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Abstract

Recently we demonstrated that the nonadherent (to plastic)
fraction of human PBMCcould be activated by IL-2 to inhibit
Cryptococcus neoformans growth. Here we characterize the an-
tifungal effector cells. Depletion by panning of natural killer
(NK) (CD16+, CD56+) cells from nylon wool-treated, IL-2-
activated PBMCmarkedly decreased lytic activity against a
tumor cell target (K562) but did not affect antifungal activity.
Panning out T (CD3+, CD5+) cells enhanced activity against
tumor cells but partially abrogated activity against C. neofor-
mans. IL-2-activated T cells of 95% purity, obtained by pan-
ning out NK cells from PBMCforming rosettes with sheep
erythrocytes, had excellent antifungal activity but suboptimal
antitumor activity. The nonrosetted cells (which were virtually
free of T cells and enriched for NK cells) had both antitumor
and antifungal activity, even if cultured without IL-2. CD4+,
CD8+, and CD56+ cells, purified by positive selection by pan-
ning, directly inhibited cryptococcal growth. Conjugate forma-
tion between fungi and both CD56+ and CD5+ effector cells
was demonstrated by videomicroscopy and immunoperoxidase
staining. Thus, IL-2-activated T cells and NKcells form conju-
gates with and directly inhibit the growth of C. neoformans. To
our knowledge, these data are the first demonstration of human
T cells directly inhibiting growth of a microbial target. (J. Clin.
Invest. 1993. 91:1490-1498.) Key words: T cells * natural killer
cells - fungus * conjugate formation - videomicroscopy

Introduction

Preponderant clinical and experimental data indicate that cell-
mediated immunity acts as the primary host defense against
infections with the encapsulated fungus Cryptococcus neofor-
mans ( 1, 2). The association of human cryptococcosis with
disorders of lymphocyte function such as AIDS and lympho-
mas ( 1, 2) suggests that activated lymphocytes are necessary to
contain C. neoformans in the host. However, it remains to be
defined which population(s) of lymphocytes are critical for
host defenses against cryptococcosis and the mechanism(s) by
which lymphocytes defend against cryptococcal invasion.
Lymphocytes could be active against C. neoformans either di-
rectly by functioning as effector cells (i.e., inhibiting or killing
the fungus) or indirectly by activating macrophages and other
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cells (e.g., via the release of lymphokines) for antifungal
activity.

In murine models, both CD4+ and CD8+ T lymphocytes
are necessary for optimal host defenses against cryptococcosis
(3-5), although it remains to be determined whether murine T
cells have direct effector capacity against C. neoformans. In
vitro, murine natural killer (NK)' cells bind to, inhibit, and
kill C. neoformans (6, 7). In vivo, the data are conflicting as to
whether NKcells contribute to defenses against murine crypto-
coccosis. Although depletion of NKcells did not alter overall
survival of mice challenged with C. neoformans (8), adoptive
transfer of NKcells to cyclophosphamide-treated mice resulted
in enhanced clearance of cryptococci from tissues (9). Inter-
feron gamma, a product of activated T and NKcells, activates
murine macrophages to inhibit and kill C. neoformans (10-
12). However, the capacity of human interferon gamma to
activate the anticryptococcal armamentarium of human mac-
rophages could not be demonstrated ( 13 ).

Populations of human PBL, under defined conditions,
have been evaluated for anticryptococcal effector cell function.
C. neoformans was killed by PBMCdepleted of phagocytes by
carbonyl iron treatment or adherence to plastic, but only if
anticryptococcal antibody (Ab) was present ( 14). Ab-depen-
dent antifungal activity was lost if the cells were passed over a
nylon wool column ( 15). Ab-dependent inhibition of C. neo-
formans was also demonstrated using a population of PBMC
enriched for NKcells ( 16). However, in the absence of Ab, this
NK-enriched population was incapable of inhibiting growth of
C. neoformans even if the cells were incubated overnight with
50 U/ml of IL-2 and 50 U/ml interferon alpha ( 16). PBMC,
cultured with cryptococcal antigens under conditions where a
lymphoproliferative response occurs, can kill C. neoformans
even in the absence of specific Ab provided that both adherent
and nonadherent cells are present ( 17). Recently, our labora-
tory demonstrated that PBMCcultured with IL-2 acquire the
ability to profoundly inhibit the growth of a subsequent chal-
lenge of C. neoformans ( 18). Optimal conditions for growth
inhibition included a minimum of 5 d of incubation of PBMC
with IL-2, a concentration of 2 100 U IL-2/ml, and a high
ratio of effectors to fungi. Moreover, the antifungal activity was
shown to reside in the fraction of PBMCnonadherent to plas-
tic. In the present study, we characterized the IL-2-induced
antifungal effector cells. Wefound that IL-2-activated T and
NK cells directly attack and inhibit the growth of C. neofor-
mans.

