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Histoplasma capsulatum induces a cell-mediated immune response in lungs and lymphoid organs of mam-
mals. Resolution of primary infection in mice depends on interleukin-12 (IL-12), since neutralization of this
monokine increases susceptibility to infection. The present study was designed to determine if blockade of
IL-12 disrupts the protective immune response by altering the influx of lineage-specific cells into infected lungs
and the numbers of cells expressing CD80, CD86, CD119, and major histocompatibility complex class II (MHC
II) molecules. In mice given anti-IL-12, there was a 2.5-fold decrease in total numbers of T cells on days 3 to
10 of infection and a 4-fold increase in Mac-1/Gr-1* cells on days 7 and 10 compared to infected controls.
CD80™ lung cells from anti-IL-12-treated mice were 2- to 3-fold greater than those from controls on days 7 and
10, whereas the total numbers of CD86™ cells were 2- to 3-fold less and MHC II* cells were 1.5- to 2-fold less
on days 3 and 5. Cells expressing CD119 were reduced 1.5-fold on day 5. Treatment with monoclonal antibodies
(MAD) to CD80, CD86, or both reduced the fungal burden slightly compared to that in rat immunoglobulin
G-treated controls, whereas after IL-12 neutralization, blocking of CD80 reduced the tissue burden by 2.5-fold
and this correlated with a decrease in IL-4. Regardless, mortality was not altered by treatment with MAb to
CD80 or CD86. We conclude that (i) IL-12 neutralization alters the nature of the inflammatory response in
lungs and the expression of CD80 and CD86 on lineage-specific cells, (ii) the immune response during infection
with H. capsulatum is controlled via mechanisms independent of the CD80 and CD86 costimulatory pathways,
and (iii) decreased expression of CD86 and MHC II may modulate generation of optimal protective immunity.

Histoplasma capsulatum is an intracellular pathogenic fun-
gus that is responsible for mild disease in immunocompetent
hosts and a progressive and fatal disease if untreated in im-
munocompromised hosts (7). The initial site of infection is the
lung, where yeast cells, produced from inhaled microconidia,
are ingested by alveolar macrophages (M) via an interaction
between the CD11/CD18 family of adhesion molecules and
yeast cell wall components (4). Phagocytosis of yeast cells by
M¢ results in a permissive environment for survival and rep-
lication of yeasts. Resistance to H. capsulatum infection in
mammals is primarily dependent on a cellular immune re-
sponse mediated by T cells and phagocytes. Resolution of
infection in mice requires the production of cytokines, espe-
cially gamma interferon (IFN-vy) (1, 30, 33), and release of this
cytokine by NK and T cells is dependent on the pathogen-
induced release of the monokine interleukin-12 (IL-12) (26).
H. capsulatum infection of mice with a genetic absence of
IFN-y or those given antibodies (Ab) to IL-12 results in an
uncontrollable and fatal fungal burden (1, 2, 33). IL-12 release
is necessary for M¢ to kill yeasts before day 5 of infection,
since animals depleted of IL-12 beyond this point survive the
infection (1).

The purpose of this study was to determine if neutralization
of IL-12 and subsequent IFN-vy depletion altered the expres-
sion of cell surface molecules involved in the generation of
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protective cell-mediated immunity. The molecules CDS80,
CD86, major histocompatibility complex class II (MHC II),
and CD119 (IFN-vy receptor) were chosen for analysis because
of their potential contribution to an effector cell-mediated
immune response to H. capsulatum. We assessed if blockade of
IL-12 altered the number of cells that express these molecules
and their surface density.

MATERIALS AND METHODS

Mice. Male C57BL/6 mice were purchased from Jackson Laboratory (Bar
Harbor, Maine) and maintained in the animal facility at the University of Cin-
cinnati. All experiments used animals that were 6 to 12 weeks of age. Control and
infected mice were housed in laminar flow units. Athymic nude mice were
purchased from the National Cancer Institute (Frederick, Md.).

Preparation of yeast cultures and i.n. infection of mice. H. capsulatum yeast
cells (strain G217B) were grown in 50 ml of Ham’s F-12 medium supplemented
with glucose (18.2 g/liter), glutamic acid (1 g/liter), HEPES (6 g/liter), and
cysteine (8.4 mg/liter) for 48 h at 37°C. Cell suspensions were prepared by two
washes with Hanks’ balanced salt solution (HBSS) containing 0.2 M HEPES and
0.5% bovine serum albumin (BSA) followed by a third wash at 100 X g. The final
volume was adjusted to equal 2.5 X 10° or 0.6 X 10° yeast cells per 50 pul of
buffer. Mice anesthetized with Metophane (Pitman-Moore, Mundelein, I1l.) were
infected intranasally (i.n.) with 50 pl of yeast suspension. Control animals were
given equal volumes of buffer alone.

