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IVIg Promote Cross-Tolerance against Inflammatory Stimuli
In Vitro and In Vivo

Angeles Dominguez-Soto,* Miriam Simoén-Fuentes,* Mateo de las Casas-Engel,*
Victor D. Cuevas,* Maria L(’)pez-Bravo,Jr Jorge Doml'nguez-Andrés,T Paula Saz-Leal,jk
David Sancho,” Carlos Ardavin,” Juliana Ochoa-Grullén,® Silvia Sanchez-Ramén,?
Miguel A. Vega,* and Angel L. Corbi*

IVIg is an approved therapy for immunodeficiency and for several autoimmune and inflammatory diseases. However, the molecular
basis for the IVIg anti-inflammatory activity remains to be fully explained and cannot be extrapolated from studies on animal
models of disease. We now report that IVIg impairs the generation of human monocyte-derived anti-inflammatory macrophages
by inducing JNK activation and activin A production and limits proinflammatory macrophage differentiation by inhibiting
GM-CSF—-driven STATS activation. In vivo, IVIg provokes a rapid increase in peripheral blood activin A, CCL2, and IL-6 levels,
an effect that can be recapitulated in vitro on human monocytes. On differentiating monocytes, IVIg promotes the acquisition of
altered transcriptional and cytokine profiles, reduces TLR expression and signaling, and upregulates negative regulators of TLR-
initiated intracellular signaling. In line with these effects, in vivo IVIg infusion induces a state tolerant toward subsequent stimuli
that results in reduced inflammatory cytokine production after LPS challenge in human peripheral blood and significant pro-
tection from LPS-induced death in mice. Therefore, IVIg conditions human macrophages toward the acquisition of a state of

cross-tolerance against inflammatory stimuli, an effect that correlates with the net anti-inflammatory action of IVIg in vivo. The

Journal of Immunology, 2018, 201: 41-52.

xtensive macrophage accumulation is one of the hall-
marks of inflammatory responses. During inflammation,
monocytes egress from the bone marrow into the circu-
lation (1, 2) and migrate into inflamed tissues (1, 3-5), where they
give rise to distinct macrophage and dendritic cell subsets under
the influence of tissue cellular and extracellular cues (6, 7). The
high sensitivity of monocytes to the surrounding milieu is exem-
plified by their distinct responses to GM-CSF and M-CSF, which
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drive differentiation into functionally different macrophages (8).
GM-CSF promotes proinflammatory macrophages (human mono-
cyte—derived macrophages differentiated in the presence of GM-
CSF [GM-M@]) (9, 10) characterized by the expression of a
“proinflammatory gene set” (11, 12). Conversely, M-CSF leads to
tissue repair and anti-inflammatory/homeostatic macrophages
(human monocyte—derived macrophages differentiated in the
presence of M-CSF [M-M@]) with robust IL-10-producing
ability in response to pathogenic stimuli (9, 10, 13), which
are transcriptionally defined by the expression of an “anti-
inflammatory gene set” (11, 12, 14). Human GM-M@ and
M-M@ are considered as proinflammatory and anti-inflammatory
macrophages based on their respective profiles of stimuli-induced
cytokines (9, 10, 15, 16) and because their specific gene signatures
resemble those of macrophages from rheumatoid arthritis joints
and tumor-associated macrophages, respectively (17). An ade-
quate shift between the pro- and anti-inflammatory functions of
macrophages is required for elimination of inflammatory insults
and tissue repair (18, 19). Because deregulated macrophage
polarization leads to the onset and maintenance of chronic in-
flammation (20-25), strategies for modulating macrophage po-
larization are of therapeutic use in chronic inflammatory diseases
(26-30).

IVIg is a preparation of highly purified polyclonal and poly-
specific IgG isolated from plasma of thousands of healthy donors.
Besides substitutive treatment of patients with primary and sec-
ondary Ab deficiencies, IVIg is currently used in a large and
growing number of autoimmune and systemic inflammatory dis-
orders (31-34), as it exerts immunomodulatory effects on a variety
of immune cells (31, 35, 36). Several non—-mutually exclusive
mechanisms have been proposed to explain the IVIg immuno-
regulatory action, including the sialic acid content of the Fc por-
tion of the Abs and the interaction with ITAM-bearing Fc
receptors (31, 32, 35—43). We have previously reported that IVIg
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skews human and mouse macrophage polarization through FcyR-
dependent mechanisms (44) and that the IVIg immunomodulatory
activity is dependent on the polarization state of the responding
macrophage, as IVIg limits the proinflammatory transcriptome
and functions of GM-M@ but favors the acquisition of proin-
flammatory properties in M-M@ (44). In fact, IVIg potentiates
inflammatory tissue-damaging responses in murine models of
stroke and sepsis (44) and reduces tumor growth and metastasis in
tumor models (44). However, extrapolation of the IVIg effects
from animal models of disease to human pathology is not obvi-
ous because IVIg is prophylactically administered in most
animal studies, whereas IVIg is used as a therapeutic strategy in
humans (40).

