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Immunological evidence and regulatory potential
for cell-penetrating antibodies in intravenous
immunoglobulin
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Anti-DNA cell-penetrating autoantibodies have been extensively studied in autoimmune but not in normal sera. We investigated

herein the presence and properties of cell-penetrating antibodies (CPAbs) in intravenous immunoglobulin (IVIg), a blood product

of pooled normal human IgG. IVIg cell penetration was observed into various cell lines, as well as cells from several organs of

mice injected intravenously with IVIg therapeutic dose. In all cell types examined in vitro and in vivo, intracellular IgG localized

in the cytoplasm, in contrast to the nuclear accumulation of disease-related CPAbs. IVIg was found to rapidly enter cells via an

energy-independent mode. The CPAb-fraction was isolated and found to be polyreactive to nuclear and cytoplasmic components;

although it corresponded to ~2% of IVIg, it accounted for its inhibitory effect on splenocyte activation. Investigation of IVIg cell

penetration capacity provides insight into its mechanisms of action and may account for some of its beneficial effects in

numerous diseases.
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It is well established, mainly from studies conducted up to 2001, that
antibodies to nuclear constituents, primarily DNA, commonly
detected in the sera from patients with systemic lupus erythematosus
or mixed connective tissue disease1–3 and lupus-prone mice4,5 are able
to penetrate into living cells (cell-penetrating antibodies; CPAbs)
and accumulate in the nucleus. CPAbs can enter a wide range of cell
types and further induce functional alterations.3–10 These antibodies
exhibit polyreactivity, which appears to confer to their ability to
traverse the cell membrane,11 possibly through interactions with
various molecules exposed on the cell surface.12–17 Their exact
mode of entry remains unclear, with contradictory findings
supporting mainly an endocytosis-dependent process, but also an
energy-independent process.6,18,19

These disease-occurring CPAbs share common features (for
example, polyreactivity and germ-line gene encoding) with natural
antibodies (NAbs) present in healthy individuals.11,20,21 Despite these
similarities, up to date, the existence and the properties of naturally
occurring CPAbs have never been directly assessed in normal sera.
Some indications only have been provided by the groups of
A Borghetti and R Bazin reporting the internalization of intravenous
immunoglobulin (IVIg), a therapeutic blood product of pooled
normal human IgG, into certain cell types (endothelial, dendritic
and B cells).22–24 IVIg internalization was reported to occur via
either an endocytosis-dependent mechanism or spontaneously via an
unknown mechanism, followed by modulation of endothelial cell anti-
inflammatory response or by alteration of major histocompatibility

complex class II antigen presentation, respectively.24,25 In this study,
we focused on unanswered issues concerning the contribution of
specific antibody subpopulations in IVIg cell penetration and the
subsequent effect(s) on cell function, as well as the biodistribution of
IVIg post administration.

RESULTS

IVIg penetrates into various mammalian cell lines
Previous studies showed that antibodies from patients with auto-
immune disorders could spontaneously penetrate cells in culture.1,2,5

To study cell-penetrating capacity of antibodies from healthy
individuals, three therapeutic IVIg preparations, from thousands of
healthy donors, were used herein as a source of natural IgG
antibodies.26,27 Titration of IVIg in cell penetration assay (0.05–3.2
mgml− 1 with twofold increments) showed that the optimum
concentration was 1.6mgml− 1 for all three IVIg, as 3.2 mgml− 1

gave similar fluorescent intensity, and concentrations lower than 1.6
mgml− 1 presented a dose-dependent decrease in intensity, resulting
in undetectable signal at 0.05mgml− 1 (data not shown). Intracellular
localization of IVIg was observed using confocal microscopy after
incubation of various cell lines with the three different preparations of
IVIg at 1.6 mgml− 1. The same penetration profile in the cytoplasm
was observed with all three IVIg preparations and all cell lines tested
(Figure 1a; Sandoglobulin-IVIg, representative results). Time-course
analysis of this process (at 0, 2, 30, 60, 120 and 240min) indicated that
all three IVIg could be detected intracellularly as early as 2min post
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Figure 1 In vitro cell penetration of IVIg. Cells were incubated with an IVIg preparation (Sandoglobulin; 1.6mgml−1), IVIg-F(ab′)2 fragments (1.6mgml−1) or
culture medium (control). Confocal sections of IVIg staining (green) after incubation with: (a) HeLa, Vero, N2a, Human fibroblasts, HepG2 or NIH-3T3 cells for
2 h at 37 °C. An anti-human IgG (H- and L-chain-specific)-Alexa488 conjugate was used for IVIg detection (green). (b) Means± s.d. of IgG concentrations
measured by ELISA in cytoplasmic and nuclear extracts of HeLa cells (white bars) and human fibroblasts (gray bars) obtained after their trypsinization and lysis
with hypotonic buffers. Results are obtained from three independent experiments. (c) Confocal sections of NIH-3T3 cells after incubation with IVIg for 2 h at
37 °C and 4 °C (pretreated for 30min at 4 °C) with the use of anti-human IgG (H- and L-chain-specific)-Alexa488 conjugate as detection antibody or (d) with
IVIg and F(ab')2 detected by anti-human IgG F(ab')2 antibody conjugated to fluorescein isothiocyanate (green). In all cell-imaging assays, TO-PRO-3 iodide
(blue) was used for nucleus labeling, and images captured with a x63 HCX PLApo objective lens. Results are representative of at least three independent
experiments.
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treatment, and the fluorescence intensity plateaued within 2 h
(Supplementary Figure 1). To verify that CPAbs occur in individual
sera, IgGs from five healthy donors were isolated using protein-G-
Sepharose and tested on NIH-3T3 cells under the same conditions.
Interestingly, IgGs from all individuals also showed cytoplasmic
accumulation (Supplementary Figure 2). Quantitation of intracellular
IVIg in HeLa cells and human fibroblasts by ELISA further confirmed
the predominant cytoplasmic localization of all IVIg; 35 and 70 ng of
IVIg per 106 cells, respectively, were measured in the cytoplasmic
extracts, whereas undetectable levels were obtained for the nuclear
ones (Figure 1b). Notably, cell penetration of IVIg could be achieved
even at 4 °C signifying an energy-independent mechanism (Figure 1c).
Treatment of cells with cytochalasin D, a known inhibitor of actin
polymerization, did not influence Sandoglobulin-IVIg cell penetration
(Supplementary Figure 3), suggesting a non-endocytosis mode of
entry. Moreover, this entry seems to be F(ab′)2-dependent as the
enzymic removal of the Fc region did not affect the cytoplasmic
localization of IVIg—detected by anti-F(ab′)2 secondary antibody—
(Figure 1d), without, however, excluding an Fc-assisted uptake.
In all cell penetration assays, control cells treated with culture medium
presented only background levels of fluorescence.