Enumeration of yeast burden in infected tissues. Spleens and lungs from mice
were removed at selected intervals during infection and homogenized in 10 ml
HBSS, and 100-pl portions of serial dilutions were streaked onto 150-mm-
diameter plates containing 3.7% brain heart infusion (Difco, Detroit, Mich.), 1%
glucose, 0.01% cysteine hydrochloride (Sigma, St. Louis, Mo.), 2% agar (Difco),
5 mg of gentamicin (Sigma) per ml, and 5% defibrinated sheep erythrocytes
(Colorado Serum Co., Denver, Colo.). Plates were incubated at 30°C, and CFU
were enumerated after 7 days.

Ab and immunofluorescent reagents. Fluorescein isothiocyanate (FITC)-con-
jugated monoclonal Ab (MAb) to CD45 (clone 30F11.1), CD45R/B220 (clone
RA3-6B2), CD90.2 (Thy-1, clone 30-H12), and Ly-6G/Gr-1 (clone RB6-8C5);
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biotin-conjugated MAb to CD119 (IFN-y receptor, clone GR20), CD86 (clone
GL-1), and anti-mouse I-A® (clone AF6-120.1); phycoerythrin-conjugated CD80
(clone IG-10); and streptavidin-phycoerythrin (SAv-PE) were purchased from
Pharmingen (San Diego, Calif.). Ab produced by the anti-Mac-1 hybridoma
(anti-CR3, clone M1/70) was purified from tissue culture supernatant with a
protein G affinity column (Pharmacia, Piscataway, N.J.) and conjugated to FITC
as previously reported (13).

Purification of Ab for depletion experiments. Rat hybridomas producing MAb
to murine CD80 (B7-1, clone 1G-10) and CD86 (B7-2, clone GL-1) were pur-
chased from the American Type Culture Collection, Rockville, Md. Purification
was accomplished by passing tissue culture supernatants over an anti-bovine
immunoglobulin (Ig) Sepharose column in tandem with a protein G (Pharmacia)
affinity column, followed by elution with 0.1 M glycine-HCI, pH 2.8. After
concentration, the Ab was dialyzed against HBSS and filter sterilized. Alterna-
tively, hybridoma cells were injected into pristane-primed nude mice, and ascites
fluid was collected and purified by the capryllic acid-ammonium sulfate method
(16). Purified Ab was dialyzed against HBSS, filter sterilized, and stored at
—20°C until use. Ab against murine IL-12 (clones 15.1 and 15.6) were prepared
as previously described (1).

Treatment of mice with MAb. For IL-12 neutralization studies, mice were
injected intraperitoneally with a mixture of 250 pg each of MAb 15.1 and 15.6 1
day before infection and on days 1, 3, 7, and 14 of infection as previously
described (1). For experiments designed to examine the effects of CD80 and
CD86 blockade, animals were injected i.n. with 200 pg of either anti-CD80 or
anti-CD86 or a mixture of both in a final volume of 50 pl 1 day before infection
and on days 1, 3, 5, 7, 10, 14, and 17 of infection. This dose of MAD has been
reported to block function (27).

Determination of cytokine levels in infected lungs. Tissue homogenates or
single-cell suspensions from lungs of infected animals used for CFU analyses
were centrifuged at 700 X g for 10 min, and supernatants were collected and
stored at —70°C until use. Enzyme-linked immunosorbent assay kits for the
detection of IFN-y, IL-4, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and tumor necrosis factor alpha (TNF-a) were purchased from
Endogen (Woburn, Mass.), and analysis was performed according to the man-
ufacturer’s instructions.

Preparation of single-cell suspension from lung tissue. Lungs from infected
animals were removed on days 3, 5, 7, 10, 14, and 21 of infection, initially crushed
with a 10-ml syringe plunger, teased apart with forceps, and suspended in RPMI
medium containing glutamine (0.29 mg/ml), penicillin, streptomycin (100 U/ml,
100 mg/ml), and 10% fetal bovine serum. The organs were homogenized into
single-cell suspensions by sequential passage through 16-, 18-, and 20-gauge
needles. The mononuclear fraction was isolated by separation on 40 to 70%
Percoll gradients (Pharmacia). For surface phenotyping, cells were resuspended
in phosphate-buffered saline (pH 7.3) containing 1% BSA and 0.1% azide.

Cell surface phenotype. Cells isolated from lungs were pelleted (1 X 10°to 5 X
10°) at 350 X g and incubated with a saturating amount of Ab for 15 min at 4°C.
Cells were washed twice with phosphate-buffered saline containing 1% BSA and
0.1% azide before addition of SAv-PE for biotinylated reagents followed by
incubation and washing as before. For two-color analyses, cells were incubated
with FITC-conjugated lineage-specific MAb, washed, and then incubated with
phycoerythrin-conjugated CD80 or CD86-biotin and SAv-PE and then washed as
before. All samples were resuspended in a 1% paraformaldehyde solution before
analysis on a FACSCalibur flow cytometer (Becton Dickinson, Mountain View,
Calif.). Flow cytometry data, reported as percent positive cells and mean fluo-
rescence intensity (MFI), were determined with Cell Quest analysis software.
Changes in the density of surface antigens can be determined by flow cytometry
by measuring MFI values. In order to compare data from several experiments,
these values were calculated as the fold increase in fluorescence intensity of the
positive population over the MFI of the negative cells. This analysis corrects for
variations in baseline values that fluctuate because of autofluorescence or non-
specific MAD interactions.

