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In a previous study the adjuvant action of a monophosphoryl lipid A, a nontoxic derivative of endotoxic
lipopolysaccharide (LPS), was found to be negated by a monoclonal anti-gamma interferon (anti-IFN-'y)
antibody. The present investigation centered on three other adjuvants of diverse microbial origins, testing for
their capacity to affect the release of IFN-y as an explanation for their antibody-enhancing action. The adjuvant
action of each of the three, a wild-type LPS, synthetic poly(A)-poly(U) complexes, and a synthetic muramyl
dipeptide, n-acetylmuramyl-L-alanyl-D-glutaminyl-n-butyl ester (murabutide), was transferable by adjuvant-
stimulated T cells to normal spleen cells on coculture. Supernatant fluids from these T cells contained increased
levels of IFN-y. Addition of a monoclonal anti-IFN--i antibody to adjuvant-stimulated spleen cell cultures
reduced the adjuvant action by approximately one-half. Removal of natural killer cells from spleen cell
populations prior to culture with antigen had no effect on the enhancement induced by LPS and monophos-
phoryl lipid A. It was concluded that the enhancement induced by the adjuvants LPS, poly(A)-poly(U), and
murabutide is mediated in part by their action on T cells resulting in release of IFN--y suggesting activation of
a common transmembrane signal.

The cascade of mediators released following adjuvant
stimulation of the immune response needs definition with
respect to their sequence of appearance and spheres of
influence. Recently, we demonstrated in aging mice the
strong adjuvant action of monophosphoryl lipid A (MPL), a

nontoxic derivative of bacterial lipopolysaccharide (LPS),
and presented evidence that T cells of the helper/inducer
phenotype were capable of mediating its enhancing action
(40). In addition, supernatant fluids from MPL-treated T
cells were effective in augmenting antibody production. An
active principle in such supematant fluids was demonstrated
to be gamma interferon (IFN--y), since the adjuvant action
was ablated by a monoclonal anti-IFN--y antibody (40).
Inasmuch as this previous study implicated IFN-y as an

obligatory mediator of MPL action, we tested the role of this
lymphokine in the activity of several other well-character-
ized adjuvants of microbial origin, i.e., a wild-type endotoxic
LPS (31), the synthetic poly(A)-poly(U) complex (16), and a

synthetic muramyl dipeptide, n-acetylmuramyl-L-alanyl-D-
glutaminyl-n-butyl ester (murabutide) (24). Despite the well-
documented adjuvant activities of these compounds, the
mechanisms by which they increase antibody formation
have not been delineated. All three have been shown under
various conditions to affect multiple cells involved in the
immune response, including T cells, B cells, natural killer
(NK) cells, and macrophages, through stimulation of cellular
proliferation and of secretion of various monokines and
lymphokines. Identification of the initial target cell and
cytokine release setting the cascade in motion, however, has
been elusive. The results of the study described herein
suggest that an early amplification of IFN-y levels, resulting
in an increase in the number of antibody-forming cells, is
important for the action of all three of these adjuvants.

* Corresponding author.

MATERIALS AND METHODS

Mice. BALB/c mice were either purchased from Charles
River Breeding Laboratories, Inc. (Wilmington, Mass.) or
bred from Charles River breeding pairs in our animal facility.
Male and female mice were used at 2 to 6 months of age.

Antigen. Defibrinated sheep erythrocytes (SRBC) (Kroy
Medical, Stillwater, Minn.) were used as the antigen. They
were washed three times with Hanks balanced salt solution
(HBSS), diluted in Click medium containing 10% fetal bo-
vine serum (FBS) to 4 x 108 cells per ml, and added to spleen
cell cultures in a 25-,ul volume (107 cells per ml).

