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Abstract

Administration of high dose intravenous immunoglobulin (1VIg) is widely used in the clinic to
treat autoimmune and severe inflammatory diseases. However, its mechanisms of action
remain poorly understood. We assessed the impact of IVIg on immune cell populations
using an in vivo ovalbumin (Ova)-immunization mouse model. High dose IVIg significantly
reduced the Ova-specific antibody response. Intriguingly, the results obtained indicate an
immediate and massive immune reaction against IVIg, as shown by the activation and
expansion of B cells and CD4+ T cells in the spleen and draining lymph nodes and the pro-
duction of IVIg-specific antibodies. We propose that IVIg competes at the T-cell level with
the response against Ova to explain the immunomodulatory properties of IVIg. Two mono-
clonal antibodies did not succeeded in reproducing the effects of 1VIg. This suggests that in
addition to the mouse response against human constant domains, the enormous sequence
diversity of IVIg may significantly contribute to this massive immune response against IVIg.
While correlation of these findings to 1VIg-treated patients remains to be explored, our data
demonstrate for the first time that IVIg re-directs the immune response towards 1VIg and
away from a specific antigen response.

Introduction

Intravenous immunoglobulin (IVIg) is a natural blood product constituted of a pool of poly-
clonal IgG purified from several thousand healthy donors. Beyond its initial indication as a
replacement therapy for immunodeficient patients, today, treatment of autoimmune and
inflammatory diseases account for the vast majority of IVIg administrations [1]. IVIg is mostly
used in “off-label” prescriptions in a wide range of autoimmune diseases in fields of rheuma-
tology, neurology, dermatology or hematology [2, 3]. Nevertheless, high dose IVIg therapy is
required to achieve immunosuppressive properties (1 to 4 g/kg).
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Despite its widespread use, the mechanisms that confer IVIg its immunoregulatory proper-
ties in autoimmune conditions remain unclear. Research has focused on identifying anti-
inflammatory components of IVIg, and various mechanisms have been suggested. Fab-depen-
dent activities include the presence of natural autoantibodies that recognize and block a wide
array of pro-inflammatory molecules, including cytokines [4, 5], leukocyte adhesion molecules
[6], Fc-gamma receptors (FcyRs) [7], or complement components [8-10]. Other studies have
shown that disease-specific anti-idiotypic antibodies found in IVIg preparations could neutral-
ize pathogenic antoantibodies [11-13], while others indicate that IVIg would be effective
through Fc-dependent mechanisms. While administration of high IgG doses have been postu-
lated to saturate the FcRn receptors and thereby accelerate the degradation of circulating
pathogenic autoantibodies [14-16], a recent study in a murine model of ITP (immune throm-
bocytopenia) reported that IVIg was still effective in increasing platelet counts in the absence
of FcRn [17]. It has also been suggested that the immunosuppresive effects of IVIg result from
FcyRs blockade after binding of IgG antibodies through their Fc-fragment [18, 19]. A small
portion of IgG dimers present in IVIg solutions have been proposed to account for this effect,
as they show enhanced avidity for low affinity FcyRs [20, 21]. In contrast, other studies have
shown that a human IgG preparation lacking IgG dimers retained its therapeutic efficacy in a
murine model of ITP [22], and that IVIg activity was not impaired in FcyRI and FcyRIII-defi-
cient mice [23]. Among the proposed hypotheses, some studies demonstrated that IVIg up-
regulated the inhibitory FcRyIIB on splenic macrophages in mice [24, 25] or on monocytes
and B cells in human [26]; furthermore other studies showed that FcRyIIB deficiency abro-
gated anti-inflammatory effects of IVIg [27-29]. Still, the relevance of FcRyIIB in IVIg thera-
peutic efficacy has been questioned in several murine studies where FcRyIIB was dispensable
[30-32], as well as in patients where IVIg treatment did not modify FcRyIIB expression in
monocytes [33, 34]. Alternatively, several groups have suggested that 2 to 4% of IgG antibodies
with Fc domains carrying 02,6-linked sialylated N-glycans represent the anti-inflammatory
fraction of IVIg [35-39]. However, the paradigm of sialylation exerting the immunosuppres-
sive effects of IVIg remains under debate as other reports have demonstrated that sialylation
was dispensable for IVIg-mediated inflammation resolution [21, 40-44].

In the light of the multitude of proposed mechanisms and the controversy in the field, the
mechanism by which IVIg mediates its immunosuppressive activity remains an open question.
This work aimed to study the direct impact of IVIg on the different immune cell populations
using a mouse ovalbumin (Ova) sensitization model.

IVIg is used to treat autoimmune diseases which would be reflected by a mouse model with
an already established inflammatory response such as AIA (Antigen-induced arthritis), EAE
(Experimental autoimmune encephalomyelitis) or CIA (Collagen-induced arthritis). On the
other hand, IVIg is also used in the scope of replacement therapies to reduce immunogenicity
against the biotherapeutic administered to the patient [45-47]. The mechanism of such a co-
medication is adequately reflected in sensitization models and therefore suggests that a sensiti-
zation model could be used to investigate if and how IVIg given in addition to a protein could
inhibit unwanted immunogenicity against this protein. Therefore, an ova-sensitization model
was used to investigate the effects of IVIg in the scope of this study.

While IVIg efficiently inhibited the production of anti-Ova antibodies, we demonstrate that
IVIg triggered a massive immune activation and recruitment of immune cells that could not
be reproduced with two human monoclonal IgGs. Our results suggest that the enormous
sequence diversity present in IVIg introduce a multitude of new foreign epitopes that re-direct
the immune system towards a massive immune response against IVIg, consequently diminish-
ing the ability to efficiently respond against other antigens.
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Methods
Mouse experiments

All animal experiments were performed in accordance with the Federal and Cantonal laws of
Switzerland and approved by the Cantonal Veterinary Office of Basel-Stadt. Female mice
C57Bl/6NCrl were obtained from Charles River, France. All mice were used at an age of 7-11
weeks.

Mice were immunized 3 times once a week sub-cutaneously in the neck with 50 pg Ova
(Invivogen) together with adjuvant AddaVax™ (MF59, Invivogen) at 1:5 v/v. NP-OVAL and
NP-AECM-Ficoll (Biosearch Technologies) were injected at 50 p1g/ mouse. Eventually the fol-
lowing compounds were co-injected as indicated: IVIg (Octagam 10%; Octapharma), bevaci-
zumab (Roche) or panitumumab (Amgen). All injections volumes were completed to 600 uL
with DPBS (Gibco Invitrogen). Mice were terminated 24h after the last injection and blood
and organs were collected.

Flow cytometry

Fc-gamma receptors were blocked with a rat anti-mouse CD16/CD32 antibody (BD). Mouse-
specific antibodies were the following: CD3-Brilliant violet 510, CD25-PercP Cy5.5, I-A/
I-E-Brilliant violet 510, CD45R/B220-PE-Cy7, CD43-APC, CTLA-4-APC (all from BioLe-
gend), CD4-APC-Cy7, CD69-PE, CD11c-PercP Cy5.5, CD19-APC-Cy7, CD40-FITC (all from
BD Pharmingen), CD8a.-PE-Cy7, FoxP3-FITC, CD86-APC, CD83-FITC, CD80-PE-Cy7,
IgM-PercP-eFluor 710 (all from eBioscience).

During the experimental set-up, CD3 antibody was included in the staining panel (BV510
BioLegend clone 17A2) and used for the gating of T cells. The results obtained with gating on
CD3+ CD4+ CD8- were similar to those obtained with gating on CD4+ CD8-. Due to the limi-
tation in the maximum number of colours that can be discriminated with the FACS Canto II,
CD3 staining was omitted in subsequent stainings.

Dead cells were excluded using the fixable viability dye-eFluor 450 (eBioscience), and
intracellular staining was performed using the fixation/ permeabilization buffer set from
eBioscience. Flow cytometry measurements were performed on a FACS Canto II instrument
(BD) and the data were analyzed with Flow]o software (Tree Star).

ELISA

Mouse Ova-specific IgG were measured following the instructions provided by the manufac-
turer’s kit (Chondrex).

ELISA for measuring anti-IVIg IgG were conducted using either IVIg (Octagam 10%; Octa-
pharma), IVIg-Fc or (Fab’,) as capture antigens. IVIg-Fc fragments were generated by papain
digestion (Roche) and IVIg-(Fab’,) fragments by FabRICATOR™ digestion (Genovis). A
mouse polyclonal IgG anti-human IgG (H+L) (Jackson Immunoresearch) was used as stan-
dard. ELISA for total mouse IgG were conducted using a polyclonal goat anti-mouse IgG as
capture antibody which had been adsorbed against human sera (not cross-reactive to human
IgG), and a mouse IgG as standard (SouthernBiotech). ELISA for anti-NP antibodies was per-
formed using NP-BSA (Biosearch Technologies) as capture antigen. For all assays a polyclonal
goat coupled to alkaline-phosphatase anti-mouse IgG or IgM (SouthernBiotech) was used for
detection, and the plates were developed with the p-nitrophenyl phosphate substrate (Sigma).
OD was acquired at 405 nm on a Versa max reader (Molecular Devices).

