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SUMMARY

Phagocyte and NK cell CR3 functions as both an adhesion molecule and an iC3b receptor mediating
cytotoxic responses to microorganisms. Cytotoxic activation of iC3b receptor function requires ligation
of both a CD11b I-domain site for iC3b and a lectin site located in the C-terminus of CD11b. Because
tumours lack the CR3-binding polysaccharides of bacteria and fungi, iC3b-opsonized tumours do not
stimulate CR3-dependent cytotoxicity. Previous studies showed that NK cells could be induced to kill
iC3b-opsonized tumours with small solubleb-glucans that bound with high affinity to CR3, bypassing
the absence of similar polysaccharides on tumour membranes. Because CR3 signalling requires several
tyrosine phosphorylation events, it appeared possible that CR3-dependent killing of autologous tumour
cells might be suppressed by NK cell inhibitory receptors for MHC class I (KIR and CD94/NKG2)
whose action involves recruitment of SHP-1 and SHP-2 tyrosine phosphatases. In the current study,
Epstein–Barr virus (EBV)-transformed B cells were used as targets following opsonization with iC3b.
Solubleb-glucan primed CR3 for killing of iC3b-coated B cells, but autologous class I-bearing targets
were 84% more resistant than class I-deficient Daudi cells. Blockade of target cell class I with a MoAb
specific for a domain recognized by both KIR and CD94/NKG2 resulted in comparable killing of class
Iþ B cells. By contrast, another MoAb to class II had no effect on cytotoxicity. These data suggest that
NK cell recognition of class I suppresses CR3/tyrosine kinase-dependent cytotoxicity in the same way
as it suppresses cytotoxicity mediated by other tyrosine kinase-linked receptors such as FcgRIIIA
(CD16).
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INTRODUCTION

The aMb2-integrin known also as Mac-1, CR3, or CD11b/CD18
has two major functions on phagocytic cells. As the Mac-1
adhesion molecule it mediates the diapedesis of leucocytes through
the endothelium via generation of a high-affinity binding site for
intercellular adhesion molecule-1 (ICAM-1) [1–3]. As CR3, it
mediates phagocytic and degranulation responses to microorgan-
isms or immune complexes opsonized with iC3b [4–6]. For these
functions, the Mac-1/CR3 molecule goes through a series of
‘inside-out’ and/or ‘outside-in’ signalling steps that result in
exposure of high-affinity binding sites and/or altered linkage to
the actin cytoskeleton. The nature of these activation and signalling
pathways has not been completely defined, and it is particularly

unknown whether activation for cytotoxic responses involves a
similar pathway of events as the signalling for acquisition of the
high-affinity ICAM-1 binding site and firm adhesion.

CR3 signalling for cytotoxic degranulation in response to iC3b-
opsonized yeast requires ligation of both an iC3b-binding site in
the I-domain of CD11b [7] and a separate lectin site that maps C-
terminal to the I-domain [8,9]. Although iC3b-opsonized tumour
cells cannot trigger CR3 cytotoxic activation because their mem-
branes lack the CR3-binding polysaccharides of microbial cell
walls, solubleb(1–3)-glucan polysaccharides isolated from fungi
can bind to CR3 with high affinity and prime the receptor for
subsequent cytotoxic activation by iC3b-tumour cells that are
otherwise inert in stimulating CR3-dependent cytotoxicity
[10,11]. Polysaccharide priming of CR3 for cytotoxicity of iC3b-
target cells involves a Mg2þ and protein tyrosine kinase (PTK)-
dependent conformational change in CD11b that exposes the
activation epitope defined by MoAb CBRM1/5, but not the
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high-affinity ICAM-1 reporter epitope defined by MoAb 24
[10].