Adjuvants. LPS from Escherichia coli O111:B4 isolated by
phenol-water extraction was obtained from Sigma Chemical
Co. (St. Louis, Mo.). MPL from Salmonella minnesota R595
was prepared at Ribi Immunochemical Research, Inc.
(Hamilton, Mont.), by using the extraction method of Ga-
lanos et al. (10). Characterization of this compound has been
documented in previous papers (34, 39). Stock solutions of
MPL and LPS were prepared by dissolving them in sterile
water containing 0.2% triethylamine. The solutions were

then clarified to slight opalescence after brief warming at
65°C and sonication. Poly(A)-poly(U) was a gift from the
Institut Henri Beaufour (Les Ulis Cedex, France). Individ-
ual ampoules of the polynucleotide complex were dissolved
in Click medium-10% FBS to give a dose of 10 ,ug when
added in 0.025 ml. Murabutide was a gift from Louis Chedid
(Institut Pasteur, Paris, France). Synthesis and characteri-
zation of this compound have been described elsewhere (6,
24, 25). Stock solutions of all adjuvants were stored at 4°C
and appropriately diluted in Click medium-10% FBS before
addition to the in vitro culture system. The final culture
concentrations of the adjuvants used were as follows: LPS
and MPL, 0.1 ,ug/ml; poly(A)-poly(U), 10 ,ug/ml; murabu-
tide, 100 ,ug/ml.
MAb to IFN--y. A monoclonal antibody (MAb) to IFN-y

(MAb-IFN--y) was purchased from Lee Biomolecular Re-
search Laboratories, Inc. (San Diego, Calif.) Thirteen thou-
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sand units of lyophilized antibody was dissolved in 1.0 ml of
sterile water, aliquoted, and frozen at -70°C until use.
Individual aliquots were thawed and diluted 1/100 in Click
medium-10% FBS prior to addition to cultures in 0.1 ml.

rMuIFN--y. Recombinant murine IFN--y (rMuIFN--y) was
purchased from Amgen Biologicals (Thousand Oaks, Calif.)
and Genzyme Corp. (Boston, Mass.). The preparations were
reconstituted and diluted according to technical instructions
and frozen in aliquots at -70°C. Individual aliquots were
thawed and diluted appropriately prior to addition to culture
wells. Optimal doses for enhancement of antibody formation
were found to be 1 U/ml for the Amgen preparation and 10
U/ml for the Genzyme preparation.

In vitro culture of spleen cells. Spleen cells were cultured
by using a modified Mishell-Dutton system (30) as described
previously (40). Briefly, spleen cells were washed and di-
luted in Click medium to 107 cells per ml. For cell separa-
tions, whole spleen cells were treated with Tris-ammonium
chloride to remove erythrocytes. The remaining cells were
washed three times before being counted and were diluted in
Click medium. Cells were then added to plastic tissue culture
plates (35 by 10 mm; two wells per experimental group).
Cultures were incubated in the presence of antigen for 4 days
in a 37°C humidified incubator containing 5% CO2. On day 4,
the cultures were harvested and plaque-forming cells (PFC)
were measured.

T-cell enrichment of spleen cells. Whole spleen cells were
incubated in 250-cm2 tissue culture flasks (10 ml; 2.5 x 107
cells per ml in HBSS-5% FBS) for 2 h at 37°C-5% CO2 to
remove adherent cells. The nonadherent cells were poured
off, the flasks were rinsed with 5 ml of HBSS, and the cells
were centrifuged at 300 x g for 10 min. Following suspen-
sion in Click medium-10% FBS, the cells were counted and
diluted to 108 cells per ml. The procedure of Julius et al. (19)
was used for nylon wool purification of T cells. Scrubbed
nylon fibers for column preparation were purchased from
Cellular Products, Inc. (Buffalo, N.Y.) Three milliliters of
the diluted nonadherent cells were added dropwise to a
prepared nylon wool column and washed on with 1 ml of
medium. Following incubation at 37°C-5% CO2 for 45 min,
effluent cells were collected by washing with 25 ml of
medium, centrifuged, resuspended in Click medium-10%
FBS, and counted. In tests for purity in the mitogenicity
assay, a 30-fold stimulation was induced with concanavalin
A, whereas LPS stimulated this population only 5-fold.

Activation and culture of T-cell-enriched population. A
total of 107 cells per ml were incubated for 2 h at 37°C-5%
CO2 with the adjuvants at the doses given above. They were
then centrifuged, washed three times with HBSS to remove
any residual adjuvant, and suspended to the original volume
with Click medium-10% FBS. For in vitro antibody produc-
tion, 106 T-enriched cells were added to 9 x 106 whole spleen
cells along with antigen and cultured to day 4. For generation
of possible IFN--y-containing supernatants, the adjuvant-
activated T-enriched cells were incubated for 48 h at 37°C-
5% CO2. The cultures were harvested and centrifuged at 300
x g for 10 min, and the supernatants were collected and
frozen until assayed for IFN-y activity.

