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Abstract

Background: Intravenous immunoglobulins (IVIG) are used in the treatment of inflammatory, autoimmune
conditions and cancer. However, the precise mechanism of their action and the mechanisms that underlie
responsiveness and resistance of some patients to the IVIG therapy remain unknown. The anti-cancer effect of
IVIG might be mediated by neutrophils, which regulate tumor development. We studied in vitro effects of IVIG on
neutrophils from two immunologically contrasting mouse strains, CBA and C57BL/6.

Results: We examined total and differential WBC count, platelets count and the activity of normal neutrophils
in intact CBA and C57BL/6 mice by method of luminol-dependent chemiluminescence (CL) of whole blood, and
found significant difference in neutrophils, lymphocytes and platelets counts. Upon in vitro activation with opsonized
zymozan (OZ), the C57BL/6 blood neutrophils showed no CL response at the absence of extracellular calcium while
in the presence of calcium the CL responses of CBA and C57b blood were very similar. In the presence of IVIG, the
calcium-dependent raise in OZ-activated CL response was registered only in C57BL/6 blood samples.

Conclusions: For the first time we demonstrate that IVIG cause the calcium-dependent neutrophils priming in

vitro in whole blood of C57BL/6 but not in CBA mice.

Keywords: IVIG; Neutrophils; Chemiluminescence; Zymosan;
Calcium
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Introduction

Intravenous immunoglobulins (IVIG) obtained from thousands
of donors are widely used as replacement of immunoglobulins in
immunodeficiency and in inflammatory, autoimmune conditions and
cancer [1-4].

The mechanisms underlying the therapeutic effect of IVIG,
development of IVIG-resistance or adverse effects associated with
IVIG treatment are poorly understood [5-7].

Neutrophils are considered as important effectors of the innate
immunity. Various proteins, including interleukins, chemokines, and
growth factors, both locally at the inflammation site and systematically
in the circulation, modulate their activity.

The available data concerning the effects of IVIG on circulating
neutrophils indicate that these cells might mediate the therapeutic
response and the adverse effects of IVIG [8-10].

The IVIG-induced alteration of neutrophil’s activity can be
estimated in vitro by measurement of reactive oxygen species produced
by activated neutrophils [9,10], by the expression of reference proteins
[9], and by the level of neutrophil’s degranulation [8]. Direct interaction
of neutrophils with IVIG can result in their activation through Fc
receptors (FcR) [11]. Nagahata et al. demonstrated the possibility of
cross-interaction with Fc- and complement-receptors [12]. Another
direct mechanism of neutrophil’s activation is induced by binding of

Fab fragments to anti-neutrophil antibodies [13]. At the same time, IgG
can competitively inhibit the interaction of FcR with other ligands [14].

Generation of reactive oxygen species (ROS) results from the
activation of NADPH-oxidase. In neutrophils, NADPH-oxidase is
composed of multiple membrane-bound and soluble subunits. The
enzyme complex can be assembled either at the plasma membrane
(induced by soluble stimuli) or at the phagosome membrane after
engulfment [15-17]. The rate and duration of ROS generation by
neutrophils depend on stimuli and signaling pathway. Thus, soluble
phorbol myristateacetate (PMA),astructural analogue of diacylglycerol,
binds directly to protein kinase C and induces phosphorylation of
NADPH-oxidase components. Particulate stimuli (zymosan, bacteria)
can activate neutrophils through specific receptors, and in this case,
signaling pathways depend on intra-and extracellular calcium [18].

The variability of individual response to IVIG might be associated
with the peculiarities of neutrophil’s activation. Individual variations
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in the response to IVIG treatment can be elucidated by the comparison
of CBA and C57BL/6 mouse strains.

The variability of individual response to IVIG might be associated
with the peculiarities of neutrophil’s activation. The granulocytes can
contribute to differences in the innate susceptibility of mouse strains
to infection. Such a difference was shown for intracellular killing of
Salmonella typhirium by CBA and C57BL/10 (susceptible to Salmonella
as well as C57BL/6) granulocytes in exudates [19], for inflammation
kinetics in mice CBA and C57BL/6 injected with zymosan (difference
in the rate of granulocytes influx) [20], for regulation in a number of
genes involved in the recruitment and function of granulocytes in mice
with tuberculosis [21].