We now report that IVIg modulates M-CSF- and GM-CSF-
driven in vitro macrophage differentiation through distinct mo-
lecular mechanisms and conditions monocytes in vivo to acquire a
state of tolerance against inflammatory stimuli. These findings
provide novel insights into the anti-inflammatory activity of IVIg
in vivo.

Materials and Methods

Macrophage differentiation, cell culture, and treatments

Human monocytes were purified from PBMCs by magnetic cell sorting
using anti-CD14 microbeads (Miltenyi Biotec) (>95% CD14" cells) and
cultured at 0.5 X 10° cells/ml for 7 d in RPMI 1640 supplemented with
10% FCS and either 1000 U/ml GM-CSF or 10 ng/ml M-CSF (Immu-
noTools) to generate GM-M@ or M-M@, respectively. Cytokines and
IVIg (10 mg/ml; Privigen, CSL Behring) were added every 2 d, reaching
20-23 mg/ml of Igs at the end of the 7-d differentiation process. For
activation, macrophages were treated with Escherichia coli 055:B5 LPS
(10 ng/ml) for 24 h. Whenever indicated, a neutralizing Ab against hu-
man activin A (100 ng/ml; R&D Systems) was used. Murine bone
marrow—derived macrophages differentiated in the presence of GM-CSF
(GM-BMDMs) were generated using murine GM-CSF (1000 U/ml;
PeproTech).

Quantitative real-time PCR

Total RNA was extracted using the RNeasy Mini Kit or the AllPrep DNA/
RNA/Protein Mini Kit (Qiagen). cDNA was synthesized using the Reverse
Transcription System kit (Applied Biosystems) (45). Oligonucleotides were
designed with Universal ProbeLibrary software (Roche Life Sciences).
Quantitative real-time PCR (qQRT-PCR) was performed using custom-made
microfluidic gene cards (Roche Life Sciences) or standard plates on a
LightCycler 480 (Roche Life Sciences) (12). Where indicated, a panel of
28 genes differentially expressed between GM-M@ and M-M@ (and in-
cluded within the previously defined proinflammatory gene set and anti-
inflammatory gene set) was analyzed (11, 12). Assays were made in
triplicate, and results were normalized according to the mean of the ex-
pression levels of HPRT, SDHA, and TBP. Results were expressed using
the AACT method for quantitation.

Western blot

Cell lysates were subjected to SDS-PAGE and transferred onto an
Immobilon-P polyvinylidene difluoride membrane (Millipore). After
blocking the unoccupied sites with 5% BSA, protein detection was
carried out with Abs against total and phosphorylated ERK1/2, total and
phosphorylated JNK, IkBa, phosphorylated IRF3, phosphorylated
STATS, phosphorylated SHIP-1, A20 (Cell Signaling Technology), total
and phosphorylated STAT1, phosphorylated STAT3 (BD Biosciences), or
phosphorylated SHP-1 (Cell Signaling Technology) and using the
SuperSignal West Pico Chemiluminescent system (Pierce). Protein
loading was normalized using a mAb against GAPDH (sc-32233; Santa
Cruz Biotechnology) or an Ab against human vinculin (Sigma-Aldrich).

Clinical samples and ex vivo LPS tolerance

Peripheral blood was obtained from 36 patients receiving IVIg therapy
(400 mg/kg body weight), both before and after (5 h) IVIg infusion, and
serum or plasma was recovered using standard procedures. Patients had
been previously diagnosed with either common variable immunodeficiency
and other inflammatory disorders (n = 18) or recurrent reproductive failure
of inflammatory cause (n = 18). To assess cross-tolerance to LPS in ex vivo

IVIg PROMOTES CROSS-TOLERANCE IN VIVO

experiments, peripheral blood obtained from 10 patients receiving IVIg
therapy, both before and after IVIg infusion, was maintained for 12 h at
room temperature and treated with PBS or LPS (10 ng/ml) for 10 h, and
plasma was recovered using standard procedures. Where indicated,
monocytes were isolated from the peripheral blood of IVIg-treated patients
using anti-CD14 microbeads (Miltenyi Biotec). All patients gave informed
consent, and the Hospital Universitario Clinico San Carlos ethics com-
mittee approved the study.

