTGTG 720
EPLDSUPDETETDTPEUPNY A AGETPYVATIIKAYTAV 24
GAGGGGGACGAGGTGTCCCTGCTCGAGGGTGAAGCTGTTGAGGTCATTCACAAGCTCCTGGACGGCTGGTGGGTCATCAGGAAAGACGAC 810
EGDEVSLLEGEA AV EVIHTIEKTLLUDTGUWWUVIR RIKTDTID 270
GTCACAGGCTACTTCCCGTCCATGTACCTGCAAAAGTCAGGGCAAGACGTGTCCCAGGCCCAACGCCAGATCAAGCGGGGGGCGCCGCCC 900
VTGYTFPSMYLOQKSGQDV S QAQRGQIZ KT RGATPTP 300
GCAGGTCGTCCATCCGCAACGCGCACAGCATCCACCAGCGGTCGCGGAAGCGCCTCAGCCAGGACGCCTATCGCCGCAACAGCGTCCGTT 990
A GRPSATRTASTS SGRGSASARTUPTIAATASV 33
TTCTGCAGCAGCGACGCCAGGCCGGGCCGGGACCGCAGAGCCCCGGGAGCCCGCTCGAGGAGGAGCGGCAGACGCAGCGCTCTAAACCGC 1080
F CS S DARPGRUDIRRAPGARS ST RRSGRURSALNT R 360

AGCCGGCGGTGCCCCCGCGGCCGAGCGCCGACCTCATCCTGAACCGCTGCAGCGAGAGCACCAAGCGGAAGCTGGCGTCTGCCGTCTGAG 1170
S RRCPRGRAPTS S 373

GCTGGAGCGCAGTCCCCAGCTAGCGTCTCGGCCCTTGCCGCCCCGTGCCTGTACATACGTGTTCTATAGAGCCTGGCGTCTGGACGCCGA 1260
GGGCAGCCCCGACCCCTGTCCAGCGCGGCTCCCGCCACCCTCAATAAATGTTGCTTGGAGTGGAAAAAAAAAA 1333

Fig. 1. (A) The nucleotide and deduced amino B

acid sequence of clone 8a cDNA with the NCP-47K 233 AIKAYTAV-EGDEVSLLEGEAVEVIHKLLDGW-WV 265
most 5’ nucleotide of the open reading frame  eap 20 Muithdeorblibilxbinertiel ebbinnit 317
designated as nucleotide 1, and the NH,-

terminal methionine of the predicted protein designated as residue 1. Amino acid sequences conforming
to substrate specificity requirements for phosphorylation of serine residues by protein kinase C (19) are
underlined. Sequence from other NCF-47k clones was identical to that shown for clone 8a except for
three consistent base pair differences. Adenosine**, adenosine®®, and guanine®?' were replaced in
two clones by guanine or adenosine, resulting in substitution of Asn'® by Asp, while Val'®® and Ala®®’
remain unchanged. This may represent two types of NCF-47k proteins, two allelic forms, or a cloning
artifact. The nucleotide sequence has been deposited at GenBank (accession number M25665). Single
letter abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp;
and Y, Tyr. (B) Alignment of a region of similarity between NCF-47k and ras-p21 GAP (22). Amino
acid residue numbers correspond to bovine brain GAP. The same 35-residue sequence occurs in human
placental GAP at positions 286 to 320. Solid lines indicate identities and double dots indicate
conservative residue changes. This alignment was calculated using the program BESTFIT (UWGCG)
(13).
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Fig. 2. Northern blot analyses of total cellular
RNA (10 pg) probed with 32P-labeled clone 8a
cDNA. Lanes 1 and 2, respectively: blood mono-
cytes from a normal volunteer and an AR-CGD
patient (R.H.) whose PMNs are deficient in
NCF-47k (2). Lanes 3 and 4, respectively: HL-60
cells that were uninduced or induced for 3 days
with retinoic acid (1 pM). These experiments are
representative of several similar RNA blots in
which the average size of the transcript detected
was =~1.5 kb. With intense labeling of the =~1.5-
kb NCF-47k transcript as in lane 4 a fainter band
of uncertain significance is seen consistently at
=2.2 kb in induced HL-60 cells.

NCF-47k immunoprecipitate the 47-kD
phosphoprotein (18). Within the COOH-
terminal region of NCF-47k is a cluster of
four serines (residues 305, 311, 334, and
352) that occur in the context of Arg-X-X-
Ser or Ser-X-X-Arg motifs (underlined in
Fig. 1A) associated with the substrate target
regions of protein kinase C (19). The overall
basic charge characteristics of this COOH-
terminal region further favor phosphoryl-
ation by protein kinase C (19). Thus, this
COOH-terminal region may be involved in
functions of NCF-47k that are regulated by
phosphorylation events.