The available data indicate that these two strains can be considered
as contrasting ones regarding function of their immune system
[20,22,23]. And both strains are used for studying the effects of IVIG
[24,25].

Here we compared the effect of IVIG on neutrophils from CBA and
C57BL/6 mice in vitro.

We measured chemiluminescence (CL) of whole blood samples
treated with opsonized zymosan (OZ), and estimated its dependence
on extracellular calcium and IVIG. We revealed significant differences
between mouse strains in neutrophil activation and response to IVIG.

Materials and Methods

The following reagents were used: zymosan, phorbol 12-myristate
13-acetate, luminol, Krebs-Ringer medium, EDTA (Sigma-Aldrich),
IVIG (Intraglobin, Biotest, Germany).

Animals

The experiments were performed on female CBA (H-2) and
C57BL/6 (H-2°) mice (18-22 g) obtained from the Scientific Center for
Biomedical Technologies of the Russian Academy of Medical Sciences,
Andreevka branch. The animals were kept on a standard feed with free
access to water. The investigation was performed after approval of the
local ethics committee.

Blood sampling, preparation of whole blood smears, staining,
total and differential WBC counting

The animals were subjected to cervical dislocation, then 100 pl of
blood were taken from the right ventricle after thoractomy. The blood
was added to 3% EDTA (4:1) and mixed thoroughly. A 2 ul aliquot of
blood was used for smear preparation. The whole blood smears were
subjected to Romanowsky-Giemsa staining an analyzed with Motic 3B
microscope.

WBC differential count was calculated after analysis of 100-200
leukocytes. Total WBC number was estimated with hemocytometer
after 10-fold dilution with 5% acetic acid.

Platelet counting

The numbers of individual platelets, aggregates and platelets in
each aggregate were estimated in 15 microscopic fields in the central
part of the blood smear at x 40 magnification.

Measurement of chemiluminiscence

The chemiluminiscence (CL) assay was performed using LKB
Wallac luminometer in continuous measurement mode at 37°C. Final
volume of the samples was 1 ml.

The cuvette was filled with Krebs-Ringer solution (Sigma)
containing the following reagents (g/l): D-glucose 1.8; MgCl, 0.0468;
KCl 0.34; NaCl 7.0; Na HPO, 0.1; NaH,PO, 0.18; NaHCO, 1.26. CaCl,
was added separately to final concentration of 0.144 g/I. Luminol (0.2
mM) was used as a CL-sensitizing agent. Spontaneous CL was recorded
for 6 min after addition of 20 pL of whole blood into warm medium
with luminol followed by 200 puL of IVIG (up to 10 mg/ml) or 200 pL of
0.9% NaCl. Then after another 5 minutes, the cells were activated with
opsonized zymosan (OZ) (0.2 mg/ml) and the peak value was measured.
In some experiments, phorbol 12-myristate 13-acetate (PMA) (0.1 uL /
mL) was added after OZ-activated CL reached maximum. CL response
to OZ and PMA was found as the difference between maximal and
basement (spontaneous) CL values. The result was expressed as CL
response (mV) per 10° neutrophils.

Zymosan opsonization: 10 mgof zymosan (Sigma) were thoroughly
suspended in 1 ml of 0.9% NaCl and added to 1 ml of fresh human
blood serum. The suspension was incubated for 30 min at 37°C and
intermittent shaking, and then zymosan was pelleted by centrifugation
and washed three times with 10-fold volume of NaCl. The obtained
pellet was resuspended in 0.9% NaCl to final concentration of 4 mg/ml.

Statistics: statistical analysis was performed using Statistica®
6.0.437.0 software (StatSoft), using Mann-Whitney U-test or Wilcoxon
matched-pairs test.

Results

ROS generation by neutrophils can be estimated by luminol-
dependent CL of diluted zymosan-treated whole blood [26].