The absolute number of cells expressing each surface marker was calculated by
multiplying the percent positive cells of each phenotype by the total number of
cells derived from the Percoll gradients. Since cell types other than blood lineage
cells were present within analysis gates that contained the total population of live
cells, the data were normalized to represent hemopoietic lineage cells within the
gate by multiplying by the percentage of CD45* cells. This Ab (clone 30F11.1)
recognizes all blood cells except erythrocytes (22).

Statistical analyses. Student’s ¢ test was used to analyze differences in total num-
bers of cells expressing a certain phenotype, fungal burdens, and cytokine levels.

RESULTS

Enumeration of cells isolated from infected lungs. The total
cell numbers in lungs of anti-IL-12-treated mice that were
infected with 2.5 X 10° yeasts were significantly greater than
those in control animals on days 7 and 10 of infection (P = 0.01
and 0.02, respectively) (Table 1). The total numbers of cells
from anti-IL-12-treated animals after day 10 were not avail-
able, since 100% of these animals succumbed to infection and
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TABLE 1. Total numbers of cells isolated from lungs of mice
infected with H. capsulatum

Total cell number (10°)* in mice given:

Day of
infection Rat IgG and Anti-IL-12 and Anti-IL-12 and
2.5 X 10° yeasts 2.5 X 10° yeasts 0.6 X 10° yeasts
0 1.79 £ 0.3 — —
3 850 = 1.1 550 £0.8 2.06 0.2
5 1238 = 1.3 7.70 = 1.5 3.09 = 0.6
7 17.57 = 1.6 2792 £ 4.2 7.62+ 1.4
10 17.76 = 1.4 28.12 5.4 15.97 = 4.9
14 16.19 = 1.8 — 17.00 = 3.1
21 10.78 = 1.3 — 15.20 = 1.1

“ Values are means = standard errors from a minimum of five mice per group.
® Data from noninfected animals.
¢ —, not determined.

died before day 14. The mean survival time for these mice was
13.1 = 0.9 days.

Analysis of cells expressing phenotypic markers in lungs of
control and anti-IL-12-treated mice. Lungs from infected mice
treated with anti-IL-12 or rat IgG were removed on days 3, 5, 7,
10, 14, and 21 of infection for controls (rat IgG) or through day 10
for IL-12-neutralized animals and analyzed by flow cytometry for
expression of surface markers. The lymphocyte populations of
cells were reduced in numbers after IL-12 neutralization, whereas
myeloid lineage cell numbers increased (Fig. 1). A comparison of
the absolute numbers of T cells in lungs from rat Ig- and anti-IL-
12-treated mice revealed that this population of cells was de-
creased 1.5- to 2.5-fold in the latter group. These reduced num-
bers of T cells were significantly different from those for rat IgG
controls on all days analyzed (days 3, 5, 7, and 10; P = 0.027,
0.008, 0.014, and 0.022, respectively). B cells also were signifi-
cantly less after IL-12 neutralization on day 5 (2.5-fold; P = 0.046)
and day 7 (3-fold; P = 0.046) (data not shown). After IL-12
neutralization a threefold increase in numbers of myeloid-lineage
cells in lungs was observed on days 7 and 10 of infection (P =
0.001 and P = 0.033, respectively), as well as a fourfold increase
in Gr-1" cells on day 7 (P = 0.008) and fivefold greater numbers
on day 10 (P = 0.05).

The effect of IL-12 neutralization on the numbers of cells
expressing the accessory molecules CD80 and CD86 differed in
that the numbers of CD80™ cells increased on day 7 (3.5-fold,;
P = 0.001) and day 10 (2.5-fold; P = 0.004), whereas the
numbers of CD86" cells were depressed by approximately
threefold on days 3 (P = 0.01) and 5 (P = 0.006) but were
similar to control values by day 7 (Fig. 2).

The absolute numbers of CD119" cells were similar in lungs
of control and IL-12-depleted animals, except on day 5, when
the latter group displayed a significant decrease of 1.5-fold
(P = 0.024). The number of cells expressing MHC II molecules
increased over those for noninfected mice in both rat IgG- and
anti-IL-12-treated mice as infection progressed, but the MHC
IT* cells observed after IL-12 neutralization were significantly
decreased compared to those for controls on days 3 (2-fold;
P =0.039), 5 (2.5-fold; P = 0.010), and 7 (1.7-fold; P = 0.028).