Comparison of NCF-47k with proteins in
the National Biomedical Research Founda-
tion data bank (release 19.0, December
1988) (13) revealed no significant regions of
identity. The respiratory burst oxidase sys-
temn involves guanosine triphosphate (GTP)
regulatable components (3, 20) and phos-
phorylation of NCF-47k can be augmented
by nonhydrolyzable GTP analogs (21). Be-
cause of these observations we compared
NCF-47k with a number of proteins, not in
the data bank, that are involved in GTP-
regulated signal transduction, including
GTP-binding subunits of heterotrimeric
GTP-regulatory proteins, ras type G pro-
teins, and the cytoplasmic ras p21 GTPase
activating protein (GAP) (22). A 35-residue
region of GAP (22) shares 49% identity
with NCF-47k (Fig. 1B). This restricted
region of similarity may indicate some func-
tional relationship between NCF-47k and
GAP.
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We probed Northern blots (23) with 32P-
labeled clone 8a cDNA to demonstrate that
both normal monocytes and monocytes
from an AR-CGD patient with NCF-47k
protein deficiency contain a single transcript
of about 1.5 kb (Fig. 2, lanes 1 and 2,
respectively). Four other patients missing
NCF-47k protein (2, 3) had variable
amounts of apparently normal sized NCF-
47k mRNA transcripts present in mono-
cytes. This suggests that the NCF-47k pro-
tein deficiency in these patients is not the
result of a failure of transcription. In HL-60
cells NCF-47k transcripts were only detect-
ed after differentiation (Fig. 2, lanes 3 and
4).

We added an extract of Escherichia coli that
expressed INCF-47k (7) to a cell-free Oy
production assay (2, 24) that contained
PMN cytosol from controls or AR-CGD
patients combined with normal PMN mem-
branes. At the concentration of rNCF-47k
extract used, O, production was slightly
inhibited by normal cytosol and membranes
(Fig. 3A). PMN cytosol from three unrelat-
ed patients with NCF-47k—deficient AR-
CGD did not support O, production in
the cell-free assay with normal PMN mem-
branes, but activity was restored in all cases
by addition of NCF-47k extract to the assay
mixture (Fig. 3, B, C, and D). In contrast,
the activity of cytosol from a patient with a
deficiency of NCF-65k (2, 3) was not re-
stored by addition of rNCF-47k extract
(Fig. 3E). Previous studies had demonstrat-
ed that cytosols from NCEF-47k—deficient
PMNs and NCEF-65k—deficient PMNs were
complementary and active when mixed to-
gether in the cell-free assay (2). As a control
to demonstrate the latent complementary
activity of the specific preparations of PMN
cytosols used in these studies, complementa-
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Fig. 3. Results of cell-free assays (2, 24) of O,
production in which E. coli-derived rNCF-47k
extract (7) was used to restore function to defec-
tive PMN cytosol from AR-CGD patients defi-
cient in NCF-47k. The ordinate indicates AAsso
as a measure of O, generation (AAsso of 0.021
equals 1 nmol O,~ produced) and the abscissa
indicates time in minutes. All assay mixtures
contain 10° cell equivalents of normal PMN
membranes and 10° cell equivalents of test PMN
cytosol or mixtures of cytosols in the standard
assay mixture (2, 24), while some assays also
contained 0.5 pl of rNCF-47k extract (7). In
panels (A-E) results without rNCF-47k are
shown as solid lines (filled circles), while results
following addition of rNCF-47k extract are
shown as dashed lines (open circles). (A) Normal
PMN cytosol, (B, C, and D) PMN cytosol from
each of three patients with NCF-47k—deficient
AR-CGD, (E) PMN cytosol from a patient with
NCF-65k—deficient AR-CGD. (F) PMN cytosols
from each NCF-47k—deficient AR-CGD patient
combined as a 1:1 mixture with PMN cytosol
from the NCF-65k—deficient AR-CGD patient.

tion was demonstrated between the NCEF-
65k—deficient cytosol and each of the NCF-
47k—deficient cytosol preparations (Fig.
3F).

In summary, we have cloned the cDNA
that encodes the 47-kD phosphoprotein,
NCF-47k, that is missing from the phago-
cytic cells of patients with the most common
form of AR-CGD. The unphosphorylated
form of NCF-47k is a basic protein with an
arginine- and serine-rich COOH-terminus
that has a cluster of potential phosphoryl-
ation sites. NCF-47k shares a limited region
of similarity with ras-p21 GAP. The rNCF-
47k 1s functionally competent at restoring
O, production to defective PMN cytosol
from NCF-47k—deficient AR-CGD pa-
tients. The ability to produce functional
recombinant protein will aid in the delinea-
tion of phosphorylation sites and the signifi-
cance of the similarity to GAP. It also allows
the development of strategies for genetic
correction of this form of CGD.
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In Vivo Activity Against HIV and Favorable Toxicity
Profile of 2’,3’-Dideoxyinosine

ROBERT YARCHOAN, HIROAKI MITSUYA, ROSE V. THOMAS, JAMES M. PLUDA,
NEIL R. HARTMAN, CARLO-FEDERICO PERNO, KATHY S. MARCZYK,
JEAN-PIERRE ALLAIN, DAVID G. JOHNS, SAMUEL BRODER