Identification of antibody fractions of IVIg with cell penetration
potential
As heparan sulfate, DNA and histone have been associated with
antibody cell penetration,12–15 we prepared respective immunoadsor-
bents (IADs) and purified IgG antibody fractions from 100mg of

Intraglobin F-IVIg. The affinity-purified IgG antibodies possessed
significantly enhanced reactivity to the autologous antigens compared
with the whole IVIg and the effluents derived from each IAD
(Figure 2a). The antibodies isolated on histone, heparin and
DNA IADs corresponded to 1.2%, 0.48% and 0.45% of whole IVIg,
respectively. These antibodies showed a broad range of reactivities
against a panel of self and non-self-antigens thus revealing their
polyreactive nature (Table 1). Regarding cell penetration, these
antibodies were all found to exhibit improved capacity to penetrate
NIH-3T3 cells compared with the whole IVIg, as high intracellular
fluorescent intensity was obtained at lower concentrations
(0.2mgml− 1 of purified antibodies versus 1.6 mgml− 1 of whole
IVIg; Figure 2b), although IVIg at 0.2 mgml− 1 presented far less
intracellular fluorescent labeling (data not shown). After exhaustive
passages of IVIg through the three different IADs, in a random order
as described in Methods, depletion of CPAbs in the effluent was
observed. Indeed, analysis by confocal microscopy showed that the
penetrating ability of the effluent, tested at the same concentration as
IVIg (1.6mgml− 1), was abrogated (Figure 2b). Semi-quantitative
analysis of confocal images from NIH-3T3 cells showed that fluor-
escent intensity was decreased after depletion of each antibody fraction
(ranging from 26 to 35.3%; P⩽ 0.01 for effluents of histone and DNA
IADs and P⩽ 0.001 for effluent of heparine IAD), and dramatically
decreased when all three fractions were removed (93.9%; P⩽ 0.001;
Supplementary Figure 4). Thus, the ability of IVIg to penetrate cells
resides within the ~ 2% of antibodies present in the IVIg preparation.

Figure 2 Antibody reactivity and in vitro cell penetration capability of IVIg affinity-purified fractions. Affinity-purified specific antibody fractions were isolated
from IVIg (Intraglobin F) on histone (’), heparin (�) or DNA (○) immunoadsorbents (IADs) and examined in comparison to the whole IVIg (Δ) or respective
IVIg-effluents (◊). (a) Reactivity of antibodies (150–1.2 μgml−1) against histone, heparin and DNA by ELISA, using anti-human IgG-horseradish peroxidase
conjugate as secondary antibody. (b) Confocal sections of NIH-3T3 cells after incubation for 2 h at 37 °C with the three affinity-purified antibody fractions
(0.2mgml−1), whole IVIg (1.6mgml−1), effluent (1.6mgml−1) or culture medium (control). This effluent results from the exhaustive and successive passages
of IVIg through all three IADs. IVIg staining (green) revealed with anti-human IgG (H- and L-chain-specific)-Alexa488 and TO-PRO-3 iodide nucleus labeling
(blue) observed using a x63 HCX PLApo objective lens. All results are representative of three independent experiments.
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Control cells treated with culture medium presented only background
levels of fluorescence.

