
cvassa. A single DNA fragment in the A 
mating-type strains of N, discveta, N, intevme- 
dia, N. sitophila, and N, tetvaspevrna hpbrid- 
ized to the A probe from N ,  cvassa (Fig. 4) .  
Hybridization of the N ,  cvassa a-specific 
probe to A and a genomic fragments could 
be detected only in the a genomes of the 
related heterothallic and pseudohomothallic 
species. Our data show that the two mating- 
type sequences are conserved among Neu- 
vospova heterothallic and pseudohomothallic 
species, although there is some variability of 
restriction sites within and around the mat- 
ing type-specific regions. As in N. cvassa, 
there is only a single copy of a mating-type 
sequence in any haploid, homokaryotic 
strain of the related heterothallic and pseu- 
dohomothallic species, and no unexpressed 
copp of the opposite mating type. 

Six homothallic strains, denominated as 
five species, have been placed in the genus 
Neuvospova (1, 12). Haploid ascospore iso- 
lates from any of these species are capable of 
completing the sexual cycle. In the homo- 
thallic yeasts, mating occurs by the rapid 
switching of the a or a cassette to the active 
locus by a transposition event (10). To  
determine whether such a switching mecha- 
nism could also be responsible for homo- 
thallism in the genus Neuvospova, we isolated 
DNA from the six homothallic strains and 
probed restriction digests at high and low 
stringency with the cloned nonhomologous 
segments of the A and a mating-type regions 
of N. cvassa. Five homothallic strains con- 
tained fragments that hybridize only with 
the A-specific N. cvassa mating-type probe 
(Fig. 5A); no hybridization to a-specific 
sequences was detected (Fig. 5B). In all of 
these homothallic species the size of the 
fragment that hybridizes to the A-specific 
probe of N, cvassa is identical. Thus, in five 
of the six homothallic strains all the events 
involved in sexual development can occur 
with the genetic information associated with 
only the A mating type of heterothallic 
species; the products of the a and A genes 
are not both required for sexual develop- 
ment. The genome of the sixth homothallic 
strain, N. tevvicola, contains a segment that 
hybridizes to the A-specific probe and a 
second segment that hybridizes to the a- 
specific probe (Fig. 5, A and B). However, 
unlike the situation in yeast, there is only 
one copp of each mating type-specific se- 
quence. This suggests that homothallism 
may function by two different mechanisms 
in the genus Neuvospova, neither of which 
involves mating-type interconversion. In ad- 
dition, our findings suggest that expression 
of A may be sufficient to activate the genes 
or gene products necessary for perithecium 
formation and meiosis in at least some ho- 
mothallic strains. 
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HW-1-Infected T Cells Show a Selective Signaling 
Defect After Perturbation of CD31Antigen Receptor 

The binding of antigen o r  monoclonal antibody to the T cell receptor for antigen or  the 
closely associated CD3 complex causes increases in the concentration of intracellular 
ionized calcium and subsequent cell proliferation. By measuring second messenger 
production in primary cultures of human immunodeficiency virus (HIV- 1)-infected T 
cells stimulated with monoclonal antibodies specific for either CD3 o r  CD2, a specific 
impairment of membrane signaling was revealed. The HIV-1-infected T cells were 
unable to  mobilize Ca2" after stimulation with anti-CD3, whereas CD2-induced 
calcium mobilization remained intact. Furthermore, the HIV-1-infected cells prolifer- 
ated poorly after CD3 stimulation, although the cells retained normal DNA synthesis 
in response to  interleukin-2 stimulation. These results show that the signals initiated 
by CD2 and CD3 can be regulated independently within the same T cell; uncoupling of 
signal transduction after antigen-specific stimulation provides a biochemical mecha- 
nism to  explain, in part, the profound immunodeficiency of patients with HIV-1 
infection. 

T HE MOST CONSPICUOUS ABNOR- 

mality associated with HIV-1 infec- 
tion is a quantitative deficiency of 

the CD4 helperiinducer T cell (1). The CD4 
cell is a major source of lymphokines and is 
important for most immunologic functions, 
including interactions with nonlymphoid 
cells. Among the immunologic defects asso- 
ciated with HIV-1 infections are cutaneous 
anergv and decreased T cell proliferative 

brane signaling events in an effort to further 
understand the basis for the impaired re- 
sponse of HIV-1-infected T cells to antigen. 