Changes in cell surface densities of MHC II, CD80, and
CD86 molecules. Initially we determined if infection with H.
capsulatum altered the relative densities of surface MHC 11,
CD80, CD86, and Mac-1 molecules. To accomplish this, MFI
values were compared between naive (noninfected) and rat
IgG-treated mice on days 3, 5, 7, 10, 14, and 21 of infection.
The densities of surface CD80 and Mac-1 molecules were
similar in the two groups through day 7, whereas CD86 expres-
sion was increased approximately 2.5-fold on days 3 and 5 (P =
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FIG. 1. Analysis of the modulation of lineage-specific cells after IL-12 neutral-
ization. Flow cytometry data for the percentages of positive cells were corrected for
the percentage of CD45™" cells within the analysis gate. The data from two experi-
ments were expressed as the mean of the total number of cells expressing each
marker (= standard error) for five to nine animals per group. Asterisks indicate data
that were significantly different for control and anti-IL-12-treated mice (P = 0.05).
Data for day 0 were from uninfected (naive) mice (n = 5).

0.05). The MFI for MHC II expression decreased three- to
fourfold in the rat IgG-treated group when compared to non-
infected (naive) animals (P = 0.02) on all days analyzed.
Therefore, no changes in surface expression of CD80 and
Mac-1 were observed, CD86 expression increased, and MHC
II expression decreased during the first week.

To determine the effect of reduced IL-12 levels on the rel-
ative density of surface molecules, the fold increase in MFI
values between rat IgG- and anti-IL-12-treated mice was com-
pared (Fig. 3). After IL-12 neutralization, the density of CD80
on lung cells was similar to that in rat IgG-treated mice on days
3 and 5 but was decreased 1.5- to 2.0-fold on days 7 and 10
(P = 0.02). CD86 densities were significantly decreased on
lung cells isolated from anti-IL-12-treated mice on days 5, 7,
and 10 (P = 0.03), whereas surface expression of Mac-1 was
increased on all days analyzed (P = 0.05). Although the density
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measurements for MHC II differed between rat IgG- and anti-
IL-12-treated animals, none of these differences was significant
(P = 0.05).

Cellular phenotype during reduced fungal burden. It was
possible that the changes observed in cell surface phenotype
after IL-12 neutralization were caused by an increased fungal
burden. To address this hypothesis, mice treated with anti-
IL-12 were infected with an inoculum of H. capsulatum (0.6 X
10°) that approximated the burden in control mice during days
7 to 14. We did not include a group of rat IgG-treated animals
injected with 0.6 X 10° yeasts, since the purpose of this exper-
iment was to ascertain if the fungal burden or anti-IL-12 in-
fluenced the inflammatory response. The lungs of mice that
received the reduced number of yeasts and anti-IL-12 con-
tained 1.91 X 10° = 0.70 X 10° CFU on day 10 of infection.
This value was approximately the same (P = 0.05) as that
observed in controls on day 7 (2.4 X 10° = 0.45 X 10°).

When the fungal burden was matched, the absolute numbers
of cells infiltrating lungs in control mice and anti-IL-12-treated
mice infected with 0.6 X 10° yeasts were comparable (Table 1).
The total numbers of Mac-1" and Thy-1" cells were similar in
lungs of control mice on day 7 and in those infected with 0.6 X
10° yeasts on day 10 (Fig. 4). The number of T cells from mice
treated with anti-IL-12 and exposed to 2.5 X 10° yeasts on day
10 were also the same, although the fungal burden was in-
creased fourfold over that in controls.

The pattern of increased cell numbers for CD80, CD86,
CD119, and MHC II observed in control mice infected with 2.5 X
10° yeasts (Fig. 1) was similar in anti-IL-12-treated mice infected
with 0.6 X 10° yeasts (data not shown). The numbers of CD80-,
CD86-, and CD119-bearing cells were comparable in anti-IL-12-
treated mice infected with 2.5 X 10° or 0.6 X 10° yeasts on days
7 and 10, respectively, but MHC II* cells were reduced in the
animals infected with the reduced inoculum (P = 0.045).

Distribution of CD80* and CD86™ cells among different cell
lineages. Since CD80 and CD86 are expressed by multiple cell
types, data from two-color immunofluorescent analyses of sur-
face expression of these molecules versus the lineage markers
Thy-1 (T cells), B220 (B cells), Mac-1 (myeloid cells), and Gr-1
(granulocytes) were calculated as the total number of lineage-
specific cells that express these markers during histoplasmosis
in control and IL-12-neutralized animals (Fig. 5). The majority
of CD80™" cells on day 3 of infection were Mac-1", and most
coexpressed the granulocyte marker Gr-1. This myeloid cell
dominance for CD80™ cells continued through day 7 and then
declined as the number of CD80" T cells increased on days 10
and 14 of infection (Fig. 5A). The distribution of CD80* cells
in IL-12-depleted mice was dramatically different (Fig. 5B).
The large increase in Mac-1* and Gr-1" cells that expressed
CD80 was delayed until after day 5 and peaked on day 7, when
25% of all Mac-1" cells in lungs coexpressed CD80. In con-
trast, cells expressing both markers in controls on days 3 and 5
represented 10% of the total Mac-1" cells. Although the total
T-cell population on day 10 was increased after IL-12 neutral-
ization, the number of CD80" T cells was greatly diminished
(ninefold less than controls) (Fig. 5B).