The penetrating fraction of IVIg inhibits the upregulation of CD25
on CD4+ splenocytes
It has been previously reported that IVIg treatment attenuated
lymphocyte activation.24 To investigate whether penetration of IVIg
in splenocytes affected their activation status, the expression of the
activation marker CD25 was assessed before and after their stimulation
with phorbol 12-myristate 13-acetate (PMA)/ionomycin, using flow
cytometry (fluorescence-activated cell sorting; FACS) and confocal
microscopy. Whole IVIg (Intraglobin F) was found to be able to
inhibit the upregulation of CD25 expression, whereas this inhibitory
effect was completely abolished in the IVIg-effluent compared with
control (Figure 3). Specifically, IVIg (4mgml− 1) in the presence of
PMA and ionomycin inhibited CD25 expression by ~ 43.3% (shifting
mean fluorescence intensity from 103 to 58.6± 8.5), whereas the
effluent (4mgml− 1) had no significant effect (mean fluorescence
intensity= 104± 16.3; Figure 3a). This inhibitory effect could be
observed at any concentration of ionomycin used (41 μgml− 1),
signifying a dominant effect of IVIg on CD25 induction (data not
shown). Confocal microscopy analysis allowed for simultaneous
visualization of CD25 expression and IVIg intracellular detection,
showing that the non-penetrating fraction of IVIg (effluent) was
unable to inhibit the upregulation of CD25 expression (Figure 3c).
We further examined whether CD25 upregulation was affected on
CD4+ and/or CD8+ activated splenocytes. Following the same
procedure as above, it was shown that treatment with IVIg
significantly inhibited the CD25 upregulation in CD4+ splenocytes
(control cells 22.1± 1.4%; IVIg 14.4± 0.9%, Po0.01), whereas
effluent did not present any alteration (control cells 22.1± 1.4%;
effluent 20.7± 2.1%; Figure 3b). IVIg had no significant effect
on CD25 upregulation in either CD8+ (control cells 21.8± 2.1%;
effluent 19.1± 1.9%; IVIg 15.7± 0.6%, P= 0.065) or CD8−/CD4−

splenocytes (control cells 56± 5.5%; effluent 67.1± 0.8%; IVIg
64.7± 3.2%; Figure 3b).

IVIg penetrates into cells from various organs after intravenous
administration in mice
In vivo administration of disease-related monoclonal CPAbs into
normal mice resulted in their penetration in cells of various
organs.4,28,29 To assess the ability of IVIg to penetrate into cells
in vivo, two IVIg preparations were injected intravenously at 2 g kg− 1

into BALB/c mice and 3 h later its distribution was detected in tissues
from various organs. Confocal analysis showed intracellular presence of
IVIg in the cells of almost all organs examined (Intraglobin F; Figure 4,

Supplementary Figure 5 and Kiovig; Supplementary Figure 6). Speci-
fically, liver cells presented high intracellular IVIg staining, which was
increased in the vascular endothelium of liver blood vessels. Kidney
glomeruli showed intense staining for IVIg, whereas lesser penetration
was observed in the surrounding kidney cells. Lung and heart cells were
evenly stained for intracellular IVIg, while ileum showed distinct strong
staining of the lamina propria. In contrast to lamina propria, intestinal
epithelia were poorly stained. Staining in the brain was solely localized
in structures that correspond to microvessels as described previously
when IVIg was directly injected in the brain circulation.30 IVIg-organ
distribution was also evaluated 6 days post administration of 2 g kg− 1

of Intraglobin F-IVIg. Confocal analysis of lung, ileum and liver tissues
revealed intracellular presence of IVIg (Figure 5). In detail, lung and
ileum cells presented similar to the 3 h intracellular IVIg staining (all
lung cells and ileum lamina propria were positive), but with lower
fluorescent intensity. On the other hand, liver vascular endothelium
showed intense IVIg staining, whereas liver parenchyma staining was
markedly reduced (although, still over background). Analysis of cell
suspensions obtained from spleen and lymph nodes showed that
intracellular IVIg was localized essentially in the cytoplasm of the cells
derived from spleen, whereas cells from lymph nodes were negative
(Intraglobin F; Supplementary Figure 5A and Kiovig; Supplementary
Figure 6B). The result was further verified by FACS analysis with mean
values showing that spleen exhibited significant intracellular IVIg
labeling (Intraglobin F; 48%, P⩽ 0.01 Supplementary Figure 5B and
Kiovig; 47%, P⩽ 0.01 Supplementary Figure 6C). No significant
fluorescence was detected in cells from all organs of control mice
injected with physiological saline or effluent (IVIg depleted of CPAbs).
Fluorescent labeling was specific for intracellular IVIg, as no significant
fluorescence was detected when cells were analyzed without permea-
bilization (Supplementary Figure 5C). Thus, it seems like IVIg can
readily access a wide range of tissues in which it penetrates a wide
variety of cells, and primarily localizes to the cytoplasm.