In T lymphocytes, the binding of mono- 
clonal antibody (rnAb) to the CD3 complex 
mimics activation via the antigen receptor, 
resulting in the production of inositol 1,4,5- 
trisphosphate (IP3), increased intracellular 
ionized ca2+ concentration ([Ca2+li), and 

-. 
resDonses after stimulation bv soluble anti- 
geis such as tetanus toxoid (;).  hi^ T cell G. P. Linette, Department of Microbiology, and Vincent 

T.  Lombardi Cancer Center, Georgetown University 
defect appears to be qualitative in that im- School of Medicine, Washington, D C  20007. 
munologic unresponsiveness in HIV- R. J ,  Ha'tzman and C. H .  Jule,  ImnlunobiolotT' 2nd 

Trailsolantation Deoartment. Naval Medical ~ e i e a r c h  
opositive patients can occur despite normal ~nst ld te ,  Bethesda, MD 20814. 
numbers of circulating CD4 T lplnphocytes J, A. Ledbetter, Oncogen Gorp., Seade, WA 98121. 
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subsequent proliferation (3). An antigen- results in a cascade of biochemical events 
independent pathway of T cell activation similar or identical to the events initiated 
involving the CD2 (E rosette receptor) mol- through the CD3 pathway (4, 5). 
ecule has also been described (3-5). The h i l i ed  CD4+ T cells h m  normal do- 
binding of the ligand LFA-3, CD2 mAbs, or nors were inkxed with HIV-1 and main- 
sheep e@rocytes to the CD2 molecule tained in interleukin-2 (L2)-supplement- 

Flg. 1. Mclsurancnt of [Ca2+]i in uninfeaed (A and C) and HIV-l-infecd (B and 0) T cells. CD4+ 
T cells (98% pure) were isolated from peripheral blood lymphocytes obtained from normal donors by 
negative selection with magnetic partides coated with CD8-, CD11-, CD16-, and CD20-specific mAbs 
(18). On day 19 after idkction, HN-l-infected cells (B and D) or uninfbctcd cells from companion 
dturcs (A and C) were incubated with the acetoxymethyl ester of indo-1, stained with phycoerythrin 
(PE)anjugated CD8 mAb, and stimulated with optimal amounts of CD3 mAb (A and B) or CD2 
mAb (C and D) (19). The cells were analyzed at -250 cells per second by means of a dual-laser 
fluorescence-activated cell sorter as previously described (8). The indo-1 ratio of violet and blue 
fluorescence ( d i d y  pmpomonal to [Ca2+Ii) was digitally calculated in real time for each individual 
cell and is displayed on the y-axis versus time on the x-axis. We excluded PE-fluorescent cells from 
analysis by electronic gating, talung advantage of the fact that in the peripheral blood, the CD4+ and 
CD8+ T cells represent reciprocal, nonoverlapping s u b  of CD2-positive T cells (20). The results are 
displayed on a 100 x 100 pixel grid on which the number of cells per pixd is represented by a ldcolor 
progression according to an exponential function where 0 to 1 cells are assigned a color of black, 2 to 10 
cells shades of blue, 11 to 80 cells shades of green, and 81 to 600 cells shades of yellow to red. The gap 
in the analysis occurred when the CD3 or CD2 mAb was added to the cell suspension. 

ed medium for up to 60 days (6). Uninfect- 
ed CD4+ T cells were maintained under 
identical culture conditions. The time course 
of HIV-1 replication and the effects of HIV- 
1 on cell surface antigen expression were 
similar to previous reports (7). Cells from 
the HIV-l-infected and uninfected cultures 
were periodically analyzed for CD2- and 
CD3-induced calcium mobilization by using 
the fluorescence indicator indo-1 in con- 
junction with flow cytometry (8). This pro- 
cedure, which allows the simultaneous mea- 
surement of [C$+li and membrane antigen 
fluomcnce of single cells, is more sensitive 
than previous techniques that used quin2. 
Infection of primary cultures of CD4 cells 
results in a noncytopathic persistent infec- 
tion (7); the infected cells show decreased 
surface expression of CD4, presumably be- 
cause of the formation of cytoplasmic C D 4  
e l 2 0  complexes, but they continue to pro- 
duce mRNA for CD4 and retain normal 
expression of the CD2 and CD3 antigens (7, 
9). In addition, a subpopulation of CD8+ T 
cells emerges in primary cultures of highly 
enriched CD4+ cells after infection with 
HlV-1 (7). Thus, we analyzed only the 
CD4+ T cells or the CD4- CD8- T cells 
(Fig. 1). 