Results were analyzed on the Softmax™ Pro software (Molecular Devices) and data
expressed as relative units compared to the standard.
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Staining of germinal centers by immunofluorescence

After necropsy, organs were frozen in OCT compound (Tissue-Tek™; Sakura) and transferred
in -80°C. Sections of 5 um were fixed in PFA 4% (Sigma), and washed in PBS-Tween 0.05%.
After blocking with Image-IT FX Signal Enhancer (Life Technologies), GL7-FITC antibody
(BD) and PNA-biotin (Sigma) were applied at 10 pg/mL overnight at 4°C. Mouse anti-FIT-
C-Alexa Fluor™ 488 antibody (Jackson Immunoresearch) and/ or streptavidin-Alexa Fluor®™
647 (Life Technologies) at 1:200 dilution were used for detection. After counterstaining with 2
ug/ml DAPI (Molecular Probes), slides were washed and mounted in Fluoromount™ Aqueous
Mounting Medium (Sigma) with coverslips. Images were acquired with NanoZoomer 2.0 HT
(Hamamatsu) and analyzed with NDP.view2 software (Hamamatsu).

ELISPOT

96-well nitrocellulose membrane plates (Millipore) were coated with 10 pg/ml polyclonal goat
anti-mouse IgG or IgM (SoutherBiotech), or with 5 ug/mL capture antigen (Ova, Invivogen).
After washing and blocking with 1% BSA in DPBS, the cellular suspensions obtained from
lymphoid organs were applied on the plate at 200 000, 40 000, 8000, or 1600 cells/well. To mea-
sure the specific anti-OVA IgG secreting cells, cells were plated in half a plate at 200 000 cells/
well. Plates were incubated overnight at 37°C. The plates were washed and incubated with a
polyclonal goat biotinylated anti-mouse IgG or IgM (SouthernBiotech), followed by streptavi-
din-HRP (SouthernBiotech). Plates were developed with AEC substrate (Sigma) and read on a
CTL-ImmunoSpot™ Analyzer (Cellular Technology Ltd) with the ImmunoCapture™ Version
6.1. Software and spots were counted with ImmunoSpot™ Professional Version 4.0.

Statistics

Graphs and statistical analyses were generated with GraphPad Prism 7.0. One- or two-way
ANOVA were performed where indicated.

Results

IVlg inhibits anti-Ova IgG response in vivo but increases numbers of B
and T-cells in secondary lymphoid organs

Mice were injected subcutaneously with Ova together with adjuvant AddaVax®™ (MF59-
based). Different doses of IVIg ranging from 1 mg to 50 mg were administered simultaneously
at the same injection site (Fig 1A). IVIg administration reduced the amount of secreted Ova-
specific mouse IgG, proportionally to the dose injected (Fig 1B). Doses of 50 mg and 20 mg
IVIg per animal (equivalent to 2.5 g/kg and 1 g/kg for a mouse of 20 g) resulted in significant
inhibition by 69% and 65%, respectively. The inhibitory effect was not significant with doses of
10 mg and 1 mg per animal (equivalent to 500 mg/kg and 50 mg/kg, respectively).

Unexpectedly, treatment with 50 mg of IVIg increased the size of the draining lymph nodes
compared with mice that received only Ova + adjuvant (Fig 1C). Spleen weight was slightly
but significantly increased upon IVIg treatment, whereas the draining lymph nodes were
enlarged by approximately 2-fold (Fig 1D). This increase in organ weight upon IVIg adminis-
tration was accompanied by an increase in the number of B-cells in both the spleen and drain-
ing lymph nodes. Moreover, IVIg treatment resulted in a higher number of CD4+ T-cells in
the draining lymph nodes, as compared to the Ova + adjuvant -treated group (Fig 1D). Taken
together these data suggest an activation of the immune system by IVIg in vivo, as indicated by
enlarged lymphoid organs and the increased number of CD4+ T cells and B cells.
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IVIg activates B and T cells in a dose-dependent manner only when co-
injected with adjuvant

To further characterize the effect of IVIg on B and T cells, expression of activation markers
was investigated in Ova-immunized mice treated with or without IVIg. Intriguingly, IVIg
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Fig 1. IVig inhibits anti-OVA IgG response in vivo in a dose-dependent manner but increases the
weight of spleen and draining lymph nodes. (A) Mouse immunization protocol. C57BI/6NCrl mice were
injected 3 times weekly subcutaneously in the neck with 50 g Ovalbumin (Ova) and adjuvant AddaVax®
(MF59), and terminated 24h after last injection. IVIg doses ranging from 1 mg to 50 mg were co-injected as
indicated. (B) IgG mouse response against Ova measured by ELISA performed on mouse serum. Values are
expressed as relative units to standard. Results pool data from 2 independent experiments (n = 6). Bars
represent mean * SD. n.d: not detected. Statistical significance was tested using one-way ANOVA (Dunnett’s
test) where each group was compared to the control group ‘Adj + Ova’. (C) Pictures of spleen and draining
lymph nodes (LN) from one representative animal in each group of treatment. (D) Weight of spleen and
draining LN with number of B cells and CD4+ T cells as measured by flow cytometry. For weight, values are
expressed as ratio to the ‘Adj + Ova’ treated group. For cell numbers, values are expressed as absolute cell
numbers. Dead cells were excluded using a viability fluorescent dye. B cells were gated on CD19+ cellsand T
cells on CD4+ CD8- cells. Bars represent mean + SD. Data pool 4 independent experiments (n = 12).
Statistical significance was tested using one-way ANOVA (Dunnett’s test) where each group was compared
to the control group ‘Adj + Ova’. Star maker significant difference *: p<0.05; **p<0 0.01; ***: p<0.001;
*¥%%:p<0.0001. n.d: not detected.
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Fig 2. IVig activates B and T cells in a dose-dependent manner and only when co-injected with
adjuvant. (A) Mice were immunized with Ova as described previously and 1Vlg doses ranging from 1 mg to 50
mg were co-injected. Expression of activation markers and co-stimulatory molecules on B and T cells was
measured by flow cytometry. Results pool data from 2 independent experiments (n = 6). Values are
expressed as ratio to the ‘Adj + Ova’ treated group. Bars represent mean + SD. Statistical significance was
tested using one-way ANOVA (Dunnett’s test) where each group was compared to the control group ‘Adj

+ Ova'. (B) Presence of adjuvant is required together with IVIg to mediate increase of weight in lymphoid
organs and B cells activation. Mice were immunized with Ova and 50 mg of IVIg was injected alone or in
combination to Ova and/or adjuvant AddaVax® (MF59), as indicated. Results are pooled data from 2
independent experiments (n = 6). Values are expressed as ratio to the ‘Adj + Ova’ treated group. Bars
represent mean + SD. Statistical significance was tested using one-way ANOVA (Tukey’s test) where each
group was compared with every other. Star maker significance *: p< 0.05; **p<0.01; ***: p<0.001;

**%%: p<0.0001. MFI: Median of fluorescence intensity. LN: lymph nodes.

https://doi.org/10.1371/journal.pone.0186046.g002

significantly increased the expression of the co-stimulatory molecules CD86 and CD83 and
the early activation marker CD69 on B cells in a dose-dependent manner, in both the spleen
and the draining lymph nodes (Fig 2A). CD80 expression on B cells remained unchanged after
IVIg treatment and changes in CD40 and MHC class II expression on B-cells were negligible
(S1 Fig). IVIg did not affect CD86, CD83 and I-A expression on splenic dendritic cells (DCs)
(S2A Fig). IVIg injection in Ova-immunized mice led to a significantly higher proportion of
CD4+ CD69+ activated T cells in the spleen and lymph nodes (Fig 2A). The percentage of
Tregs in lymphoid organs remained unchanged in IVIg-treated mice, as well as the expression
of FoxP3, CD25 and CTLA-4 on CD4+ FoxP3+ Tregs (52B Fig). This indicates that IVIg had
no effect on the phenotype of Tregs, although their functionality was not investigated here.
Control experiments showed that the effect of IVIg could not be reproduced with the corre-
sponding formulation buffer control. Moreover, immunization with an alternative antigen,
BSA, demonstrated that the effect of IVIG is antigen independent (S3 Fig). In summary, these
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results indicate that IVIg activated both B cells and effector CD4+ T cells in a dose-dependent
manner when co-injected with Ova and adjuvant.

To determine the respective contribution of Ova and adjuvant to these effects mediated by
IVIg, mice were treated with different combinations of IVIg, Ova and adjuvant as indicated in
Fig 2B. In mice receiving IVIg and adjuvant with or without Ova, the weight of the spleen and
draining lymph nodes was elevated, and in both groups expression of CD86 and CD83 on B
cells was increased by 2 to 3-fold. These effects could not be reproduced in groups treated with
IVIg alone, adjuvant alone, or IVIg and Ova without adjuvant, demonstrating that the pres-
ence of adjuvant was required for IVIg to mediate B-cell activation and to increase the weight
of lymphoid organs. These effects could be reproduced with five different adjuvants, irrespec-
tively of the type of adjuvant (S4 Fig).