Hemolytic plaque assay. Antibody production was mea-
sured by using a modified hemolytic plaque assay which has
been described in detail elsewhere (21, 40). Plastic tissue
culture dishes (60 by 15 mm) were coated with 2 ml of
poly-L-lysine (50 ,ug/ml; Sigma). After 15 min the plates were
washed twice with phosphate-buffered saline (PBS; pH 7.2),
and 2 ml of washed SRBC (4.5%) was added. Fifteen
minutes later the plates were swirled and allowed to settle

for another 15 min. They were then rinsed twice with PBS
and covered with 1.5 ml of PBS. Spleen cells from pooled
cultures were centrifuged, resuspended in PBS to two to
three times the original volume, and added to the SRBC-
coated tissue culture plates (three plates per experimental
group), followed by the addition of 0.2 ml of guinea pig
complement (Anderson Laboratories, Fort Worth, Tex.)
diluted 1:2. The assay plates were incubated for 1 h at
37°C-5% CO2. Plaques were then counted, and results are
expressed as mean plaques per culture/viability.

Enzyme-linked immunosorbent assay to measure MuIFN-y.
A mouse IFN--y enzyme-linked immunosorbent assay kit
was purchased from Amgen. This kit utilized a first MAb
specific for MuIFN--y and a biotinylated second MAb to
MuIFN--y. An antibiotin-alkaline phosphatase conjugate was
added as the detector complex and, after appropriate incu-
bation and washing, a p-nitrophenylphosphate (PNPP) sub-
strate was added. After addition of NaOH to stop the
reaction, the A405 was measured. Units per milliliter was
calculated for each sample, utilizing data from the standard
curve run with each assay, giving standard points at 0, 5, 10,
20, and 40 U/ml.

Depletion of NK cells. Spleen cells were treated with
anti-asialo GM1 (Wako Chemicals USA, Inc., Dallas, Tex.;
final dilution, 1/50) for 1 h at 4°C. Following centrifugation at
300 x g for 10 min, the cells were suspended in low-toxicity
rabbit complement (Cedarlane Laboratories, Hornby, On-
tario, Canada; final dilution, 1/12) and incubated for 1 h at
370C-5% CO2 in Click medium-10% FBS. Cedarlane cyto-
toxicity medium was used for all dilutions. After being
centrifuged and washed, the cells were placed into in vitro
culture.

Statistical analysis. Data were analyzed by a statistical
program for a one-sample t test after the log1o ratio for each
two groups being compared was determined. Statistical
significance was assigned to groups showing a P value of
<0.05.

RESULTS

Enhancement of antibody production by adjuvants. Micro-
bial products representing three different classes of com-
pounds have been well documented as adjuvants to the
immune response. To verify this under our conditions, LPS,
poly(A)-poly(U) complex, murabutide, and the nontoxic
MPL were tested for their ability to enhance formation of
antibody to SRBC in splenic cultures from BALB/c mice.
The mean number of PFC from at least 11 experiments is
illustrated in Fig. 1. MPL and LPS enhanced antibody
formation to SRBC about sevenfold above that in controls
receiving SRBC alone. Poly(A)-poly(U) and murabutide also
were effective, but somewhat less so under these conditions,
enhancing antibody formation about 3.5- and 2.5-fold, re-
spectively.
Enhancement of antibody production by adjuvant-activated

T cells. Our previous study with aging mice demonstrated
that T lymphocytes are important mediators of the adjuvant
action of a detoxified LPS, MPL (40). To determine whether
a wild-type LPS and other adjuvants act in a like manner in
young mice, we tested T cells that were treated with LPS,
poly(A)-poly(U), and murabutide for their ability to elevate
antibody formation on coculture. Control or adjuvant-stim-
ulated T cells (106 cells) were added to unseparated spleen
cells (9 x 106 cells) and incubated with antigen for 4 days.
Results in Fig. 2 show the averaged data for 5 to 12
experiments. Each of the adjuvant-stimulated T-cell popula-
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FIG. 1. Enhancement of antibody production by adjuvants. Me-
dium or the adjuvants were added on day 0 to 107 BALB/c spleen
cells and cultured in vitro with antigen. Data are means of at least 11
experiments + standard errors of the means. *, P < 0.001. Control
plaques per culture averaged 1,326.

