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Previous reports demonstrate that natural killer (NK) cells inhibit the growth of Cryptococcus neoformans in
vitro, but conclusive evidence supporting the effectiveness of NK cells in host resistance to cryptococci is not
available. The objective of these studies was to assess the ability of NK cells to clear C. neoformans from the
lungs, livers, and spleens of infected mice. CBA/J mice were depleted of NK cells, as well as other natural
effector cells, by an intraperitoneal injection of cyclophosphamide (Cy), 240 mg/kg of body weight. One day
later, 7.5 x 107 nylon wool-nonadherent (NWN) spleen cells, either untreated or treated with anti-asialo GM1
and complement to remove NK cells, were adoptively transferred to Cy-pretreated mice. On day 2 after Cy
treatment, the mice were injected intravenously with 2 x 104 cryptococci. At 4 and 6 days after Cy treatment,
tissues were assayed for NK reactivity, using a 4-h 51Cr-release assay, and for in vivo clearance of cryptococci
as reflected by mean log1o CFU per organ. We observed that Cy treatment depleted NK activity against YAC-1
targets and reduced in vivo clearance of C. neoformans from the tissues of infected mice. Additionally, Cy
treatment depleted the total lung and spleen cellularity and the total number of peripheral blood lymphocytes
when compared with those in normal untreated control mice. Also, spleen weights were significantly decreased
in comparison with those of untreated animals 4 days after Cy treatment. Adoptive transfer of untreated NWN
spleen cells into Cy-depressed mice restored the NK cell activity which correlated with enhanced clearance of
cryptococci from lungs, livers, and spleens. In contrast, treatment of NWN spleen cells with anti-asialo GM1
and complement before adoptive transfer abrogated the ability of these cells to restore NK activity or reduce
the numbers of cryptococci present in tissues of infected mice. Taken together, these data indicate that NK cells
are the cells effective in diminishing the numbers of cryptococci in tissues of infected mice. Consequently, NK
cells may play a role in first-line host resistance against C. neoformans.

Cryptococcus neoformans is a pathogenic, encapsulated,
yeastlike organism with a predilection for the central ner-
vous system. The organism is ubiquitous, and therefore
exposure to the airborne infectious particles is common.
Human infection usually occurs via the pulmonary route
resulting in a subclinical respiratory infection which is often
spontaneously resolved by the host. In approximately 10%
of the individuals with the pulmonary disease, the organism
becomes bloodborne, causing disseminated cryptococcosis,
generally manifest as meningitis. Dissemination occurs most
frequently in patients with impaired host resistance. Since
the incidence of dissemination is lower than expected based
on the frequency of exposure, we questioned the role of
innate resistance in host defense against C. neoformans.

Generally, polymorphonuclear leukocytes (PMN) and
macrophages are considered responsible for natural resist-
ance to C. neoformans (8, 11, 28, 49). Recent studies by
Murphy and McDaniel (36) demonstrate that a murine ef-
fector cell population having the characteristics of natural
killer (NK) cells is capable of inhibiting the growth of
cryptococci in vitro. This observation stimulated us to
assess the in vivo effectiveness ofNK cells in host resistance
to C. neoformans.
NK cells were first recognized in the mid-1970s and have

been found in the lymphoid tissues, except the thymus, of
nearly all mammalian and avian species studied (19, 20, 22).
In mice, NK cell activity is absent at birth, appears from 3 to
5 weeks of age, peaks from 6 to 8 weeks of age, and then
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declines to low levels (21, 27, 51). NK cells are characterized
as being nonphagocytic and nonadherent (20) large granular
lymphocytes (LGL) (30, 41, 50) with insignificant amounts of
surface immunoglobulin, Thy-1, and Ia antigens (20). Asialo
GM1, a glycosphingolipid, is a characteristic antigenic sur-

face marker present in relatively high density on NK cells
(26, 29). A considerable amount of work has been done
concerning the effectiveness of NK cells against various
targets including tumor cells (1, 2, 16, 38), virus-infected
cells (3, 5, 15, 46, 52), fungal pathogens (4, 24, 36), parasites
(17), and bacteria (37).
Two earlier studies, using different models of murine

cryptococcosis, present data that suggest that NK cells are

effective in clearance of cryptococci from host tissues. First,
Cauley and Murphy (9) reported that homozygous nulna
mice clear cryptococci from the tissues more effectively
early after infection than do heterozygous nul+ mice (35).
Since this difference was observed early after infection and
in mice incapable of developing a cell-mediated response,

they concluded that an innate mechanism was functioning
such as the nude mouse's highly activated macrophage
system (10) or augmented NK cell populations (18) or both.
Since data are contradictory concerning the abilities of
macrophages to kill C. neoformans in vitro (11, 13, 28, 33,
48) and NK cells are quite effective in inhibiting the growth
of cryptococci in vitro (36), the NK cells were likely to be, at
least partially, responsible for the early clearance of
cryptococci observed in the nude mouse.

