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Abstract

Weexamined the basis for the absence in cystic fibrosis (CF)
patients of opsonic antibodies to the mucoid exopolysaccharide
(MEP) antigen surrounding Pseudomonas aeruginosa that in-
fect these patients. Opsonic antibodies to MEPare found in
sera of the minority of CF patients that remain noncolonized
into the second to fourth decades of life and protect rodents
from chronic P. aeruginosa endobronchial infections. High
titers of nonopsonic antibodies to MEPare found in P. aeru-
ginosa-infected CF patients. Immunization of mice with doses
of MEP that provoke only nonopsonic antibodies elicited
CD3+, CD8+, T cell receptor a# receptor +, major histocompat-
ibility complex-unrestricted cytotoxic lymphocytes specific for
hybridoma cells producing opsonic but not nonopsonic antibod-
ies. Cytotoxicity was dependent on immune complexes on the
surface of the T cells. Normal murine T cells could be activated
by concanavalin A and sensitized with immune complexes for
cytotoxic killing of hybridoma targets. CF patients infected
with P. aeruginosa had serum immune complexes that sensi-
tized concanavalin A-activated human T cells to kill murine
hybridoma cells producing opsonic but not nonopsonic anti-
body. These results could explain the absence in infected CF
patients of MEP-specific opsonins, an occurrence that accom-
panies the persistence of this infectious state. (J. Clin. Invest.
1993. 91:1079-1087.) Key words: endobronchial infections * Fc
receptors - immunosuppression * mucoid exopolysaccharide*
phagocytosis.

Introduction

The appearance of chronic infections causing diseases such as
AIDS, syphilis, and Lyme disease in previously immunocom-
petent individuals suggests that specific immune defects occur
that interfere with the production of appropriate effectors to
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eliminate the pathogen. For example, the development of the
chronic hepatitis B virus carrier state has been reported by Bar-
naba et al. ( 1 ) to be associated with the presence of HLAclass
I-restricted cytotoxic T lymphocytes (CTL)' that kill B cells
producing virus-specific neutralizing antibodies. Acquisition
of persistent pulmonary infection with mucoid strains of Pseu-
domonas aeruginosa among cystic fibrosis (CF) patients re-
mains the major complication leading to morbidity and death
(2, 3). Persistence of the pathogen despite an intense immune
response to bacterial antigens (4-8) suggests an immunologic
defect specific to mucoid P. aeruginosa cells.

The outer bacterial coat of mucoid P. aeruginosa, termed
mucoid exopolysaccharide (MEP) or alginate, is a major target
for antibodies that mediate opsonic killing of the bacteria by
leukocytes and complement (9, 10). However, antibodies that
bind to MEPantigen but fail to mediate opsonic killing (non-
opsonic antibodies) are frequently encountered among
younger CF patients before the onset of infection (9) and are
seen at elevated titers among chronically infected patients, who
also fail to produce opsonic antibodies to MEPin response to
infection (9). A small number (< 5%) of CF patients escape
this seemingly inevitable colonization by the second decade of
life, and analysis of 16 of these patients showed that 88% had
opsonic antibodies specific to MEP, indicating an association
between the presence of opsonic antibodies and resistance to
infection (9). Comparison of the protective efficacy of mono-
clonal and polyclonal opsonic antibodies with that of nonop-
sonic antibodies in rodent models of chronic P. aeruginosa
infection showed protection only in the presence of opsonic
MEP-specific antibodies (10). MEP-specific opsonic antibody
differs from nonopsonic antibody by depositing high levels of
the critical complement opsonins C3b and C3bi on the outer
bacterial surface, with most of these C3 fragments attached to
the MEP( 1). Thus, strategies to elicit MEP-specific opsoniz-
ing antibodies may eventually be applicable to the vaccination
of CF patients against chronic P. aeruginosa infection.

The purpose of the present study was to identify specific
immunologic mechanisms that may be responsible for the in-
ability of CFpatients to generate an MEP-specific opsonic anti-
body response during infection with P. aeruginosa. In mice,
1- l0-,Ag doses of MEPcomposed of moderate sized polymers
(mean coefficient of distribution [Kd] = 0.26 on a Sepharose
CL4B column, approximate molecular size 400 kD) elicit op-
sonic antibody, whereas doses . 50 ,ug elicit only nonopsonic
antibodies ( 12 ). These antibodies do not differ by isotype, but

1. Abbreviations used in this paper: CF, cystic fibrosis; CTL, cytotoxic
T lymphocyte(s); MEP, mucoid exopolysaccharide; TCR, T cell re-

ceptor(s).
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are directed at different epitopes on the MEPantigen (9, 1 1 )
and differ in their ability to deposit covalently linked C3 frag-
ments onto the bacterial surface ( 11). After an initial 5O-Atg
dose, a booster dose of 1 jig fails to elicit opsonic antibodies in
these mice, and this inability to produce opsonic antibodies
could be adoptively transferred to nonimmune mice by splenic
T cells ( 12). In light of recent reports by various investigators
( 1, 13, 14) that T cells can kill B cells, we investigated whether
T cells elicited in response to immunization with high doses of
MEPcould kill hybridoma cells producing MEP-specific op-
sonic and nonopsonic antibody.