Methods

Materials. All reagents were obtained from Sigma Chemical Co. (St.
Louis, MO), except where otherwise noted. Cell culture medium was

1.Abbreviations used in this paper: Ab, antibody; LAK, lymphokine-
activated killer; NK, natural killer; SE, sheep erythrocyte.
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RPMI 1640 (Gibco Laboratories, Grand Island, NY) supplemented
with L-glutamine, penicillin, streptomycin, and 10% human AB male
serum. Flat-bottomed 96-well "half-area" polystyrene tissue culture
plates (3696; Costar Corp., Cambridge, MA) were used for assays in-
volving cell wells. Pooled human serum was obtained by combining
serum from 2 10 healthy volunteers under conditions preserving com-
plement activity. Recombinant human IL-2 was a gift of Cetus Corp.
(Emeryville, CA).

Incubations. Unless noted otherwise, all incubations were per-
formed at 370C in humidified air supplemented with 5%CO2.

C. neoformans. Encapsulated, serotype Dstrain B350 1 (also known
as strain MP415) of C. neoformans was harvested from 4-d-old cultures
grown on asparagine minimal agar medium at 30'C, as in previous
studies ( 10, 13, 17-19). Under these conditions, > 90% of the C. neo-
formans were present as single cells, clumping of organisms was not
observed, viability of fungi averaged > 98%, and the average capsule
thickness was 1.5 tiM ( 13, 17).

Isolation of PBMC. Humanperipheral blood was obtained by veni-
puncture from normal volunteers. For each set of experiments, the
same blood donor was not used more than once. Blood was anticoagu-
lated with heparin and the PBMCwere purified by centrifugation on a
Ficoll-Hypaque density gradient. PBMCwere washed twice in PBS
containing 0.1% bovine serum albumin, counted, and suspended in
medium at the desired concentration ( 18 ).

Nylon wool columns. PBMCwere depleted of monocytes and B
lymphocytes by adherence to plastic tissue culture petri dishes for 1 h
followed by passage of the nonadherent cells over a nylon wool column
as described (20).

Sheep erythrocyte (SE) rosettes. PBMCwere separated into two
populations on the basis of their ability to rosette with SE (Cappel
Laboratories, Malvern, PA) (21 ). SEwere treated with 0. 1 U/ml neur-
aminidase type X for 1 h, washed, and the SEwere rotated with PBMC
in RPMI 1640 containing 2% FCS for 5 min at 370C followed by 40
min at 4VC. Cells were then centrifuged on a Ficoll-Hypaque gradient.
The rosetting cells, which formed the pellet, were rid of SEby lysis with
hypotonic sodium chloride. Rosettes were not seen when the interface
was examined microscopically. Cells in the pellet (hereafter referred to
as the rosette fraction) and interface were then cultured with or without
IL-2 as described below.

Panning. Negative selection of cells by panning out mononuclear
cell subpopulations on the basis of cell surface markers was done as
described (22), except for the following two modifications: the petri
dishes were coated with affinity-purified goat anti-mouse IgG (whole
molecule) (Cappel Laboratories) overnight (rather than 40 min) and
the petri dishes were centrifuged at 160 g for 2 min at the start of the
incubation with the Ab-coated cells. Preliminary studies established
that both of these modifications greatly increased the efficiency of the
panning. For some of the experiments, the control cells underwent the
entire panning procedure except the cells were not incubated with pri-
mary Ab. These "sham-panned" cells had similar phenotypic (as deter-
mined by flow cytometry) and functional (as determined by antifungal
and antitumor activities) profiles compared with control cells not sham
panned.

Positive selection of lymphocyte subpopulations by panning was
performed as described above for the negative selection by panning
experiments, except the cells that remained adherent after five washes
were directly cultured in the petri dish with medium containing IL-2.
After 5 d, the cells (which at this point were nonadherent) were col-
lected, washed to remove free antibody, and recultured an additional
2-3 d with IL-2.

Cell culture. In 75-cm2 tissue culture flasks (or petri dishes for the
positive-selection experiments), effector cells (106/ml) were cultured
for 7 or 8 d in medium. During this incubation period, cells were either
stimulated with 1,000 U/ml of IL-2 or left unstimulated. Cells were
then harvested, washed, counted, and resuspended at 107/ml in fresh
medium.

Antifungal activity of cultured PBMC. Antifungal activity was de-
termined as described previously ( 13, 17, 18). Cell wells contained 106

(except where otherwise indicated) effector cells and 5 X I03 CFUs C.
neoformans in a final volume of 150 ul medium supplemented with
10% (final concentration) pooled human serum. IL-2 (1,000 U/mi)
was added to those wells containing cells that had been previously
cultured with IL-2. Wells were incubated 24 h at which time the num-
ber of CFUs of C. neoformans per well was determined by lysing the
effector cells with 0.1% Triton X-100 followed by dilutions and spread
plates on Sabouraud dextrose agar. Preliminary experiments estab-
lished that this concentration of detergent completely lysed effector
cells without affecting fungal viability.