In a second study, 3 days after infection with cryptococci,
lungs and spleens of C57BL/6 bglbg mice contained signifi-
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cantly greater numbers of cryptococci than the correspond-
ing tissues from infected bgl+ littermates (35). The beige
mutation in the mouse leads to low levels ofNK cell activity
in homozygous bglbg mice without affecting killing functions
of promonocytes and macrophages, whereas heterozygous
bgl+ mice have normal levels of NK cell activity (43, 44).
Considering these findings, one can postulate that NK cells
were responsible for the clearance of C. neoformans from
bgl+ animals.
The objective of the present study was to more clearly

define the effectiveness of NK cells in the in vivo clearance
of C. neoformans from the tissues of infected mice. To do
this, mice were pretreated with cyclophosphamide (Cy)
which depleted most of the natural effector cells, and then
the animals were reconstituted with NK cell-enriched or NK
cell-depleted spleen cells from syngeneic mice 1 day before
infection with 2 x 104 cryptococci. Cy treatment depleted
NK cell activity against YAC-1 targets and reduced clear-
ance of C. neoformans from the tissues of infected mice.
Additionally, Cy treatment depleted the total lung and spleen
cellularity, the total number of peripheral blood lympho-
cytes, and spleen weights when compared with untreated
controls. Adoptive transfer ofNK cell-enriched populations
reconstituted NK activity in various organs and enhanced
clearance of cryptococci from the tissues of Cy-pretreated
mice; whereas the transfer of NK cell-depleted populations
did not restore NK activity in the tissues nor enhance
clearance of cryptococci over that observed in Cy-pretreated
infected animals.

MATERIALS AND METHODS

Mice. Female CBA/J mice, 5 weeks old, were obtained
from Jackson Laboratory (Bar Harbor, Maine). These mice
were maintained in the University of Oklahoma animal
facility until use at 7 to 8 weeks of age.

Organism. C. neoformans 184A, a weakly encapsulated
serotype A isolate (36), was maintained on modified
Sabouraud agar slants. After 3 days of growth at 25°C, yeast
cells were harvested in sterile physiological saline solution
(SPSS), washed three times in SPSS, and adjusted to 2 x 105
cells per ml in SPSS. For clearance studies, 7- to 8-week-old
mice were injected intravenously (i.v.) with 2 x 104
cryptococci. The number of C. neoformans injected was
based on hemacytometer counts and confirmed by plate
counts.

Peripheral blood analysis. Mice were injected intraperito-
neally with 240 mg of Cy per kg of body weight in 0.1 ml of
SPSS. At 4 and 6 days after treatment, animals were bled
from the retro-orbital plexus into heparinized tubes (12).
Whole blood was diluted with Unopette Platelet/WBC Rea-
gent (Becton Dickinson and Co., Rutherford, N.Y.) in a
Thoma leukocyte (WBC) diluting pipette (Dade Diagnostics
Inc., Miami, Fla.) and the total numbers of WBC per mm3
were determined by hemacytometer count. Differential pe-
ripheral blood counts were performed after diluting whole
blood 1:200 in RPMI 1640 medium plus 10% fetal calf serum
(FCS) and applying 200 ,ul of this suspension to a slide by
using a cytocentrifuge. The hematological smears were
stained with Diff-Quick (American Scientific Products,
McGaw Park, Ill.), a modified Wright-Giemsa stain. The
percentages of neutrophils, lymphocytes, and monocytes in
200 cells were determined by light microscopy.

Preparation of cells used for adoptive transfer. Normal
mice were sacrificed by cervical dislocation. Spleens were
excised and placed in separate sterile laboratory bags

(Tekmar, Cincinnati, Ohio) containing 5 ml of RPMI 1640
medium. Single-cell suspensions were prepared by homoge-
nizing the tissue in a Stomacher-80 laboratory blender
(Tekmar, Cincinnati, Ohio) for 3 min. Erythrocytes were
removed from spleen cell pools by treatment with Tris-
ammonium chloride buffer (pH 7.2) (32). After two washes
with Hanks balanced salt solution (HBSS) (GIBCO Labora-
tories, Grand Island, N.Y.), the spleen cell pellet was
suspended in RPMI 1640 medium plus 5% FCS, and nylon
wool-nonadherent cells (NWN) were collected as previously
described (25). Approximately 20 to 30% of the original
number of cells placed on a 1.4-g nylon wool column were
routinely recovered in the nonadherent fraction. NWN
spleen cells were adjusted to 7.5 x 107 cells per ml in RPMI
1640 medium for use as donor cells in the adoptive transfer
studies. The NWN spleen cells were enriched for NK
activity as shown by the 30 ± 0.4% lysis in a 4-h 51Cr-release
assay when compared with the 19.0 ± 1.0% lysis by the
unfractionated spleen cells.