Following priming with solubleb-glucan, the CR3 of NK cells
was shown to mediate the cytotoxicity of freshly excised breast
tumour cells by ligation to opsonic iC3b that is present on most
tumours cells as the result of IgM and IgG tumour-bound anti-
bodies that activate the classical pathway of C [11]. However,
because NK cells from allogeneic donors were used as effectors in
that investigation, it remained possible that such cytotoxicity might
not have occurred with the patients’ own NK cells because of
autologous MHC class I on tumour cells [12–14]. NK cells express
two classes of inhibitory receptors that suppress cytotoxicity
through recognition of homologous class I on target cells. Killer
cell inhibitory receptors (KIR) belong to the immunoglobulin super-
family and the CD94/NKG2 receptors are disulphide-linked dimers
belonging to the C-type lectin family [14]. Although some types of
NK cell cytotoxic activation (e.g. killing of K562 cells) are not
suppressed by these inhibitory receptors [15], the common mechan-
ism of suppression used by both KIR and CD94/NKG2 that involves
the recruitment of SHP-1 and SHP-2 tyrosine phosphatases to block
activating receptors that signal through PTK [14,16] suggested that
PTK-linked CR3 might be under similar class I control.

This study sought to determine if NK cell CR3-dependent
cytotoxicity might be negatively regulated by recognition of target
cell class I. The Burkitt’s lymphoma-derived B cell line Daudi, a
model class I-deficient tumour, was compared with an Epstein–
Barr virus (EBV)-transformed B cell line derived from a donor
whose NK cells were later tested for CR3-dependent cytotoxicity
against both target cell types. A partial resistance of the autologous
iC3b-target cells to CR3-dependent cytotoxicity was shown to be
class I-dependent, suggesting that NK cell CR3 is regulated by KIR
and/or CD94/NKG2 in the same manner as NK cell FcgRIIIA [16].

MATERIALS AND METHODS

B lymphoblastoid cell lines
Daudi B-lymphoblastoid cells and the 721.221 B cell line [17]
were obtained from the American Type Culture Collection (ATCC,
Rockville, MD). A B cell line was also derived from peripheral
blood lymphocytes (PBL) of a normal volunteer by transformation
with EBV [18]. Each cell line was maintained in RPMI 1640
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and antibiotics.

Opsonization of B cell lines with C3
Harvested cultures were washed three times and suspended at
2·5×106/ml in warm RPMI 1640. Serum collected from a young
male ABþ blood donor and stored frozen at –808C was thawed
rapidly at 378C, maintained in an ice bath, and diluted with ice-cold
RPMI 1640 just before use. Serum dilutions were mixed with an
equal volume of B cell line suspension and incubated in a shaking
water bath at 378C for 45 min. The serum-opsonized cells were
washed three times and resuspended at 5×106/ml in ice-cold
RPMI 1640 culture medium. A portion of the cells was analysed
for bound C3 fragments by staining with anti-C3–FITC and flow
cytometry (see below), and the remaining cells were labelled for
use as targets for NK cell cytotoxicity assays (see below).

Polyclonal antibodies and MoAbs
Rabbit antisera to human C3c and C3d were mixed together and
used for generation of rabbit IgG anti-C3–FITC [11]. Rat MoAbs

to C3c, C3g, and C3d and their use in determining the type and
quantity of bound C3 fragments on sheep erythrocytes following
coupling to125I [19] were conjugated instead to FITC for analysis
of bound C3 fragments on B cell lines using flow cytometry. A
MoAb recognizing a neoepitope of bound iC3b (‘C3bi-neoanti-
gen’) that is absent in bound C3b, C3dg, or C3d was purchased
from Quidel (San Diego, CA) and coupled to FITC. The hybridoma
line secreting the IgG1 MoAb 3D9 to CD35 (CR1) was a gift from
Dr J. Atkinson (Washington University, St Louis, MO). The cell
lines secreting the IgG2a MoAb OKM1 anti-CD11b (C-terminal
domain), the IgG2a MoAb HB-5 to CD21 (CR2) and MOPC-21
myeloma IgG1 were obtained from ATCC. DX17, a mouse IgG1
MoAb to a human MHC class I framework epitope shared by HLA-
A, -B, and -C [20] was the generous gift of Dr L. L. Lanier (DNAX
Research Institute, Palo Alto, CA). MEM 136, an IgG1 anti-class
II, was kindly provided by Dr V. Horejsı´ (Czech Academy of
Sciences, Prague, Czech Republic). IgG fractions were isolated
from ascites fluid by precipitation with ammonium sulphate
followed by Mono-Q chromatography [21]. The anti-CD56
MoAb NKH1A [22] (kindly provided by Dr J. Ritz of Harvard
Medical School, Boston, MA) and the MEM 188 anti-CD56 MoAb
(kindly provided by Dr V. Horejsı´) were each conjugated to FITC
and used alternatively for identification of CD56þ NK cells. Goat
F(ab0)2 anti-mouse IgG–FITC was purchased from Southern Bio-
technology Associates (Birmingham, AL).