For each experiment, two sets of cell wells were included containing
C. neoformans, medium and pooled human serum, but without effec-
tor cells. The first set was detergent treated, diluted, and plated immedi-
ately. The CFUs counted were used to calculate the inoculum of live
organisms added per well. The second set was incubated at 370C for 24
h before being processed and plated. The CFUs counted were used to
calculate fungal replication in medium not containing effector cells.

Results are expressed as percent growth according to the formula
[(CFU experimental/CFU inoculum) - 1] x 100. Thus, a value of
zero indicates that the number of CFUs at the start and conclusion of
the incubation were the same and complete fungistasis was obtained.
Values of 100, 200, and 400% indicate that the fungi underwent an
average of one, two, and three replications, respectively ( 13, 17, 18).

AssayforNKand lymphokine-activated killer(LAK) cell activity. A
standard 5"Cr-release assay was performed essentially as previously de-
scribed (23) using K562 erythroleukemia cells (a gift of Richard Ma-
ziarz, Portland, OR) as target cells. Effectors were incubated for 4 h
with 5 x 103 targets labeled with sodium [5"Cr]chromate (New En-
gland Nuclear, Boston, MA) at varying E/T ratios in V-bottomed wells
(3894; Costar Corp.). Percent 5"Cr release was calculated using the
standard formula [(experimental cpm - spontaneous cpm)/(total
cpm - spontaneous cpm)] X 100. Spontaneous cpm averaged < 15%
of the total cpm.

Detection of cell surface antigens. Flow cytometric analysis of anti-
gen expression on effector cells was performed for every experiment.
Effector cells were incubated with antigen-specific mAb, followed by
fluorescein- or phycoerythrin-conjugated goat anti-mouse IgG (whole
molecule). The percentage of cells staining with each Ab was deter-
mined with a flow cytometer (FACScan0; Becton Dickinson & Co.,
Mountain View, CA) ( 17). Dead cells were gated out on the basis of
positive staining with propidium iodide. For each sample, 10,000
events were recorded.

mAbs used to detect the indicated cell surface antigens were as
follows: T3 (CD3, T cells); T4 (CD4, T cell subset), Tl (CD5, T cells,
and B cell subset); T8 (CD8, T cell subset, and LAK subset); MY4
(CD 14, monocytes and macrophages); anti-leu-1 lb (CD16, NKcells,
and LAK cells); Bl (CD20, B cells), NKH-l (CD56, NK cells, and
LAK cells). All mAbs were obtained from Coulter Immunology (Hia-
leah, FL) except for anti-leu- 1 Ib, which was obtained from Becton
Dickinson & Co. Included in each flow cytometry run were controls
using a secondary Ab but either no mAbor an isotypic control Ab.

Videomicroscopy. Effector cells (5 x 104) and C. neoformans (2
X 10 4) were allowed to settle to the bottom of eight-chamber Lab-Tek
slides (Miles Scientific, Naperville, IL) containing a final volume of
200 ,l medium supplemented with 10% pooled human serum and 10
mMHepes, pH 7.4. Videomicroscopy was then performed in a 370C
humidified chamber using an inverted microscope (model IMT-2;
Olympus Corp., Precision Instrument Div., Lake Success, NY) con-
nected to a videocamera (CCTV model WV-1460, Panasonic, Secau-
cus, NJ) equipped with an ocular zoom objective. Events were video-
taped using a professional videocassette recorder (model AG-60 10;
Panasonic) on time lapse mode as described (24).

Immunoperoxidase staining. Effector cells (2 x 105) were incu-
bated with C. neoformans (2 x I0') for 2 h in eight-chamber Lab-Tek
slides containing a final volume of 200 gl medium. Cells were then
sequentially incubated with 100% (-20'C) methanol for 5 min; 100%
(-20'C) acetone for three dips of 3 s each; 3%H202 for 3 min; primary
Ab (T I, NKH- 1, or an IgG 1 control) for 30 min at 40C; a 1:50 dilution
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of peroxidase-conjugated affinity-purified goat anti-mouse IgG
[F(ab')2 fragment specific and adsorbed with human serum proteins;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA] for 30
min at 4°C; and 0.15 Msaline buffered with 0.05 MTris, pH 7.6,
containing 670 ,g/ml diaminobenzidine and 0.024% H202. Cells were
washed with RPMI 1640 containing 0.1% FCSand 0.1% sodium azide
in between incubation steps. Cells were scored under a light microscope
for conjugate formation and peroxidase staining. To be counted as a
conjugate, the cell membrane needed to be indented so as to partially
surround the C. neoformans (e.g., see Fig. 6).