tions on coculture increased the number of cells secreting
antibody to double or triple the control value. However, the
murabutide-activated T-cell enhancement was not statisti-
cally significant because of interexperimental variability.
Enhancement of antibody production by rMuIFN--y. IFN--y

has been shown to both enhance and suppress antibody
formation (18, 37), depending on experimental conditions,
and also to be integrally involved in generation of a T-
cell-dependent antibody response (13, 27). Consequently, a
wide range of rMuIFN-,y doses were tested without the
adjuvants in preliminary experiments for their ability to
affect in vitro antibody production in splenic cultures from
young mice. One U/ml (Amgen) or 10 U/ml (Genzyme) was
found to give optimal enhancement (data not shown). The
data from four to eight experiments demonstrate that 1 U of
rMuIFN--y (Amgen) per ml doubled antibody formation over
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FIG. 2. Enhancement of antibody production by adjuvant-acti-
vated T cells. T cells were purified by a 2-h adherence to plastic
followed by passage over nylon wool; they were then incubated with
adjuvant for 2 h. A total of 106 control or adjuvant-treated T cells
were added to 9 x 106 whole spleen cells along with SRBC and
cultured in vitro to day 4. Data are means of at least five experiments
+ standard errors of the means. *, P < 0.005; **, P < 0.09. Control
plaques per culture averaged 1,647.
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FIG. 3. IFN--y increases production of antibody to SRBC.
Recombinant IFN-y (Amgen; 1.0 U) was added to 107 BALB/c
spleen cells on day 0. Data are means + standard errors of the
means of at least four experiments. *, P < 0.005 versus control; **,
P < 0.0005 versus IFN--y treatment. Control plaques per culture
averaged 968.

that in controls (Fig. 3). This enhancement was totally
blocked upon addition of 13 neutralizing units of MAb-IFN--y
to the wells at the initiation of culture. Addition of the
antibody to control wells had no effect. The results pre-
sented in Fig. 4 demonstrate that although IFN--y caused
maximal enhancement when added on day 0, significant
enhancement was also seen when it was added on day 1, 2,
or 3.

Blockage of adjuvant-induced enhancement by MAb-IFN-'y.
Enhancement of antibody production by MPL was previ-
ously shown to be blocked by a MAb-IFN--y (40). Conse-
quently, MAb-IFN-y was tested for its ability to similarly
inhibit the enhancement by the wild-type LPS, poly(A)-
poly(U), and murabutide. Accordingly, 13 neutralizing units
of MAb-IFN--y was added at culture initiation to spleen cells
which had been activated by the adjuvants and to control
cultures.
The results of at least five experiments show that MAb-

IFN--y significantly decreased the enhancement induced by
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FIG. 4. Kinetics of IFN-y addition to spleen cell cultures from
young adult BALB/c mice in vitro. Recombinant IFN--y (Genzyme;
10.0 U) was added to 107 BALB/c spleen cells on day 0, 1, 2, or 3.
Data are means + standard errors of the means of four experiments.
*, P < 0.05. Control plaques per culture averaged 1,769.
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FIG. 5. Blocking of adjuvant enhancement by anti-IFN-y anti-
body. Medium or adjuvants were added to BALB/c spleen cells on
day 0 along with SRBC. Data are means of at least five experiments
± standard errors of the means. *, P < 0.05 versus appropriate
control. Control plaques per culture averaged 1,320.

LPS (66%), poly(A)-poly(U) (48%), and murabutide (44%)
(Fig. 5). Addition of MAb to control cultures did not
significantly affect antibody production.
Augmentation of IFN-y release by treatment with adjuvant.