Human monoclonal antibodies cannot mimic 1VIg effects

To address whether the effects of IVIg could be reproduced by a monoclonal antibody, mice
were co-injected with Ova, adjuvant and a marketed humanized IgG, . antibody, bevacizu-
mab. The absence of cross-reactivity of bevacizumab with murine antigens [48] excludes
potential interference with the immune system that could impair the interpretation of the
data. While IVIg consistently led to a significant decrease in the anti-Ova-IgG titer, adminis-
tration of bevacizumab at the same dose had no inhibitory effect on the secretion of Ova-spe-
cific antibodies as tested with two different adjuvants (Fig 3A). Unlike IVIg, injection of
bevacizumab did not increase the expression of CD86, CD83 and CD69 on B cells nor the
expression of CD69 on CD4+ T cells (Fig 3B and 3C). Injection of bevacizumab significantly
increased the weight of the spleen and cervical lymph nodes (Fig 3B), which shows some
level of mouse immune response against the human protein, as expected. Injection of panitu-
mumab, a marketed human IgG,,, could also not reproduce these effects of polyclonal IVIg
(S5 Fig).

Taken together, these data indicate that a monoclonal IgG antibody injected at an equiva-
lently high dose can impair neither an antigen-specific humoral response nor activate the
immune system in the same manner as IVIg.

IVlg induces the formation of numerous germinal centers

In a next step the formation of germinal centers was evaluated by staining activated B and T
cells with the rat monoclonal GL7 antibody in splenic and lymph nodes sections. In a first step
(Fig 4A), the specificity of the GL7 antibody was verified by co-staining with PNA (Peanut
agglutinin from Arachis hypogaea). PNA binds to glycan moieties with a terminal B-galactose
residue at the core-1 branch of O-linked glycans, and is commonly used as a marker for germi-
nal center B cells [49]. As expected, injection of adjuvant alone produced no germinal centers,
whereas addition of Ova triggered the formation of few and small germinal centers (Fig 4B
and S6A Fig). Strikingly, mice that had received IVIg together with Ova and adjuvant exhibited
a high number of germinal centers in their spleen and draining lymph nodes along with
markedly enlarged organ sizes, the lymph nodes in particular. In line with our previous data,
the formation of germinal centers remained unchanged after administration of bevacizumab
compared to mice immunized with Ova and adjuvant. Interestingly, the number of germinal
centers was strongly augmented in mice receiveing IVIg together with adjuvant, but not

when mice received IVIg or adjuvant alone (Fig 4C and S6B Fig). These results confirm that a
strong immune response is initiated by IVIg in vivo that is dependent on the co-injection of an
adjuvant.
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AddaVax® (MF59), results pool data from 4 independent experiments (n = 12) and for adjuvant LT(R192G/
L211A) results are from one experiment (n = 3). Bars represent mean + SD. Statistical significance was tested
using one-way ANOVA (Dunnett’s test) where each group was compared to the control group ‘Adj + Ova’. (B)
Draining lymph nodes and spleen were harvested, weighed and flow cytometry was performed on isolated
cells (adjuvant AddaVax® was used). Results pool data from 2 independent experiments (n = 6), except for
CD69 measured on B cells for which data are derived from one experiment (n = 3). Bars represent

mean + SD. Statistical significance was tested using one-way ANOVA (Dunnett’s test) where each group was
compared to the control group ‘Adj + Ova'. (C) Flow cytometry histograms are shown for one representative
animal. Star maker significant difference *: p< 0.05; **p<0.01; ***: p<0.001; ****: p<0.0001. ns: not
significant. n.d: not detected. MFI: Median of fluorescence intensity. LN: lymph nodes.

https://doi.org/10.1371/journal.pone.0186046.g003
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Fig 4. IVlg induces the formation of numerous germinal centers. (A) Spleen sections of Ova-immunized mice were co-stained with PNA
(Peanut agglutinin from Arachis hypogaea, in red) and the rat monoclonal GL7 antibody (green) to verify specificity of the staining.
Magnification: x 20. (B-C) Mice were immunized with Ova as described previously and 50 mg of IVIg or bevacizumab were co-injected as
indicated (B) or IVIg was injected alone or in combination to adjuvant AddaVax® (C). Spleen and draining lymph nodes were stained for
germinal centers with GL7 antibody (green). Graphs show the number of germinal centers in each group of treatment. Each picture is
generated from one representative animal. n = 6 animals from 2 independent experiments for (B) and n = 3 animals for (C). Magnification: x
0.25.

https://doi.org/10.1371/journal.pone.0186046.9004

IVIg raises a specific antibody response in mice

After demonstrating that IVIg reduced the Ova-specific antibody titer, the ability of IVIg to
impair the frequency of immunoglobulin-secreting cells (ISC) in vivo was assessed by ELI-
SPOT. As expected, the proportion of Ova-specific antibody-secreting cells (ASC) relative to
the total IgG ISC (Fig 5A) seemed to be reduced upon IVIg administration, but due to the high
inter-animal variability, the effect was not statistically significant. IVIg significantly increased
the number of total IgG ISC the draining lymph nodes, compared to Ova-immunized mice
(Fig 5B), while total IgM-ISC (Fig 5C) were not affected. These data might possibly reflect a
massive recruitment of IVIg-specific B cells and their further differentiation into IgG-secreting
plasma cells and a less efficient mobilization of Ova-specific immune cells.

Different doses of IVIg ranging from 1 mg up to 50 mg per animal were tested to further
explore the effect on the formation of IVIg-specific IgG and total mouse IgG. Injection of 1 mg
of IVIg led to a prominent IVIg-specific immune response in mice, and increased the total
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Fig 5. IVig increases IgG-Immunoglobulin secreting cells in lymph nodes and raises a specific
antibody response in mice. (A-C) Mice were immunized with Ova and 50 mg of IVIg were co-injected. Cells
were processed from lymphoid organs and plated for ELISPOT assay to assess (A) Proportion of Ova-
specific IgG antibody secreting cells (ASC) relative to total IgG immunoglobulin-secreting cells (ISC) (B) Total
1gG ISC or (C) Total IgM ISC. Data are derived from one experiment (n = 3). Statistical significance was tested
using two-way ANOVA (Sidak’s test for (A) and Dunnett’s test for (B-C) where each group was compared to
the control group ‘Adj + Ova’). (D) Mice were immunized with Ova and increasing doses of IVIg were co-
injected as indicated. IVIg-specific mouse 1gG or total mouse IgG were measured by ELISA. Values as
expressed as relative units to standard. Data were pooled from 2 independent experiments (n = 6). Statistical
significance was tested using one-way ANOVA (Dunnett’s test) where each group was compared to the
control group ‘Adj + Ova’. (E) Addition of IVIg in vitro in mouse serum inhibits the detection of IVIg-specific
mouse IgG by ELISA but not the detection of total mouse IgG. Blocking buffer, IVIg or bevacizumab were
added at 10, 20 or 50 mg/mL in serum from mice treated 3 times weekly with 1mg of IVIg (n = 3). Statistical
significance was tested using two-way ANOVA (Dunnett’s test) where each group was compared to the
control group ‘Buffer’. (F) ELISA measuring mouse IgG anti-1VIg-Fc and (Fab)’» fragments. Data pool 2
independent experiments (n = 6). Bars represent mean + SD. Star maker significant difference *: p < 0.05;
**p<0.01; ***: p<0.001; ****: p<0.0001. n.d: not detected.

https://doi.org/10.1371/journal.pone.0186046.9005

mouse IgG titer compared to the Ova-immunized group (Fig 5D). Surprisingly, diminishing
levels of both IVIg-specific- and total- mouse IgG were detected in mouse serum when the
dose of IVIg administered was increased. To determine if there was an interference in the
assay, a competition assay was performed by spiking different concentrations of either IVIg or
bevacizumab into the serum of mice that were treated with 1 mg IVIg (Fig 5E). There was no
inhibition in the detection signal of total mouse IgG following IVIg or bevacizumab spiking
compared to buffer spiking. This suggests that IVIg accelerated the clearance of mouse IgG
most likely via FcRn saturation. However, addition of IVIg strongly inhibited the detection of
specific anti-IVIg mouse IgG for all doses tested. This indicates that the reduction in signal
upon increasing doses of IVIg may be explained by assay interference, as higher doses of
administered IVIg enhanced complexing with anti-IVIg mouse antibodies in the serum,
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thereby inhibiting their detection via ELISA. In contrast, spiking of bevacizumab led to a mod-
erate signal inhibition and only at the maximal dose (Fig 5E). Taken together these data sug-
gest that mice develop antibodies targeting both Fc and Fab regions of IVIg.

To further confirm the specificity of anti-IVIg mouse IgG, ELISA was performed after coat-
ing purified IVIg-Fc or IVIg-(Fab’), fragments. Titers of mouse IgG recognizing the (Fab’),
fragments from IVIg were decreased upon increasing doses of IVIg administered (Fig 5F),
indicating assay interference. In contrast, levels of mouse anti-Fc antibodies did not show sig-
nificant changes upon different doses of administered IVIg, suggesting only weak assay inter-
ference and thereby low concentrations of mouse anti-Fc antibodies in the sera. Overall these
results reveal that IVIg raised a specific antibody response in mice mainly directed towards the
Fab region, which contains the highest degree of sequence diversity.

IVIg does not decrease the antibody response against a thymus-
independent antigen but recruits mature B cells to draining lymph nodes

To address whether the effect of IVIg was thymus (i.e. T cells) dependent, NP-Ficoll or
NP-Ova were co-administered to IVIg. In mice immunized with the thymus dependent anti-
gen NP-Ova, IVIg administration efficiently decreased the production of NP-specific IgG by
88% and NP-specific IgM by 51% (Fig 6A). In mice immunized with the thymus-independent
antigen, NP-Ficoll, the NP-antibody response was mainly of IgM isotype, as expected, and
IVIg injections did not significantly reduce the NP-specific IgM titer. These results demon-
strate that IVIg has minimal if any effect on the antibody response towards a thymus-indepen-
dent antigen and suggests that involvement of T cells is essential for IVIg to exert its inhibitory
effect on the production of antigen-specific antibodies.