Statistics. Means and SE of sample groups were compared using
the two-sample, two-tailed Student's t test.

Results

Characterization of nonadherent PBMC. Although previous
data from our laboratory demonstrated that the nonadherent
(to plastic) fraction of PBMCcould be activated by IL-2 to
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Figure 1. Fungistasis and tumor lysis mediated by IL-2-activated
nonadherent PBMC. PBMCwere depleted of monocytes by adher-
ence to plastic for 1 h and then cultured with or without 1,000 U/ml
IL-2 for 7 d. (a) Cells were challenged for 24 h with C. neoformans
in media containing 10% pooled human serum and fungal growth
was assayed. (NO CELLS) Fungal growth in wells containing fungi
but no effector cells. (NO IL-2 and PLUSIL-2) Fungal growth in
wells containing fungi and effector cells cultured without and with
IL-2, respectively. Significant fungistasis was achieved only in wells
containing effector cells cultured with IL-2 (P < 10-4 comparing the
plus IL-2 group with either of the other two groups). (b) Lysis of
K562 cells by PBMCnonadherent to plastic cultured for 1 d without
IL-2 (DAY I NOIL-2), 8 d without IL-2 (DAY8 NOIL-2), or 8 d
with IL-2 (DA Y8 + IL-2). Data represent the means±SEMof three
separate experiments performed in triplicate (a) or duplicate (b).

Table I. Phenotypic Changes after Culture with IL-2

Percent expression of CDantigen

Day 2 Day 8 Day 8
CD Cell

antigen type No IL-2 No IL-2 +IL-2

CD3 T Cell 42±9 77±5 51±8
CD4 T subset 33±3 60±2 32±3
CD8 T and LAK subsets 17±1 7±3 35±4
CD14 Myeloid 34±15 1±1 3±1
CD20 B cell 11±2 7±3 8±3
CD56 NK, LAK 8±1 1±1 32±2

PBMCwere depleted of cells adherent to plastic, cultured for 2 or 8 d
in the presence or absence of 1,000 U/ml IL-2, and then assayed for
expression of cell surface markers by flow cytometry. Data are ex-
pressed as the percent of cells displaying the indicated CDantigen and
represent the mean±SEMof three separate experiments.

inhibit C. neoformans, the nature of the nonadherent cells was
not determined. Initial experiments confirmed previous data
from our laboratory demonstrating that the nonadherent (to
plastic) fraction of PBMCcould be activated by IL-2 to inhibit
C. neoformans (Fig. 1 a). Next, the nonadherent PBMCwere
characterized as to their cell surface markers and their activity
against the tumor cell target K562. Consistent with data from
other laboratories (25, 26), culture with IL-2 resulted in an
increase in the percentage of cells expressing CD8 and CD56
(Table I). In the absence of IL-2, the percentage of cells ex-
pressing CD56 declined to undetectable levels. Culture with
IL-2 also endowed the nonadherent PBMCwith greatly en-
hanced capacity to lyse the tumor cell target K562 (Fig. 1 b).

Effect of nylon wool columns and negative selection by pan-
ning. In the next set of experiments, PBMCwere depleted of B
cells and monocytes by adherence to plastic followed by pas-
sage over a nylon wool column. These procedures resulted in a
population of cells that contained < 1%B cells and monocytes
as determined by flow cytometry (data not shown). Cells were

Table I. Phenotypic Changes after Negative Selection
by Immunological Panning

No IL-2 +IL-2
CD

antigen No pan Shampan CD3/5 pan CD16/56 pan CD8pan

CD3 84±3 76±4 3±2 94±3 69±8
CD8 18±3 29±5 31±6 28±4 5±1
CD56 2±1 17±6 52±13 1±1 19±3
%panned* 28±4* 83±1* 41±6* 64±5*

PBMCwere depleted of cells adherent to plastic and nylon wool, cul-
tured for 8 d in the absence (no IL-2) or presence (+IL-2) of 1,000
U/ml IL-2, panned (by negative selection) for the indicated CDanti-
gens, and then the percent of cells expressing the indicated CDantigen
assayed by flow cytometry. Data are expressed as the percent of cells
displaying the indicated CDantigen and represent the mean±SEM
of three separate experiments.
* Percent of cells that remained adherent to the petri dish during the
panning procedure, calculated according to the formula: [1 - (cell
number before panning/cell number after panning)] X 100.
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fungal activity. Lysis of K562 targets by CD8-depleted or CD4-
depleted effectors was not tested.