Immunofluorescence staining and flow cytometry
Fluorescence staining and flow cytometry were carried out using a
Coulter Profile II instrument [11] followed by analysis of list mode
data using the Pro2FCS and WinList 3.0 software packages from
Verity Software House (Topsham, ME).

Isolation of solubleb-glucan
A low mol. wt polysaccharide fraction was isolated from zymosan
by solubilization with hot formic acid [9]. There was some
variation in the size and sugar composition of such soluble
zymosan polysaccharide (SZP) preparations that was dependent
upon the lot of zymosan. Analysis of various SZP preparations
indicated a homogeneous sized polysaccharide of 10–20 kD made
up of variable proportions of glucose and/or mannose. Some
preparations of SZP were found to have no detectable mannose
and to be made up entirely ofb(1,3)-glucan, whereas other
preparations were found to contain up to 90% mannose. As
reported previously, such preparations of pureb-glucan exhibited
comparable CR3-binding [9] and priming [10] activity to the other
SZP preparations containing primarily mannose. The SZP prepara-
tion used in this study consisted almost entirely ofb-glucan and
had an estimated mol. wt of approx. 10 kD by S-200HR chromato-
graphy [9]. Accordingly, it is referred to as ‘SZPb-glucan.’ When
this SZP was labelled with125I [9], it exhibited saturation binding
to neutrophil CR3 at concentrations of 2–4mg hexose/ml that was
blocked by either a 50–100-fold molar excess of unlabelled SZP or
various MoAbs to CD11b [9].

NK cell isolation and cytotoxicity assays
NK cells were isolated using a ‘NK Cell Isolation Kit’ (Miltenyi
Biotec, Auburn, CA). Briefly, mononuclear cells were isolated
from citrated blood on a Histopaque density gradient. After five
washes with RPMI 1640, the cells were incubated with a cocktail
of modified antibodies specific for CD3, CD4, CD19 and CD33 to
label non-NK cells for 15 min at 48C. After three washes with
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RPMI 1640, the antibody-coated cells were incubated with colloi-
dal super-paramagnetic MACS MicroBeads for an additional
15 min at 48C. The cell suspension was passed through 30mg of
nylon mesh to remove clumps and applied to the top of a prefilled
AS column. The eluted NK cells were washed four times in
RPMI 1640 and assessed for NK cell purity by staining with
anti-CD56–FITC and flow cytometry. The percentage of CD56þ

NK cells in this population was$ 90%, and the viability
was$ 92%.

Isolated NK cells (1×106/ml; 0·1 ml/well) in V-bottomed 96-
well microplates (Dynatech Labs, Inc., Chantily, VA) were incu-
bated with various activating or blocking agents (i.e.b-glucan,
MoAb) for 30 min at 378C and then washed three times with
RPMI 1640. The following concentrations were used: 1·0mg/ml of
IgG MoAb or myeloma IgG; 2·0mg/ml of SZP b-glucan. IgG
preparations were centrifuged (14 000g for 20 min at 48C) just
before addition to NK cells to remove small soluble aggregates that
can inhibit cytotoxicity non-specifically via Fc receptors. For
analysis of cytotoxicity, the CytoTox 96 Non-Radioactive Cyto-
toxicity Assay (Promega, Madison, WI) was used. After one wash
with RPMI 1640, 100ml of target cells (0·5–2·0×105/ml in
RPMI 1640; giving E:T cell ratios of 5:1–20:1) were added to
each well and the plate was incubated at 378C for 4 h. The plate was
centrifuged, and the absorbance at 490 nm was evaluated using an
STL ELISA reader (Tecan U.S., Research Triangle Park, NC).
Lytic units required for 20% lysis per 1×107 effector cells were
calculated as described by Bryantet al. [23].