To investigate the effect of IVIg on different B cell populations, the distribution of the dif-
ferent B-cell compartments in the bone marrow was investigated (Fig 6B). Administration of
IVIg together with adjuvant significantly increased the proportion of pre-B cells in the bone-
marrow and strongly reduced the percentage of re-circulating mature B cells. This indicates
that IVIg recruits a large number of mature B cells to the draining lymph nodes, thus prevent-
ing their re-circulation to the bone-marrow. This is in agreement with the increased number
of B cells in peripheral lymphoid tissues upon IVIg treatment previously observed (Fig 1D).

Discussion

Here we demonstrate that high doses of IVIg co-injected with Ova and adjuvant induce major
changes in the response towards Ova and also affect the distribution and activation state of
multiple lymphocytes populations. The observed changes encompass i) an IVIg-dose-depen-
dent upregulation of the co-stimulatory molecules CD86 and CD83 on B cells, as well as the
early activation marker CD69 on both B cells and CD4+ T cells; ii) a strong reduction in the
number of re-circulating mature B cells in the bone marrow indicating recruitment of these
cells to the lymphoid organs; iii) a marked increase in weight of the peripheral lymphoid
organs, associated with increased numbers of both B and CD4+ T cells; iv) the formation of
large and numerous germinal centers in the draining lymph nodes and in the spleen upon
IVIg administration; v) production of specific IgG subclass anti-IVIg antibodies, specific for
IVIg-Fab regions. Together, our data suggest a massive lymphocyte activation by IVIg in mice.
Common side effects that occur in patients affected with autoimmune disorders and treated
with high dose IVIg therapy include fever, chills, rash, fatigue, flushing, muscle pain [50-52]
or even swelling of cervical lymph nodes [53]. Strikingly, these are typical symptoms of an
inflammation and are possibly reflecting a strong anti-IVIg immune response in patients. For
all of the effects observed in mice, the co-injection of adjuvant with IVIg was required, which
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Fig 6. IVig does not decrease the antibody response against a thymus-independent antigen but
recruits mature B cells to draining lymph nodes. Mice were immunized with NP-OVA or NP-Ficoll together
with adjuvant AddaVax®, with or without IVlg as indicated. (A) ELISA for NP-specific mouse IgG (serum
diluted 1:500) and for NP-specific mouse IgM (serum diluted 1:50). Data are derived from one experiment

(n = 6). Statistical significance was tested using one-way ANOVA (Tukey’s test) where each group was
compared with every other. (B) 1VIg does not affect the B-cell compartment in the spleen but reduces the
proportion of mature re-circulating B cells in the bone-marrow and promotes pre-B cell formation. Gating
strategy is shown for the different B-cell compartments in the bone-marrow. Statistical significance was tested
using two-way ANOVA (Tukey’s test) where each group was compared with every other. Data are from one
experiment (n = 6). Bars represent mean + SD. Star maker significant difference *: p < 0.05; **p<0.01;
*¥%:p<0.001; ****: p<0.0001. ns: not significant.

https://doi.org/10.1371/journal.pone.0186046.g006

is in line with the fact that an activation signal of the innate immune system is required to effi-
ciently prime an adoptive immune response. Still, IVIg is administered in patients without
adjuvant. However, the chronic inflammation in autoimmune diseases could provide “adju-
vant-like” activation signals, which could be sufficient to activate B and T cells specific for
IVIg. Still, caution must be exercised in the translatability of our findings to human as mouse
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models are not always appropriate to study mechanisms for phenomenon occurring in
humans.

Our data are in line with studies showing that IVIg stimulates B cells [54] and CD4+ T cells
in vivo and in vitro [54, 55], and increased in vitro secretion of IgG [56, 57] that were highly
reactive against human IgG F(ab’), fragments [57]. Importantly, Fab fragments isolated from
one Kawasaki patient before and after IVIg treatment revealed that they displayed a higher
affinity for IVIg after therapy [58].

Data from marketed human monoclonal IgGs bevacizumab and panitumumab used in
IVIg equivalent doses as “IVIg surrogates” provide important insights into the mechanisms of
IVIg: i) IVIg decreased the level of total mouse IgG measured in serum in a dose-dependent
manner, suggesting that IVIg increased antibody clearance via FcRn blocking as postulated by
other groups [15]. However, both monoclonal antibodies failed to decrease the titer of Ova-
specific antibodies in mice, suggesting that FcRn saturation doesn’t seem to be the main driver
of the inhibitory effects of IVIg in the Ova-specific response. Moreover, neither bevacizumab
nor panitumumab triggered activation of B and T cells in Ova-immunized mice as it was
observed with IVIg. ii) IVIg and the two monoclonal antibodies contain identical constant
regions including the sequences proposed to act as regulatory T cell epitopes [59], but only
IVIg induced the downregulation of the anti-OVA response. This argues against the idea that
regulatory T cell epitopes are the driver of the observed effects. This is in line with our recent
study showing that regulatory T cell epitopes are not efficiently presented by antigen present-
ing cells [60].

So why is IVIg so different from a monoclonal antibody? Apart from differences in glyco-
sylation, the biggest difference between IVIg and monoclonal antibodies is the enormous
diversity of sequences from the variable regions in the IVIg preparations, which are derived
from several thousand donors. Due to the differences in human and mouse IgG sequences, we
cannot exclude that the mouse response against human constant domains of IVIg is involved,
but our data strongly suggest that the variable domains of IVIg may still have a significant con-
tribution in the massive immune response observed in vivo in mice.

Based on our findings, we propose a new model that may explain the immunomodulatory
properties of IVIg and that is based on antigenic competition at the T-cell level rather than
induction of regulatory T cells. Fig 7A illustrates the classical course of the Ova-adaptive
immune response, with blue symbols indicating where IVIg may potentially interfere. Compe-
tition between T-cells can arise for access to antigen presenting cells (APCs) (Fig 7B). Several
studies have shown that a competition between T cells occurs if target peptides are presented
on the same APC, most likely via steric hindrance [61-64]. This is amplified by the fact that
the contact time of T cells recognizing their cognate peptides on APCs is longer than for unre-
lated peptides [65]. IVIg induces the presentation of highly diverse IVIg-peptides via MHC
class II molecules [60] and T cell clones specific for IVIg may out-compete Ova-specific T cells
regarding spatial access to the DCs. In contrast, competition of IVIg peptides and OVA-pep-
tides for MHC class II binding and presentation is unlikely, since it has been demonstrated
that T-cell competition does not result from diminished presentation of peptides [62, 64], and
that even high doses of IVIg do not impair the presentation of antigenic peptides on MHC
class II [60]. T-cell competition may also occur at the T cell-B cell zone border (Fig 7C). There,
numerous IVIg-specific T-helper clones interacting with their cognate B cells may prevent effi-
cient T-cell priming of Ova-activated B cells. Similarly, competition between T-follicular
helper (Tgy) for priming of centrocytes in the germinal center may occur (Fig 7D), as Ty
have been demonstrated to be present in a limiting amount to ensure competition amongst
the different B cells clones and optimal affinity maturation [66].
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Fig 7. A proposed mechanism of action of IVIg based on T-cell competition effects occurring at
several stages of the adaptive immune response. (A) Classical inmune response and germinal center
formation after Ova immunization. T cells primed by Ova-derived epitopes presented on APCs differentiate
into effector T helper cells (Ty) and migrate at the T cell-B cell border of the lymph node. Ova-activated B cells
take up and present antigenic peptides to T. After receiving co-stimulatory signals they initiate the formation
of a germinal center (GC). After a cycle of proliferation and somatic hypermutations in the dark zone, B cells
moves to the light zone to meet with their cognate antigen exposed on follicular dendritic cells (FDCs). If the
affinity of the mutated B cell receptor (BCR) is very low, the B cell will not receive survival signals and will
undergo apoptosis. The surviving B cells need to compete for help from T follicular helper cells (Tgy), thus
favoring B cells with high affinity BCRs. B cells can then either re-enter the dark zone to further mature the
BCR affinity, or exit the GC as plasma cells or memory B cells. Blue lines depict IVIg potential competition
mechanisms. (B) T-cell competition for DCs access. In addition to Ova-peptides, DCs present a multitude of
diverse IVIg-derived epitopes. This favors the competition between the many different IVIg-specific T cell
clones with the Ova-T cell clones to receive priming from DCs. (C) Competition for accessing T cell-B cell
zone border. The few Ova-T cell clones that may have been primed by DCs will be outnumbered by the
numerous IVIg-Ty clones accessing the T cell-B cell zone border. This reduces the likelihood of OVA-T cell
clones engaging with their cognate Ova-B cells. Likewise IVIg-B cells will spatially compete with Ova-specific
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B cells for accessing their cognate Ty cells. This results in apoptosis of Ova-activated B cells. (D) Tgy
competition for centrocytes priming in GC. Only few Ova-T cell clones will be able to be primed by DCs,
deliver helper signals to their cognate Ova-activated B cells and induce the formation of a GC. However, the
help delivered by Tgy to centrocytes in GC is very limited. As the numerous I1VIg- Tgy will compete with the few
Ova- Ty for access to centrocytes, the latter will be more likely to die by apoptosis.

https://doi.org/10.1371/journal.pone.0186046.9007

Antigenic competition has been described in several studies and was found to be enhanced
when larger doses of antigen were used [67-69]. This supports the model presented here and
may explain the requirement of high doses of IVIg to treat autoimmune diseases. This model
is further reinforced by studies showing that IVIg treatment decreased Ova-specific T-cell acti-
vation and proliferation, both in vitro [70] and in vivo [71].