DISCUSSION

Anti-nuclear autoantibodies in the sera of patients with systemic lupus
erythematosus and mixed connective tissue disease that penetrate
into living cells are well characterized,2,5,29 known to exert different
functions, such as induction of apoptosis, modulation of nuclear
factor-kB and cytokine expression.4–8 These disease-occurring CPAbs
share common features, such as polyreactivity and germ-line gene
encoding, with NAbs in normal human sera,11,20,21 but it is intriguing
that to date the physiologically occurring CPAbs have not been
explored.
A common source of NAbs is IVIg preparation, a potent therapeutic

product derived from sera of thousands of healthy donors. During our

Table 1 Reactivities of affinity-purified antibody fractions from Intraglobin F-IVIg, against a panel of antigens

Preparation Recovereda Antibody reactivityb

(%) Heparin Histone DNA Actin Tubulin F(ab′)2 Carbonic anhydrase TNP–BSA Thyroglobulin

IVIg — 0.06 0.18 0.35 0.18 0.06 0.06 0.17 0.40 0.29

Abs isolated on histone IAD 1.20 0.65 1.31 0.72 1.02 0.86 0.72 0.93 0.43 0.33

Abs isolated on heparin IAD 0.48 1.13 0.62 1.01 0.68 0.82 0.59 0.81 0.35 0.35

Abs isolated on DNA IAD 0.45 0.98 0.67 1.30 0.65 0.58 0.70 0.71 0.30 0.36

Abbreviations: Abs, antibodies; IAD, immunoadsorbent; IVIg, intravenous immunoglobulin; TNP–BSA, trinitrophenyl–bovine serum albumin.
aThe amount of isolated IgG recovered from 100mg (expressed in %) of the IVIg preparation after 3–4 successive passages on the same IAD.
bAntibody reactivity against a panel of antigens assessed by ELISA, using anti-human IgG (H- and L-chain-specific)-horseradish peroxidase conjugate, or anti-human IgG (γ-chain-specific)-alkaline
phosphatase conjugate in the case of IgG F(ab′)2 fragments. Reactivity of samples is expressed as the optical density (at 450 or 405 nm) obtained at an optimum IgG concentration of
37.5 μgml−1. Representative data from three independent experiments.
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extensive investigation, we found that IVIg could penetrate into a large
series of cell types of mouse and human origin, which is consistent
with previous studies on pathological CPAbs.2,5,7 IVIg has been
previously reported to internalize in vitro, into certain cell types,
namely endothelial, dendritic and B cells.22–24 Individual normal IgG,
tested in parallel with IVIg, showed similar penetrating profile,
strongly suggesting that CPAbs do occur under physiological

conditions. This may exclude the possibility that this effect was due
to the wide range of reactivities present in IVIg or to spurious
antibody contamination from undiagnosed diseases. Individual sera
possess probably variable contents of CPAbs, and the observed IVIg
intracellular distribution is the result of pooled individual sera.
To better define the CPAbs present in IVIg, we purified three IgG

fractions using IADs carrying antigens previously reported to be

Figure 3 Effect of IVIg cell penetration on CD25-induced upregulation in CD4+, CD8+ and double negative splenocytes. Splenocytes from BALB/c mice were
incubated for 90min with 4mgml−1 of whole IVIg (Intraglobin F), 4mgml−1 of IVIg-effluent or culture medium (control) and then stimulated for 5 h with
PMA (1 ngml−1)/ionomycin (1 μgml−1) at 37 °C. (a) Fluorescent intensity of CD25 expression on stimulated splenocytes incubated with samples in the
presence of PMA/ionomycin, and mean fluorescent intensity (MFI) of CD25 staining by FACS analysis (n=7). Results obtained from at least three
independent experiments. (b) Percentages (%) of CD25-expressing cells in CD4+, or CD8+, and CD4−CD8− populations. Results are shown as mean values of
4 (control) and 3 (effluent and IVIg) samples and are representative of three independent experiments. (c) Maximum projection of confocal sections of
splenocytes. IVIg (green) and CD25 (red) observed using a x63 HCX PLApo objective lens; scale bar corresponds to 20 μm. Results are representative of
three independent experiments.
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Figure 4 In vivo cell penetration of IVIg 3 h post administration. BALB/c mice received a single intravenous injection of 2 g kg−1 of IVIg (Intraglobin F;
n=3), or IVIg-effluent (n=3), or physiological saline (n=3; control). Three hours later, various organs were snap-frozen and subjected to cryostat sectioning.
Maximum projection of confocal sections from organs processed with cryostat (liver, kidneys, lungs, brain, ileum and heart). IVIg staining (green) and TO-
PRO-3 iodide nucleus labeling (blue) observed using a x20 HC PlanApo and x63 HCX PLApo objective lenses; scale bar corresponds to either 80 or 20 μm.
Results are representative of three independent experiments.
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associated with cell penetration: histone, heparin and DNA.12–15

Unexpectedly, we found that the removal of these fractions, which
corresponded to no more than 2% of IVIg, was crucial for the
penetrating property of IVIg. This was accomplished by successive and
exhaustive passages of IVIg on the three IADs. On the contrary,
exhaustive passages on a single IAD removed up to 26–35.3% of the
CPAbs and therefore it appears that heterogeneous fractions of CPAbs
are present in IVIg. These affinity-purified fractions presented
broad antibody reactivity to nucleic acids, proteins and haptens,
property also exhibited by CPAbs derived from lupus-prone mice.11