In vitro cytolytic assay. To define the level of NK activity
in the various tissues, we performed a standard assay
measuring 51Cr released from YAC-1 target cells as previ-
ously described (24, 27, 36). YAC-1 cells were maintained in
RPMI 1640 medium (GIBCO) supplemented with 10% heat-
inactivated FCS, 100 U of penicillin per ml, and 100 jig of
streptomycin (GIBCO) per ml. For the assay, the YAC-1
cells were labeled with 100 ,uCi of radioactive sodium
chromate (New England Nuclear Corp., Boston, Mass.) by
incubation for 1 h at 37°C in 5% CO2. The labeled cells were
washed to remove excess 51Cr and adjusted to 2 x 105 cells
per ml in RPMI 1640 containing 10% FCS for use as target
cells. To assess NK activity of spleens, the NWN cell
fractions were collected as described above and used as the
effector cells.
To determine the NK activities in the lungs, we prepared

single-cell suspensions from lungs by homogenizing the
tissue in a Stomacher-80 laboratory blender for 3 min with 10
ml of prewarmed collagenase solution (120 U of type I
collagenase; Sigma Chemical Co., St. Louis, Mo.) (47).
After an additional 90-min incubation at 37°C, the lung cells
were washed twice in HBSS. Erythrocytes were removed
from the lung cell pools by treatment with Tris-ammonium
chloride buffer (32). After two additional washes with HBSS,
the lung cells were suspended in RPMI 1640 medium plus 5%
FCS. The NWN lung cell fractions were collected as previ-
ously described (25) and used as effector cells in the 51Cr-
release assay.
For determining NK activity in the livers, we isolated

effector cells by a modification of the method of Wiltrout et
al. (54). Single-cell suspensions were prepared by gently
mincing livers through a 200-mesh stainless screen into
HBSS. After centrifugation for 10 min at 600 x g, erythro-
cytes were removed by treatment with Tris-ammonium
chloride buffer (32). Prewarmed enzyme solution (10 ml)
containing 0.05% (wt/vol) type II collagenase, 500 U of type
I DNase (Sigma) per ml, and 5% FCS was added per ml of
liver extract. After incubation at 37°C for 10 min with
constant agitation, the digest was washed twice in cold Ca2+-
and Mg2+-free HBSS (GIBCO), suspended in 3 to 5 ml of
30% (wt/vol) metrizamide (Sigma) in HBSS to a final ratio of
7 parts metrizamide to 5 parts packed liver digest, and then
overlaid with 1.5 ml of phosphate-buffered saline. After
centrifugation at 1,400 x g for 20 min at 4°C, the cell layer at
the phosphate-buffered saline-metrizamide interface was re-
moved and washed twice in HBSS before being used as
effector cells in the 51Cr-release assay.
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For the 4-h 51Cr-release assay, effector cells from spleens,
lungs, and livers were adjusted to 107 cells per ml in RPMI
1640 medium plus 10% FCS and dispensed in 0.1-ml volumes
to quadruplicate wells of a round-bottom 96-well microtiter
plate (Linbro Scientific Co., Hamden, Conn.). 51Cr-labeled
YAC-1 target cells were added to each well in a 0.1-ml
volume. An effector cell/target cell ratio of 50:1 was rou-
tinely used in the 4-h 51Cr-release assay. After incubation of
the plates for 4 h at 37°C in 5% CO2 and centrifugation for 10
min at 200 x g, 0.1 ml of supernatant was removed from
each well and counted in a gamma counter (Beckman
Instruments, Inc., Fullerton, Calif.) for 10 min. Spontaneous
release was determined by counting the activity in the
supernatants from wells containing 0.1 ml of labeled target
cells and an equal volume of RPMI 1640 plus 10% FCS.
Maximum release was determined from counts obtained
from supernatants of wells containing 0.1 ml of labeled target
cells and an equal voluime of 2 N HCI. The percentage of 51Cr
released from YAC-1 targets was calculated by the following
formula: percent 51Cr release = [(experimental release -
spontaneous release)/maximum release] x 100. Previous
studies by us (24, 35, 36) as well as others (2, 7, 17,
27, 30, 37, 41-44, 47, 54) have demonstrated that the per-
centage of 51Cr release is a direct correlate of the per-
centage of cytotoxicity or percentage of lysis of YAC-1
targets.

Antiserum treatment of cells. Anti-asialo GM1 (Wako Pure
Chemical Industries, Dallas, Tex.) has been used success-
fully to deplete NK cell activity in vivo and in vitro (1, 2, 16,
24, 38). To remove NK cells in the present study, 5 x 107
NWN spleen cells were suspended in 1 ml of anti-asialo GM1
at a 1:40 dilution in HBSS and incubated for 30 min at 25°C
with constant agitation. After incubation, the cells were
washed with HBSS, suspended in 1 ml of agarose-absorbed
guinea pig serum at a 1:10 dilution in HBSS as a source of
complement (31), and incubated for 45 min at 37°C in 5%
CO2 with constant agitation. After washing three times with
HBSS, the cells were adjusted to 7.5 x 107 cells per
ml in RPMI 1640 medium for use in the adoptive transfer
studies.