The distribution of CD86 on lineage-specific cells was sim-
ilar to that of CD80. The initial increase in cells expressing this
marker from days 3 to 7 was in cells of myeloid lineage, fol-
lowed by an increase in Thy-1" CD86™ cells between days 7
and 14 (Fig. 5D). The difference in expression of CD80 and
CD86 was that 1.5-fold more myeloid-lineage cells and 2- to
3-fold more T cells expressed CD86. After IL-12 neutraliza-
tion, the Mac-1/GR-1" CD86" subset increased between days
5 and 7 (Fig. 5E), but fewer cells expressed both markers than
cells that coexpressed CD80. Numbers of Thy-1" CD86™ cells



2072 CAIN AND DEEPE

INFECT. IMMUN.

I:I rat IgG
Bl anti-IL-12

20
21 cpso T CD86
.5 ] 15
10 1 10 1
©_ 54 : 5 . *
@ 0 § 0
8 121 muc CD119
* I 20 4
©
5 9] 15 1
6 1 10
*
3 * 5 |
0 010
0 7 10 14 21 0 3 5 7 10 14 21

Day of Infection

FIG. 2. Modulation of the number of lung cells expressing CD80, CD86, MHC II, and CD119 after administration of anti-IL-12. The total number of cells was
calculated from the percent-positive data for each marker on days 3, 5, 7, 10, 14, and 21. Data for day 0 were from uninfected (naive) mice (n = 5). The data from
two experiments were expressed as the mean * standard error for five to nine mice per group. Asterisks indicate data that were significantly different for control and
anti-IL-12-treated mice as determined by Student’s ¢ test (P = 0.05).

were slightly greater than those of CD80" T cells on day 10
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FIG. 3. Alteration in surface antigen expression after IL-12 neutralization. The density of expression for each marker was measured by MFI, and the fold increase
in these values over those for the negative population was calculated. The data from two experiments were expressed as the mean * standard error for five to nine
mice per group. Asterisks indicate data that were significantly different for control and anti-IL-12-treated mice as determined by Student’s ¢ test (P < 0.05).
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FIG. 4. Comparison of the total numbers of Mac-1" and Thy-1" lung cells in mice given anti-IL-12 and infected with different numbers of yeasts. The total numbers
of lineage-specific cells in lungs of mice infected with 2.5 X 10° yeasts and treated with rat IgG or anti-IL-12 and mice administered anti-IL-12 and infected with 0.6 X
10° yeast cells were determined by flow cytometry. The data from two experiments were expressed as the mean (+ standard error) of the numbers of cells expressing
each marker for five to nine mice per group. Data for day 0 were from uninfected mice (n = 5). Asterisks indicate data that were significantly different for control and
anti-IL-12-treated groups receiving 2.5 X 10° yeasts as determined by Student’s ¢ test (P < 0.05).

1%, were observed between days 5 and 10 of infection, declined
between days 10 to 14, and increased on days 14 and 21 (Fig.
5C and F). A major difference in lung phenotype was observed
in the T-cell populations. Thirteen percent of the total number
of T cells isolated from animals given 0.6 X 10° yeasts ex-
pressed CD80 and 30% expressed CD86 during the peak on
day 21, whereas 3 to 5% of T cells in lungs from animals
receiving 2.5 X 10° yeasts expressed these markers on day 10.

Effect of blocking CD80 and CD86 on fungal burden.
Since both CD80 and CD86 were upregulated during infec-
tion with H. capsulatum and expression of these molecules
was altered in animals treated with anti-IL-12, we deter-
mined if blocking of either or both of these CD28 ligands
would alter the outcome of disease. Lungs and spleens were
removed from animals treated with rat IgG or MADb to
CD80, CDS86, or both on days 7, 14, and 21 of infection, and
the fungal burden was determined by CFU analysis. Al-
though there was a slight decrease in the burden on day 7 in
both spleens and lungs of all groups, none of these values
were significantly different from those for controls treated
with rat IgG (P = 0.05) (Table 2).

The fungal burden in lungs and spleens of mice after IL-12
neutralization was significantly increased over control levels.
Since the number of CD80-bearing cells was increased after
IL-12 neutralization, we determined if administration of anti-
CD80 and anti-IL-12 modulated the fungal burden. The CFU
were significantly decreased (P = 0.01), by 2.5-fold, when
CD80 was blocked (Table 2).