In vivo endotoxin tolerance

For survival studies, mice (n = 20 mice per group) received PBS or IVIg
i.p. (400 wl of a 100 mg/ml solution, 40 mg/mouse). After 26 h, mice were
challenged i.p. with LPS (9 mg/kg in saline). Mouse survival was moni-
tored every 12 h for 5 d. For survival studies, statistical analysis was
performed using the Mantel-Cox log-rank test (**p < 0.01).

Flow cytometry

Phenotypic analysis was carried out by flow cytometry as described pre-
viously (46) using either a mAb specific for human TLR4 (sc-13593; Santa
Cruz Biotechnology) or an isotype-matched control Ab (Chemicon) and
followed by staining with FITC-labeled Fab goat anti-mouse IgG. All
incubations were done in the presence of 50 pg/ml human IgG to prevent
binding through the Fc portion of the Abs.

ELISA

Culture supernatants from untreated or LPS-treated (24 h) human macro-
phages and plasma from patients were assayed for the presence of cytokines
using a commercially available ELISA for human TNF-a, IL-12p40 (BD
Pharmingen), CXCL10, IL-6, IL-10 (BioLegend), and activin A (R&D
Systems). ELISA was performed following the protocols supplied by the
manufacturers.

Statistical analysis

Unless otherwise indicated and for comparisons of means, statistical
analysis was performed using the Student ¢ test, and a p value <0.05 was
considered significant (*p < 0.05, **p < 0.01, ***p < 0.001).

Results

1VIg blocks the acquisition of the anti-inflammatory
transcriptional signature of M-M@ through JNK activation and
activin A production

Peripheral blood monocytes are the immediate precursors of
macrophages within inflamed tissues (47). Because IVIg modu-
lates polarization of human macrophages (44), we sought to assess
the IVIg effects on the ability of monocytes to differentiate into
macrophages in vitro. To that end, monocytes were differentiated
in the presence of therapeutic doses of IVIg. IVIg infusion as a
replacement therapy (48) or as immunosuppressive therapy (31,
32, 36) raises peripheral blood IgG to 15-35 mg/ml (48-50) and
increases IgG blood concentration by an average of 1.8-fold
(mean of maximal IgG levels after IVIg infusion of 16.9 mg/ml).
Therefore, monocytes were differentiated with either M-CSF or
GM-CSF and with IVIg reaching a final concentration of 20-30
mg/ml at the end of the macrophage differentiation protocol. The
presence of IVIg along M-CSF—driven differentiation generated
macrophages (human monocyte—derived macrophages differenti-
ated in the presence of M-CSF and IVIg [[VIg/M-M@]) with
significantly lower expression of the whole M-M@-specific anti-
inflammatory gene set and higher expression of several transcripts
of the GM-M@-specific proinflammatory gene set (Fig. 1A) (12,
51). The IVIg-induced transcriptomic changes were observed with
IVIg concentrations as low as 1 mg/ml (Supplemental Fig. 1A)
and were already detected 48 h after exposure to IVIg (Fig. 1B).
The IVIg-induced changes were also evident at the protein level
after 48 h of IVIg exposure, as indicated by the loss of expression
of MAFB (Fig. 1C), which controls expression of most genes of
the anti-inflammatory gene set (14), and the huge increase in the
production of activin A (Fig. 1D), which drives the generation of
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FIGURE 1. 1VIg blocks the acquisition of the anti-inflammatory transcriptional signature of M-M@ through JNK activation and activin A production. (A)
Relative expression of the indicated genes in [VIg/M-M@, as determined by qRT-PCR. The experiment was done on monocytes from five independent
donors, and shown is the mean = SEM. (B) Expression of the indicated genes in monocytes differentiated under the influence of M-CSF with or without
IVIg for 2, 5, or 7 d, as determined by qRT-PCR. Two independent experiments were performed and one of them is shown. In (A) and (B), results show the
expression of each gene in IVIg/M-M@ relative to its expression in M-M@. (C) Immunoblot analysis of MAFB protein levels in monocytes exposed to IVIg
for 2 or 5 d. Protein levels of vinculin were determined in parallel to control for protein loading. Densitometric quantification of the relative MAFB protein
levels in three independent experiments is shown in the lower panel. The expression of MAF in monocytes cultured for 2 d in the absence of IVIg was
arbitrarily set to 1. (D) Activin A levels in culture supernatants of monocytes differentiated with M-CSF for the indicated periods of time and either in the
absence or presence of IVIg. Each determination was performed in triplicate, and shown is the mean = SEM of seven independent experiments. (E)
Relative expression of the indicated genes in IVIg/M-M@ generated in the presence of 100 ng/ml of a blocking anti-activin A Ab (Anti-ActA) or an
isotype-matched Ab (IgG), as determined by qRT-PCR. Shown are the relative mRNA levels of each gene (relative to TBP RNA levels) referred to its
expression level when differentiation was done in the presence of an isotype-matched Ab (IgG). The experiment was done on monocytes from two in-
dependent donors, and one of the experiments is shown. (F) Immunoblot analysis of p-JNK, p-ERK, total JNK, and total ERK (Figure legend continues)
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macrophages with proinflammatory activity (11, 12). The rele-
vance of the IVIg-induced activin A production was demonstrated
by the ability of a neutralizing anti—activin A Ab to partially
reverse the IVIg-induced transcriptional changes (Fig. 1E).
Moreover, IVIg/M-M@-conditioned medium also exhibited an
enhanced ability to limit tumor cell proliferation (data not
shown), an activin A—dependent function that is exclusive to
proinflammatory GM-M@ (12).