On day 19 of culture, the T cells fiom the 
HlV-1-infected culture (Fig. 1B) had a 
severely impaired response after CD3 stimu- 
lation compared to the control cells (Fig. 
1A). More than 95% of the control cells 
responded to CD3 stimulation with the 
peak mean [Ca2+]i reaching -1.6 pM, 
whereas only 20% of the HIV-l-infected 
cells had a [Ca2+li that was >0.2 pM. The 
impaired response to CD3 stimulation ap- 
peared to be generalized in the HIV-1- 
infected CD4 cells, because the response of 
<5% of cells reached the mean response of 
the uninfected cells, suggesting that no sub- 
population of CD8- T cells was resistant to 
HIV- 1. In contrast, the response of I-IIV- 1- 
infected cells was nearly normal after CD2 
stimulation when compared to control cells 
(Fig. 1, C and D). The basal [Ca2+li was 

Table 1. The dm of HIV-1 infacdon of CD4+ T cells on cell surface antigen expression during a 58-day experiment. M e d  CD4 T cells were activated 
with CD3 mAb (day -3), inkcted with HIV-1 (day O), and propagated in IL-2 (6). On day 42 after infection, cells were restimulated with immobilized CD3 
mAb for 2 days and harvested, and culture was continued in IL-Zsupplemented medium. The mean fluorescence intensity of the cell surface antigen and the 
percentage of positive cells of 5000 cells analyzed were monitored with FlTC-conjugated mAbs (Leula, Lcu4, LeuSb, WT31, Becton Dickinson; T8, 
Coulter Immunology) and flow cytometry. Similar results were obtained in three independent experiments. LJNF, &ected; HIV-1, HIV-l-infed, ND, 
not done. 

Cell Percent positive (mean fluorescence intensity) 
surface 4 days 11 days 21 days 25 days 58 days 
antip' 

express~on UNF HIV- 1 UNF Hlv- 1 UNF HIV- 1 UNF Hlv-1 UNF HIV-1 
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identical in control or HIV-1-infected cells, viability could not explain the defective re- 
and T cells from HIV- 1-infected and unin- sponse of HIV- 1-infected cells to CD3 
fected cultures responded equally well stimulation. 
(>2000 nM) to the calcium ionophore ion- We determined whether the impaired re- 
omycin, further indicating that impaired sponse after CD3 stimulation was qualita- 

Time (min) 

Uninfected HiV-~nfected 

Fig. 2. Relation between calcium signaling and CD2 or CD3 mAb concentration in uninfected and 
HIV-1-infected CD4 cells (day 26 after infection). Cells were loaded with indo-1, stained with PE- 
conjugated CD8 mAb, and analyzed as described in Fig. 1. PE-fluorescent (CD8+) cells were excluded 
from analysis by electronic gating. After measuring the basal [Ca2+Ii, half-log dilutions of CD3 or CD2 
mAbs were added at the indicated concentration. The indo-1 fluorescence ratio at 404 to 485 nm was 
individually stored for each cell, and subsequently, the mean [Ca2+Ii was plotted against time. Each of 
the data points represents the mean [Ca2+Ii value of -1000 cells analyzed during the 4 seconds that 
constitute each data point and, therefore, intra-assay estimates of error about the mean are not 
displayed. Data are representative of more than 100 assays from four independent experiments. 