In vivo clearance assay. Mice were injected intraperitone-
ally with 240 mng of Cy (Sigma) per kg of body weight on day
0. The Cy-treated mice were divided into three groups, and
1 day after Cy treatment, group 1 mice were not treated,
group 2 animals were injected i.v. with 7.5 x 107 NWN
spleen cells (Cy + NWN), and group 3 mice were injected
i.v. with 7.5 x 107 NWN spleen cells which had been treated
in vitro with anti-asialo GM1 and C to destroy the NK cells
(Cy + [NWN + anti-asialo GM1 + C]). On day 2 after Cy
treatment, all groups, including age- and sex-matched un-
treated controls, were injected i.v. with 2 x 104 C. neofor-
mans cells. Two and four days after injection of the
cryptococci, three animals were sacrificed from each group
to determine the number of CFU per organ. Lungs, livers,
and spleens were excised, transferred to separate sterile
Stomacher laboratory bags containing 5 ml of SPSS, and
homogenized in the Stomacher-80 laboratory blender for 3
min. In selected experiments, the individual organs were
weighed before homogenization. Each organ homogenate
was appropriately diluted and plated in duplicate on modified
Sabouraud agar plates. After a 72-h incubation at 25°C, CFU
were enumerated. The arithmetic mean of the number of
CFU per organ was determined at each time period.

Statistical analysis. Means, standard error of the means,
and two-tailed Student's t tests were used to analyze the
data.
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FIG. 1. NK activity, based on a 4-h 51 Cr-release assay, of NWN
spleen cells from mice treated with Cy or Cy followed by reconsti-
tution with NWN (NK cell-enriched) spleen cells. Assays were

performed 2, 4, 6, and 8 days after Cy treatment. Untreated CBA/J
animals were used as a control. Points designate the mean and
standard error of the mean (bars) based on quadruplicate mea-
surements.

RESULTS

Effects of Cy treatment and reconstitution with NWN spleen
cells on in vitro NK reactivity. Cy, in appropriate doses,
depletes NK cell, PMN, and macrophage function in vitro
and in vivo (6, 23, 42). In a preliminary experiment, we
determined the duration of the depletion ofNK cell reactiv-
ity after Cy treatment and the effectiveness of restoring NK
cell reactivity by adoptively transferring NWN spleen cells
to Cy-pretreated mice. For these studies, mice were injected
intraperitoneally with 240 mg of Cy per kg of body weight;
then 1 day later one group of Cy-treated animals was given
7.5 x 107 syngeneic NWN spleen cells i.v. and one group

received no cells. The NK activity of the splenic NWN cell
pools used for the adoptive transfers was relatively high as

indicated by the 30.0 + 0.4% lysis of YAC-1 targets. To
determine the level of NK reactivity restored by adoptive
transfer of splenic NWN cells, 2, 4, 6, and 8 days after Cy
treatment, the 4-h 51Cr-release assay was performed, using
as effector cells splenic NWN cells from normal age-
matched mice, Cy-treated mice, or Cy-treated mice that had
received splenic NWN cells (Cy + NWN). Data shown in
Fig. 1 demonstrate that Cy significantly depleted splenic NK
cell reactivity throughout the 8-day experimental period. NK
levels in Cy-treated mice were significantly suppressed when
compared with those of untreated normal controls (P <
0.001). Adoptive transfer of 7.5 x i07 splenic NWN cells to
Cy-pretreated mice partially restored splenic NK cell activ-
ity. Although the restoration of NK activity was not com-

plete, at 2, 4, and 6 days after Cy treatment, the mice given
NWN cells had significantly higher levels ofNK cell activity
than did the mice treated with Cy but not reconstituted (P <
0.001). However, by 8 days post-Cy treatment, NK reactiv-
ity was rising in the Cy-treated mice, and there was not a

significant difference in NK activities of Cy-treated and Cy
+ NWN-treated mice. Therefore, subsequent experiments
were performed no later than 6 days after Cy treatment.
Organ cell yields and peripheral blood analysis. A pro-

nounced splenic atrophy was observed in the Cy-treated

x Untreated
*-. Cy + NWN
*-- Cy
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TABLE 1. Comparison of the total number of NWN cells
collected per spleen and lungs 4 and 6 days after treatment of
CBA/J mice with Cy, Cy followed by reconstitution with NWN
spleen cells, or Cy followed by reconstitution with anti-asialo

GMl-pretreated NWN spleen cells"

Total NWN cells, 106/organ

Organ Treatment ± SEM

Day 4 Day 6

Spleen None 42 ± 8 40 ± 6
Cy 3±1 10±3
Cy + NWN 8 ± 2 49 ± 6
Cy + (NWN + anti- 5 ± 1 20 ± 5

asialo GM1 + C)
Lungs None 1.4 ± 0.3 1.9 ± 0.9

Cy 0.5 ± 0.2 1.4 ± 0.3
Cy + NWN 0.9 ± 0.2 2.4 ± 0.8
Cy + (NWN + anti- 0.7 ± 0.1 1.0 ± 0.2

asialo GM1 + C)
a Untreated normal mice were used as a control. The means and standard

error of the means were based on data from eight animals.