Specifically, the reactivity profile of histone-isolated fraction differed
from that of heparin- and DNA-isolated ones, possibly due to the
opposite charges of the target antigens (histone(+) vs heparin and
DNA(−)). The similar profile shared by the latter two fractions is in
line with previous studies showing high binding capacity of anti-DNA
antibodies to heparin.12

Interestingly, naturally occurring CPAbs present in IVIg were found
to accumulate in the cytoplasm, whereas CPAbs deriving from
systemic lupus erythematosus and lupus-prone mice sera are described
to localize in the nucleus, where they exert their function.1,2,4–6,29

Despite this difference, these entities share polyreactivity to both
nuclear and cytoplasmic constituents, a key property of the cell
penetration process.11 Indeed, affinity-purified IVIg-IgG fractions,
even when purified against nuclear antigens, also reacted with
cytoplasmic antigens. Subtle structural differences within the multi-

binding site between natural- and pathological CPAbs might exist on
the basis of their distinct intracellular localization, as previously
described for autoantibodies.31,32 The cytoplasmic localization of
naturally occurring CPAbs might be related to the immunoregulatory
role of IVIg,26,33,34 which is opposed to the nuclear accumulation of
autoimmune CPAbs described in lupus pathogenesis.4,8,35

Although, it is documented that IVIg can be internalized by
endothelial cells through ligand–FcR-mediated endocytosis,22 it has
been also reported that the spontaneous FcR-independent internaliza-
tion of IVIg occurs in immune cells.23,24 Our results are in agreement
with the latter, showing IVIg penetration in an energy-independent
manner into a variety of cell lines several of which are not expressing
Fc receptors.36–38 In addition, the IVIg penetration into mouse cells
detected in vitro and in vivo, also points toward a receptor-independent
mode of entry, as the Fc part of human Igs and the mouse FcR are not
considered so cross-reactive.39 Similar cytoplasmic staining intensity for
both isolated F(ab′)2 fragments and intact IVIg indicated that cell
penetration is mainly F(ab′)2-mediated, without excluding, however,
the possibility that an Fc-mediated uptake is also involved.
In our effort to examine the effect of IVIg cell penetration on the

cell function(s), we focused on in vitro lymphocyte activation, taking
advantage of the previously reported IVIg modulatory effect on this
process.40–43 Stimulation, as assessed by CD25-activation marker
induction, of splenocytes with PMA/ionomycin was significantly
reduced in the presence of IVIg, whereas IVIg free of CPAbs had

Figure 5 In vivo cell penetration of IVIg 6 days post administration. BALB/c mice received a single intravenous injection of 2 g kg−1 of IVIg (Intraglobin F;
n=3) or of 2 g kg−1 of IVIg-effluent (n=3). Six days later, the lung, ileum and liver were snap-frozen and subjected to cryostat sectioning. Maximum
projection of confocal sections from organs were processed with cryostat. IVIg staining (green) and TO-PRO-3 iodide nucleus labeling (blue) were observed
using a x20 HC PlanApo objective lens; scale bar corresponds to 80 μm. Results are representative of three independent experiments.
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no effect. Analysis of specific splenocyte populations revealed that
CD4+ cells upon IVIg treatment had reduced CD25 expression, in
contrast to CD8+ and double negative cell populations where no effect
was noted. However, the intracellular presence of IVIg found in the
vast majority of splenocytes, in vitro and in vivo, cannot exclude
the possibility that other accessory immune cells are also affected.
This was the case of a study where IVIg was found to be internalized
by APCs, blocking the antigen presentation process and resulting in
the antigen-specific CD4+ activation and proliferation.24 Alterations
on in vitro cell activation and proliferation of immune cells have been
also reported for disease-occurring CPAbs.1,44–46 All the above
strongly support the relationship between antibody cell penetration
process and subsequent cellular function, the mechanistic implications
of which need to be further investigated.
Previous studies on the tissue distribution of disease-related CPAbs,

either polyclonal or monoclonal, revealed their deposition in various
organs, such as the kidney, liver, heart, intestine and spleen, after
administration in normal mice, or in skin biopsies from autoimmune
patients.1,2,4,5,11,28,29 To recapitulate the cell-penetrating effect of IVIg
in vivo under physiological conditions, we administered IVIg
intravenously in mice. Examination of all representative tissues 3 h
post administration showed that IVIg was intracellularly localized in
various organs and cell types, in contrast to IVIg depleted of CPAbs,
which could not penetrate the cells in all cases. Lymph nodes
presented no intracellular IVIg, possibly reflecting the multitude of
factors influencing antibody biodistribution, such as blood flow
through the organs. Vascular cells in the liver, brain and kidney were
strongly positive for IVIg staining as expected because of the direct
contact with blood circulation. On the other hand, no obvious
penetration was observed in brain neuronal cells, in accordance with
the observation that limited amounts of IVIg are able to cross the
brain–blood barrier.30 However, the intracellular localization of IVIg
into N2a cells enhances the potential accessibility of IVIg to neuron
cells when brain–blood barrier is collapsed or leaky, as in the case of
brain disorders and respective experimental models. Staining for IVIg
of the intestine showed dominant lamina propria localization with
minimal penetration in the epithelial cells, in accordance to previous
observations; although the authors did not focus on the subcellular
localization of IVIg.47 The global distribution of cell-penetrating IVIg
across organs may account for the positive effects of its administration
in a variety of conditions such as mesenteric ischemia-reperfusion
injury of the intestine,47 brain Aβ deposit formation,48 experimental
autoimmune diseases,49 experimental thrombotic microangiopathy,50