Antifungal activity appeared to require cell contact, as su-
pernatants obtained after culture of both fungal-stimulated and
unstimulated IL-2-activated nylon wool nonadherent PBMC
failed to inhibit growth of C. neoformans. In fact, in three sepa-
rate experiments, supernatants supported significantly (P
< 0.002) greater fungal growth (growth in wells containing
fungal stimulated and unstimulated supernatants was 567±35

,4 Z 4 z z z and 620+48%, respectively, compared with 416±25% growth
*Ij >j L j*aX. I Cf I a. in wells containing medium alone). Next, experiments were
o + + - + performed examining the antifungal activity of IL-2-activated,

nylon wool-nonadherent PBMCat varying effector/ fungus ra-
tios. In three separate experiments, growth was 110, 304, 447,

*-_ IL-2**,469, and 563% at ratios of 200:1, 50:11, 12.5: 1, and 3: 1, and 0: I
T PAN (no effector cells), respectively (P < 0.02 comparing 200:1,

50:1, or 12.5:1 with no effector cells). IL-2-activated lympho-
+ IL- 2 cytes mediated nearly identical levels of fungistasis regardless
SHAM PAN of whether the serum in the system was heated to 560C to

+ILK 2
PAN destroy complement activity (data not shown).

Effect of resetting. PBMCwere next separated on the basis
of their ability to form rosettes with SE. Virtually all T cells and
a subpopulation of NK cells express CD2 and form rosettes

--..........
when incubated with SE. In some experiments, NKcells were
depleted from the rosetting cells by panning CD56+ and
CD16+ cells. As expected, the rosette fraction was greatly

12 6 3 1.5 .75 enriched for T cells whereas the interface consisted mainly of

EFFECTOR:TARGET NK cells, B cells, and monocytes (Table III). Cell fractions
were then cultured for 1 wk with or without IL-2, at which time

and tumornceltiyss medthe by activated antifungal activity was assayed and flow cytometry was re-

epleted of monocytes and B cells by adherence peated. Pronounced antifungal activity was seen in the rosette
tool and then were incubated with or without fraction, but only when cultured with IL-2 (Fig. 3 a). Panning
7 d. Cells in the plus IL-2 group were then de- CD16+ and CD56+ cells from the rosette fraction, either at the
)opulations by panning, as described in Meth- start of the incubation (Fig. 3 a) or immediately before fungal
allenged for 24 h with C. neoformans and fungal challenge (data not shown) had no significant effect on anti-
ficant fungistasis was achieved only in wells fungal activity but markedly diminished antitumor activity
l[s cultured with IL-2. (P < l0-3 comparing NO (Fig. 3 b).

CELLS or NOIL-2 with any other group). Panning CD3+ and
CD5+ cells (+IL-2 T PAN), but not CD16+ and CD56+ cells
(+ IL-2 NKPAN), CD8+ cells (+IL-2 CD8PAN), or CD4+ cells
(+IL-2 CD4 PAN), resulted in a significant loss of fungistasis (P
= 0.008) compared with cells not panned (+IL-2). Data represent
the means±SEMof seven separate experiments performed in tripli-
cate, except for the CD4PANgroup which represents two separate
experiments performed in triplicate. (b) Lysis of K562 cells by effec-
tor cells cultured 7 d either without IL-2 (-IL-2) or plus IL-2 and
then panned as in (a). Results shown are from a representative ex-
periment. Two other experiments yielded similar results.

then cultured for 7 or 8 d with or without IL-2 and depleted of
cells expressing specific surface markers by panning. Panning
cells expressing CD3 and CD5 (T cells) reduced the T cell
population by 96% (from 76 to 3%) as measured by expression
of CD3 (Table II). This T cell-depleted population had signifi-
cantly reduced antifungal activity (Fig. 2 a) but greatly en-
hanced activity against the tumor target K562 (Fig. 2 b). In
contrast, when the cell population was depleted of cells express-
ing CD16 and CD56 (NK and LAK phenotype), antitumor
activity was diminished whereas antifungal activity remained
unchanged. Panning cells expressing CD8 (an antigen found