Since IFN-y was implicated as a mediator released from
adjuvant-activated T cells and 13 U of MAb-IFN-y blocked
approximately half of the adjuvant-induced enhancement,
we tested whether adjuvant-activated T cells released in-
creased levels of IFN-,y compared with control T cells.
Accordingly, T cells enriched by removal of adherent cells
and passage over nylon wool were activated for 2 h with the
adjuvants, washed, and cultured for 48 h. The IFN--y titers in
the resultant supernatant fluids from four experiments are
shown in Fig. 6. MPL, LPS, and murabutide induced signif-
icant increases in IFN--y release by T cells, which averaged
about threefold higher than that in controls, while poly(A)-
poly(U) doubled IFN--y levels.
NK cells and IFN--y. NK cells, as well as T lymphocytes,
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FIG. 6. IFN--y release is augmented by 2-h adjuvant activation of
enriched T cells. Enriched T cells (107) were activated for 2 h with
adjuvants, washed three times, and suspended in medium. After 48
h, supernatants were collected and frozen until an enzyme-linked
immunosorbent assay was performed. Data are means standard
errors of the means of four experiments. *, P < 0.05; **, P < 0.12.
Control IFN units per milliliter averaged 1.10.
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FIG. 7. NK cells do not mediate the adjuvant action of MPL or
LPS. Data are means of two experiments + standard errors of the
means. Control plaques per culture averaged 419.

have been shown to release IFN--y (7). NK cell-depleted
spleen cell populations were tested for their responsiveness
to MPL and LPS. There was no loss in the adjuvanticity of
MPL or LPS in two experiments when spleen cells were
treated with anti-asialo GM1 to remove NK cells (Fig. 7).
This antibody removed essentially all NK cell activity when
tested in our laboratory (data not shown).

DISCUSSION

The three adjuvants under study in this investigation are
from diverse sources and are structurally dissimilar. Yet it
appears that IFN-y release is integrally involved in their
stimulatory action. Although each most likely has a different
receptor, the data suggest the interesting possibility that the
transmembrane signals activated by each adjuvant work
through the same intracellular pathway and G-protein signal
transducer leading to IFN--y release.
The results obtained in this study implicate IFN--y-pro-

ducing T cells (Thl) as initial target cells of the adjuvants. Tc
cells were ruled out as the source of IFN--y in previous work
with MPL (40), in which enhancement remained following
treatment with monoclonal anti-Lyt2.2 antibody plus com-
plement. The IFN--y released presumably increases la anti-
gen (38) and/or interleukin-1 (IL-1) (3) release from macro-
phages, leading to increased antibody production.
Acceptance of this hypothesis is tempered with the knowl-
edge that these immunomodulators are known to affect
directly the release of IL-1 from macrophages (31, 33;
unpublished observations). In addition, several investigators
have reported IL-1-induced release of IL-2 as obligatory to
IFN--y release (8, 9, 23, 41), leading to the rationale that the
initial target cell should be the macrophage. However, Thl
clones are known to synthesize IL-2 and IFN--y but lack
receptors for IL-1 and do not respond to IL-1 (12, 20). Since
all three adjuvants increase IFN--y release, the hypothesis
favored is that IFN--y is the initiating cytokine of the result-
ant enhancement of antibody formation. It should also be
emphasized that following a mitogenic stimulus, IFN-y
mRNA production has been shown to be biphasic, with
accumulation peaking at 60 min and 20 h (11). The initial
mRNA peak for IFN--y appeared simultaneously with that of
IL-2 mRNA, suggesting that the early IFN-,y release is not
dependent on IL-2 (11). The late-appearing IFN--y is de-
creased by exogenous IL-2 and antibody specific for the IL-2
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receptor (Tac) and thus depends on IL-2-IL-2 receptor
interaction (42).
These observations offer an explanation for the recent

results of Tomai and Johnson (40). When MPL was given in
vivo 2 h prior to sacrifice, followed by transfer of isolated
cell populations to a Mishell-Dutton system, macrophages
were found capable of transferring MPL-induced enhance-
ment. However, when MPL was added to a totally in vitro
system, only T cells were found capable of transferring the
adjuvant action. The explanation for this dichotomy may lie
in the probability that the 2-h interval following in vivo
injection was sufficient time for the adjuvant to activate T
cells to release IFN-y. The IFN--y then could instill in
macrophages the capability for continuation of the cascade
leading to increased numbers of PFC. The rapid induction of
IL-1 by IFN-y also may account for the inability of anti-
IFN-y antibody to block completely the enhancing action,
despite the use of high levels of antibody (data not shown).
T cells have been implicated previously as being affected