Experiments in calcium-free medium enable studying the processes
that are independent of calcium uptake. Kinetics and rate of response
were different in C57BL/6 and CBA mice. Neutrophils of CBA mice
developed a weak response to OZ, while neutrophils of C57BL/6
mice remained insensitive to zymosan (Figure 1). The observed
differences might depend not only on extracellular calcium, but also
on its intracellular depots and on NADPH-oxidase functioning. Since
CL induced by phorbol myristate acetate (PMA) depends only on
intracellular calcium, we added PMA to zymosan-treated samples.
PMA induced similar increase of CL in neutrophils of CBA and
C57BL/6 mice (Figure 1). The average PMA-activated CL response
was 5.4 + 1.1 and 7.4 + 1.9 mV/10° neutrophils for CBA and C57BL/6,
respectively.
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Figure 1: Kinetics of luminol-dependent CL of whole blood from CBA and
C57BL/6 mice after addition of OZ and PMA. Final dilution of blood was 1:50.
The data represent mean * standard error of mean. Each group contained 5
animals.
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Therefore, the differences in neutrophil activation do not depend
on calcium uptake, intracellular calcium depots or NADP-oxidase
functioning, but require signaling reactions upstream of diacylglycerol.

In the presence of exogenous calcium (which resembled natural
conditions), the level of neutrophil’s activation in response to zymosan
was increased in both mouse strains and became almost equal (Figure 2).

Addition of IVIG into the probes showed different effects on CL of
neutrophils from CBA and C57BL/6 mice. In case of CBA mice, IVIG
induced a significant decrease in neutrophil’s response in calcium-free
medium, while in C57BL/6 the neutrophil response was increased.

In the presence of calcium, the neutrophil response was more
prominent in C57BL/6 mice, whereas in CBA IVIG treatment did not
affect the CL (Figure 2).

Analysis of the results indicate that zymosan-induced response of
neutrophils from CBA mice was less dependent on exogenous calcium
compared to neutrophils from C57BL/6. Neutrophils of C57BL/6
mice generated trace amounts of ROS in calcium-free medium, and
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* Significant difference from CBA (p<0.05 )
** Significant difference from control samples (without IVIG) (p<0.05)

Figure 2: The level of luminol-dependent CL of neutrophils from whole blood of
intact mice treated with OZ regarding the presence of calcium (0.144 g/l) and
IVIG (10 mg/ml). Final dilution of blood was 1:50. The data represent mean
+ standard error of mean. Each group contained 5 animals. Dashed lines
indicate reliable effect of intracellular calcium (p<0.05).
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Figure 3: RBC and platelets from CBA and C57BL/6 mice. Romanowsky-
Giemsa staining. Multiple deformed RBCs are visible in C57BL/6 mice. Scale
bar 20 mkm.

increased ROS synthesis by 20 times in the presence of calcium (the
neutrophils of CBA mice generated 5.5-fold more ROS in the presence
of calcium).

Further increase of C57BL/6 neutrophil response was observed
after addition of IVIG in the presence of calcium.

Thus, we have shown for the first time that in C57BL/6 mice
IVIG did not induce ROS generation by circulating neutrophils, but
enhanced neutrophil’s response to opsonized zymosan in vitro. The
effect was more pronounced in the presence of calcium.

Other differences between strains were found after microscopic
examination: analysis of blood smears revealed a significant amount
of hypochromic RBC in C57BL/6 mice. In CBA mice, the RBCs were
normal (Figure 3).

C57BL/6 mice contained an increased number of stomatocytes and
small deformed RBC (resembling deformed RBC in thalassemia). Such
abnormal erythrocytes were rarely detected in CBA mice.

C57BL/6 mice contained multiple intensively stained platelets.
Some large and giant (equal to RBC in size) platelets were also detected.
Often platelets were aggregated. CBA mice contained less platelets,
which were small, weakly stained and less aggregated (Figure 3) (Table 1).

The number of WBC in the examined mouse strains was
almost similar. The leukocytes contained 1-2% eosinophils, 40-60%
lymphocytes and about 25% monocytes (Table 1). CBA mice had more
neutrophils and less lymphocytes compared to C57BL/6 mice (Table 1).