Table III. Cell Surface Antigens after Rosetting with SE

Rosette + NK
Rosette pan Interface

CD
antigen d1 d8- d8+ dI d8+ dI d8- d8+

CD3 77 85 77 85 95 9 1 0
CD14 ND 0 0 ND ND 26 41 58
CD20 5 3 0 7 ND 45 33 9
CD56 11 8 19 3 1 10 13 11

PBMCwere separated into rosette and interface fractions based on
their ability to rosette SE. Some of the rosetted cells were then de-
pleted of NKcells by panning (by negative selection) for CD16 and
CD56 (Rosette + NKpan). Cells were then cultured for 1 (dl ) or 8
d in the absence (d8-) or presence (d8+) of 1,000 U/ml IL-2 and as-
sayed for expression of cell surface markers by flow cytometry. Data
are expressed as the percent of cells displaying the indicated CDanti-
gen. Results for CD3 and CD56 represent the mean of three to six
separate experiments. Results for CD20 and CD14 represent one ex-
periment for the rosette groups and three experiments for the interface
groups. SEM(not shown) averaged <5%.
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Surprisingly, the interface had excellent antifungal activity
both in the presence and absence of IL-2 (Fig. 3 a). Moreover,
addition of cells from the unstimulated rosette fraction abro-
gated the antifungal activity of the unstimulated cells in the
interface. Further attempts to define the phenotype of the anti-
fungal effector cells in the interface, either by passage over a
nylon wool column or panning, were unsuccessful due to the
low cell yields obtained at the end of those procedures.

Effect of positive selection by panning. Next, nylon wool-
nonadherent PBMCwere positively selected by panning for
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Figure 3. Fungistasis and tumor cell lysis mediated by IL-2-activated
and unactivated PBMCseparated on the basis of their ability to ro-
sette SEs. The rosetting (ROSETTE) and nonrosetting (INTER-
FACE) cells were cultured 7 d with (PLUS IL-2) or without (NO
IL-2) 1,000 U/ml IL-2. Someof the rosetted cells were then depleted
of CDl6+ and CD56+ cells by panning (ROSETTENKPAN). (a)
Cells ( 106) were challenged for 24 h with C. neoformans and fungal
growth was assayed. Nearly complete fungistasis was obtained in all
groups cultured with IL-2, and in the interface, even in the absence
of IL-2. Addition of cells (106) from the rosette fraction to cells ( 106)
from the interface (ROSETTE+ INTER-FACE) resulted in a loss
of fungistasis in the group cultured with no IL-2. Not shown on the
graph, growth was 709±39% (mean±SEM) in wells containing C.
neoformans but no effector cells. Data represent three to nine separate
experiments performed in triplicate. (b) Lysis of K562 cells. ROS,
rosetted cells; INT, cells in the interface; PAN, cells in the rosette
fraction depleted of CD16+ and CD56+ cells by panning. + and
- refer to the presence and absence, respectively, of IL-2. Results
shown are from a representative experiment. Two other experiments
yielded similar results.

Table IV. Cell SurfaceAntigens after Positive Selection by Panning

+IL-2
CD No IL-2

antigen No pan No pan CD4pan CD8pan CD16/56 pan

CD3 93±1 90±1 79±7 68±7 14±8
CD4 78±4 61±4 75±7 3±1 ND
CD8 18±5 27±3 7±2 79±7 ND
CD14 0 0 0 0 0
CD56 1±1 9±3 10±6 25±8 73±7

Nylon wool-nonadherent PBMCwere either not panned or panned
by positive selection for CD4+, CD8+, or CD16/56+ cells. Cells
were then cultured for 8 d in the absence (No IL-2) or presence
(+IL-2) of 1,000 U/ml IL-2 and the percent of cells expressing the
indicated CDantigen determined by flow cytometry. Data are ex-
pressed as the percent of cells displaying the indicated CDantigen and
represent the mean±SEMof four separate experiments.

CD4+, CD8+, or CD16/56+ cells. Cells were then cultured for
1 wk with IL-2, at which time expression of cell surface markers
(Table IV) and antifungal activity (Fig. 4) were determined.
Over 70% of the cells expressed the cell surface antigen(s) that
were positively selected for. Significant growth inhibition was
seen with all three cell types at both effector/fungus ratios
tested.