Although research over the past decade has emphasized the role of IVIg in promoting anti-
inflammatory effects, our data reveal that IVIg induces a massive immune reaction in mice
that interferes with establishing efficient immune responses against other antigens.

We propose that IVIg comprises the ability to re-direct the immune system to react against
the multitude of epitopes it contains. Whether this finding obtained in vivo in mice can be cor-
related to the human situation remains to be further investigated in IVIg-treated patients’ sam-
ples. Owing to the complexity of IVIg preparations it is likely that multifactorial and non-
mutually exclusive mechanisms are involved in its immunomodulatory effect.

Supporting information

S1 Fig. IVIg has negligible effect on CD80, CD40 and I-A expression on B cells. Mice were
immunized with Ova as described previously and 50 mg of IVIg were injected simultaneously.
Data pool 4 independent experiments (n = 12) for CD40 and CD80 or 6 independent experi-
ments (n = 18) for I-A. Statistical significance was tested using one-way ANOVA (Dunnett’s
test). Bars represent mean + SD. *: p < 0.05; **p<0.01; ***: p<0.001; ****: p<0.0001. LN:
lymph nodes. MFI: Median of fluorescence intensity.

(PDF)

S2 Fig. IVIg has no effect on DCs and Tregs phenotype. Mice were immunized with Ova as
described previously and 50 mg of IVIg were co-injected. (A) DCs were defined as CD11c

+ I-A+ cells. Flow cytometry histograms of co-stimulatory molecules expressed on DCs in the
spleen are shown for one representative animal. (B) Tregs were defined as CD3+ CD4+ CD25
+ Foxp3+ cells. Percentage of Tregs was assessed in the spleen and draining lymph nodes. The
table indicates MFI (median of fluorescence intensity) values for Treg activation markers in
the IVIg-treated group. Values are expressed as ratio to the ‘Adj + Ova’ treated group + SD.
Data pool 4 independent experiments (n = 12). Statistical significance was tested using one-
way ANOVA (Dunnett’s test). LN: lymph nodes.

(PDF)

S3 Fig. IVIg effects are antigen-independent and could not be reproduced by IVIg formu-
lation buffer. (A) Mice were immunized with 50 pug BSA as described previously for Ova and
50 mg of IVIg were co-injected. BSA-specific IgG antibodies were measured by ELISA and
expression of CD86 and CD83 on B cells was assessed by flow cytometry. Data are from one
experiment (n = 3). Statistical significance was tested using one-way ANOVA (Dunnett’s test).
(B) Mice were immunized with Ova and 50 mg of IVIg or the equivalent volume of IVIg for-
mulation buffer (obtained by filtering IVIg through a 30-kDa filter) were co-injected. Results
show anti-Ova IgG measured by ELISA, weight measurements, and flow cytometry measure-
ments performed on lymphoid organs. Data are derived from one experiment (n = 3).
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Statistical significance was tested using one-way ANOVA (Dunnett’s test). Bars represent
mean * SD. *: p < 0.05; **p<0.01; ***: p<0.001; ****: p<0.0001. n.d: not detected. ns: not sig-
nificant. MFI: Median of fluorescence intensity. LN: lymph nodes.

(PDF)

S4 Fig. IVIg inhibits the formation of Ova-specific antibodies and activates B cells irre-
spectively of the type of adjuvant co-administered. Mice were immunized with Ova and 50
mg of IVIg were co-injected. Five different adjuvants were tested as indicated. (A) Ova-specific
mouse IgG; were measured by ELISA and expressed as relative units to standard or as ratio to
‘Adj + Ova’ group. n = 12 for Adjuvant LT(R192G/L211A) (3 independent experiments); n =3
for CpG; n = 3 for MPLA-SM; n = 6 for aluminum (2 independent experiments); n = 9 for
Addavax™ (3 independent experiments). (B) Results from weight measurement and flow
cytometry analyses. n = 12 for Adjuvant LT(R192G/L211A) (3 independent experiments);

n = 3 for CpG; n = 3 for MPLA-SM; n = 6 for aluminum (2 independent experiments) for
spleen and axillary/brachial LN; n = 3 for aluminum for cervical LN; n = 12 for AddaVax™ (4
independent experiments). Bars represent mean + SD. Statistical significance was tested using
two-way ANOVA (Dunnett’s test). *: p < 0.05; **p<0.01; ***: p<0.001; ****: p<0.0001. ns: not
significant. MFI: Median of fluorescence intensity. LN: lymph nodes.

(PDF)

S5 Fig. Panitumumab, a humanized monoclonal IgG,x antibody, does not reproduce IVIg
effects. Mice were immunized with Ova as described previously using either adjuvant Adda-
Vax® (MF59) or adjuvant LT(R192G/L211A). IVIg or panitumumab were co-injected as indi-
cated. (A) Anti-Ova IgGs in mouse serum were measured by ELISA. Values are expressed as
relative units to standard. Results are derived from one experiment (n = 3). Statistical signifi-
cance was tested using one-way ANOVA (Dunnett’s test). (B) Draining lymph nodes and
spleen were harvested, weighed and flow cytometry was performed on isolated cells (adjuvant
LT(R192G/L211A) was used). Data are derived from one experiment (n = 3). Bars represent
mean + SD. Statistical significance was tested using one-way ANOVA (Dunnett’s test). *: p<
0.05; **p<0.01; ***: p<0.001; ****: p<0.0001. ns: not significant. MFI: Median of fluorescence
intensity. LN: lymph nodes. n.d: not detected.

(PDF)

S6 Fig. Count of germinal centers. Spleen and draining lymph nodes were stained for germi-
nal centers with GL7 antibody (green). Each germinal center is delimited by a red circle. Each
picture is generated from one representative animal. n = 6 animals from 2 independent experi-
ments for (B) and n = 3 animals for (C). Magnification: x 0.25.

(PDF)

Acknowledgments

We thank Tina Rubic, Elisabetta Traggiai, Isabelle Isnardi, Jens Schuemann, Michael Kammuel-
ler and Antonius Rolink for scientific advice. We thank Tina Buch for preparation and purifica-
tion of IVIg fragments, and Vanessa Cornacchione for help with the ELISPOT. We also thank
Robert Kreutzer and Benjamin Cochin de Billy for help with immunofluorescence staining.

Author Contributions
Conceptualization: Laetitia Sordé, Sebastian Spindeldreher, Ed Palmer, Anette Karle.

Data curation: Laetitia Sordé.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186046 October 12, 2017 16/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186046.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186046.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186046.s006
https://doi.org/10.1371/journal.pone.0186046

@° PLOS | ONE

Massive activation of the immune system by IVIg in mice

Formal analysis: Laetitia Sordé.

Investigation: Laetitia Sordé, Sebastian Spindeldreher, Ed Palmer, Anette Karle.

Methodology: Laetitia Sordé, Sebastian Spindeldreher, Ed Palmer, Anette Karle.

Project administration: Anette Karle.

Resources: Sebastian Spindeldreher, Anette Karle.

Supervision: Sebastian Spindeldreher, Anette Karle.

Visualization: Laetitia Sordé.

Writing - original draft: Laetitia Sordé.

Writing - review & editing: Laetitia Sordé, Sebastian Spindeldreher, Ed Palmer, Anette Karle.

References

1.

10.

11.

12

13.

Gelfand EW. Intravenous immune globulin in autoimmune and inflammatory diseases. The New
England journal of medicine. 2012; 367(21):2015-25. https://doi.org/10.1056/NEJMra1009433 PMID:
23171098

Leong H, Stachnik J, Bonk ME, Matuszewski KA. Unlabeled uses of intravenous immune globulin.
American journal of health-system pharmacy: AJHP: official journal of the American Society of Health-
System Pharmacists. 2008; 65(19):1815-24.

Kivity S, Katz U, Daniel N, Nussinovitch U, Papageorgiou N, Shoenfeld Y. Evidence for the use of intra-
venous immunoglobulins—a review of the literature. Clinical reviews in allergy & immunology. 2010; 38
(2-3):201-69.

Le Pottier L, Sapir T, Bendaoud B, Youinou P, Shoenfeld Y, Pers JO. Intravenous immunoglobulin and
cytokines: focus on tumor necrosis factor family members BAFF and APRIL. Annals of the New York
Academy of Sciences. 2007; 1110:426-32. https://doi.org/10.1196/annals.1423.044 PMID: 17911457

Wadhwa M, Meager A, Dilger P, Bird C, Dolman C, Das RG, et al. Neutralizing antibodies to granulo-
cyte-macrophage colony-stimulating factor, interleukin-1alpha and interferon-alpha but not other cyto-
kines in human immunoglobulin preparations. Immunology. 2000; 99(1):113-28. https://doi.org/10.
1046/j.1365-2567.2000.00949.x PMID: 10651949

Vassilev TL, Kazatchkine MD, Duong Van Huyen JP, Mekrache M, Bonnin E, Mani JC, et al. Inhibition
of cell adhesion by antibodies to Arg-Gly-Asp (RGD) in normal immunoglobulin for therapeutic use
(intravenous immunoglobulin, 1VIg). Blood. 1999; 93(11):3624—31. PMID: 10339467

Bouhlal H, Martinvalet D, Teillaud JL, Fridman C, Kazatchkine MD, Bayry J, et al. Natural Autoantibod-
ies to Fcgamma Receptors in Intravenous Immunoglobulins. Journal of clinical immunology. 2014.