RESULTS

Generation of class Iþ and class I– B cell targets opsonized with
same amount of iC3b
EBV-transformed B cell lines have been used extensively to
explore the nature of class I recognition by NK cells, and the
class I-deficient 721.221 line has proved especially useful follow-
ing stable transfection with various HLA-A, -B, or -C genes [15].
Unexpectedly, attempts to generate iC3b-opsonized 721.221 cells
for use as targets for NK cell CR3-dependent cytotoxicity were
unsuccessful. Although most B cell lines activate the alternative
pathway of C [24–26], this requires the expression of CR2
[25,27,28], and CR2 was undetectable on 721.221 cells (not
shown). Accordingly, Daudi cells were examined as possible
targets, as Daudi cells lack membrane class I as the result ofb2-
microglobulin deficiency [29] and express amounts of CR2 suffi-
cient to activate C [30]. An EBV-transformed class Iþ B cell line
generated from a normal volunteer was used so that paired
autologous NK cells from this donor could be examined for lytic
activity. Incubation of each cell line in serum from an ABþ donor
diluted 1:4 resulted in deposition of C3 on both cell types, but far
more C3 was detected on the Daudi cells with anti-C3–FITC (not
shown). To produce C3 deposition on each cell line that was nearly
equivalent, it was necessary to use serum diluted 1:10 with Daudi
cells and 1:4 with the normal B cell-derived line (Fig. 1). Analysis
of the relative size of individual cells in the two cell lines from
forward scatter light plots indicated that the average cell from the
EBV-transformed B cell line was# 12% larger than the average
Daudi cell (not shown). However, analysis of staining by anti-
C3b–FITC and anti-C3g–FITC indicated that cells from the EBV-
transformed B cell line also bore$ 15% more iC3b per cell than
did the Daudi cells (Fig. 1), indicating that the actual iC3b density
per cell was close to being equal when the slightly larger size of the

EBV-transformed B cell line was taken into consideration. The
reduced uptake of C3 by the normal B cell-derived line may have
resulted because of its abundant CR1 expression (not shown)
compared with the CR1– Daudi cells [31]. Further analysis of
the two serum-opsonized cell lines with MoAbs to C3bi-neoanti-
gen, C3c, C3g, and C3d indicated that the normal B cell-derived
line bore slightly more C3dg than the Daudi cells (Fig. 1). Since
CR1 serves as a cofactor for serum factor I proteolysis of fixed
iC3b into fixed C3dg [32], this indicates that some of the fixed iC3b
on the normal B cell line expressing CR1 was degraded to C3dg.

Sensitivity of iC3b-opsonized B cell lines to NK cell cytotoxicity
CD56þ NK cells were isolated from the same volunteer whose
PBL had been used to generate the class Iþ B cell line and tested
for cytotoxicity of this autologous B cell lineversusclass I– Daudi
cells No significant cytotoxicity of either B cell line occurred with
unactivated NK cells, even after opsonization with iC3b/C3dg
(Fig. 2, data are shown only for the iC3b-opsonized target cells, as
there were virtually no lytic units of activity measurable with the
unopsonized targets). As with other tumour cell types [10,11], the
addition of 2mg/ml SZPb-glucan also failed to induce cytotoxicity
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Fig. 1. Analysis of C3 fragments deposited onto target B cell lines using
flow cytometry and MoAbs to specific C3 epitopes. Staining was carried out
with a rabbit anti-C3c/C3d–FITC mixture (Rab anti-C3–FITC) or FITC-
labelled MoAbs specific for C3bi, C3c, C3g, and C3d. Unopsonized target
cells were used to assess non-specific staining. The upper panels compare
the normal B cell-derived line on the left and Daudi cells on the right, with
the solid lines representing the serum-opsonized cells and the dotted lines
representing the unopsonized cells. The remaining four panels compare
staining only with the two serum-opsonized cell types, with the solid lines
representing the normal B cell-derived targets and the dotted lines repre-
senting Daudi cells.



when the B cell targets lacked the CR3 target ligand iC3b (not
shown). The cytotoxicity mediated byb-glucan priming with the
iC3b-opsonized B cells was blocked by addition of OKM1 anti-
CR3 (but not mouse myeloma IgG), confirming that such iC3b/b-
glucan-induced cytotoxicity was CR3-dependent. Despite a coat-
ing with an equivalent cell surface density of iC3b, the autologous
class Iþ B cells were 84% more resistant to cytotoxicity than were
the class I– Daudi cells.