Unlnfected, CD2 mAb Uninfected, CD3 mAb 

HIV-infected, CD2 mAb HIV-infected, CD3 mAb 
1500 

3 
E 
m 
n 

_i 

3000 

Days 
Fig. 3. The time course of RT activity and CD2- and CD3-induced [Ca2+Ii signaling after infection 
with HIV-1. The data are derived from the experiment described in the legend to Table 1. Reverse 
transcriptase assays of cell-free supernatants were performed in duplicate as described (7). The mean 
maximal [Ca2+Ii response of T cells that are not CD8-positive from HIV-1-infected or companion 
control culture was determined after optimal stimulation by CD2 or CD3 mAbs as described in the 
legends to Figs. 1 and 2. Similar results were obtained in three independent experiments. 

- 1 2 1 2 .- ":::TI 3000 TI 
2500 

2500 

tive or quantitative. Cells from the control 
culture responded to CD3 mAb in a concen- 

- 

tration-dependent manner, with the mean 
maximum [Ca2+li reaching a plateau of 
2000 nM after stimulation with more than 1 
~g l rn l  of CD3 mAb G19-4 (Fig. 2). In 
contrast, 1 ~ g l m l  of CD3 mAb stimulated 
only a 200-mbf increase in [Ca2+li in the 
HIV-1-infected cells 26 days after infection. 
Stimulation of HIV- 1-infected cells with an 
optimal concentration of CD2 mAb resulted 
in a Ca2+ response that was comparable to 
that seen in control cells. At suboptimal 
amounts of CD2 mAb, the response of 
infected cells was only slightly impaired. 
Thus, the impaired response of HIV-1- 
infected cells to stimulation by CD3 is not 
due to a shift in the concentration depen- 
dence, and both peak and net calcium mobi- 
lization are impaired after CD3 stimulation. 

Cultures were monitored for 58 days after 
HIV-1 infection for the following: (i) 
expression of lymphocyte-specific cell sur- 
face antigens by flow cytometry, (ii) H N - 1  
expression by reverse transcriptase (RT) as- 
says, and (iii) calcium signaling after stimu- 
lation by CD3 or CD2 mAbs. Peak expres- 
sion of HIV-1 occurred 7 to 12 days after 
infection as monitored by RT assay (Fig. 3) 
and the presence of virally induced cytopath- 
ic effects. On day 8 after infection, approxi- 
mately 40% of cells in the infected culture 
had detectable cytoplasmic HIV-1 antigen 
as shown by staining of cells fixed in metha- 
nol and acetone with a virus-specific p17 
(gag) mAb and counting positive cells by 
fluorescence microscopy. By day 30, RT  was 
no longer detectable in the HIV- 1-infected 
cultures. On day 4 of culture, the [Ca2+li 
response of HIV-1-infected cells was nor- 
mal (Fig. 3). Defective calcium signaling 
was first observed 8 to 12 days after infec- 
tion with HIV-1, and the onset of this 
defect was strongly associated with modula- 
tion of the CD4 molecule (Table 1). During 
the peak of virus replication, the CD2 re- 
sponse of infected cells is also inhibited (day 
11); however, as the RT activity declined 
the response to CD2 became similar to that 
of uninfected cells (10). In contrast, the 
[Ca2+]i response of HIV- 1-infected cells to 
CD3 mAb was impaired at day 11 and 
remained low throughout the 58-day cul- 
ture period. 

On day 42 of culture all cells from each 
group were restimulated with immobilized 
CD3 mAb so that we could continue propa- 
gation of the cultures in IL-2 and test for 
latent viral infection (7). That the cells har- 
bored latent virus was shown by the second 
peak of RT activity at 6 days after restimula- 
tion (Fig. 3). The results shown in Figs. 1 to 
3 indicate that the calcium transients of cells 
after stimulation by CD3 are severely im- 

2000 - 
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paired after HIV-1 infection, whereas the 
response to CD2 remains intact, and that 
this defect persists as long as the cells can be 
maintained in culture (1 1). 