Methods

Bacterial strains and antigens. Mucoid P. aeruginosa strain 2192, origi-
nally obtained from the sputum of a CF patient, was used to isolate
MEPantigen as described ( 12). The MEPused to immunize mice for
studies of cytotoxic T cell activity had a Kd < 0.3 (approximate molecu-
lar size < 300 kD) and provoked only nonopsonic antibodies to MEP
when given at doses of 50 ,g per mouse. High molecular weight polysac-
charide from P. aeruginosa was also prepared as described ( 15 ).

Hybridoma cells. Hybridoma cells secreting MEP-specific opsonic
and nonopsonic antibodies were obtained by standard methods after
immunization of BALB/c mice with purified antigens or whole bacte-
rial cells. The resulting monoclonal antibodies were classified as op-
sonic or nonopsonic using an opsonophagocytosis assay employing
these antibodies along with either human peripheral blood leukocytes
or murine inflammatory peritoneal cells, complement, and mucoid P.
aeruginosa strain 2192 as described ( 16). In this study hybridomas
8/5)31 and 9/5)23 both secreted IgG2b opsonic antibodies to MEP,
while hybridoma M/K) 16-E2 secreted a nonopsonic IgG2b antibody
and hybridoma M)K/32-C3 secreted an IgM nonopsonic antibody.
Hybridoma 3D9 secretes an IgG3 monoclonal antibody specific to a
group B streptococcal antigen and was kindly supplied by L. Madoff of
the Channing Laboratory. Myeloma P3X was obtained from the Amer-
ican Type Culture Collection, Rockville, MD.

Cytotoxicity assays. For cytotoxicity assays, 2 X 106 target hybrid-
oma cells were labeled for 14 h with 100-300 ,Ci of 5'Cr and washed
repeatedly; 2 X 104 target cells were then added to cultures of T cells
obtained as described below from the spleens of BALB/c (H-2d) mice
immunized 6-8 d previously with 50 ,ug of moderate sized MEP( 12).
T cells were cultured along with 5'Cr-labeled target cells at 37°C in 5%
CO2. Maximal release of 5'Cr occurred by 6 h and remained stable for
up to 18 h. Therefore, all assays were run for 16-18 h. The cells were
pelleted by centrifugation of the tissue culture plate and a measured
aliquot of the supernate removed and counted in a gammacounter.
Percent release of 5"Cr was calculated by subtracting out the mean of
the nonspecific cpm of 5"Cr released from target cells in the absence of
T cells from the mean of the experimental values and dividing this
figure by the mean of the cpm of 5Cr in the target cells at the beginning
of the assay minus the mean of the nonspecific cpm of 5'Cr released. In
assays where additional factors such as MEPantigen were added to test
wells containing T- and hybridoma cells, the nonspecific release of
radioactivity was measured in wells containing labeled hybridoma cells
and the measured amount of additional factors.

Isolation of Tcells. T cells were isolated from spleens of mice immu-
nized intraperitoneally with the indicated dose of antigen in 0.2 ml of
saline. Mice were killed by cervical dislocation; their spleens were re-
moved, minced into single-cell suspensions, and washed; red cells were
lysed by treatment for 10 min at 37°C with 1% ammonium chloride;
adherent cells removed by incubation on plastic petri plates for 45 min
at 37°C, and B cells were removed by double panning on petri plates
coated with anti-mouse IgM, as described by Wysocki and Sato ( 17 ).
The concentration of T cells was adjusted after manual counting in a
hemocytometer. Testing of the efficacy of this procedure by fluores-
cent-activated cell-sorting analysis for CD3and IgM antigens indicated

that > 95% of the cells routinely obtained were T cells. Activation of T
cells by concanavalin A (Con A) was accomplished by incubating 106
cells/ml of RPMI 1640 medium containing 10% fetal bovine serum
and 2.5 jig Con A/ml. After 48 h at 370C in 5%CO2cells were washed
twice in RPMI 1640 medium, counted manually in a hemocytometer,
and adjusted to the desired concentration for use in the cytotoxicity
assay.

Depletion of T cells bearing specific surface antigens. Polyclonal
antibodies to the Thy 1, CD3, CD4, and CD8 antigens, along with
rabbit Lo-Tox complement, were obtained from Accurate Chemical
and Scientific Corp., Westbury, NY, and generally were used at a 1:10
dilution. Monoclonal antibodies to murine af# T cell receptor (TCR)
(clone H57-957, Hamster IgG) and y6TCR (clone GL3, Hamster IgG)
and FcR'y (clone 2.4G2, Rat IgG2b) were obtained from PharMingen,
San Diego, CA. T cells were incubated with the antibodies or normal
mouse serum as a control at 40C for 45-60 min, washed once in RPMI
medium, resuspended in 10% rabbit Lo-tox complement, and incu-
bated at 370C for 30 min. Cells were washed twice and resuspended in
the original volume, then added to cytotoxicity assays. Independent
measurements of the 50% hemolytic level of complement (CHm) after
incubation of the monoclonal antibodies with isolated T cells and com-
plement indicated a minimum decrease of 50% in CHm, showing these
antibodies do fix rabbit complement.