Videomicroscopy. Videomicroscopy of nylon wool-nonad-
herent PBMCcultured with IL-2 for 7 d and then challenged
with C. neoformans demonstrated conjugate formation be-
tween effector cells and their fungal targets. Effector cells repeat-
edly made contact with C. neoformans, often spreading to com-
pletely cover the fungal target (Fig. 5). In eight separate obser-
vations, effector-target conjugate formation lasted 1 1.9±3.0
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Figure 4. Fungistasis mediated by IL-2-activated lymphocytes puri-
fied by positive selection. Nylon wool-nonadherent PBMCwere
panned for CD4+, CD8+, or CD16/56+ cells. Positively selected
cells were cultured for 7 d in the presence of 1,000 U/ml IL-2, and
then challenged for 24 h with C. neoformans and fungal growth was
assayed. Two different concentrations of effector cells ( 106 and 2
x 105) were tested. Results are from three to four separate experi-
ments performed in triplicate. P < 0.001 comparing the percentage
growth in the absence of effector cells (NO CELLS) with percentage
growth in the presence of 106 CD4+, CD8+, or CD56+ cells. P
c 0.01 comparing the percentage growth in the absence of effector
cells with percentage growth in the presence of 2 x 105 CD4+ or
CD8+ cells.
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Figure 5 Videomicroscopy demonstrating conjugate formation between IL-2-activated T cells and C neoformans. PBMCwere depleted of B
cells and monocytes by adherence to plastic and nylon wool, cultured for 7 d with 1,000 U/ml IL-2, and finally depleted of cells with NK
phenotypes by panning out CDl16+ and CD56+ cells. a-k demonstrate three effector cells attacking a single yeast cell during a 1-h time course.
(a) time = 0, before contact. Large arrows point to yeast cells and small arrow to lymphocyte 1. Note the heterogeneity in size among the lym-
phocyte population; (b) time = 0.5 min. Lymphocyte 1 (small arrow) has made contact with a yeast cell (large arrow); (c) time = 1.4 min.
Lymphocyte 1 (arrow) has spread over the yeast cell; (d and e) time = 3.7 and 12.8 mmn, respectively. Lymphocyte 1 (small arrow) partially
surrounds and continues to attack the yeast cell (large arrow) from multiple angles; (f ) time = 14.8 min. Lymphocyte 1 is retreating from the
yeast cell (large arrow). Lymphocyte 2 (small arrow), a small lymphocyte, is moving towards the yeast cell; (g) time = 41.3 min. Lymphocyte
1 has retreated. Lymphocyte 2 (small arrow) has made contact with the yeast cell. Lymphocyte 3 (large arrow), a large lymphocyte, is now
moving towards the yeast cell; (h) time = 46.1 min. Lymphocyte 2 has begun to retreat. Lymphocyte 3 (arrow) is about to make contact; (i)
time = 50.0 min. Lymphocyte 3 (arrow) has made contact; (j) time = 54.3 min. Lymphocyte 3 (large arrow) continues to attack the yeast cell.
Lymphocyte 1 (small arrow) has again made contact with the yeast cell; (k) time = 60.0 min. The lymphocytes have all retreated; (1) stage mi-
crometer at the same magnification used for a-k. Distance between lines = I1 gin.

min (mean±SEM, range 4.0-30.6 min). Conjugates were still
seen if the effectors were depleted of CD56+ and CD16+ cells
by panning.

Immunoperoxidase staining. The final set of experiments
sought to determine the phenotype of the cells responsible for
conjugate formation. Nylon wool-nonadherent PBMCwere

cultured for 7 d with IL-2, challenged for 2 h with an equal
number of C. neoformans in the presence of 10% pooled hu-
man serum, and then fixed and immunoperoxidase stained.
Conjugates consisting of both CD5+ and CD56+ cells were
observed (Fig. 6). Effector cells often dramatically changed
their shape to partially surround the fungus. In one representa-
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tive experiment, 2.0% of the effector cells were conjugated with
one or more C. neoformans. Of the cells forming conjugates,
57, 12, and 0%stained positive for CD5, CD56, and a control
Ab, respectively.

Discussion

The data presented here establish that human lymphocytes,
when activated by IL-2, are capable of attacking and inhibiting
the growth of C. neoformans. Two distinct lymphocyte popula-
tions, T cells and NKcells, mediated anticryptococcal activity.

Highly purified populations of IL-2-activated T cells ob-
tained by three different techniques effected nearly complete
fungistasis. Fungistasis was partially abrogated by depletion of
T cells from nylon wool-nonadherent PBMC. Highly purified
IL-2-activated T lymphocytes made contact with and spread
over C. neoformans, as demonstrated by videomicroscopy. Fi-
nally, the majority of nylon wool-nonadherent PBMCforming
conjugates with C. neoformans were T cells as determined by
immunoperoxidase staining. Both CD4+ and CD8+ T cells
had activity.

In general, T cells are thought to mediate antimicrobial
activity either by releasing lymphokines that activate other cell
types (e.g., macrophages) or by MHC-restricted lysis of in-
fected cells. The data presented herein strongly suggest that
IL-2-activated T cells are capable of attacking C. neoformans
and directly mediating anticryptococcal activity without MHC
restriction. Other investigators have demonstrated that splenic
CD8+ T cells, obtained from mice immunized with Pseudo-
monas aeruginosa polysaccharide antigen, secrete a bacteri-
cidal lymphokine (27-29). The bactericidal effect occurred in
the absence of Ab or complement and did not require phago-
cytic cells. Moreover, antigen-specific murine splenic CD8+T
cells were directly parasiticidal to extracellular Toxoplasma
gondii (30), and MHC-unrestricted "promiscuous" killing of
tumor targets by CD4- CD8- T cells has been demon-
strated (31 ).