To determine if modulation of cytokine levels correlated
with the reduction in CFU, supernatants from lungs of mice
treated with rat IgG, anti-IL-12, anti-CD80, or both anti-IL.-12
and anti-CD80 were analyzed for the amounts of IFN-y, IL-4,

TNF-a, and GM-CSF (Table 3). TNF-a levels in the lungs
were similar among all groups. GM-CSF levels in all three
experimental groups were significantly decreased compared to
those in infected controls (P = 0.005), but the values for
anti-CD80-treated, IL-12-ncutralized, and anti-CD80- and an-
ti-IL-12-treated animals were comparable to each other. IL-4
levels in lungs from control animals and IL-12-neutralized
mice were not significantly different, whereas treatment with
anti-CD80 reduced IL-4 levels in both infected controls given
rat IgG and mice given anti-IL-12 (P = 0.01 and P = 0.03,
respectively). In addition, IL-4 levels in animals treated with
both antibodies were reduced compared with those in mice
treated with IL-12 alone (P = 0.006). IFN-y was slightly re-
duced when CD80 was blocked (P = 0.04), whereas cytokine
levels in the experimental groups given anti-IL-12 were four- to
fivefold decreased (P = 0.007) compared to those in the rat
IgG-treated controls. The ratios of IFN-y to IL-4 were 1,030
and 1,070 for the control and anti-CD80-treated groups, re-
spectively, whereas these ratios were greatly reduced after
IL-12 neutralization (to 284 and to 330) when MADb to both
IL-12 and CD80 were administered.

Regardless of the decreased fungal burden and reduced IL-4
levels after anti-CD80 treatment in IL-12-neutralized mice, seven
of seven anti-IL-12-treated mice and seven of eight mice treated
with anti-IL-12 and anti-CD80 succumbed to infection by day 16.
The mean survival times were 13.1 + 0.9 days for the anti-IL-12
treated group and 12.8 * 0.6 days for animals given both MAb.

DISCUSSION

The principal goal of this study was to further explore the
effects of IL-12 neutralization in lungs of mice infected with H.
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FIG. 5. Lineage distribution of CD80* and CD86™ lung cells. The expression of CD80 and CD86 on myeloid-lineage cells (Mac-17), T cells (Thy-1*), and B cells
(B220™") was determined by two-color immunofluorescence analysis. The data from two experiments were expressed as the mean of the total number of lineage-specific
cells that coexpress CD80 or CD86 from lungs of naive mice (» = 5) and infected mice from days 3 to 21 of infection (n = 6 per group). CD80™" lineage™* data (A,
B, and C) and CD86™ lineage™ values (D, E, and F) were determined for rat IgG-treated mice infected with 2.5 X 10° yeasts (A and D), mice given anti-IL-12 and

2.5 X 10° yeasts (B and E), and mice given anti-IL-12 and 0.6 X 10° (C and F).

capsulatum. Emphasis was placed on determining alterations
in the surface expression of molecules responsible for interac-
tions between T cells and antigen-presenting cells, namely,
CD80, CD86, and MHC 11, as well as the IFN-y receptor
(CD119). After IL-12 neutralization, there were perturbations
in the influx of myeloid and T cells and reductions in the total
numbers of cells that express CD86 and MHC II.

In association with the increased fungal burden in mice
given MAD to IL-12, there was a dramatically different inflam-
matory response. Two major alterations in the lineage-cell
distribution in lungs of IL-12-depleted mice were (i) the large

increase of myeloid cells, especially polymorphonuclear leuko-
cytes, into the lung after day 5 of infection and (ii) the almost
complete absence of T-cell infiltration during the first week.
The lack of endogenous IL-12 clearly modulated the evolution
of the inflammatory response. That IL-12 influences pulmo-
nary inflammation has been demonstrated in a model of cryp-
tococcosis. Administration of exogenous IL-12 increases both
mononuclear leukocyte infiltration into lungs of mice and the
levels of the chemoattractants macrophage inflammatory pro-
tein-1 alpha and monocyte chemotactic protein 1 (14).

The T-cell influx in lungs of infected controls peaks during the

TABLE 2. Analysis of fungal burden in lungs and spleens of mice infected with H. capsulatum

Lung CFU (10°)* on day:

Spleen CFU (10%)* on day:

Ab treatment

7 14 21 7 14 21
Rat IgG 248 +42 1.41+28 0.02 + 0.01 82+1.8 2.15 + 0.24 0.11 = 0.04
Anti-CD80 162+ 2.4 1.11 * 3.5 0.04 = 0.01 69+13 2.13 + 0.41 0.14 = 0.03
Anti-CD86 188 +3.8 1.17 + 4.1 0.02 + 0.01 49+12 2.62 +0.57 0.08 = 0.02
Anti-CD80+ anti-CD86 183 £ 4.0 1.16 £ 2.9 0.02 = 0.01 48 1.2 2.13 +0.53 0.05 = 0.01
Anti-IL-12 149.4 = 27° —- — 80.9 = 27° — —
Anti-IL-12+ anti-CD80 59.6 = 1.3>¢ — — 69.7 = 16° — —

“ Five to 10 animals inoculated with 2.5 X 10° yeasts were analyzed in each group. Values are means * standard errors.