Cytotoxicity assays employing human sera and cells. Sera from CF
patients were used from our collection of samples obtained from pa-
tients attending the outpatient clinic at Children's Hospital, Boston. All
samples were obtained after informed consent was given by either the
patient or their parent. Peripheral blood was obtained from non CF
volunteers giving informed consent, and mononuclear cells were recov-
ered by separation on Mono-Poly resolving medium (ICN Biomedical,
Costa Mesa, CA). Cultures of 106 lymphocytes/ml were established in
RPMI medium supplemented with 10% fetal calf serum and 2.5 gg/ml
Con A. Cultures were incubated for 48 h in 5% CO2 at 37°C. Viable
cells were recovered by washing, manually counted in a hemocytome-
ter after staining with trypan blue, and resuspended to 5 x 106 in RPMI
medium with 10% fetal calf serum. A IOO-,qI volume of human T cells
activated by Con A was mixed with 2 X I04 5'Cr-labeled target murine
hybridoma or myeloma cells and 1% (final concentration) test human
serum in the presence or absence of 5 gg MEPantigen per well. Cul-
tures were incubated overnight at 37°C in 5% C02, and the released
5"Cr was measured in a gammacounter after removal of cells by centrif-
ugation.

Statistical analysis. Statistical analyses of the data were performed
on a Macintosh II computer using the Statview software package.

Results

Cytotoxic killing of target hybridoma cells. Fig. 1 A shows that
T cells obtained from the spleens of BALB/c mice immunized
6 d previously with 50 ,ug of MEPantigen killed a high propor-
tion of two different hybridomas [8/5)31 and 9/5)23] pro-
ducing IgG2b opsonizing antibodies to MEP. The rate of killing
was comparable to that observed for a positive control of cyto-
toxic T cells obtained from BALB/c mice immunized directly
with 107 of the target hybridoma cells. T cells from BALB/c
mice immunized with 50 ,ug of an irrelevant polysaccharide
only marginally killed the target hybridoma cells, as did T cells
from BALB/c mice given a 1-,ug dose of MEP, which elicits
opsonic antibody. Fig. 1 B shows that T cells from BALB/c
mice immunized with 50 ,jg of MEPspecifically lysed the two
hybridomas producing opsonic antibodies; significantly (P
< 0.01 ) less 5'Cr release was evident for two distinct hybrid-
omas producing nonopsonic antibodies [M)K/32-C3 and
M)K/ 16-E2), or another hybridoma cell line producing an

irrelevant monoclonal antibody (3D9) or the myeloma fusion
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Figure 1. Killing of B cell hybridomas by T cells. (A) Release of 5"Cr
from hybridomas 8/5)31 (o) and 9/5)23 (mn), which secrete
MEP-specific opsonic monoclonal antibodies (IgG2b), incubated at
the indicated ratio of effector T cells to target B cells (E:T ratio); in
this case T cells were obtained from BALB/c mice immunized with
50 ,g of MEPantigen. Also shown is the release of 5"Cr from hybrid-
oma 8/5)31 incubated with T cells from BALB/c mice immunized
with: 1 ,gof MEPantigen (A); 107 8/5)31 hybridoma cells (-); 50
,ug of heterologous high molecular weight polysaccharide from the
immunotype 1 strain of P. aeruginosa (/A). Points represent the mean
of duplicate determinations and are representative of experiments
performed at least three times. (B) Release of 5'Cr mediated by T cells
from BALB/c mice immunized with 50 ,g of MEPantigen from the
same hybridomas in A secreting opsonic antibodies; from hybridoma
targets secreting MEP-specific nonopsonic antibodies, M)K/32-C3
and M)K/ 16-E2, (IgM and IgG2b, respectively); from hybridoma
3D9 (which secretes an irrelevant IgG3 antibody to a group B strep-
tococcal protein antigen); and from myeloma cell line P3X. The
bottom of the graph shows that hybridomas M)K/32-C3 and M)K/
16-E2 can be lysed, as measured by 5'Cr release, when specific im-
mune T cells from BALB/c mice are added (obtained from BALB/c
mice immunized with 107.of the hybridoma cells in adjuvant). Tar-
get cells were incubated for 16 h at the E:T ratio indicated. Bars rep-
resent the mean of duplicate or triplicate determinations.

partner P3X. To insure that the hybridomas producing nonop-
sonic antibodies were susceptible to T cell lysis, splenic T cells
from BALB/c mice immunized 6 days previously with 107
hybridoma cells in complete Freund's adjuvant were tested for
their ability to lyse homologous and heterologous hybridoma
targets. Both hybridomas secreting nonopsonic antibodies elic-

ited cytotoxic T cells that efficiently lysed their homologous
targets (Fig. 1 B); the cytotoxic T cells only poorly lysed (< 8%
5"Cr released, not shown) heterologous targets, indicating only
minimal activation of cytotoxic activity by including adjuvant
in the immunizing mix.

Studies using T cells from allogeneic mice (C57B1/6, [H-
2b1, and C3H/HeN, [H-2k]) immunized with 50 ,gg of MEP
showed these cells also could kill the target hybridomas pro-
ducing opsonic antibodies and did not kill hybridomas produc-
ing nonopsonic antibody, indicating a lack of major histocom-
patibility complex (MHC) restriction in this phenomenon
(not shown).

Phenotypic markers on cytotoxic T cells. The phenotypic
characteristics of the T cells mediating the killing of the hybrid-
omas are shown in Fig. 2. Depletion of splenic T cells with
antibody specific to the indicated cell surface marker and com-
plement revealed that the majority of the effector CTL were
depleted by treatment with antibody to CD3, CD8 (lyt 2.2) and
the a: TCR but not the CD4 (L3T4) or yb TCR. Nu/nu
BALB/c mice immunized with 50 ,gg of MEPdid not have
splenic cells that could kill the hybridomas (not shown).