mice and in the Cy-treated animals that had received NWN
spleen cells which had been treated in vitro with anti-asialo
GM1 and C (Cy + [NWN + anti-asialo GM1 + C]), whereas
the spleens of Cy + NWN-treated mice were similar in size
to those of untreated animals. Other organs did not display
atrophy after Cy treatment. Data in Table 1 demonstrate the
decrease in the total yield ofNWN cells per lungs and spleen
4 and 6 days after Cy treatment. The numbers of splenic
NWN cells were reduced 93% in Cy-treated mice when
compared with untreated normal controls. In the spleens of
Cy-treated mice and Cy + [NWN + anti-asialo GM1 +
Cl-treated mice, there was a 70% (P < 0.05) and 50% (P <
0.02) reduction in the numbers of NWN cells, respectively,
when compared with the numbers of splenic NWN cells
from the Cy + NWN-treated group. The numbers of lung
NWN cells were reduced 64% after Cy treatment in compar-
ison with untreated normal controls. In the lungs, a 30 to
50% reduction in NWN cells was observed in the Cy-treated
and Cy + [NWN + anti-asialo GM1 + Cl-treated groups as
compared with the numbers ofNWN lung cells from the Cy
+ NWN-treated group.
Data in Table 2 illustrate the effect of Cy treatment upon

the presence of several cell types involved in natural resist-
ance. We observed a 98% reduction (P < 0.001) in the total
numbers of WBC present in the peripheral blood of mice 4
days after Cy treatment when compared with normal mice.
The remaining cells in the Cy-treated mice were predomi-
nantly lymphocytes (93.0 + 2.0%). However, the absolute
numbers of lymphocytes present in Cy-treated animals (140
± 20/mm3) were 98% less than the absolute numbers of
lymphocytes found in untreated animals (3,690 ± 190/mm3).
A 67% reduction (P < 0.001) in total WBC was maintained

over a 6-day period after Cy treatment. At this later time,
PMN predominated (79.0 ± 3.1%); however, they exhibited
juvenile morphology, appearing large with banded nuclei.
This was in contrast to PMN from untreated mice which
appeared morphologically mature and were small with typi-
cal segmented nuclei. If the juvenile PMN are included, the
absolute numbers of PMN present in Cy-treated mice (1,530
+ 340/mm3) were not significantly different from the absolute
numbers of PMN found in untreated animals (1,590
80/mm3) at this time.
Comparison of NK cell reactivity of lungs, livers, and

spleens with in vivo clearance of C. neoformans from the
respective organs. On the basis of the ability to deplete and
restore NK cell activity in vivo, we sought to compare the
NK cell reactivity of lungs, livers, and spleens with the
clearance of viable C. neoformans from the corresponding
organs. On day 0, mice were treated with Cy as before (240
mg/kg). The Cy-treated animals were divided into three
groups, and an untreated, age-matched control group was

included. One day after Cy treatment, one group of Cy-
treated mice was reconstituted with splenic NWN cells (Cy
+ NWN), and another group of Cy-treated animals was

injected with splenic NWN cells which had been previously
treated in vitro with anti-asialo GM, and C to remove NK
cells (Cy + [NWN + asialo GM1 + Cl). Two days after Cy
treatment, all four groups, i.e., untreated, Cy, Cy + NWN,
and Cy + [NWN + anti-asialo GM1 + C], were injected i.v.
with 2 x 104 C. neoformans cells. At 4 and 6 days post-Cy
treatment, or days 2 and 4 postinfection, respectively, three
mice from each of the four groups were sacrificed, and the
numbers of cryptococci CFU per lung, liver, and spleen
were determined. Simultaneously, 4-h 51Cr-release assays
were performed to determine the NK reactivities in lungs
and spleens of mice from the various treatment groups. The
splenic NWN cells used for adoptive transfer had substantial
NK activity as indicated by the 38.7 ± 0.8% lysis of YAC-1
targets in a 4-h 51Cr-release assay, whereas the same splenic
NWN cells treated with anti-asialo GM1 and C had signifi-
cantly reduced NK activity (0.4 ± 0.2% lysis of YAC-1
targets).
Lung NK reactivity was reduced 64% on day 4 and 89% on

day 6 (P < 0.001) after Cy tre'atment when compared with
the NK activity of normal untreated controls (Fig. 2).
Comparisons of the numbers of cryptococci CFU per lungs
of Cy-treated mice with the numbers of CFU per lungs of
untreated controls at both 4- and 6-day periods showed that
clearance of cryptococci from lungs of Cy-treated mice was

significantly impaired (P < 0.001). Significantly higher NK
reactivity was observed in the lungs of the mice reconsti-
tuted with splenic NWN cells (Cy + NWN) when compared
with the NK reactivity in the lungs of the Cy-treated or the
Cy + [NWN + asialo GM1 + Cl-treated groups (Fig. 2) (P <
0.001). By comparing the numbers of cryptococci CFU per
lungs in the various groups, the Cy + NWN group showed

TABLE 2. Analysis of peripheral blood from CBA/J mice 4 and 6 days after Cy treatment"

% Total WBC ± SEM
Total WBC (absolute cell no., 103/mm3 + SEM)

PMN Lymphocytes Monocytes

None 5.70 ± 0.42 27.9 ± 1.6 (1.59 ± 0.08) 64.6 ± 1.8 (3.69 ± 0.19) 7.0 ± 0.7 (0.40 + 0.02)
Cy (4 days before) 0.15 ± 0.02 1.0 ± 1.0 (0.002 ± 0.003) 93.0 ± 2.0 (0.14 ± 0.02) 6.0 ± 1.0 (0.009 ± 0.001)
Cy (6 days before) 1.93 ± 0.37 79.0 ± 3.1 (1.53 ± 0.34) 6.6 ± 1.4 (0.13 ± 0.03) 14.2 ± 1.9 (0.27 ± 0.06)

a Normal CBA/J mice were used as a control. The means and standard error of the means were based on data from eight animals.
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FIG. 2. Lung NK cell activities based on a 4-h 51 Cr-release assay and clearance of C. neoformans from lungs of normal CBA/J mice (group