Thus, C57BL/6 mice had an increased number of hypochromic
RBC, 40% more platelets and twice less neutrophils than CBA mice.

Such significant differences in hematological characteristics of
mouse strains should be taken into account for analysis of whole blood
chemiluminescence.

Discussion

The CBA and C57BL/6 mouse strains develop different response
to infection and radiation [20,22]. Some authors suggested that the
observed phenomena might be explained by the differences in T- and
B-lymphocytes [23], and peculiarities of T-cell differentiation [27].
Our results indicate that CBA and C57BL/6 mice vary in hemoglobin
content in RBC, in number and size of platelets and in number of
neutrophils.

These observations suggest that hemopoietic system functions
differently in CBA and C57BL/6 mice.

Parameter Units CBA C57BL/6
Number of WBC Cells/ml 3761+573| 3892+719
monocytes % 25+3 27 x4
lymphocytes % 43+2 53+9*
neutrophils % 29+ 1 18 + 3**
eosinophils % 1.1+0,5 15104
Single platelets* N in 15 microscopic fields | 167 + 11 233 + 13*
Platelets in aggregates| N in 15 microscopic fields 64 +4 142 + 10**
N“m:;eérg;g'taet:'ets 1942 3140

*- significant difference between strains (p < 0.05)
**- significant difference between strains (p < 0.01)
Significance was estimated with Mann-Whitney criterion.

Table 1: WBC differential count and the number of platelets from blood of CBA and
C57BL/6 mice. Mean + standard error of mean is shown.
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While there are published data concerning adaptive immunity
of CBA and C57BL/6 mice, the peculiarities of innate immunity
(neutrophils functioning) remain poorly studied.

The functioning of neutrophils (and their activation in particular)
can be estimated by the ROS generation [28]. Generation of ROS is
regulated by membrane-bound NADPH-oxidase. The major NADPH-
oxidase subunits are present in neutrophil’s plasma membrane,
and some soluble subunits are stored in intracellular depots [17].
Neutrophil’s activation is associated with phosphorylation of NADPH-
oxidase subunits, their translocation to plasma membrane and assembly
of NADPH-oxidase complex [28]. Phosphorylation of NADPH-
oxidase subunits require the elevation of intracellular calcium [17].

Neutrophil’s activation can be induced by receptor-mediated
signaling (following interaction with zymosan, bacteria or immune
complexes) or without transmembrane receptors (PMA).

Zymosan, a preparation of Saccharomyces cerevisiae cell walls,
can induce respiratory burst in neutrophils [26]. Most prominent
activation of neutrophils is observed after preliminary opsonization of
zymosan by complement proteins and immunoglobulins, which bind
polysaccharides exposed on zymosan and interact with CR and FcR
on neutrophils [12]. Zymosan polysaccharides can interact directly
with lectine- and Toll-like receptors on neutrophils [29]. That is why
zymosan activates NADPH-oxidase even in the absence of opsonizing
proteins [30].

The first slow stage of neutrophil’s activation by opsonized
zymosan is accompanied by calcium release from intracellular depots,
then subsequent uptake of extracellular calcium enhances the response
[18] and leads to activation of protein kinase C, assembly of NADPH-
oxidase and generation of ROS. Therefore, extracellular calcium is
required for neutrophil’s activation with opsonized zymosan.

PMA, unlike zymosan, interacts directly with protein kinase C [31],
which phosphorylates p47phox subunit of NADPH-oxidase [30]. That
is why neutrophil’s response to PMA is regulated only by intracellular
calcium depots and is independent of extracellular calcium [15]. This
mechanism functions similarly in both mouse strains.

The differences between CBA and C57BL/6 mice in ROS generation
by whole blood neutrophils treated with opsonized zymosan in
calcium-free medium might arise from the differences in the surface
receptors and/or in signaling cascades that induce phosphorylation of
NADPH-oxidase subunits. In CBA mice, neutrophil’s activation was
independent of extracellular calcium, while in C57BL/6 such a pathway
played a negligible role.