The purine analog 2’,3’-dideoxyinosine (ddI), which has anti-retroviral activity in
vitro was administered for up to 42 weeks to 26 patients with acquired immunodefi-
ciency syndrome (AIDS) or severe AIDS-related complex (ARC). Ten of these
individuals were AZT-intolerant. Eight dose regimens were studied. The drug was
orally bioavailable and penetrated into the cerebrospinal fluid (CSF). Comparatively
little evidence of an effect against human immunodeficiency virus (HIV) was seen at
the lowest four doses. However, patients in the four highest dose groups (ddI at 1.6
milligrams per kilogram intravenously and then =3.2 milligrams per kilogram orally
at least every 12 hours or higher) had increases in their circulating CD4* T cells
(P < 0.0005), increased CD4/CD8 T cell ratios (P < 0.01), and, where evaluable,
more than an 80% decrease in serum HIV p24 antigen (P < 0.05). The patients also
had evidence of improved immunologic function, had reduced viremic symptomatol-
ogy, and gained a mean of 1.6 kilogram with these comparatively infrequent dosing
schedules (every 8 or 12 hours). The most notable adverse effects directly attributable
to ddI administration at the doses used in this study included increases in serum uric
acid (due to hypoxanthine release) and mild headaches and insomnia. These results
suggest that serious short-term toxicity at therapeutic doses is not an inherent feature
in the profile of agents with clinical anti-HIV activity. Further controlled studies to
define the safety and efficacy of this agent may be worth considering.

EVERAL DRUGS HAVE NOW BEEN

shown to have clinical anti-retroviral

activity against HIV (1-4), and one of
these drugs, 3'-azido-2',3’-dideoxythymi-
dine (called zidovudine, or AZT), has been
demonstrated to reduce the morbidity and
mortality of patients with AIDS or AIDS-
related complex (2). Widespread use of
AZT, the only anti-retroviral drug currently
approved for the treatment of severe HIV
infection, is likely to be one factor above and
beyond prophylaxis against Preumocystis car-
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inii pneumonia that has contributed to the
increased survival of AIDS patients (both
gay men and intravenous drug users) diag-
nosed since the end of 1986 (5). However,
AZT and each of the other agents shown to
have activity against HIV in vivo may also
cause substantial toxicity in some patients
with severe HIV infection (1, 3, 4, 6). In
particular, 40 to 80% of AIDS patients do
not tolerate therapeutic doses of AZT for 26
weeks because of bone marrow suppression
or other toxicities (6). Moreover, the im-

provements induced by AZT are only tran-
sient in many patients with advanced AIDS
(1, 2, 7), and Larder et al. have recently
reported that isolates of HIV from patients
receiving long-term AZT therapy may have
reduced sensitivity to this drug (8). For
these reasons, improved drugs and drug
combinations are needed for AIDS and its
related discases.

2',3’-Dideoxyinosine (ddI) (Fig. 1) is a
purine dideoxynucleoside with potent activ-
ity against HIV in vitro in T cells (9) and
monocytes (10). It is closely related to 2',3'-
dideoxyadenosine (ddA), a compound first
synthesized by Robins and Robins in 1964
(11). [Indeed ddA is rapidly converted to
ddI by the ubiquitous enzyme adenosine
deaminase (12), so these drugs can for many
purposes be considered alternate forms.] In
human cells, ddI is metabolized to its active
moiety, 2',3'-dideoxyadenosine-5'-triphos-
phate (ddA-TP) (13). It is thought that
ddA-TP inhibits HIV DNA polymerase (re-
verse transcriptase) activity preferentially,
and thereby suppresses HIV infection by
blocking the synthesis of a DNA copy of the
viral genome. Its mechanism of action is
thought to be chain termination, competi-
tive inhibition of reverse transcriptase, or
both (14). However, while ddI is a potent
anti-retroviral agent, it is not a broad spec-
trum antiviral drug. Unlike the triphos-
phates of AZT or 2',3'-dideoxycytidine
(ddC), ddA-TP has a long half-life (over 12
hours) in cells exposed to ddI (15). Mitsuya
and Broder found that ddI has a relatively
high therapeutic index in vitro as compared
to other dideoxynucleosides (9), and it has
relatively little in vitro toxicity for human
marrow progenitor cells (16). These obser-
vations suggested that ddI was worth testing
in patients with HIV infection.

A total of 26 patients (25 male and 1
female) with HIV infection, aged 23 to 51,
were entered into an initial clinical trial of
ddI (17). Ten patients had AIDS and 16 had
ARC (18). All had antibodies to HIV and
less than 300 CD4" T cells per cubic milli-
meter (median 60; range 6 to 266). Ten of
the patients were AZT-intolerant by virtue
of having developed nausea, malaise, ane-
mia, or headaches (19). All but one patient
had received no AZT or anti-HIV therapy
during the preceding 4 weeks. Prophylaxis
for Pneumocystis carinii pneumonia was per-
mitted during this study (20). Patients were
given ddI intravenously for 14 days at doses
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