sepsis,51 pulmonary fibrosis52 and Kawasaki disease.53 In addition, the
intracellular presence of IVIg in the lung, ileum and liver 6 days after
administration suggests that cell penetration should be taken into
consideration during assessment of IVIg clinical effect as treatment
cycles of IVIg, in humans and mouse disease models, include daily,
weekly and monthly administration.49,54

In conclusion, it is the first time that CPAbs are identified
and characterized in normal human serum, showing, both in vitro
and in vivo, preferential cytoplasmic localization, in contrast to
disease-related CPAbs; the intracellular role of these NAb subsets
remains to be investigated. Furthermore, it is demonstrated that
distinct antibody fractions representing up to 2% of the whole IgG in
IVIg are responsible for cell penetration and that their intracellular
presence may modulate cellular activities. The broad biodistribution of
IVIg CPAbs may represent a novel mechanism that enables the
homeostatic effect of naturally occurring antibodies in a variety of
pathophysiological conditions, and enrichment of IVIg with CPAbs
might enhance its protective use.

METHODS

Animals
Adult BALB/c mice were bred in the animal facility of the Hellenic Pasteur
Institute, and treated according to the European guidelines.

Cell lines
Adherent cell lines used were as follows: human cervical cancer cells (HeLa),
primary human fibroblasts from skin explants of healthy volunteers, mouse
fibroblasts (NIH-3T3), mouse neuroblastoma cells (Ν2a), monkey kidney
epithelial cells (Vero) and human hepatocellular carcinoma (HepG2) (HeLa,
NIH-3T3, Vero are known not to express Fc receptors.)36–38 Cells were
detached with 0.5% trypsin-EDTA (Gibco, Scotland, UK).

IVIg preparations, their derivatives and human sera
Three commercial IVIg preparations (495% IgG) studied were as follows:
Sandoglobulin (Sandoz, Basel, Switzerland), Intraglobin F (Biotest Pharma-
GmbH, Dreieich, Germany) and Kiovig (Baxter Healthcare-Corporation, Halle,
Germany). These were extensively dialyzed against sterile physiological saline, to
get the same microenvironment, and kept under sterile conditions at 4 °C.
F(ab′)2 fragments of the three IVIg preparations were produced by pepsin
digestion (Boehringer Mannheim, Mannheim, Germany), as previously
described.55 Undigested IgG or Fc-fragments were removed using a protein-
G-Sepharose (Pharmacia-Biotech, Uppsala, Sweden) column, according to the
manufacturer’s protocol, and F(ab′)2 purity was checked by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. IgG fractions from five sera of
healthy donors were isolated, as above, on protein-G-Sepharose (healthy donor
IgG), tested in comparison to IVIg cell penetration.

Antigens
Nine antigens served as targets of IVIg and purified antibodies. Calf-thymus
whole histone (type IIA), native DNA (type I) and bovine erythrocyte carbonic
anhydrase were purchased from Sigma (Seelze, Germany). Heparin sodium salt
from porcine intestinal mucosa was purchased from Calbiochem (Darmstadt,
Germany). Human actin, tubulin, thyroglobulin, and IgG F(ab′)2 fragments,
and trinitrophenyl–bovine serum albumin conjugate were prepared as pre-
viously described.56,57

Isolation of IVIg antibody fractions by affinity-chromatography
Heparin–Sepharose CL-6B IAD (Pharmacia Biotech) and in-house histone and
DNA IADs were used. The latter were prepared with glutaraldehyde-activated
polyacrylamide-agarose beads (IBF Biotechnics, Villeneuve la Garenne, France)
as previously described.58,59 Intraglobin F-IVIg was either passed 3–4 times
through the same IAD or successively through the three IADs. Briefly,
Intraglobin F-IVIg (100mg) diluted in loading buffer (25mM Tris-buffered
saline for histone or heparin IADs and Tris-buffered saline containing 2.5mM

EDTA (Sigma) for DNA IAD) was incubated with the coated beads for 2 h, at
room temperature. The IAD was then washed with loading buffer at 4 °C, until
optical density (OD) of the effluent at 280 nm was below 0.010 and antibodies
were isolated with appropriate elution buffers: 5M MgCl2 in 0.05M Tris, pH 7,
for histone and heparin IADs;60 and 20mM carbonate-bicarbonate buffer
containing 5% dimethyl sulfoxide, pH 10.5, for DNA IAD.61 The order by
which the IADs were used was random, and every sample was exhaustively
passed through (3–4 times) until no OD was measured in the eluted fraction
before loading to the next IAD. Eluates and effluents were concentrated on
PM-30 membrane-filters (Millipore, Billerica, MA, USA), dialyzed against Tris-
buffered saline, IgG concentration was determined by OD at 280 nm and stored
in aliquots at − 80 °C.