Cytotoxic T cells interact with target hybridoma cells via
surface immune complexes. Since cytotoxicity was MHCunre-
stricted but specific to hybridoma cells secreting antibody bind-
ing to one epitope on a multivalent antigen (9, 11, 16, 18) this
suggested that cytotoxic T cells may recognize target cells via
immune complexes bound to Fc receptors, with the bound
antigen serving as a bridge to the immunoglobulin receptors on
the surface of the target cells. In this case, hybridomas secreting
either opsonic or nonopsonic antibodies to MEPshould bind
to the cytotoxic T cells and inhibit their lysis of hybridomas
producing opsonic antibody. Thus, to investigate the mecha-
nism whereby cytotoxic T cells recognize the target hybridoma
cells, we used cold target inhibition assays employing hybrid-
omas secreting either opsonic or nonopsonic antibodies, both
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Figure 2. Characterization of cell surface antigens expressed by cyto-
toxic T cells. Isolated T cells were obtained from mice immunized
6 d previously with 50 jug of MEPantigen. T cells bearing the cell
surface markers indicated in the legend were depleted as described in
experimental procedures. They were then mixed at the indicated E:T
ratio for 18 h and the rate of response was determined using nonde-
pleted T cells as a control. Bars represent the mean of triplicate de-
terminations. The net percentage of 5'Cr released by T cells treated
with normal mouse serum was E:T ratio 20:1, 48%; 10:1, 34%; 5:1,
23%; 1:1, 12%.
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of which bind MEPantigen via distinct epitopes ( 11). Both
types of unlabelled hybridoma cells inhibited, in a dose-depen-
dent fashion, the killing of target hybridomas that produced
opsonic antibodies; in contrast a hybridoma secreting irrele-
vant antibody failed to inhibit killing (Fig. 3).

Wenext added varying amounts of MEPto cytotoxicity
assays to determine further if immune complexes are involved
in T cell recognition of target hybridoma cells. Addition of
MEPantigen up to 70 ,ug/ml enhanced target cell lysis in a
dose-dependent fashion (Fig. 4). Enhancement of lysis was
specific to hybridomas producing opsonic antibodies and addi-
tion of MEPantigen did not promote the otherwise low-level
release of 5"Cr from hybridomas producing nonopsonic anti-
bodies (Fig. 4).

The above data implicate FcR-positive T cells armed with
immune complexes composed of MEP-specific antibody and
MEPantigen as the mediators of the observed cytotoxicity.
Presumably the antigen component is derived from the immu-
nizing material, but the antigen enhancement of cytotoxicity
shown in Fig. 4 suggests that there are FcR bound MEP-spe-
cific antibodies available to bind additional antigen, resulting
in increased cytotoxicity. In addition, the membrane bound
antibody on the B cells must be available to bind epitopes on
this multivalent polysaccharide antigen, indicating that the
mechanism of target cell recognition is via formation of a
bridge between the T cell and target cell. This bridge would
consist of FcR bound antibody on the T cell and antigen bind-
ing both this antibody and membrane bound antibody on the
target hybridoma cell. If this model were correct, one would
expect that addition of free antigen to isolated T cells would
result in increased saturation of the FcR bound specific anti-
body on these cells, thereby providing a greater opportunity for
the interaction between T cells and target hybridoma cells.
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Figure 3. Inhibition of cytotoxic T cell activity by unlabeled hybrid-
oma cells. Inhibition assays employed labeled 8/5)31 hybridoma
targets and T cells from mice immunized 6 d previously with 50 ,4g
of MEPantigen at an E:T ratio of 25:1. Unlabeled inhibiting hybrid-
oma cells were added at the indicated concentration to the assay.
Unlabeled inhibiting hybridomas were 8/5)31 (o) and 9/5)23 (A),
which secrete opsonic antibodies to MEP; M/K) 16-E2 (o) and M/
K) 32-C3 (i), which secrete nonopsonic antibodies to MEP; and the
irrelevant hybridoma target 3D9 (A). Points indicate the mean of
triplicate determinations and error bars the standard error. The net
percent release of 5'Cr from uninhibited cells was 52%.
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Figure 4. Effect of added antigen of cytotoxicity. Either MEPantigen
(m) or an irrelevant polysaccharide (e) were added to cytotoxicity
assays employing 5"Cr labeled 8/5)31 cells as targets and T cells ob-
tained from mice immunized 6 d previously with 50 ,ug of MEPas
cytotoxic effectors at an E:T ratio of 25:1. The specificity of enhance-
ment of hybridoma cell lysis in the presence of added MEPantigen
is shown by the inability of added MEPto enhance lysis of two hy-
bridomas secreting nonopsonic antibody to MEP: M)K/ 16-E2 (o)
and M/K)32-C3 (A). The indicated dose of MEPantigen was added
to the cytotoxicity assay and the release of 5'Cr determined after 18
h. Nonspecific release of radioactivity for background subtractions
was determined in cultures containing labeled hybridoma cells and
MEPantigens at the different concentrations tested. Addition of MEP
antigen to labeled hybridoma cells in the absence of T cells did not
result in > 4% increase in the release of 5'Cr compared with labeled
cells lacking additional antigen. Points indicate the mean of triplicate
determinations. The net percent release of 5'Cr from labeled hybrid-
omas in the absence of added antigen was 42%.