Blockade of target cell class I, but not class II, allows NK cells to
mediate CR3-dependent cytotoxicity of autologous B cell lines with
equal efficiency as with class I– Daudi cells
The reduced cytotoxicity of the autologous B cell line compared
with Daudi cells could have been due to inherent differences
between the two cell lines in lytic sensitivity (e.g. reduced
sensitivity to perforin insertion; more efficient membrane repair)
or it might have been due to a suppression of NK cell CR3
signalling brought about by NK cell recognition of autologous
target cell class I. When the same NK cell cytotoxicity assays
incorporated an IgG1 anti-HLA MoAb (DX17) that was known to
block both the KIR and CD94/NKG2 recognition domains of class
I molecules [33,34],b-glucan-induced NK cell killing of iC3b-
opsonized autologous class Iþ B cells was equivalent to the CR3-
dependent cytotoxicity observed with iC3b-opsonized Daudi cells
(Fig. 3). The four-fold increase in cytotoxicity (P# 0·001) was
CR3-dependent because it was blocked by a mixture of OKM1
anti-CR3 with DX17 anti-class I, and because little cytotoxicity
was induced by the anti-class I without priming byb-glucan (not
shown). As expected, the anti-class I MoAb had no effect onb-
glucan-induced NK cell lysis of the class I– iC3b-opsonized Daudi

cells. Furthermore, this absence of any enhancement of cytotoxi-
city by DX17 anti-class I with the Daudi target cells shows that the
effect of the anti-class I was mediated by its attachment to target
cell class I and not by its attachment to the class I of NK effector
cells. It was also important to show that the mere coating of the
target cells with IgG did not promote antibody-dependent cellular
cytotoxicity. MEM 136, an IgG1 MoAb to class II, was used for
this control, since each of the B cell targets had been shown to stain
with the same fluorescence intensity using this MoAb followed by
F(ab0)2 anti-mouse IgG–FITC (not shown). Neither MEM 136 nor
MOPC-21 mouse myeloma IgG1 (that did not bind to the targets)
caused a significant change in cytotoxicity of either iC3b-target
(Fig. 3).

DISCUSSION

This study shows that PTK-linked NK cell CR3 are probably
regulated by tyrosine phosphatase-linked receptors for class I (KIR
and/or CD94/NKG2) in a manner that renders autologous class I-
bearing tumour cells partially resistant to cytotoxicity. EBV-
transformed B cell lines were used as tumour target cells following
opsonization with iC3b. An autologous class Iþ B cell line was
84% less sensitive to NK cell CR3-dependent cytotoxicity than
were class I– Daudi cells, and blockade of target cell class I, but not
class II, increased NK cell CR3-dependent cytotoxicity of the
autologous target cells up to the same level as the class I–

Daudi cells. Because class I only partially inhibited NK cell
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Fig. 2. Reduced NK cell CR3-dependent cytotoxicity when an autologous
class Iþ Epstein–Barr virus (EBV)-transformed B cell line target is
compared with class I– Daudi cells. NK cells were tested for cytotoxicity
in a 4-h assay at E:T cell ratios ranging from 5:1 to 20:1 and the lytic units
(for 20% cytotoxicity) per 107 effector NK cells were calculated. A B cell
line generated from the NK cell donor’s peripheral blood lymphocytes
(PBL) was used as a target in comparison with class I– Daudi cells. Priming
of NK cell CR3 by addition of 2mg/ml of solubleb-glucan to the reaction
medium resulted in 6256 60 lytic units with the iC3b Daudi cells, but only
1006 9 lytic units with the iC3b autologous B cell line. Killing was
blocked by OKM1 anti-CR3 but not by non-specific mouse IgG
(MoIgG). No lytic units of cytotoxicity were detected with either target
cell type in the media control lackingb-glucan.
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Fig. 3. Enhancement of NK cell CR3-dependent cytotoxicity of autologous
B cell line targets by blockade of target cell class I but not class II. A class
Iþ B cell line and class I– Daudi cells were opsonized with equivalent
amounts of iC3b as in Fig. 1 and tested for lytic sensitivity to NK cells
isolated from the same donor as the B cell line as described in Fig. 2. An
IgG1 MoAb to class I (DX17) increased theb-glucan/CR3-dependent lytic
sensitivity of the autologous B cell line up to the same level as Daudi cells,
while an IgG1 MoAb to class II (MEM 136), had no significant effect on
cytotoxicity of either target cell.