Analysis of surface antigens revealed that 
the HIV- 1-infected cells had begun to mod- 
ulate CD4 by day 11, and by day 25 of 
culture, only 4% of the infected cells re- 
mained CD4-positive (Table 1). Of interest, 
CD3 and CD2 expression were not affected 
in the HIV- 1-infected cell population, indi- 
cating that the defective transmembrane sig- 
naling was probably not due to decreased 
amounts of the antigens on the plasma 
membrane. On day 58 only 30% of the 
HIV-1-infected cells were positive for cy/P T 
cell receptor (TCR) while 66% of the cells 
from the HIV-1-infected culture expressed 
the 6 chain of the TCR (12, 13). 

At various times after HIV- 1 infection, T 
cells from HIV-1-infected and uninfected 
cultures were assayed for their ability to 
initiate DNA synthesis in response to CD3 
mAb or recombinant human IL-2 (Table 2). 
Cells from the HIV- 1-infected culture pro- 
liferated poorly in response to CD3 stimula- 
tion compared to control T cells. It is re- 
markable that HIV-1-infected T cells re- 
sponded normally to IL-2, indicating that 
the ability of HIV-1-infected cells to spn- 
thesize DNA is not impaired in response to 
a stimulus that acts late in the cell cycle (14), 
and therefore, certain activation pathways 
appear to remain intact. 

The above results indicate that HIV-1 
infection has a profound effect on calcium 
transients after CD3 stimulation of primary 
cultures of CD4 cells. These studies, al- 
though technically more demanding, were 
done on normal lymphocytes rather than on 
leukemic T cell lines that can differ in the 
requirements for cell activation and in the 
regulation of cell calcium levels. Therefore, 
it is likely that these results are more relevant 
to the pathogenesis of HIV-1-induced im- 
mune deficiency, although an inherent 
weakness of these studies is that we were 
unable to study synchronized infections in 
cloned cells. The effects of HIV-1 on normal 
lymphocytes provides the first indication 
that calcium transients after CD2 and CD3 
stimulation might be regulated indepen- 
dently within a single cell. The contribution 
of the differences in the TCR expression to 
the CD3 signaling defect requires further 
study. Initial reports suggest that second- 
messenger generation in a lp  T cells is indis- 
tinguishable from $6 T cells after CD3 
stimulation (15). 

Several recent reports suggest that the 
CD4 molecule map serve to enhance or in- 
hibit CD3-induced signaling (16). CD4 ap- 
pears to be the cell receptor for gp120, a 
product of the env gene, and the expression 

Table 2. Effects of HIV-1 infection on cells 
stimulated with rnAb to CD3 or exposed to IL-2. 
On day 14 after infection, CD4+ HIV- 1-infected 
or control cells were cultured in quadruplicate 
(5 x lo4 viable cells per well) in Aat-bottom wells 
in WlMI 1640 plus 10% fetal bovine serum. The 
cells were stimulated with either recombinant 
human IL-2 (Amgen) or CD3 mAb G19-4 that 
had been immobilized to the culture well. Thymi- 
dine incorporation (arithmetic mean 2 1 SD) 
was determined on day 3 of culture. 

- 

Thym~d~ne lncorporatlon 
(cpm x 

Stlmulus 

Uninfected HIV- 1- 
infected 

CD3 
100 ng 
50 ng 
25 ng 
12 ng 

rIL-2 
2 Uiml 
1 Uiml 
0.25 Ulml 

of CD4 antigen is characteristically down 
regulated in HIV-1-infected T cells ( 7 ) ,  at 
least in part by the formation of HIV-1 
envelope-CD4 cytoplasmic complexes (9). 
Thus, the present results suggest that the 
loss of C D ~  may cause the &coupling of 
CD3 from signal transduction and, further- 
more, that CD4 is required for efficient 
signal transduction aft& CD3 stimulation 
and not after CD2 stimulation. 

The contribution of the CD3-specific sig- 
naling defect to the overall state of immuno- 
suppression in patients with acquired irnmu- 
nodeficiency syndrome (AIDS) remains to 
be clarified. In preliminary experiments with 
CD4 cells from patients with AIDS-related 
complex (ARC) or with AIDS, we have also 
observed impaired transmembrane signaling 
(17). The present demonstration of a quali- 
tative defect in antigen-specific signaling in 
HIV- 1-infected T cells raises the possibility 
that immune rewonses mav be resiored with 
effective antiviral therapy in patients infected 
with HIV- 1. 
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