Whenwe added increasing amounts of MEPantigen to T cells
before their addition to labelled targets, increased lyses of the
targets was observed (Fig. 5 A). Addition of an irrelevant poly-
saccharide antigen failed to increase target cell lysis.

This model would also predict that once the antibody on
the surface of the T cell was saturated with antigen, the addition
of further antigen to the assay should begin to interfere with the
binding of the T cell to hybridoma targets by saturating antigen
binding sites on the hybridoma targets. This would result in
decreased target cell lysis. WhenT cells previously incubated
for 1 h with 100 yg/ml of MEPantigen to saturate surface
antibody (Fig. 5 A) were added to target hybridoma cells in the
presence of increasing amounts of MEPantigen, a dose-depen-
dent inhibition of lysis was observed (Fig. 5 B). An irrelevant
polysaccharide antigen had no such effect. These data support
the concept that in this system cytotoxic T cell activity is de-
pendent upon MEPantigen serving as a bridge between FcR
bound antibody on the cytotoxic T cells and membrane anti-
body on the target hybridoma cells.

To determine further if immune complexes on the surface
of the T cell were involved in recognition of target hybridoma
cells, we immunized mice with 50 ,ug of MEPand 6 d later
exposed isolated splenic T cells to pH 5.0 for 5-15 min, a pro-
cedure previously employed to dissociate T cell bound anti-
body from antibacterial T cells ( 19, 20). Under these condi-
tions, cytotoxic activity was restored only if both MEP-specific
antibody and MEPantigen were added back to the assay (Fig. 6
A). The antibodies could be specific for epitopes that bind ei-
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various combinations of MEP-specific antibody and/or MEP
antigen or with nonimmune serum and MEPantigen; hybrid-
omacells secreting opsonic antibody to MEPserved as targets.
The Con A-activated T cells killed the hybridoma cells only
when MEP-specific antibody and antigen were present (Fig. 7
A). Con A-activated T cells did not kill the same heterologous
targets shown in Fig. 1 B in the presence of MEP-specific anti-
body and antigen (not shown), nor was cytotoxic activity evi-
dent if cells were not exposed to Con A (not shown).

20 40 60 80 100
Amount (pg.) antigen added to T cells

0 100 200 300 400 500

Amount (fig) antigen added to assay

Figure 5. (A) Cytotoxic activity against labeled 8)5/31 hybridoma
cells of T cells from mice immunized with 50 jig of MEPafter incu-
bation for h at 370C with the indicated concentration of additional
MEP(0) or an irrelevant polysaccharide (PS) antigen (A) (high mo-

lecular weight polysaccharide from Fisher IT-1 P. aeruginosa). (B)
Immune T cells were first incubated with 1000,g/ml of MEP, washed,
and added to cultures of radiolabeled 8) 5 / 31 hybridoma cells con-

taining the indicated dose of MEP(0) or the irrelevant PS (A) from
IT- I P. aeruginosa. Points indicate mean of triplicate determinations.
The net percent release of 5"Cr from labeled hybridomas in the ab-
sence of added antigen was 61%.

ther opsonic or nonopsonic antibody, inasmuch as IgG2b mono-

clonal antibodies expressing either biologic activity could re-

store cytotoxic activity to pH 5.0-exposed immune T cells in
the presence of MEPantigen (Fig. 6 B). In addition, immune T
cells exposed to pH 5 in order to dissociate surface immune
complexes from Fc receptors and then reconstituted with
MEP-specific antibody could be removed from cell suspen-

sions by incubation on petri plates coated with MEP, but not
incubation on petri plates coated with an irrelevant polysaccha-
ride antigen from P. aeruginosa (not shown). Hybridomas
producing nonopsonic antibody were not susceptible to lysis
after acid treatment (not shown).

Activated normal splenic T cells can bind immune com-

plexes and lyse target hybridoma cells. Another set of experi-

ments was performed to verify that recognition of the target
hybridoma was due to surface immune complexes. As shown
above (Fig. 1) T cells from nonimmune animals failed to kill
target hybridoma cells, and also failed to kill these cells when
specific antigen and antibody were added to the assay (not
shown). Wetherefore incubated T cells from normal BALB/c
mice for 48 h in the presence of 2.5 ,g/ ml of Con A, a mitogen
known to activate CD8+ CTL (21). These activated T cells
were then incubated in the cytotoxicity assay along with
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Figure 6. Immune complexes mediate cytotoxic activity. (A) Immune
T cells from mice immunized 8 d previously with 50 jg of MEPan-

tigen were exposed to pH 5 in order to release surface-bound immune
complexes. After exposure to pH 5 for the indicated period, cells were

quickly diluted into neutral-pH media, washed, counted for viability,
and adjusted to an E:T target ratio of 20:1. Target cells were of the
8/5)31 hybridoma line. To cultures of the treated effector and target
cells were added normal mouse serum only (n), normal mouse serum