Regarding intracellular signaling, in M-CSF-exposed monocytes,
IVIg did not affect the activation state of ERK or NF-kB (Fig. 1F,
data not shown) but induced JNK phosphorylation (Fig. 1F), partly
via Syk activation (Supplemental Fig. 2). The IVIg-induced JNK
phosphorylation is particularly relevant because JNK activity drives
the generation of macrophages with proinflammatory activity (52). In
fact, the IVIg-induced transcriptional changes could also be impaired
by inhibition of JNK activation, as evidenced by the weaker increase
of INHBA (the activin A—encoding gene) and FLT] and the lower
downregulation of FOLR2 and TLR7 (Fig. 1G). Because JNK acti-
vation contributes to INHBA expression (Fig. 1G) but also accelerates
MAFB degradation (53), these results indicate that IVIg limits the
transcriptional differentiation of monocytes into anti-inflammatory
macrophages by triggering JNK activation and activin A production
(Fig. 1H).

IVIg inhibits GM-CSF-induced STATS activation and impairs
the acquisition of the GM-CSF-dependent transcriptional
profile of proinflammatory GM-M@

GM-CSF is a key driver of tissue inflammation whose levels are
increased in blood from patients with inflammatory disorders, and
it has become a therapeutic target in inflammatory diseases (54).
We next evaluated the effect of IVIg on the GM-CSF-driven
differentiation of human GM-M@. The continuous presence of
IVIg significantly impaired the upregulation of members of the
proinflammatory gene set that characterizes proinflammatory GM-
M@ (11, 12) (Fig. 2A) in a dose-dependent manner (Supplemental
Fig. 1A). Like in the case of M-M@, IVIg modulated gene ex-
pression after a single dose (48 h) (Fig. 2B). Interestingly, com-
parison of the transcriptional profile of macrophages generated in
the absence or presence of IVIg revealed that the huge tran-
scriptomic differences between GM-M@ and M-M@ (11, 12) are
blunted when differentiation takes place in the continuous pres-
ence of IVIg and that IVIg/M-M@ exhibit a transcriptional profile
that resembles the profiles of GM-M@ and human monocyte—
derived macrophages differentiated in the presence of GM-CSF
and IVIg (IVIg/GM-M@) (Supplemental Fig. 1B). Thus, thera-
peutic concentrations of IVIg inhibit the transcriptional response
of monocytes toward M-CSF or GM-CSF, impairing the genera-
tion of M-M@ or GM-M@. In the case of GM-CSF-driven mac-
rophage differentiation, IVIg exposure further increased the
GM-CSF-induced phosphorylation of JNK in human monocytes
(Fig. 2C, left panel). This IVIg-dependent enhancement of JNK
activation did not translate into higher levels of activin A (Fig.
2A), probably because GM-CSF-induced JNK phosphorylation
suffices to yield maximal INHBA gene expression. More impor-
tantly, IVIg drastically reduced the GM-CSF-induced STATS

IVIg PROMOTES CROSS-TOLERANCE IN VIVO

phosphorylation in human monocytes (Fig. 2C, right panel).
Therefore, the ability of IVIg to impair the acquisition of the GM-
CSF-dependent transcriptional profile correlates with its capacity
to block STATS activation, which allows us to conclude that IVIg
inhibits the transcriptional response of monocytes toward M-CSF
or GM-CSF by distinct mechanisms.