In addition to T cells, a second population of IL-2-treated
lymphocytes was active against C. neoformans. Cells nearly
totally depleted of T cells by virtue of panning or their failure to
rosette with SEs still mediated fungistasis. Moreover, NKcells
obtained by positive selection were fungistatic. These data and
the immunoperoxidase data showing C. neoformans partially
surrounded by CD56+ IL-2-activated lymphocytes provide
compelling evidence that this second population is comprised
of cells with the NKphenotype. However, because cell separa-
tion techniques do not yield 100% pure populations, we cannot
entirely exclude the possibility that at least some antifungal
activity is mediated by a third population of cells expressing
neither T cell nor NKcell markers.

Although clearly there are profound differences between
NK cells and T cells, there are similarities that may help ex-
plain the apparent ability of both activated NKand T cell types
to effect fungistasis. For example, many mechanisms of cytoly-

sis are shared between NK and T cells, and recent evidence
suggests that NKand T cells mayarise from a commonprogen-
itor that expresses components of the CD3 complex (32). In
addition, some IL-2-activated lymphocytes express both NK
and T cell markers (25, 26).

To our knowledge, our data are the first to show human
cells with a T phenotype can have direct antimicrobial activity.
Other investigators have found human NKcells possess anti-
bacterial activity. Abo et al. (33) found a subpopulation of
large granular lymphocytes phagocytosed and killed Staphylo-
coccus aureus, but not Gram-negative bacteria, Candida albi-
cans, or baker's yeast. In contrast, Garcia-Penarrubia et al. (34)
found NKcells killed both Gram-positive and Gram-negative
bacteria and that killing was extracellular without evidence of
phagocytosis. Recently, Beno and Mathews (35) demonstrated
growth inhibition of C. albicans by IL-2-activated plastic-non-
adherent human PBMC. However, the active cell fractions
were not characterized.

Interestingly, the cells that did not rosette with SEs were
fungistatic even if cultured without IL-2. Moreover, in the ab-
sence of IL-2, rosetting cells inhibited the antifungal activity of
nonrosetting cells. Since the rosetting cells are mostly T cells,
one hypothesis to explain these data is that T cells bind C.
neoformans but are only fungistatic when activated. In con-
trast, nonrosetting cells are constitutively fungistatic but, in the
presence of rosetting cells, do not effectively bind their targets
because of physical interference from the rosetting cells. Alter-
natively, the unactivated rosetting cells may be directly sup-
pressive.

Future experiments will be needed to establish the mecha-
nisms whereby activated lymphocytes mediate their antifungal
effects and the lymphocytic receptors and fungal ligands re-
sponsible for the interaction. Complement receptors and Fc
receptors do not appear critical, since specific Ab was not
added and inhibition was seen even if the serum was heated to
destroy complement activity. Moreover, T cells do not gener-
ally express Fc receptors, although a subpopulation may ex-
press complement receptors (36). The recent finding that
CD3+ cells from patients receiving IL-2 immunotherapy may
express receptors for C-reactive protein raises the possibility
that receptors not present on resting T cells may be induced on
activated T cells (36).

The videomicroscopy and immunoperoxidase results are
consistent with those of other investigators who have demon-
strated that LAK cells are highly motile and capable of forming
protopods or pseudopods (34, 37). However, this is the first
demonstration to our knowledge of the ability of human lym-
phokine-activated lymphocytes to migrate to and directly at-
tack a fungal target. By immunoperoxidase staining, cells ex-
pressing T cell (CD5) and NK(CD56) markers both partially
surrounded C. neoformans.

The in vivo significance of our findings remains to be deter-
mined. C. neoformans is not an obligate intracellular parasite,
and extracellular organisms in areas of lymphocytic infiltration
are commonmicroscopic features of lesions from patients with

Figure 6. Immunoperoxidase staining of conjugates comprised of lymphocytes and C. neoformans. PBMCwere depleted of monocytes and B
cells by adherence to plastic and nylon wool and then cultured 7 d with 1,000 U/ml IL-2. Effectors were incubated with C. neoformans for 2
h and fixed and stained as described in Methods. (Top) Two cells, both of which stain positive for the T cell marker CD5, can be seen partially
surrounding budding C. neoformans (arrows) . (Bottom) Three cells, all of which stain positive for the NKcell marker CD56, can be seen par-
tially surrounding C. neoformans (arrows).
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cryptococcosis who are able to mount an immune response
(38). However, the infiltrating lymphocytes have not been
characterized. The high effector/fungus ratio required for fun-
gistasis in our experiments does not negate the potential rele-
vance of our findings, since recruited lymphocytes functioning
in a physiological environment in vivo may have considerably
more antifungal activity than lymphocytes studied in vitro. Fi-
nally, although our experiments examined growth inhibition,
lymphocytes directly attacking C. neoformans may also partici-
pate in host defenses by releasing lymphokines that recruit and
activate other cell types (e.g., macrophages) capable of anti-
cryptococcal activity.
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