® Significantly different from value for rat IgG-treated control mice (P < 0.02).

¢ Significantly different from value for mice treated with anti-IL-12 alone (P = 0.01).

4 __ not determined.
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TABLE 3. Cytokine levels in lungs of H. capsulatum-infected mice
treated with MAb to CD80, IL-12, or both”

Total amount measured per lung (mean + SE)?

Treatment IFN-y IL-4 TNF-a GM-CSF
(ng) (pg) (ng) (ng)
Rat IgG 309.9 =56 301.1 =44 298 3.0 58=*03
Anti-CD80 177.8 £ 17 166.5 = 11 243 +25 44=+03
Anti-IL-12 76.1 £ 18 268.0 = 18 23.2+22 35=*03
Anti-IL-12 63.3+14 191.6 0.8 204 +17 3.0=x02
+ anti CD80

¢ Individual lung supernatants from homogenates assayed for CFU analysis on
day 7 of infection were analyzed by enzyme-linked immunosorbent assay for
cytokine or monokine levels (n = 6).

® The total amounts of cytokines per lung in uninfected mice were 5.1 = 0.2 ng
of IFN-y, 47.5 + 3.0 pg of IL-4, 0.8 = 0.1 ng of TNF-«, and 0.6 = 0.1 ng of
GM-CSF (n = 6).

second week of infection, while the numbers of myeloid cells
decrease (5). After IL-12 neutralization, the expected rise in the
number of T cells in lungs was not observed. The failure of these
cells to migrate into infected lungs could have been caused by a
disrupted chemokine response, since T-cell influx into inflamma-
tory sites can be controlled by multiple chemokines and their
receptors (29). Although evidence directly linking endogenous
IL-12 generation and T-cell chemotaxis is scarce, one study re-
ported that IL-12 upregulates E- and P-selectin ligands on T cells,
thus facilitating recruitment into inflamed tissue (31).

IL-12 neutralization affected cells expressing CD80 and CD86
differently. The numbers of CD80" cells were fourfold greater on
days 7 and 10, but the surface density was twofold less. The
differences in CD86™ cells were observed on days 3 and 5, when
a threefold reduction in total numbers and a significant decrease
in surface density were detected after IL-12 neutralization. Since
there was a decrease in both the numbers of CD86™ cells and
their surface density, the availability of CD86 molecules for bind-
ing to CD28 was definitely less than in controls. This reduction
during the first week indicated that expression of this molecule
was influenced by the IFN-y deficiency induced by administration
of MAb to IL-12.

Since IFN-y is a potent stimulator of MHC II surface ex-
pression (9, 12, 21), we tested the effect of IL-12 neutralization
on the number of cells that expressed MHC II and the density
of expression. H. capsulatum infection produced a downregu-
lation in surface MHC II molecules on lung cells isolated from
rat Ig- and anti-IL-12-treated mice compared to noninfected
controls. Although the number of MHC II-bearing cells in
infected anti-IL-12-treated mice was markedly less than that in
infected controls on days 3 to 7, there were no significant
differences in MFTI values between the two groups. Therefore,
decreased levels of IFN-y affected the numbers of MHC 1T
cells but not the density per cell. These data strongly suggest
that IFN-v is not the sole regulator of MHC II expression in H.
capsulatum-infected mice. TNF-a and GM-CSF, two other cy-
tokines that stimulate MHC II expression, may have compen-
sated for the IFN-y deficiency (12, 21).

An important consideration for these studies was to determine
if the altered inflammatory response in mice administered anti-
IL-12 and injected with 2.5 X 10° yeasts was simply a consequence
of an increased fungal burden or the lack of IL-12 and IFN-y. To
address these issues, we designed an experiment in which the
CFU in lungs of infected controls would be commensurate with
those in mice receiving MAb to IL-12 during the early phases of
infection (=10 days). An inoculum size of 0.6 X 10° was selected
and given to mice treated with anti-IL-12. The marked elevations
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in myeloid cells that were observed in mice infected with 2.5 X 10°
yeasts and given anti-IL-12 were not apparent in the group in-
jected with anti-IL-12 and the lower inoculum. Likewise, the vari-
ation in the number of CD80" and CD86™ cells was no longer
detected. For these cell populations, the fungal burden stimulated
the fluctuations. On the other hand, the MHC II'* cell numbers
were significantly lower in the group receiving anti-IL-12 and the
lower inoculum of H. capsulatum. The decline in this cell popu-
lation was likely to be modified by the deficiency in IL-12 and
IFN-y rather than by a change in the number of yeasts recovered
from lungs.