plus 5 ,g of MEPantigen/ ml (Av), MEP-immune mouse serum only
(m), or MEP-immune mouse serum plus S Mg of MEPantigen/ml
(o). 5"Cr release by these treated cells was compared with that by im-
mune T cells not exposed to pH 5. Points indicate the mean of tripli-
cate determinations and error bars the standard error. The net percent
release of 5"Cr from labeled hybridomas incubated with untreated
immune T cells was 38%. (B) Restoration of cytotoxic activity by
monoclonal antibody (MAb) to immune T cells exposed to pH 5.0
for 15 min. Acid-exposed T cells were sensitized with either opsonic
MAb8)5/31, nonopsonic MAbM)K/16, the irrelevant MAb3D9
or no MAband added to labeled 8/5)31 hybridoma cells in the pres-
ence or absence of MEPas indicated in the legend. Bars represent
means of duplicate cultures.
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Figure 7. Cytotoxic activity of Con A-activated T cells from normal
mice against hybridoma target 8/5 ) 31. Bars indicate means of tripli-
cate determinations. (A) Normal murine T cells were incubated for
48 h in the presence of 2.5 gg of Con A/ml, harvested, washed, as-
sessed for viability, added to labeled hybridoma target at the indicated
E:T ratio, and incubated for 18 h. Added to each well was 5 Atg of
MEPantigen along with no serum, normal mouse serum, or MEP-
immune mouse serum. In the absence of added MEPantigen, no
cytotoxic activity was observed (not shown). (B) Depletion of Con
A-activated T cells with antibody specific to the indicated T cell an-
tigen. After depletion, T cell viability was determined and the cells
were incubated at the indicated E:T ratio with hybridoma 8/5)31 as
the target in the presence of MEP-immune serum and 5 Mgof MEP
antigen per well. The net percent release of 5"Cr from hybridomas in
the presence of Con A-activated T cells treated with normal mouse
serum was 52%.

To characterize the cell surface markers on the Con A-acti-
vated T cells, we performed depletion experiments using anti-
bodies specific to T cell markers identical to those described in
Fig. 2. Like immune CTL, most of the Con A-activated T cells
expressed the CD3, CD8, and a13 TCRantigens (Fig. 7 B). In
addition, both Con A-activated cells (Fig. 7 B) and immune T
cells exposed to pH 5 for 15 min (not shown) could be depleted
from reaction mixtures by monoclonal antibody 2.4G2, which
is specific to the murine FcRy (22). These experiments indi-
cated that T cells that kill the hybridoma cells secreting opsonic
antibody to P. aeruginosa MEPexpress the CD3, CD8, a13
TCR, and FcRy surface markers.

Role of nonopsonic antibodies to MEPand immune com-
plexes found in the sera of CFpatients in cytotoxicity. Wenext
determined if the nonopsonic antibodies to MEPpresent in CF
patient's sera before the onset of colonization (9, 18), could
provide the antibody component of the immune complex

needed to mediate T cell killing of 8/5 )31 cells if exogenous
MEPantigen was provided. In addition, we tested whether anti-
bodies and/or immune complexes were present in the sera of
CF patients colonized with P. aeruginosa that could sensitize
Con A-activated human peripheral blood T cells and mediate
killing of the 8/5)31 hybridoma. Con A-activated peripheral
blood T cells from volunteer blood donors were incubated with
serum samples from individual CF patients lacking P. aerugi-
nosa colonization (eight male, five female, mean age 1 1.8±10
yr, range 4-41 yr) or with serum samples from CF patients
colonized for 2 2 yr with mucoid P. aeruginosa (nine male,
four female, mean age 18.5±12.4 yr, range 3-39 yr). Killing of
the 8/5)31 hybridoma and control M/K) 16 and P3X cell
lines was evaluated in the presence or absence of added MEP
antigen. Results are shown in Fig. 8.

Sera from noncolonized CF patients, in the absence of
added MEPantigen, did not mediate killing of the 8/5)31
hybridoma any better than they mediated killing of the control
hybridoma and myeloma cell lines (Mann-Whitney U-test P
values 0.27 and 0.92, respectively). However, in the presence
of 5 ug MEPper well, there was significantly greater killing of
the 8/5)31 targets than in its absence (paired t value - 2.38, P
= 0.035, two-tailed). There was no enhanced killing of the
control target cell lines upon addition of MEPantigen to the
noncolonized patient's sera (P 2 0.4). In the presence of added
MEP, there was significantly more killing of the 8/5)31 cells
compared with the M/K) 16 or P3X lines (Mann-Whitney U
test P values 0.04 and 0.05, respectively). This finding shows
that the antibody component needed to mediate killing of cells
producing opsonic antibodies to MEPis present in younger CF
patients prior to P. aeruginosa colonization.

Sera from chronically colonized CF patients mediated the
highest level of killing of hybridoma 8/5)31 in the-absence of
added MEPantigen, with no significant change in target cell
lysis if MEPwas added (Fig. 8, paired t value -0.02, P = 0.99,
two-tailed). In both the presence and absence of added MEP
antigen, the killing of 8/5)31 was significantly greater than
killing of the control M/K) 16-E2 and P3X cell lines (Mann-
Whitney U test P values 0.007-0.04). Lysis of the control tar-
get cells was not significantly (P 2 0.5) enhanced or inhibited
by the addition of MEPantigen. These findings indicate that
colonized CFpatients have circulating immune complexes ca-
pable of arming T cells to kill hybridoma cells producing op-
sonic antibody to MEP.