Arumugam TV, Tang SC, Lathia JD, Cheng A, Mughal MR, Chigurupati S, et al. Intravenous immuno-
globulin (IVIG) protects the brain against experimental stroke by preventing complement-mediated neu-
ronal cell death. Proceedings of the National Academy of Sciences of the United States of America.
2007; 104(35):14104-9. https://doi.org/10.1073/pnas.0700506104 PMID: 17715065

Basta M, Dalakas MC. High-dose intravenous immunoglobulin exerts its beneficial effect in patients
with dermatomyositis by blocking endomysial deposition of activated complement fragments. The Jour-
nal of clinical investigation. 1994; 94(5):1729-35. https://doi.org/10.1172/JCI117520 PMID: 7962520

Basta M, Van Goor F, Luccioli S, Billings EM, Vortmeyer AO, Baranyi L, et al. F(ab)'2-mediated neutrali-
zation of C3a and C5a anaphylatoxins: a novel effector function of immunoglobulins. Nature medicine.
2003; 9(4):431-8. https://doi.org/10.1038/nm836 PMID: 12612546

Mimouni D, Blank M, Payne AS, Anhalt GJ, Avivi C, Barshack |, et al. Efficacy of intravenous immuno-
globulin (IVIG) affinity-purified anti-desmoglein anti-idiotypic antibodies in the treatment of an experi-
mental model of pemphigus vulgaris. Clinical and experimental immunology. 2010; 162(3):543-9.
https://doi.org/10.1111/j.1365-2249.2010.04265.x PMID: 20964642

Shoenfeld Y, Rauova L, Gilburd B, Kvapil F, Goldberg |, Kopolovic J, et al. Efficacy of IVIG affinity-puri-
fied anti-double-stranded DNA anti-idiotypic antibodies in the treatment of an experimental murine
model of systemic lupus erythematosus. International immunology. 2002; 14(11):1303-11. PMID:
12407021

Fuchs S, Feferman T, Meidler R, Margalit R, Sicsic C, Wang N, et al. A disease-specific fraction isolated
from IVIG is essential for the immunosuppressive effect of IVIG in experimental autoimmune

PLOS ONE | https://doi.org/10.1371/journal.pone.0186046 October 12, 2017 17/21


https://doi.org/10.1056/NEJMra1009433
http://www.ncbi.nlm.nih.gov/pubmed/23171098
https://doi.org/10.1196/annals.1423.044
http://www.ncbi.nlm.nih.gov/pubmed/17911457
https://doi.org/10.1046/j.1365-2567.2000.00949.x
https://doi.org/10.1046/j.1365-2567.2000.00949.x
http://www.ncbi.nlm.nih.gov/pubmed/10651949
http://www.ncbi.nlm.nih.gov/pubmed/10339467
https://doi.org/10.1073/pnas.0700506104
http://www.ncbi.nlm.nih.gov/pubmed/17715065
https://doi.org/10.1172/JCI117520
http://www.ncbi.nlm.nih.gov/pubmed/7962520
https://doi.org/10.1038/nm836
http://www.ncbi.nlm.nih.gov/pubmed/12612546
https://doi.org/10.1111/j.1365-2249.2010.04265.x
http://www.ncbi.nlm.nih.gov/pubmed/20964642
http://www.ncbi.nlm.nih.gov/pubmed/12407021
https://doi.org/10.1371/journal.pone.0186046

@° PLOS | ONE

Massive activation of the immune system by IVIg in mice

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

myasthenia gravis. Journal of neuroimmunology. 2008; 194(1-2):89-96. https://doi.org/10.1016/j.
jneuroim.2007.11.020 PMID: 18178258

Li N, Zhao M, Hilario-Vargas J, Prisayanh P, Warren S, Diaz LA, et al. Complete FcRn dependence for
intravenous Ig therapy in autoimmune skin blistering diseases. The Journal of clinical investigation.
2005; 115(12):3440-50. https://doi.org/10.1172/JC124394 PMID: 16284651

Bleeker WK, Teeling JL, Hack CE. Accelerated autoantibody clearance by intravenous immunoglobulin
therapy: studies in experimental models to determine the magnitude and time course of the effect.
Blood. 2001; 98(10):3136—42. PMID: 11698302

Hansen RJ, Balthasar JP. Effects of intravenous immunoglobulin on platelet count and antiplatelet anti-
body disposition in a rat model of immune thrombocytopenia. Blood. 2002; 100(6):2087—93. PMID:
12200371

Crow AR, Suppa SJ, Chen X, Mott PJ, Lazarus AH. The neonatal Fc receptor (FcRn) is not required for
IVIg or anti-CD44 monoclonal antibody-mediated amelioration of murine immune thrombocytopenia.
Blood. 2011; 118(24):6403-6. https://doi.org/10.1182/blood-2011-08-374223 PMID: 22001393

Bussel JB. Fc receptor blockade and immune thrombocytopenic purpura. Seminars in hematology.
2000; 37(3):261-6. PMID: 10942220

Debre M, Bonnet MC, Fridman WH, Carosella E, Philippe N, Reinert P, et al. Infusion of Fc gamma frag-
ments for treatment of children with acute immune thrombocytopenic purpura. Lancet. 1993; 342
(8877):945-9. PMID: 8105212

Teeling JL, Jansen-Hendriks T, Kuijpers TW, de Haas M, van de Winkel JG, Hack CE, et al. Therapeutic
efficacy of intravenous immunoglobulin preparations depends on the immunoglobulin G dimers: studies
in experimental immune thrombocytopenia. Blood. 2001; 98(4):1095-9. PMID: 11493456

Nagelkerke SQ, Dekkers G, Kustiawan |, van de Bovenkamp FS, Geissler J, Plomp R, et al. Inhibition
of FcgammaR-mediated phagocytosis by 1VIg is independent of IgG-Fc sialylation and FcgammaRilIb in
human macrophages. Blood. 2014; 124(25):3709—18. https://doi.org/10.1182/blood-2014-05-576835
PMID: 25352126

Tremblay T, Pare |, Bazin R. Immunoglobulin G dimers and immune complexes are dispensable for the
therapeutic efficacy of intravenous immune globulin in murine immune thrombocytopenia. Transfusion.
2013; 53(2):261-9. https://doi.org/10.1111/j.1537-2995.2012.03725.x PMID: 22670706

Schwab |, Biburger M, Kronke G, Schett G, Nimmerjahn F. IVIg-mediated amelioration of ITP in mice is
dependent on sialic acid and SIGNR1. European journal of immunology. 2012; 42(4):826-30. https://
doi.org/10.1002/eji.201142260 PMID: 22278120

Samuelsson A, Towers TL, Ravetch JV. Anti-inflammatory activity of IVIG mediated through the inhibi-
tory Fc receptor. Science. 2001; 291(5503):484—6. https://doi.org/10.1126/science.291.5503.484
PMID: 11161202

Bruhns P, Samuelsson A, Pollard JW, Ravetch JV. Colony-stimulating factor-1-dependent macro-
phages are responsible for IVIG protection in antibody-induced autoimmune disease. Immunity. 2003;
18(4):573-81. PMID: 12705859

Tackenberg B, Jelcic |, Baerenwaldt A, Oertel WH, Sommer N, Nimmerjahn F, et al. Impaired inhibitory
Fcgamma receptor 1IB expression on B cells in chronic inflammatory demyelinating polyneuropathy.
Proceedings of the National Academy of Sciences of the United States of America. 2009; 106
(12):4788-92. https://doi.org/10.1073/pnas.0807319106 PMID: 19261857

Crow AR, Song S, Freedman J, Helgason CD, Humphries RK, Siminovitch KA, et al. IVIg-mediated
amelioration of murine ITP via FcgammaRIIB is independent of SHIP1, SHP-1, and Btk activity. Blood.
2003; 102(2):558-60. https://doi.org/10.1182/blood-2003-01-0023 PMID: 12649142

Kaneko Y, Nimmerjahn F, Madaio MP, Ravetch JV. Pathology and protection in nephrotoxic nephritis is
determined by selective engagement of specific Fc receptors. The Journal of experimental medicine.
2006; 203(3):789-97. https://doi.org/10.1084/jem.20051900 PMID: 16520389

Fiebiger BM, Maamary J, Pincetic A, Ravetch JV. Protection in antibody- and T cell-mediated autoim-
mune diseases by antiinflammatory IgG Fcs requires type Il FcRs. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2015.