Under the same conditions (in calcium-free medium), PMA
activated neutrophils of both mouse strains. Since we did not detect
differences in neutrophil’s response to PMA in CBA and C57BL/6
mice, we suggested that the absence of zymosan-induced neutrophil’s
activation in C57BL/6 might arise form the peculiarities of signaling
cascades upstream of protein kinase C.

Addition of calcium eliminated the differences in neutrophil’s
activation, and enhanced the overall response. Thus, neutrophils of
both mouse strains can develop respiratory burst associated with
calcium uptake form extracellular medium.

It is well known that some cytokines, lipopolysaccharides and
other compounds influence neutrophils and make them primed.
Priming is associated with structural alteration of NADPH-oxidase,
phosphorylation of its subunits and/or their translocation from cytosol

to plasma membrane, although the assembly of the enzyme complex is
completed only under activation stimuli [28].

We showed that in the presence of calcium IVIG added to medium
prior to zymosan markedly enhanced neutrophil’s activation in
C57BL/6 strain (Figure 2). In case of CBA mice, neutrophil’s response
was not enhanced under these conditions.

Addition of IVIG to calcium-free medium caused moderate
increase of neutrophil’s response to zymosan in C57BL/6 and decrease
in CBA strain.

Thus, in the presence of calcium, IVIG primed neutrophils from
C57BL/6 mice and had no effect on neutrophils from CBA mice.

We suggest that the interaction of IVIG with plasma membrane
of C57BL/6 neutrophils causes their priming either via FcR-coupled
mechanisms [11,32], or via other surface antigens, which might include
transporter proteins [33]. IVIG can compete with opsonized zymosan
for binding to FcR on neutrophils.

For the interpretation of data obtained with neutrophils from
whole blood preparations, the effect of platelets and other cells should
be taken into account. Platelets from CBA and C57BL/6 mice vary
morphologically, which might affect their interaction with neutrophils
even in diluted blood samples (1:50). Platelets might vary in their
functional activity and in their response to extracellular calcium in
particular [34]. Platelets were shown to enhance neutrophil’s motility
[35], regulate neutrophil’s recruitment to the lesion site [36] and
secrete various neutrophil’s activators including proinflammaroty
cytokines [37]. In addition, IVIG were shown to induce aggregation
and activation of platelets [38].

One can suppose the participation of platelets in neutrophil
reactions in a contact-dependent manner [34] through P-selectin [39]
and CD11/CD18 integrins which in their turn are sensitive to FcR
stimulation by IgG [40].

Thus, immunoglobulins could interact with neutrophils or platelets
and facilitate or interfere with their contact-dependent reactions.

We do not exclude that the observed difference in activation of
IVIG-treated neutrophils might result from different interaction of
neutrophils and platelets in CBA and C57BL/6 strains.

Overall, comparison of data obtained with IVIG-treated and
untreated samples reveal an IVIG-sensitive calcium-dependent
pathway of neutrophil’s activation in C57BL/6 mice. This pathway
regulates ROS generation by neutrophils pretreated with opsonized
zymosan and primes neutrophils in vitro.

At the same time, IVIG inhibited ROS generation by neutrophils of
CBA mice in calcium-free medium and had no effect on their activation
in the presence of calcium.

There are at least two possible mechanisms here: the presence of
antibodies to the mouse neutrophils in IVIG (for example, ANCA-like
antibodies [14,41]) and the effects through neutrophil Fcy-receptors.
The second mechanism could implicate Ca-dependent FcyR clustering
[42]. The difference in IVIG effects could result from specific interaction
of immunoglobulins via Fab with antigens of neutrophils in CBA or
C57BL/6 or via Fc with Fc-receptors.

IVIG s used for treatment of immunodeficiencies and autoimmune
diseases, and exhibits anti-cancer potency. However, the details of its
therapeutic effect remain poorly understood, and the mechanisms
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underlying variable sensitivity to IVIG treatment are unknown. The
interaction of IVIG with immune cells and their subsequent activation
can be considered as potent mechanisms of the IVIG effect. Here we
analyzed the ability of IVIG to activate neutrophils obtained from
immunologically opposite mouse strains. The observed differences
depict that CBA and C57BL/6 mouse strains can be used as a model
system for studying systemic effects of IVIG.
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