The data in Fig. 8 were analyzed to compare the killing of
the three cellular targets when sera from colonized or noncolo-
nized CFpatients were employed. The killing of the control cell
lines M/K) 16-E2 or P3X was not different when the assays
were run with sera from colonized or noncolonized patients in
the presence or absence of added MEPantigen (P values 0.40-
1, Mann-Whitney U test). However, in the absence of added
MEPantigen, killing of the 8/5)31 hybridoma was greater by
sera from colonized patients compared with killing by sera
from noncolonized patients (P = 0.005, Mann-Whitney U
test). Creating immune complexes in vitro by adding MEP
antigen to sera from noncolonized CF patients increased kill-
ing of hybridoma 8/5)31 to a level where the difference be-
tween these sera and sera from colonized CF patients was ne-
gated (P = 0.25, Mann-Whitney U test). Thus addition of
MEPantigen to sera from noncolonized patients resulted in
formation of immune complexes that were comparable to
those already present in the sera of colonized patients that
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Figure 8. Cytotoxic activity of Con A-activated human peripheral-

blood T cells. Labeled hybridoma targets were incubated with Con

A-activated non-CF humanT cells and 1% concentrations of anti-

body from CF patients either colonized or noncolonized by P. aeru-

ginosa in the presence or absence of 5 /ig MEPper well. T cells were

activated for 48 h with 2.5 Ag Con A/ml, washed, assessed for viabil-

ity, and then added at an E:T ratio of 25:1 to the indicated hybridoma

or myeloma target along with the indicated antibody preparation and

MEPantigen. Percent release of 5"Cr was determined after 16 h. Bars

represent the mean for the populations, with individual samples

tested in duplicate. Error bars represent the standard error.

could arm T cells for cytotoxic killing of B cells producing

opsonic antibody to MEP.

Discussion

The mechanism by which T cells interact with B cells is usually

based on MHC-restricted interactions wherein protein anti-

gens can be processed and presented by B cells to T cells (23-

25). Our system differs in that a polysaccharide antigen-spe-

cific hybridoma cell line is killed by a typical CD8+, cytotoxic

T cell expressing a#3 TCRand FcRy. The requirement for an

immune complex and the presence of FcR on these cells is

consistent with the lack of MHCrestriction we observed when

T cells from different strains of mice were tested for cytotoxic

activity, and is also consistent with the ability of Con A-acti-

vated human T cells to kill this murine hybridoma in the pres-

ence of antibody and antigen. The mechanism described here

for killing an antibody secreting B cell by a T cell may be gener-

ally applicable to the regulation of the immune response to

other polysaccharides, particularly in the presence of high lev-

els of antigen. This concept is supported by studies showing

that serum and immune complexes containing polysaccharides

from tolerant mice are capable of transferring nonresponsive-

ness to naive mice (26, 27). Also, FcR' T cells have been

implicated as regulators of antibody production and of the pro-

liferation of both myeloma and hybridoma cells (28, 29). T

cells are known to regulate the immune response to polysaccha-

rides (30-35), particularly in humans, where the T cell-regu-

lated IgA and IgG isotypes predominate in the response to poly-

saccharide antigens ( 18, 36).
A central question from this study is why the hybridomas

secreting opsonic antibody to MEPare susceptible to lysis,

whereas those secreting nonopsonic antibodies resist cytotoxic
T cell lysis. Weobserved that T cells mediating cytotoxic activ-
ity can be armed with either opsonic or nonopsonic antibody
bound to their FcR. This T cell bound antibody binds MEP
antigen, which in turn binds to membrane bound Ig on the
surface of the target hybridoma cell. In that the biologic activity
of the antibody bound to the FcR on the T cell is irrelevant to
the expression of cytotoxicity, any differences in susceptibility
to lysis of hybridomas targeted by the T cells must depend on
the interactions of the membrane bound antibody on the hy-
bridoma and the MEPantigen bound to the T cell. An impor-
tant difference we have defined between the binding of opsonic
and nonopsonic antibody to MEPis the lower density on the
MEPantigen of epitopes that bind opsonic versus nonopsonic
antibodies ( 11). This difference could potentially explain the
susceptibility to lysis of the hybridomas secreting opsonic anti-
body, and the resistance of the hybridomas secreting nonop-
sonic antibodies to the same antigen. Antigen-mediated cross-
linking of surface Ig on the hybridomas producing opsonic an-
tibody is likely markedly less than on the hybridomas
producing nonopsonic antibody. The degree of cross-linking of
membrane Ig and the affinity of the antigen-antibody interac-
tion have been shown to affect the B cell's activation state (37).
A higher level of cross-linking of surface Ig on the cell produc-
ing the nonopsonic antibody may achieve a greater state of
activation that renders the cell resistant to lysis, perhaps owing
to increased production of interleukin 6, a cytokine that pro-
tects hybridoma and leukemic cells against apoptosis asso-
ciated with cell death (38, 39). Wecannot completely exclude
a more trivial explanation for these results, this being that some
special property of the two hybridomas secreting opsonic anti-
body, such as surface Ig density, may render them susceptible
to T cell lysis. Webelieve this highly unlikely, since these re-
sults are consistent with the observation that in the presence of
preexisting nonopsonic antibody to MEP, opsonic antibody
does not routinely develop (9, 12). In addition, when low doses
of MEPare given to nonimmune mice, opsonic antibody re-
sponses are routinely made, indicating that these antibodies
can be elicited under conditions where immune complex for-
mation is limited. As shown in Fig. 1, mice given a 1,tg dose of
MEPdo not develop cytotoxic T cells, and these mice have
serum opsonic antibody ( 12).