Cell penetration analysis by confocal microscopy
To assess the cell-penetrating capacity of IVIg, cell lines (15× 103) in complete
medium (CM; Dulbecco’s modified Eagle’s medium (Biochrom, Berlin,
Germany) containing 10% heat-inactivated fetal bovine serum (FBS; Gibco,
Glasgow, UK) were allowed to adhere to microscope coverslips (Glaswaren-
fabrik, Sondheim/Rhön, Germany) in 24-well culture plates (Corning,
Tewksbury, MA, USA) for 2 days until 60% confluency was achieved. Cells
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were then washed with CM and further incubated with the samples
(three IVIg preparations, their F(ab′)2 fragments, the Intraglobin F-IVIg
affinity-purified antibody fractions and the IVIg-effluent) and the controls
(healthy donors’ IgG and culture medium) at different concentrations in
CM (3.2–0.05mgml− 1) for 2 h at 37 °C. After washing with 0.01M
phosphate-buffered saline pH 7.4 (PBS) and fixing the cells with absolute
ethanol (Sigma) for 10min at –20 °C, cells were washed with PBS and
blocked with PBS containing 1% bovine serum albumin (PBS–BSA). For the
detection of human IgG from different preparations (IVIg, immune-purified
IgG fractions or IgG isolated from individual sera), goat anti-human IgG
(heavy (H)- and light (L)-chain-specific and species-adsorbed) conjugated to
Alexa Fluor-488 (1 μgml− 1 in PBS–BSA; Invitrogen, Paisley, UK) was added
for 1 h at room temperature. The IVIg-F(ab')2 fragments were detected with
goat anti-human IgG F(ab')2 secondary antibody conjugated to fluorescein
isothiocyanate, not reacting with the Fc portion of human IgG (Thermo
Scientific, Vienna, Austria). Far-red fluorescent dye TO-PRO-3 iodide (1 μM in
PBS–BSA; Invitrogen) was added for the labeling of cell nuclei (blue).
Coverslips were subsequently mounted with Mowiol 4–88-Reagent (Calbio-
chem). Cell-fluorescence was observed with a Leica confocal TCS-SP micro-
scope (Leica Microsystems, Germany), equipped with laser Argon: 457, 488,
514 nm and laser He/Neon: 543, 633 nm. The objective lenses used
were × 20 HC PlanApo (0.7 numerical aperture) and ×63 HCX PLApo
(1.32 numerical aperture). Cells were subjected to optical sectioning
(10–20 sections), moving stepwise (0.5 nm) and Leica confocal software (Leica)
was used for image acquisition.
To investigate the mode of entry of IVIg, NIH-3T3 cells were preincubated

for 30min at 4 °C, where energy-dependent pathways are blocked, or at
37 °C in the presence of cytochalasin D (1 μgml− 1; Sigma), an endocytosis/
macropinocytosis inhibitor inducing disruption in actin microfilaments.
Pretreated cells were then incubated with Sandoglobulin-IVIg for 2 h at 4 °C
or at 37 °C in the presence of cytochalasin D followed by the procedure
described above.

Assessment of IVIg antibody reactivity by ELISA
Polystyrene microtiter plates (Nunc, Roskilde, Denmark) were coated (over-
night at 4 °C) with histone (2.5 μgml− 1), heparin sodium salt (2 μgml− 1),
carbonic anhydrase (5 μgml− 1), actin or tubulin (5 μgml− 1), thyroglobulin
(10 μgml− 1), F(ab′)2 fragments (1 μgml− 1) or trinitrophenyl–bovine serum
albumin (10 μgml− 1) in 0.1M carbonate-bicarbonate buffer, pH 9.6, whereas
native DNA (10 μgml− 1) was coated in PBS, pH 6.8. The antigen-coated plates
were washed with PBS, blocked with PBS–BSA, and then incubated with the
samples (the three IVIg, Intraglobin F-IVIg affinity-purified antibody fractions
and respective effluents; 150–1.17 μgml− 1) for 2 h at 37 °C. The wells were
washed with PBS containing 0.1% Tween-20 (Merck, Darmstadt, Germany;
PBS–T), and sheep anti-human IgG (H- and L-chain-specific) conjugated to
horseradish peroxidase (0.8 μg ml− 1 in PBS–T–BSA; Serotec, Oxford, UK) was
added and incubated for 90min at 37 °C. In human IgG F(ab′)2-coated plates,
goat anti-human IgG (γ-chain-specific) conjugated to alkaline phosphatase
(0.5 μg ml− 1 in PBS–T–BSA; Sigma) was used. The enzyme substrate,
tetramethyl-benzidine (Seramun, Germany) or p-nitrophenyl-phosphate
(Sigma), was added and OD was measured at 450 or 405 nm, respectively,
with an ExpertPlus microplate reader (Asys, Eugendorf, Austria).