Leontyev D, Katsman Y, Branch DR. Mouse background and IVIG dosage are critical in establishing
the role of inhibitory Fcgamma receptor for the amelioration of experimental ITP. Blood. 2012; 119
(22):5261—4. https://doi.org/10.1182/blood-2012-03-415695 PMID: 22508937

Othy S, Hegde P, Topcu S, Sharma M, Maddur MS, Lacroix-Desmazes S, et al. Intravenous gammaglo-
bulin inhibits encephalitogenic potential of pathogenic T cells and interferes with their trafficking to the
central nervous system, implicating sphingosine-1 phosphate receptor 1-mammalian target of rapamy-
cin axis. Journal of immunology. 2013; 190(9):4535—41.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186046 October 12, 2017 18/21


https://doi.org/10.1016/j.jneuroim.2007.11.020
https://doi.org/10.1016/j.jneuroim.2007.11.020
http://www.ncbi.nlm.nih.gov/pubmed/18178258
https://doi.org/10.1172/JCI24394
http://www.ncbi.nlm.nih.gov/pubmed/16284651
http://www.ncbi.nlm.nih.gov/pubmed/11698302
http://www.ncbi.nlm.nih.gov/pubmed/12200371
https://doi.org/10.1182/blood-2011-08-374223
http://www.ncbi.nlm.nih.gov/pubmed/22001393
http://www.ncbi.nlm.nih.gov/pubmed/10942220
http://www.ncbi.nlm.nih.gov/pubmed/8105212
http://www.ncbi.nlm.nih.gov/pubmed/11493456
https://doi.org/10.1182/blood-2014-05-576835
http://www.ncbi.nlm.nih.gov/pubmed/25352126
https://doi.org/10.1111/j.1537-2995.2012.03725.x
http://www.ncbi.nlm.nih.gov/pubmed/22670706
https://doi.org/10.1002/eji.201142260
https://doi.org/10.1002/eji.201142260
http://www.ncbi.nlm.nih.gov/pubmed/22278120
https://doi.org/10.1126/science.291.5503.484
http://www.ncbi.nlm.nih.gov/pubmed/11161202
http://www.ncbi.nlm.nih.gov/pubmed/12705859
https://doi.org/10.1073/pnas.0807319106
http://www.ncbi.nlm.nih.gov/pubmed/19261857
https://doi.org/10.1182/blood-2003-01-0023
http://www.ncbi.nlm.nih.gov/pubmed/12649142
https://doi.org/10.1084/jem.20051900
http://www.ncbi.nlm.nih.gov/pubmed/16520389
https://doi.org/10.1182/blood-2012-03-415695
http://www.ncbi.nlm.nih.gov/pubmed/22508937
https://doi.org/10.1371/journal.pone.0186046

@° PLOS | ONE

Massive activation of the immune system by IVIg in mice

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Bazin R, Lemieux R, Tremblay T. Reversal of immune thrombocytopenia in mice by cross-linking
human immunoglobulin G with a high-affinity monoclonal antibody. British journal of haematology.
2006; 135(1):97—-100. https://doi.org/10.1111/].1365-2141.2006.06245.x PMID: 16925577

Abe J, Jibiki T, Noma S, Nakajima T, Saito H, Terai M. Gene expression profiling of the effect of high-
dose intravenous Ig in patients with Kawasaki disease. Journal of immunology. 2005; 174(9):5837—45.

Shimomura M, Hasegawa S, Seki Y, Fukano R, Hotta N, Ichiyama T. Intravenous immunoglobulin does
not increase FcgammaRIIB expression levels on monocytes in children with immune thrombocytope-
nia. Clinical and experimental immunology. 2012; 169(1):33—7. https://doi.org/10.1111/j.1365-2249.
2012.04591.x PMID: 22670776

Kaneko Y, Nimmerjahn F, Ravetch JV. Anti-inflammatory activity of immunoglobulin G resulting from Fc
sialylation. Science. 2006; 313(5787):670-3. https://doi.org/10.1126/science.1129594 PMID:
16888140

Anthony RM, Nimmerjahn F, Ashline DJ, Reinhold VN, Paulson JC, Ravetch JV. Recapitulation of IVIG
anti-inflammatory activity with a recombinant IgG Fc. Science. 2008; 320(5874):373—6. https://doi.org/
10.1126/science.1154315 PMID: 18420934

Schwab |, Mihai S, Seeling M, Kasperkiewicz M, Ludwig RJ, Nimmerjahn F. Broad requirement for ter-
minal sialic acid residues and FcgammaRiIIB for the preventive and therapeutic activity of intravenous
immunoglobulins in vivo. European journal of immunology. 2014.

Massoud AH, Yona M, Xue D, Chouiali F, Alturaihi H, Ablona A, et al. Dendritic cellimmunoreceptor: A
novel receptor for intravenous immunoglobulin mediates induction of regulatory T cells. The Journal of
allergy and clinical immunology. 2013.

Washburn N, Schwab |, Ortiz D, Bhatnagar N, Lansing JC, Medeiros A, et al. Controlled tetra-Fc sialyla-
tion of IVIg results in a drug candidate with consistent enhanced anti-inflammatory activity. Proceedings
of the National Academy of Sciences of the United States of America. 2015.

Leontyev D, Katsman Y, Ma XZ, Miescher S, Kasermann F, Branch DR. Sialylation-independent mech-
anism involved in the amelioration of murine immune thrombocytopenia using intravenous gammaglo-
bulin. Transfusion. 2012; 52(8):1799-805. https://doi.org/10.1111/j.1537-2995.2011.03517.x PMID:
22257295

Campbell IK, Miescher S, Branch DR, Mott PJ, Lazarus AH, Han D, et al. Therapeutic Effect of IVIG on
Inflammatory Arthritis in Mice Is Dependent on the Fc Portion and Independent of Sialylation or Baso-
phils. Journal of immunology. 2014.

Othy S, Topcu S, Saha C, Kothapalli P, Lacroix-Desmazes S, Kasermann F, et al. Sialylation may be
dispensable for reciprocal modulation of helper T cells by intravenous immunoglobulin. European jour-
nal of immunology. 2014; 44(7):2059-63. https://doi.org/10.1002/eji.201444440 PMID: 24700174

Bayry J, Bansal K, Kazatchkine MD, Kaveri SV. DC-SIGN and alpha2,6-sialylated IgG Fc interaction is
dispensable for the anti-inflammatory activity of IVIg on human dendritic cells. Proceedings of the
National Academy of Sciences of the United States of America. 2009; 106(9):E24; author reply E5.
https://doi.org/10.1073/pnas.0900016106 PMID: 19237553

Issekutz AC, Rowter D, Miescher S, Kasermann F. Intravenous IgG (IVIG) and subcutaneous IgG
(SCIG) preparations have comparable inhibitory effect on T cell activation, which is not dependent on
IgG sialylation, monocytes or B cells. Clinical immunology. 2015; 160(2):123-32. https://doi.org/10.
1016/j.clim.2015.05.003 PMID: 25982320

Messinger YH, Mendelsohn NJ, Rhead W, Dimmock D, Hershkovitz E, Champion M, et al. Successful
immune tolerance induction to enzyme replacement therapy in CRIM-negative infantile Pompe disease.
Genet Med. 2012; 14(1):135—42. https://doi.org/10.1038/gim.2011.4 PMID: 22237443

Kubisz P, Holly P, Stasko J, Plamenova |. The use of intravenous immunoglobulin in immune
tolerance induction in inherited haemophilia A: a single-centre experience and a review of literature.
Blood Coagul Fibrinolysis. 2015; 26(6):604—12. https://doi.org/10.1097/MBC.0000000000000304
PMID: 25886836

Brady RO, Murray GJ, Oliver KL, Leitman SF, Sneller MC, Fleisher TA, et al. Management of neutraliz-
ing antibody to Ceredase in a patient with type 3 Gaucher disease. Pediatrics. 1997; 100(6):E11. PMID:
9382912

Yul, Wu X, Cheng Z, Lee CV, LeCouter J, Campa C, et al. Interaction between bevacizumab and
murine VEGF-A: a reassessment. Investigative ophthalmology & visual science. 2008; 49(2):522—7.

Coico RF, Bhogal BS, Thorbecke GJ. Relationship of germinal centers in lymphoid tissue to immuno-
logic memory. VI. Transfer of B cell memory with lymph node cells fractionated according to their recep-
tors for peanut agglutinin. Journal of immunology. 1983; 131(5):2254—7.

Hamrock DJ. Adverse events associated with intravenous immunoglobulin therapy. International immu-
nopharmacology. 2006; 6(4):535—42. https://doi.org/10.1016/j.intimp.2005.11.015 PMID: 16504916

PLOS ONE | https://doi.org/10.1371/journal.pone.0186046 October 12, 2017 19/21


https://doi.org/10.1111/j.1365-2141.2006.06245.x
http://www.ncbi.nlm.nih.gov/pubmed/16925577
https://doi.org/10.1111/j.1365-2249.2012.04591.x
https://doi.org/10.1111/j.1365-2249.2012.04591.x
http://www.ncbi.nlm.nih.gov/pubmed/22670776
https://doi.org/10.1126/science.1129594
http://www.ncbi.nlm.nih.gov/pubmed/16888140
https://doi.org/10.1126/science.1154315
https://doi.org/10.1126/science.1154315
http://www.ncbi.nlm.nih.gov/pubmed/18420934
https://doi.org/10.1111/j.1537-2995.2011.03517.x
http://www.ncbi.nlm.nih.gov/pubmed/22257295
https://doi.org/10.1002/eji.201444440
http://www.ncbi.nlm.nih.gov/pubmed/24700174
https://doi.org/10.1073/pnas.0900016106
http://www.ncbi.nlm.nih.gov/pubmed/19237553
https://doi.org/10.1016/j.clim.2015.05.003
https://doi.org/10.1016/j.clim.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/25982320
https://doi.org/10.1038/gim.2011.4
http://www.ncbi.nlm.nih.gov/pubmed/22237443
https://doi.org/10.1097/MBC.0000000000000304
http://www.ncbi.nlm.nih.gov/pubmed/25886836
http://www.ncbi.nlm.nih.gov/pubmed/9382912
https://doi.org/10.1016/j.intimp.2005.11.015
http://www.ncbi.nlm.nih.gov/pubmed/16504916
https://doi.org/10.1371/journal.pone.0186046