Our data do not support a role for antibody isotype as con-
tributing to the difference in opsonic and nonopsonic activity.
As shown here and elsewhere (1 1, 12) antigen specific IgG2b
murine monoclonal antibodies can have either biologic activ-
ity. They differ in their epitope specificity (11 ), and four to five
times as many molecules of nonopsonic MAbbind to the bacte-
rial surface as do opsonic MAbs (11). In addition, analysis of
serum immune responses in mice and humans for antigen-spe-
cific isotype differences in sera with opsonic or nonopsonic
activity failed to document any obvious difference, particularly
in humans, where IgM, IgG1, and IgG2 antibodies to MEPhave
been found in roughly equal amounts in sera with opsonic and
nonopsonic activity (unpublished observation). However, for
cytotoxic T cell activity described here it is likely that antibody
isotype would be important, inasmuch as FcR usually bind a
limited number of antibody isotypes usually with different af-
finities, depending on the isotype. Indeed the IgM MAbpro-
duced by hybridoma M)K/ 16-C3 fails to sensitize Con A-acti-
vated T cells for cytotoxic activity (unpublished observation),
either due to an inability of FcR on cytotoxic cells to bind IgM,
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or the inability of T cells expressing receptors for IgM (40) to
mediate cytotoxic activity.

Weand others (7, 18) have shown that, before the onset of
microbiologically documented P. aeruginosa infection, CFpa-
tients have detectable levels of serum antibody to MEP. Levels
rise considerably once chronic infection is established (7, 18,
41, 42). Indeed, circulating nonopsonic antibodies to MEPare
routinely found in all non-CF humans examined (9, 18), as
well as in infants > 6 mo of age (unpublished observation).
Thus it seems possible that upon infection with P. aeruginosa,
elaboration of the MEPantigen would result in the formation
of immune complexes between antigen and preexisting nonop-
sonic antibodies, and these could mediate cytotoxic T cell kill-
ing of B cells that otherwise would secrete opsonic antibodies
that could participate in bacterial killing and elimination. We
believe the absence of these opsonic antibodies may be impor-
tant in establishing chronic infections by mucoid P. aeruginosa
in CF patients. This idea is consistent with our finding that
colonized CF patients uniformly lack opsonic antibodies to
MEP(9). Pedersen et al. (43) have shown that CF patients
harboring strains of P. aeruginosa that are phenotypically non-
mucoid in vitro nonetheless respond to infection with antibody
to MEP. This in vivo finding followed our initial observation
(44) and that of Anastassiou et al. (45) that nonmucoid strains
of P. aeruginosa elaborate small quantities of MEPantigen in
vitro. Thus the nonmucoid strains that are thought to initially
colonize CF patients may elaborate sufficient quantities of
MEPin vivo that can complex with preexisting nonopsonic
antibody and arm activated T cells to kill B cells that otherwise
would produce protective, opsonic antibodies to this antigen.
Under these conditions the mucoid form of P. aeruginosa can
emerge and escape elimination by host defenses.

Weobserved that CF patients colonized with mucoid P.
aeruginosa had high levels of circulating immune complexes
that could sensitize Con A-activated human T cells for cyto-
toxic killing of murine hybridomas. However, we did not deter-
mine if CF patients have comparable cytotoxic T cells. It is
likely that such T cells are present and active at a time and in a
fashion that would allow chronic P. aeruginosa infection to be
established. The likelihood that CF patients have CD8+ acti-
vated T cells is supported by the findings of Smith et al. (46),
who showed that lymphocytes from CF patients with chronic
P. aeruginosa infection had greater levels of antibody-depen-
dent cellular cytotoxicity directed against antibody-coated
Chang cells compared with lymphocytes from noncolonized
patients. This indicates that infected patients have activated
lymphocytes that can kill eukaryotic target cells.

In conclusion, using surface immune complexes as the rec-
ognition unit, T cells from mice immunized with 50 jzg of MEP
from P. aeruginosa can kill hybridoma cells secreting opsonic
antibody to this antigen. A similar kind of immune complex is
found in the blood of CFpatients colonized with P. aeruginosa,
and this complex can arm Con A-activated human T cells to
kill the same target hybridomas. Immune complexes mediating
cytotoxic activity were absent among younger CF patients
lacking P. aeruginosa colonization, but the antibody compo-
nent of these immune complexes was present, indicating the
potential for rapid development of cytotoxic. cells against B
cells once antigen is introduced at high enough levels by the
onset of colonization and/or infection. Webelieve this to be a
potential mechanism that allows mucoid P. aeruginosa to
escape the host defenses of CF patients. MEP-specific opsonic

antibody has been elicited in the presence of preexisting non-
opsonic antibody in mice immunized with very large (Kd > 0. 1,
approximate molecular size > 2,000 kD) polymers of MEP
( 12); these larger polymers also fail to provoke murine cyto-
toxic T cells following immunization with 50-,gg doses (unpub-
lished observation). If the large polymers routinely elicit op-
sonic antibody in humans, provision of these opsonins by ac-
tive immunization before infection and by passive immun-
ization after infection may be a viable strategy for influencing
the course of chronic P. aeruginosa infection in CF patients.
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