by all three adjuvants used in this study. Thus, Allison and
Davies (2), McGhee et al. (29), Nakano et al. (32), and Vogel
et al. (43) all have reported the involvement of T cells in the
adjuvant action of LPS. In addition, Baker et al. (4) and
Tomai and Johnson (40) have identified a T cell as the target
of the detoxified endotoxin, MPL. Bick and Johnson (5)
reported secretion of a helper factor from T lymphocytes
following poly(A)-poly(U) stimulation which increased anti-
body production. This followed earlier studies showing that
poly(A)-poly(U) amplifies thymus cell functions (16). More
recently, Hovanessian et al. (15) reported that poly(A)-
poly(U) stimulation resulted in increased p67K kinase activ-
ity in mice and humans, which has been shown to be a
marker for the presence of IFN--y. Murabutide has also been
shown to act on T cells (24). These studies coupled with the
demonstration by Lei and Morrison (26) of LPS-binding
receptors on murine splenocytes, including T cells, offer
evidence for an initial adjuvant signal bestowed on T cells.
Although NK cells are known to possess immunoregulatory
capability (1) and to secrete IFN-y, any role for NK cells is
unlikely since enhancement by both MPL and LPS remained
after NK cells were removed by in vitro treatment with
anti-asialo GM1 antibody (Fig. 7).

Despite reports that IFN--y suppresses the antibody re-
sponse (17, 18) and is required for the activity of natural
suppressor cells (14), other studies have demonstrated a
positive or perhaps even obligatory requirement for IFN--y.
Thus, Sonnenfeld et al. (37) and Shalaby et al. (35) found that
IFN--y enhanced the antibody responses when added exog-
enously. It was suggested (37) that the antibody enhance-
ment was mediated by T lymphocytes while the observed
immunosuppression was mediated by B lymphocytes. Sev-
eral investigators (13, 27) have shown that IFN--y is involved
in, if not required for, the normal generation of antibody by
B cells. We could not conclude this from our experiments,
however, even though the MAb-IFN--y used originated from
the same hybridoma cell line as that used by Helman and
Wallace (13). When we added the antibody in vitro on day 0
to spleen cell cultures with SRBC (without adjuvant) in 43
experiments, the mean percentage ± standard error of the
mean relative to the control without antibody was 93 ± 9.
This dose (13 U) of MAb-IFN--y was sufficient to signifi-
cantly decrease adjuvant-induced enhancement of antibody
production (Fig. 5). An explanation of the different results
may be that high doses of antigen induce increased amounts
of IFN-y, since Helman and Wallace (13) used approxi-
mately 10-fold more SRBC than was used in our experi-

ments. The experiments by Langford et al. (22), which also
showed blocking of the antibody response to SRBC with
MAb-IFN-y, used both a high SRBC dose (108 cells) and the
intravenous route, which is generally more effective in
generating antibody than the intraperitoneal route. Since we
did not stimulate with antigen at a high level in our SRBC
control group, it is probable that IFN--y was not being
produced optimally and could then be induced by the adju-
vants, resulting in increased numbers of PFC. This is sup-
ported by the oft-noted evidence that adjuvant activity is
most obvious in models in which antibody synthesis is below
normal and raises the question whether the IFN--y levels are
a key controlling variable in those situations.
While differing experimental conditions may explain in

part the opposing suppression and enhancement induced by
IFN--y, no general concept has emerged as to the immuno-
regulatory mechanism of this cytokine. Though the adju-
vants seem to act via IFN--y released by T cells very early in
the response (1 to 2 h), IFN--y also significantly increased
antibody production when added late to cultures (Fig. 4). In
support of this, Leibson et al. (28) added IL-X, which was
later identified as IFN-y (27), to purified B cells with IL-1
and P388D1 supernatants on days 0, 1, and 2 of culture. Peak
response was seen with IL-X (IFN--y) addition on day 1, but
a significant increase over cultures with only IL-1 and
P388D1 supernatants was seen with IL-X added on days 0
and 2. A possible explanation of this observation comes from
the results of Sidman et al. (36), which suggest that IFN--y
may be involved in the maturation of B cells to active
antibody production, which occurs late in the response.
Thus, the observed biphasic release of IFN--y reported by
Grabstein et al. (11) may have the following explanation.
Early induction of IFN-y by a mitogen, adjuvant, or antigen
results in macrophage activation and increased levels of Ia
antigen and IL-1. IL-1 increases IL-2 receptor expression
and IL-2 release, inducing additional IFN--y, which in turn
aids in the maturation of B cells to immunoglobulin secre-
tion.
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