@° PLOS | ONE

Massive activation of the immune system by IVIg in mice

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Katz U, Achiron A, Sherer Y, Shoenfeld Y. Safety of intravenous immunoglobulin (IVIG) therapy.
Autoimmunity reviews. 2007; 6(4):257-9. https://doi.org/10.1016/j.autrev.2006.08.011 PMID:
17317619

Palabrica FR, Kwong SL, Padua FR. Adverse events of intravenous immunoglobulin infusions: a ten-
year retrospective study. Asia Pacific allergy. 2013; 3(4):249-56. https://doi.org/10.5415/apallergy.
2013.3.4.249 PMID: 24260730

Gurcan HM, Ahmed AR. Frequency of adverse events associated with intravenous immunoglobulin
therapy in patients with pemphigus or pemphigoid. The Annals of pharmacotherapy. 2007; 41
(10):1604—10. https://doi.org/10.1345/aph.1K198 PMID: 17785614

Dussault N, Ducas E, Racine C, Jacques A, Pare |, Cote S, et al. Immunomodulation of human B cells
following treatment with intravenous immunoglobulins involves increased phosphorylation of extracellu-
lar signal-regulated kinases 1 and 2. International immunology. 2008; 20(11):1369-79. https://doi.org/
10.1093/intimm/dxn090 PMID: 18689724

Sundblad A, Huetz F, Portnoi D, Coutinho A. Stimulation of B and T cells by in vivo high dose
immunoglobulin administration in normal mice. Journal of autoimmunity. 1991; 4(2):325-39. PMID:
1679333

Neron S, Boire G, Dussault N, Racine C, de Brum-Fernandes AJ, Cote S, et al. CD40-activated B cells
from patients with systemic lupus erythematosus can be modulated by therapeutic immunoglobulins in
vitro. Archivum immunologiae et therapiae experimentalis. 2009; 57(6):447-58. https://doi.org/10.1007/
s00005-009-0048-3 PMID: 19866343

de Grandmont MJ, Racine C, Roy A, Lemieux R, Neron S. Intravenous immunoglobulins induce the in
vitro differentiation of human B lymphocytes and the secretion of IgG. Blood. 2003; 101(8):3065-73.
https://doi.org/10.1182/blood-2002-06-1684 PMID: 12480708

Leucht S, Uttenreuther-Fischer MM, Gaedicke G, Fischer P. The B cell superantigen-like interaction of
intravenous immunoglobin (IVIG) with Fab fragments of V(H) 3—23 and 3-30/3-30.5 germline gene ori-
gin cloned from a patient with Kawasaki disease is enhanced after IVIG therapy. Clinical immunology.
2001; 99(1):18-29. https://doi.org/10.1006/clim.2001.5004 PMID: 11286538

De Groot AS, Moise L, McMurry JA, Wambre E, Van Overtvelt L, Moingeon P, et al. Activation of natural
regulatory T cells by IgG Fc-derived peptide "Tregitopes". Blood. 2008; 112(8):3303—11. https://doi.org/
10.1182/blood-2008-02-138073 PMID: 18660382

Sorde L, Spindeldreher S, Palmer E, Karle A. Tregitopes and impaired antigen presentation: Drivers of
the immunomodulatory effects of IVIg? Immun Inflamm Dis. 2017.

Hayball JD, Robinson BW, Lake RA. CD4+ T cells cross-compete for MHC class ll-restricted peptide
antigen complexes on the surface of antigen presenting cells. Immunology and cell biology. 2004; 82
(2):103—11. https://doi.org/10.1046/j.0818-9641.2004.01233.x PMID: 15061760

Weaver JM, Chaves FA, Sant AJ. Abortive activation of CD4 T cell responses during competitive prim-
ing in vivo. Proceedings of the National Academy of Sciences of the United States of America. 2009;
106(21):8647-52. https://doi.org/10.1073/pnas.0811584106 PMID: 19423666

Willis RA, Kappler JW, Marrack PC. CD8 T cell competition for dendritic cells in vivo is an early eventin
activation. Proceedings of the National Academy of Sciences of the United States of America. 2006;
103(32):12063-8. https://doi.org/10.1073/pnas.0605130103 PMID: 16880405

Wolpert EZ, Grufman P, Sandberg JK, Tegnesjo A, Karre K. Immunodominance in the CTL response
against minor histocompatibility antigens: interference between responding T cells, rather than with pre-
sentation of epitopes. Journal of immunology. 1998; 161(9):4499-505.

Miller MJ, Safrina O, Parker I, Cahalan MD. Imaging the single cell dynamics of CD4+ T cell activation
by dendritic cells in lymph nodes. The Journal of experimental medicine. 2004; 200(7):847-56. https:/
doi.org/10.1084/jem.20041236 PMID: 15466619

Pratama A, Vinuesa CG. Control of TFH cell numbers: why and how? Immunology and cell biology.
2014; 92(1):40-8. https://doi.org/10.1038/icb.2013.69 PMID: 24189162

Brody NI, Siskind GW. Studies on antigenic competition. The Journal of experimental medicine. 1969;
130(4):821-32. PMID: 4186444

Rhodes JM, Larsen SO. Studies on antigenic competition. Effect of antigen dose on the immune
response of mice injected simultaneously with human serum albumin and ferritin. Immunology. 1972;
23(6):817-27. PMID: 4648852

Hunt JD, Jackson DC, Wood PR, Stewart DJ, Brown LE. Immunological parameters associated
with antigenic competition in a multivalent footrot vaccine. Vaccine. 1995; 13(17):1649-57. PMID:
8719515

Aubin E, Proulx DP, Trepanier P, Lemieux R, Bazin R. Prevention of T cell activation by interference
of internalized intravenous immunoglobulin (IVIg) with MHC Il-dependent native antigen presentation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186046 October 12, 2017 20/21


https://doi.org/10.1016/j.autrev.2006.08.011
http://www.ncbi.nlm.nih.gov/pubmed/17317619
https://doi.org/10.5415/apallergy.2013.3.4.249
https://doi.org/10.5415/apallergy.2013.3.4.249
http://www.ncbi.nlm.nih.gov/pubmed/24260730
https://doi.org/10.1345/aph.1K198
http://www.ncbi.nlm.nih.gov/pubmed/17785614
https://doi.org/10.1093/intimm/dxn090
https://doi.org/10.1093/intimm/dxn090
http://www.ncbi.nlm.nih.gov/pubmed/18689724
http://www.ncbi.nlm.nih.gov/pubmed/1679333
https://doi.org/10.1007/s00005-009-0048-3
https://doi.org/10.1007/s00005-009-0048-3
http://www.ncbi.nlm.nih.gov/pubmed/19866343
https://doi.org/10.1182/blood-2002-06-1684
http://www.ncbi.nlm.nih.gov/pubmed/12480708
https://doi.org/10.1006/clim.2001.5004
http://www.ncbi.nlm.nih.gov/pubmed/11286538
https://doi.org/10.1182/blood-2008-02-138073
https://doi.org/10.1182/blood-2008-02-138073
http://www.ncbi.nlm.nih.gov/pubmed/18660382
https://doi.org/10.1046/j.0818-9641.2004.01233.x
http://www.ncbi.nlm.nih.gov/pubmed/15061760
https://doi.org/10.1073/pnas.0811584106
http://www.ncbi.nlm.nih.gov/pubmed/19423666
https://doi.org/10.1073/pnas.0605130103
http://www.ncbi.nlm.nih.gov/pubmed/16880405
https://doi.org/10.1084/jem.20041236
https://doi.org/10.1084/jem.20041236
http://www.ncbi.nlm.nih.gov/pubmed/15466619
https://doi.org/10.1038/icb.2013.69
http://www.ncbi.nlm.nih.gov/pubmed/24189162
http://www.ncbi.nlm.nih.gov/pubmed/4186444
http://www.ncbi.nlm.nih.gov/pubmed/4648852
http://www.ncbi.nlm.nih.gov/pubmed/8719515
https://doi.org/10.1371/journal.pone.0186046

o @
@ : PLOS | ONE Massive activation of the immune system by IVIg in mice

Clinical immunology. 2011; 141(3):273-83. https://doi.org/10.1016/j.clim.2011.06.009 PMID:
21824820

71. Aubin E, Lemieux R, Bazin R. Indirect inhibition of in vivo and in vitro T-cell responses by intravenous
immunoglobulins due to impaired antigen presentation. Blood. 2010; 115(9):1727-34. https://doi.org/
10.1182/blood-2009-06-225417 PMID: 19965673

PLOS ONE | https://doi.org/10.1371/journal.pone.0186046 October 12, 2017 21/21


https://doi.org/10.1016/j.clim.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21824820
https://doi.org/10.1182/blood-2009-06-225417
https://doi.org/10.1182/blood-2009-06-225417
http://www.ncbi.nlm.nih.gov/pubmed/19965673
https://doi.org/10.1371/journal.pone.0186046