1), Cy-treated mice (group 2), Cy-treated mice after adoptive transfer of NK cell-enriched NWN spleen cells (group 3), or Cy-treated mice
after adoptive transfer of NK cell-depleted NWN spleen cells (group 4). Assays were performed 4 and 6 days after Cy treatment. Bars
represent the mean and standard error of the mean representative of 4 experiments.

significantly better clearance of cryptococci from the lungs
than either the Cy-treated group or the Cy + [NWN + asialo
GM1 + C]-treated group (Fig. 2). Similar results were
obtained both 4 and 6 days after Cy treatment.

In contrast to lungs, livers from untreated mice had very
low levels of NK reactivity, i.e., 8.6 ± 0.8% lysis of YAC-1
cells for livers as compared to 50.0 ± 1.0% lysis for lungs.
Cy treatment of mice 6 days before the assay totally ablated
NK reactivity in the livers. Owing to the difficulty in
isolating sufficient numbers of liver NWN cells, the levels of
NK reactivity in the livers were not determined in parallel
with in vivo clearance studies in the liver. Figure 3 shows the
numbers of cryptococcal CFU in livers 4 and 6 days after Cy
treatment. At both times, the Cy + NWN-treated mice were
significantly more effective in clearing cryptococci from the
liver than either the Cy-treated group or the Cy + [NWN +
anti-asialo GM1 + Cl-treated group.
Data shown in Fig. 4 demonstrate that splenic NK reac-

tivity was significantly reduced 4 days (71%) and 6 days
(88%) post-Cy treatment when compared with untreated
normal animals (P < 0.001). However, when the numbers of
cryptococcal CFU per spleen were compared between Cy-
treated mice and normal untreated controls, significant dif-
ferences in cryptococcal clearance were not obtained at
either time (Fig. 4). On the basis of differences observed in
NK reactivities between the untreated control and Cy-
treated groups (Fig. 4) and our findings in lungs (Fig. 2), we
had expected to find significantly impaired clearance of C.
neoformans from spleens of Cy-treated animals when com-
pared with untreated normal controls. Since this was not
observed, we questioned how the severe splenic atrophy
noted in the Cy-treated groups might affect the clearance of
cryptococci. Spleens were the only organ in which a reduc-
tion in size was observed after Cy treatment. So, to take into
consideration the differences in spleen size between the

Cy-treated and untreated control groups, the data were
reevaluated on the basis of numbers of cryptococcal CFU
per gram of spleen weight rather than CFU per entire organ.
When the CFU were expressed per gram of spleen weight,
the untreated mice had 3.84 + 0.05 log10 CFU in contrast to
4.32 + 0.07 log10 CFU for the Cy-treated group 4 days after
treatment (P < 0.001). These data indicate that clearance of
cryptococci from spleens was significantly impaired in Cy-
treated animals if spleen size was considered. Similar calcu-
lations were made for the data obtained 6 days after Cy
treatment for the untreated and Cy-treated groups. The
untreated group had 4.35 + 0.06 log10 CFU/g of spleen,
whereas the Cy-treated group had 4.47 + 0.03 log1o CFU/g of
tissue. However, considering the differences in spleen
weights 6 days after Cy treatment, the clearance differences
were only marginally significant (P < 0.10).
As observed in our preliminary study of Cy treatment and

adoptive transfer (Fig. 1), splenic NK reactivity was signif-
icantly restored by adoptively transferring NWN cells to
Cy-treated mice when compared with either the Cy-treated
group or the Cy + [NWN + anti-asialo GM1 + Cl-treated
group at both 4 and 6 days after Cy treatment (Fig. 4). When
the numbers of cryptococcal CFU were calculated per entire
organ, the spleens of the Cy + NWN group showed signif-
icantly enhanced clearance of cryptococci when compared
with the spleens of the Cy + [NWN + anti-asialo GM1 + C]
group, 4 (P < 0.02) and 6 (P < 0.001) days post-Cy treatment
(Fig. 4). Even though these calculations were based on the
numbers of cryptococcal CFU per entire organ, significantly
enhanced clearance of cryptococci was observed in the
spleens of the Cy + NWN group when compared with the
Cy + [NWN + anti-asialo GM1 + C] group. A greater
amount of splenic atrophy was observed in the Cy + [NWN
+ anti-asialo GM1 + C] group than in the Cy + NWN group,
indicating that the differences in clearance between the two
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Days Compared
Post Group Treatment Mean log,o CFU/Liver With
CyGru3

Treatment No. 3.0 3.5 4.0 4.5 5.O p3

4 1 None 1 1 1

2 Cy 0.005

| 3 | Cy + NWN ///// ////ll

4 _0.001
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6 1 INoe
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l
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FIG. 3. Clearance of C. neoformans from livers of normal CBA/J mice (group 1), Cy-treated mice (grolip 2), Cy-treated mice after adoptive
transfer of NK cell-enriched spleen cells (group 3), or Cy-treated mice after adoptive transfer of NK cell-depleted spleen cells (group 4).
Assays were performed 4 and 6 days after Cy treatment. Bars designate the mean and standard error of the mean representative of four
experiments.

groups would have been even greater had CFU per gram of
spleen weight been used to compare the two groups rather
than CFU per entire organ.