The influx of T cells appeared to be dependent on the fungal
burden, since their numbers were similar when the burdens
were matched (day 7 in infected controls and day 10 for mice
anti-IL-12 treated and inoculated with 0.6 X 10° yeasts). Yet,
the lungs of anti-IL-treated mice infected with 2.5 X 10° yeasts
also contained similar numbers of T cells on day 10, when the
CFU were fourfold greater. However, the subset distribution
of T cells in this group of mice was altered. CD86" Thy-1"
cells were decreased compared to those in infected controls
and mice given anti-IL-12 and infected with 0.6 X 10° yeasts. It
is possible that the large cellular influx triggered on day 10 in
mice IL-12 neutralized and infected with 2.5 X 10° yeasts
resulted in a transient migration of T cells and that their
numbers are not as important as their phenotype.

There are conflicting data on the function of CD80 and
CDS86 in promoting differentiation of a T-helper cell type 1
(Th1) versus a Th2 response. In experimental allergic enceph-
alomyelitis (15) and bronchial asthma (27) the interaction be-
tween CD80 and CD28 triggers differentiation of Th1 cells that
produce IFN-y, and CD86 is responsible for generation of Th2
cells and IL-4 production. Subsequent data revealed that
CD86-transfected CHO cells preferentially induce IL-4-pro-
ducing cells (11) or that there is no skewing of T cells to a Th1
or Th2 phenotype by either CD80 or CD86 (19).

Studies have shown that induction of Thl or Th2 cytokines
in animals given MAD to CD80 or CD86 varies with the model
of infection. Blocking of CD86 reduces IL-4 levels and the
burden in mice infected with either Leishmania major (3, 6) or
Candida albicans (17), whereas blocking of both CD80 and
CDS86 results in reduced IFN-vy levels but has no effect on the
burden of Listeria monocytogenes (32). In experimental schis-
tosomiasis (28) and borreliosis (23) CD86 blockade reduces
IL-4 levels, but it reduces the burden only during schistosomi-
asis. A common factor in most of these disease models is that
inhibition of CD86 appears to reduce IL-4 levels. However,
administration of anti-CD86 increases the numbers of IL-4-
and IFN-vy-secreting cells in mice infected with Leishmania
donovani (18). In contrast, anti-CD80 treatment reduced IL-4
levels in control and anti-IL-12-treated mice infected with H.
capsulatum. Thus, the effects of CD80 and CD86 on cytokine
production differ from those in other experimental models.

To determine if CD80 and CD86 influenced the course of
disease, groups of infected mice were treated i.n. with MAb to
these molecules that have been reported to block effector cell
function (27). Treatment with MAb to CD80, CD86, or both
reduced the burden only slightly compared to that in rat Ig-
treated controls. Thus, blockade of CD80 and CD86 did not
enhance an efficient host resistance mechanism. A significant
decrease in burden was observed in animals treated with anti-
CDS80 and anti-IL-12. Under these conditions, the reduction in
fungal burden was more dramatic, because host control of
histoplasmosis was blunted in the presence of anti-IL-12, and
the beneficial effect of CD80 blockade was observed only in a
model where the host response is impaired. A similar result
was reported for resistant mice infected with L. major (6). In
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this study the burden was slightly reduced after administration
of CTLA4-Ig, a reagent that blocks both CD80 and CD86, but
the greater effect was in the significant reduction of burden by
the same treatment in susceptible mice.

Disease progression may be controlled by altering the relative
levels of cytokines that are required for healing and those that
exacerbate infection (8, 10, 24, 25). That the balance between Th1
and Th2 cytokines, rather than the absolute values, is important
for disease amelioration has been shown in a model of leishman-
iasis (20). Susceptable BALB/c mice that lack the IL-4 receptor
alpha chain do not increase IFN-y levels over those in wild-type
animals, yet infection is partially controlled. This study concludes
that even low levels of IFN-y can have a healing effect in the
absence of IL-4. During histoplasmosis, anti-IL-12 treatment
changed the ratio of IFN-y to IL-4 but not the absolute levels of
the latter. The reduction in IL-4 caused by anti-CD80 treatment
slightly improved the balance between the two cytokines and, as a
consequence, partially restored host resistance. Regardless of any
reduction in burden observed, the outcome of disease was the
same. In the presence or absence of anti-CD80, anti-IL-12 recip-
ients died with comparable mean survival times. Therefore, the
impact of CD80 blockade was transient and failed to completely
restore protective immunity.

The present study demonstrated that IL-12 neutralization and
infection with H. capsulatum altered the inflammatory response
by greatly enhancing the myeloid cell influx into mouse lungs and
greatly reducing the T-cell population, the numbers of cells that
express MHC II molecules, and the numbers and density of the
costimulatory molecule CD86. Alterations in these two surface
antigens, which function in antigen presentation and as a second
signal for activation of T cells, respectively, were observed early in
infection when the effects of anti-IL-12 treatment are detrimental.
The CD86 costimulatory molecule was not entirely responsible
for protective immunity but may be part of a mechanism of T-cell
activation and recruitment necessary for establishing an adaptive
immune response.
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