Cellular extracts preparation and quantification of intracellular
IVIg
HeLa cells and human fibroblasts (9× 104) were seeded onto six-well culture
plates (Nunc) in CM (12 wells per sample), and incubated with the three IVIg
(1.6 mgml− 1) as performed in cell penetration assay. After washing with PBS,
cells were detached with 0.5% trypsin-EDTA, counted and examined for
viability with trypan blue (Sigma). Cytoplasmic and nuclear extracts were
prepared after incubation with hypotonic lysis buffer, as previously described.62

Protease inhibitors (7× complete mini, EDTA-free; Roche, Berlin, Germany)
and 0.5mM dl-dithiothreitol (Fluka, Seelze, Germany) were added to all buffers
before use. IVIg in all extracts was quantified by ELISA. For this purpose,
microtiter plates were coated with goat anti-human IgG (γ-chain-specific;
2 μgml− 1 in PBS; Sigma), and, after washing and blocking as above, these were

incubated with extracts in serial threefold dilutions (1/3–1/81, in PBS–T–BSA)
in duplicate wells. Serial dilutions of commercial human IgG, purified from
pooled normal sera (125–0.97 ngml− 1; Sigma) were used to obtain the
standard semi log curve (with linear part: 31.25–7.81 ngml− 1 and IgG
detection limit: 7.81 ngml− 1). After washing, goat anti-human IgG (γ-chain-
specific) conjugated to alkaline phosphatase (1 μgml− 1 in PBS–T–BSA; Sigma)
was added and the procedure was completed as described above.

In vivo administration of IVIg
Adult BALB/c mice were intravenously injected with 2 g kg− 1 of Intraglobin
F-IVIg or controls (physiological saline or 2 g kg− 1 of the effluent of
Intraglobin F-IVIg), and killed 3 h or 6 days later. The same procedure was
followed with Kiovig-IVIg (physiological saline as control) and the mice were
killed 3 h later. The kidneys, liver, lungs, heart, ileum and brain were also
removed, after perfusion with saline and subsequently analyzed immunohisto-
chemically. Lymph nodes and spleens were prepared as single-cell suspensions
using cell-dissociation sieves (Sigma). Cell suspensions were washed with RPMI
(Gibco), treated with ammonium chloride–potassium buffer to lyse red blood
cells and then trypsinized for 15min at 37 °C. Cells were then washed with PBS,
examined for viability and subsequently either fixed with absolute ethanol for
10min at –20 °C or air-dried on coverslips and fixed, and then analyzed by
FACS and confocal microscopy (as above), respectively.
For immunohistochemical analysis, tissues were snap-frozen in optimal

cutting temperature compound (OCT; BDH, Vienna, Austria) and 10-μm-thick
tissue sections were obtained with Leica CM-1900 cryostat onto superfrost
slides (VWR international, Vienna, Austria). Cryostat sections were fixed in
acetone for 10min and processed for confocal microscopy analysis (see above).
For FACS analysis, after washing with PBS–BSA, the cells were incubated

with goat anti-human IgG conjugated to Alexa Fluor-488 (1 μgml− 1 in
PBS–BSA) for 40min on ice. Finally, washed cells were analyzed with FACS
Calibur (Becton Dickinson, Franklin Lakes, NJ, USA), equipped with an Argon
laser. The CellQuest-Pro software program (Becton Dickinson) was used for
data acquisition and analysis. To examine possible cell-surface binding of IVIg,
cells were treated with 2% paraformaldehyde, permeabilized or not with 0.1%
Triton X-100 in PBS-PSA, washed with PBS–BSA and then incubated with goat
anti-human IgG conjugated to Alexa Fluor-488.

Splenocyte activation assay
Spleens from adult BALB/c mice were removed and homogenized separately
with cell-dissociation sieves. Cell suspensions were washed with RPMI, treated
with ammonium chloride–potassium buffer and assessed for cell viability.
Cells (5 × 106 cells per well) were then cultured in six-well plates with
RPMI containing 10% FBS (control), in the presence of Intraglobin F-IVIg
(4mgml− 1) or its effluent (4mgml− 1)—obtained after successive passages
through the three IADs—for 90min, at 37 °C. Half of the cells remained
unstimulated (resting cells) and half were next stimulated with PMA
(10 ngml− 1; Sigma) plus ionomycin (1 μgml− 1; Sigma) for 5 h, and washed
with PBS–BSA. After activation, fixation with 2% paraformaldehyde was
performed for 20min at 4 °C, followed by washes with PBS. Cells were then
incubated for 40min on ice with anti-CD4-fluorescein isothiocyanate, anti-
CD8-phycoerythrin or anti-CD25-allophycocyanin (BioLegend, San Diego, CA,
USA 1 μgml− 1 in 3% FBS in PBS). Cells were then washed with PBS and
analyzed by FACS. Mean fluorescence intensity and percentage of positive cells
were determined by CellQuest-Pro software. To examine the penetration of
Intraglobin F-IVIg, a portion of cells was also air-dried on coverslips,
fixed with ethanol, incubated with goat anti-human IgG conjugated to Alexa
Fluor-488 and anti-mouse CD25-phycoerythrin, and observed with the
confocal microscope (see above).

Statistical analyses
These analyses were performed with either Student’s two-tailed t-test or
one-way analysis of variance and P⩽ 0.05 was considered significant.
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