DISCUSSION
The experiments presented here were designed to assess

the effects of adoptively transferred NK cell-enriched and
NK cell-depleted populations on clearance of C. neoformans
from lungs, livers, and spleens of Cy-treated mice over a
period of 4 days after injecting the organism. For these
studies, it was necessary to use a model in which natural
effector cell functions could be selectively depressed and
reconstituted. Cy is an alkylating agent capable of depress-
ing many facets of natural and immune resistance (34, 39,
45). Several investigators have demonstrated the depletion
of NK cell activities and numbers of PMN for proionged
periods after Cy treatment (4, 23, 42). In our experiments,
Cy treatment effectively depressed the NK cell activity in
lungs (Fig. 2), livers (Fig. 3), and spleens (Figs. 1 and 4), the
total yield of NWN cells per organ (Table 1), and the total
number of WBC present in the peripheral blood through 6
days (Table 2). These results are in accordance with those of
Riccardi et al. (42) who also show that NK cell activity in
lungs and spleens remains depressed through 6 days after Cy
admhinistration (240 mg/kg), These combined data suggest
that organs of Cy-treated mice are not naturally repopulated
with NK cells during the first 6 days after Cy treatment,
making Cy-treated mice an appropriate model for assessing
the effects of various adoptively transferred cell populations
on the clearance of cryptococci. The overall depression in
the total number of WBC in peripheral blood in conjunction

with the differential counts indicates that the absolute num-
bers of lymphocytes and monocytes were greatly reduced 4
and 6 days post-Cy treatment, whereas the absolute numbers
of peripheral blood PMN were only significantly reduced 4
days after Cy treatment. When the juvenile forms of PMN
were included in the differential counts, the absolute num-
bers of PMN were not significantly different in Cy-treated
and untreated animals 6 days after Cy treatment. Therefore,
the clearance of cryptococci attributed to the PMN and
monocytes in the Cy-treated mice reconstituted with NWN
spleen cells is minimal 4 days post-Cy treatment; however,
the juvenile PMN could have had an effect on clearance of
cryptococci 6 days after Cy treatmnent. Despite the presence
of juvenile PMN in all Cy-treated mice 6 days after treat-
ment, animals reconstituted with an NK cell-enriched pop-
ulation (Cy + NWN) showed significantly enhanced clear-
ance of cryptococci when compared with Cy-treated or Cy +
[NWN + anti-asialo GM1 + C]-treated mice. These data
suggest that the juvenile forms ofPMN had a minimal effect
on cleatance of cryptococci from the tissues, indicating that
the adoptively transferred NWN cells were responsible for
the observed differenices in clearance of cryptococci. Just as
observed in this study (Table 2), other investigators have
noted an early (3 to 6 day) decrease in spleen weight and
cellularity and a significant reduction in total peripheral
blood leukocytes through 6 days after Cy administration (4,
14). This model allowed us to effectively separate the role of
NK cells in resistance to C. neoformans from the role of
other natural effector cells depressed by Cy treatment.
Two separate populations of NK cells have been de-

scribed in lungs (53) and livers (54), those which are associ-
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Group Treatment % 5'Cr Release Compared
No. s 10 15 20 25 30 35 40 45 Group3

Day 4
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2 Cy 0.001

3 Cy +NWN
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Cy+NWN + 0.001
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Day 6

1 None 111
2 Cy 0.001
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FIG. 4. Splenic NK cell activity based on a 4-h 51Cr-release assay and clearance of C. neoformans from spleens of normal CB3A/J mice
(group 1), Cy-treated mice (group 2), Cy-treated mice after adoptive transfer of NK cell-enriched spleen cells (group 3), or Cy-treated mice
after adoptive transfer ofNK cell-depleted spleen cells (group 4). Assays were performed 4 and 6 days after Cy treatment. Bars represent the
mean and standard error of the mean representative of four experiments.

ated with the peripheral blood supply of the organ and those
which remain associated with tissue cells. Furthermore,
organ-associated lung and liver NK cells were found to be
more resistant to depletion by anti-asialo GM, treatment
than blood and spleen NK cells (53). Our data suggest that
Cy treatment depletes splenic NK cells more effectively than
lung NK cells. The total numbers of splenic NWN cells were
reduced 93% (Table 1) and splenic NK activity was reduced
71% (Fig. 4) 4 days after Cy treatment when compared with
normal untreated controls. In contrast, the total numbers of
lung NWN cells (Table 1) and lung NK activity (Fig. 2) were
both reduced only 64% 4 days after Cy treatment when
compared with normal untreated controls.