CR3-dependent cytotoxicity, and particularly also because tumour
cell class I is usually lost as part of the metastatic process, tumours
bearing naturally occurring or vaccine elicited antibody and C3
may be particularly susceptible to therapy withb-glucan.

B lymphoblastoid cell lines are known to activate the alter-
native pathway of C, resulting in deposition of iC3b that is a non-
activating ligand for NK cell CR3 [24,27,28,30,35,36]. Although
other tumour types may also activate the alternative pathway of C,
opsonization of patient tumours with C3 frequently also occurs
because of natural or tumour-elicited antibody and the classical
pathway of C. Such antibodies in patients with mammary carci-
noma and melanoma were described over 30 years ago, and appear
to explain at least some of the C3 deposited onto tumours [37–46].

Expression of CR2 by B cell lines is known to be required for
activation of the alternative pathway [27,28], and the absence of
CR2 on 721.221 cells prevented their use as class I– targets in this
study. CR1 expressed by the normal B cell-derived line had
somewhat of an opposite effect. CR1 both inhibited C3 deposition
and promoted the breakdown of fixed iC3b into fixed C3dg.
Although CR3 has a reduced affinity for C3dg compared with
iC3b, experiments withb-glucan-primed NK cells have shown
significant CR3-dependent cytotoxicity of targets bearing exclu-
sively C3dg or C3d (V. Vetvicka and G. D. Ross, unpublished
observation). This is potentially important, because some mela-
noma tumours have been shown to express cathepsin L that is
capable of cleaving surface-bound iC3b into C3d [47,48].

As expected, unactivated NK cells failed to promote significant
cytotoxicity in a 4-h assay with either B cell line, even when targets
were opsonized with iC3b/C3dg. Although B cell lines are fre-
quently used as targets for NK cell-mediated cytotoxicity, such
assays require either IL-2 to activate NK cells or a 12–15-h assay
period to allow for spontaneous NK cell activation and killing [49].
As previously shown with breast tumour cells [11],b-glucan failed
to induce cytotoxicity of B cell lines lacking the CR3 target ligand
iC3b. Only unopsonized K562 cells exhibit sensitivity tob-glucan-
primed CR3-dependent NK cell cytotoxicity, presumably because
K562 cells express a ligand for CR3 that is yet to be identified
[10,50].

The reduced sensitivity of the class Iþ B cell line to autologous
NK cells was reversed by an IgG1 MoAb to class I (DX17) that is
known to block the recognition domains of both the KIR and
CD94/NKG2 [33,34]. An IgG1 MoAb to class II had no effect on
NK cell cytotoxicity of either target cell. This confirmed the role
of autologous class I in suppressing NK cell CR3-dependent
cytotoxicity, presumably through KIR and/or CD94/NKG2
recognition.

Data gathered by many laboratories about the NK cell recogni-
tion system for class I have suggested that this may represent a
barrier that protects class Iþ tumours from destruction by NK cells.
Although the presence of class I potentially allows tumours to be
recognized by cytotoxic T lymphocytes (CTL) and provides the
basis for development of vaccines based on tumour antigen
peptides designed to fit class I binding grooves, recent reports
have suggested that the selective pressure of CTL may be the
driving force in the loss of class I expression by metastatic tumours
[51,52]. Thus, it has been proposed that immunotherapy of meta-
static disease should be based on NK cells, as the loss of class I by
metastatic tumour cells makes a CTL-based immunotherapy use-
less while at the same time opening the door to NK cells by
removing the KIR/CD94/NKG2 barrier [29]. Adoptive therapy
with IL-2-activated lymphocytes does not result in the specific

targeting of NK cells to tumours and is associated with significant
toxicity [29,53–55]. By contrast, solubleb-glucan has the potential
of targeting NK cells (as well as CR3-bearing macrophages and
neutrophils) to tumour cells bearing fixed iC3b. The presence of
iC3b on tumours appears to be a common occurrence, and could be
augmented with vaccines that elicit a humoral antibody response
and do not require tumour cell expression of class I or class II.
Moreover, solubleb-glucan therapy has been shown to be asso-
ciated with little toxicity or side-effects [56].
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