In the studies presented here, untreated mice had higher
levels ofNK activities in lungs (50.0 ± 1.0% lysis of YAC-1
cells) than in spleens (30.0 + 0.4% lysis of YAC-1 cells) or
livers (8.6 ± 0.8% lysis of YAC-1 cells). In addition, the level
of lung NK activity of Cy-treated mice remained 53% higher
than the level of splenic NK activity in the same mice.
Furthermore, we found that 4 days after Cy treatment, lungs
of Cy + NWN-reconstituted mice had a 30% higher level of
NK reactivity than did the spleens of the same mice.
However, by 6 days after Cy treatment, lungs of Cy +
NWN-treated mice had only an 18% higher level of NK
activity than spleens (Fig. 2 and 4). Reynolds and colleagues
(40) have reported that within minutes after adoptive transfer
of LGL into rats, the LGL are transiently located in the
lungs. After several hours, decreasing numbers of lung LGL
are accompanied by increasing numbers of spleen LGL (40).
Our data indicate that levels of lung NK activity are initially
higher and remain higher after Cy treatment than levels of
splenic NK activity. Furthermore, NWN cells repopulated
lungs earlier after adoptive transfer than they did spleens.
These observations may account for the more pronounced
clearance of cryptococci from the lungs than from the

spleens of animals reconstituted with an NK cell-enriched
population. This is an important observation since natural
cryptococcal infections occur via the respiratory system.
The data in Fig. 2 to 4 demonstrate that the adoptive

transfer of NK cell-enriched but not NK cell-depleted pop-
ulations into mice depleted of natural effector cells enhances
clearance of C. neoformans. Therefore, we concluded that
NK cells are effective in vivo in reducing the numbers of
cryptococci present in the tissues of infected mice. Further-
more, our data indicate that NK cells reduce cryptococci
more effectively in the lungs than in the spleens. Other
investigators have also shown that the adoptive transfer of
NK cell-enriched spleen cell populations confers partial
protection against murine cytomegalovirus (7) and enhances
clearance of radiolabeled tumor cells (42). As in our model,
protection conferred by adoptive transfer correlated with the
level of NK reactivity of the donor cells (42).
Although data presented here as well as the studies

reported by Cauley and Murphy (9) indicate that NK cells
and other natural effector cells can reduce the numbers of
cryptococci in the tissues of infected mice, the effectiveness
of these cells is limited. In this study, the enhanced clear-
ance of cryptococci from the tissues of Cy + NWN-treated
mice when compared with Cy + [NWN + anti-asialo GM1 +
Cl-treated animals was most likely due to NK cells, whereas
in the studies of Cauley and Murphy, the enhanced clearance
of cryptococci from the tissues of nude mice 7 days after
infection could have been due to NK cells or activated
macrophages.

Considering the results of all the in vivo clearance studies,
it does not appear that NK cells alone can eliminate a C.
neoformans burden as large as the one used in our experi-
ments (2 x 104 cryptococci) but rather that the NK cells
function early after infection to aid in reducing the numbers
of cryptococci. This was apparent since after infecting mice
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i.v. with 2 x 104 C. neoformans, we observed only a 37% of
a log reduction in the numbers of cryptococci present in
lungs of Cy + NWN-treated mice when compared with lungs
of Cy + [NWN + anti-asialo GM1 + Cl-treated mice.
However, this reduction was statistically significant (P <
0.002). Murphy reported similar results in the bglbg = bgl+
model. In that study, 39% of a log reduction in the numbers
of cryptococci present in the lungs of bgl+ mice was
observed when compared with the lungs of bg/bg mice 3
days after i.v. infection with 2 x 104 C. neoformans cells
(35). It must be considered that natural cryptococcal infec-
tions occur via the respiratory system, rather than i.v., and
that the numbers of cryptococci which actually gain entrance
into the lungs of the host are generally much lower than in
our experimental model. Our data suggest that under natural
conditions of exposure to cryptococci, NK cells may be
quite effective in reducing or even eliminating the numbers
of viable cryptococci in the lungs, whereas with a higher
exposure to the organism, other host defense mechanisms
are required to curtail the infection. Therefore, NK cells
may serve as an effective first-line defense in the lungs where
the numbers of organisms could be limited at the initiation of
a natural infection.

Several separate murine models suggest that NK cells are
effective in first-line host resistance to C. neoformans (35,
36). NK cells are capable of inhibiting the growth of C.
neoformans in vitro (36). Also, enhanced clearance of C.
neoformans early after infection is observed in the tissues of
mice with high levels of NK activity when compared with
the corresponding tissues of mice with low levels of NK
activity in both the bglbg = bgl+ and nude mouse models
(35). This study further emphasizes the effectiveness of NK
cells in vivo against cryptococci by demonstrating that the
adoptive transfer of NK cells into Cy-depressed mice re-
stores NK reactivity which correlates with enhanced clear-
ance of C. neoformans from the tissues. NK cells may be
effective at inhibiting the initial cryptococcal infection in the
lung, which might help to explain the observed low incidence
of cryptococcosis despite frequent exposure to the orga-
nism. The adoptive transfer model defined here can be
further utilized to study natural resistance mechanisms dur-
ing cryptococcal infections.
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