1VIg disrupts the LPS responsiveness of proinflammatory
GM-M@ and anti-inflammatory M-M@®

The defining functional feature of M-M@ and GM-M@ is their
capacity to preferentially produce high levels of IL-10 and CCL2
(M-M@) or proinflammatory cytokines (TNF-a, IL-12p40) (GM-M@)
in response to TLR ligands (13). Thus, we next compared the LPS
responsiveness of macrophages generated in the absence (M-M@,
GM-M@) or presence of IVIg (IVIg/M-M@, IVIg/IGM-M®).
Compared to M-M@, TVIg/IM-M@ exhibited a significantly lower
production of LPS-induced CCL2, IL-10, and CXCL10 (reduction
of LPS inducibility to 4.5% in M-M@, p =3 X 10~%) (Fig. 3A, left
panels) as well as higher levels of LPS-induced TNF-a and IL-
12p40 (Supplemental Fig. 1C). The distinct cytokine response of
M-M@ and IVIg/M-M@ was also evident upon exposure to TLR2
ligands such as Pam3Cys or lipoteichoic acid (Fig. 3A, left pan-
els). By contrast, IVIg/GM-M@ displayed a significantly lower
LPS-induced expression of TNF-a, IL-12p40, CXCL10 (reduction
of LPS inducibility to 0.06% in GM-M@, p =2 X 10~7) (Fig. 3A,
right panels), IL-10, and IL-6 (Supplemental Fig. 1C), and a
similar reduction was also observed in response to TLR2 ligands
(Fig. 3A, right panels). Moreover, the effect of IVIg was not
limited to stimuli-induced cytokines because assessment of the
expression of genes whose LPS inducibility is cell type—specific
(V.D. Cuevas and A.L. Corbi, unpublished observations) revealed
that LPS enhanced the expression of NLRP3 in IVIg/IM-M@ (a
property that is unique to GM-M@), whereas LMNBI expression
(whose LPS inducibility is M-M@-specific) was not upregulated
by LPS in IVIg/M-M@ (Fig. 3B). Furthermore, LPS treatment
reduced LMNBI expression in IVIg/GM-M@ (but not in GM-M@)
and upregulated NLRP3 expression in GM-M@ (but not in IVIg/
GM-MO) (Fig. 3B). Therefore, therapeutic concentrations of IVIg
severely modify the LPS responsiveness of macrophages gener-
ated in the presence of either M-CSF or GM-CSF.

Monocyte exposure to 1VIg impairs LPS-initiated signaling
and enhances the expression of negative regulators of
NF-kB signaling

To identify the molecular basis for the IVIg ability to disrupt the
LPS-induced cytokine production in human macrophages, we
analyzed whether IVIg alters LPS-initiated intracellular signals.
IVIg/M-M@ exhibited lower levels of LPS-induced ERK activa-
tion and IkBa degradation than M-M@ (Fig. 4A, left panels), and
a similar result was found upon LPS stimulation of IVIg/GM-M@
and GM-M@ (Fig. 4A, right panels). The LPS-induced activation
of IRF3 and STAT3 was also significantly lower in IVIg/M-M@
and IVIg/GM-M@ than in M-M@ and GM-M@ (Fig. 4B). More-
over, and in line with the diminished production of LPS-induced
CXCL10 (Fig. 3A), the LPS-induced activation of STAT1 was

in monocytes cultured with M-CSF overnight, starved for 2 h in M-CSF—free and serum-free medium, and then treated with IVIg before stimulation with
M-CSF for 15 min. Protein levels of ERK, JNK, and vinculin were determined in parallel to control for protein loading. In each case, three independent
experiments were performed, and one experiment is shown. (G) Relative expression of the indicated genes in IVIg/M-M@ generated in the absence
(DMSO) or in the presence of the JNK inhibitor SP600125 (30 wM), as determined by qRT-PCR. Shown are the relative mRNA levels of each gene (relative
to TBP RNA levels) referred to its expression level when differentiation was done in the presence of DMSO. Three independent experiments were done and
one of them is shown. (H) Schematic representation of the effects of IVIg on the acquisition of the anti-inflammatory gene profile by human monocytes.

*p < 0.05, **p < 0.01, ***p < 0.001.
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IVIg impairs the acquisition of the proinflammatory transcriptional signature of GM-M@. (A) Relative expression of the indicated genes in

IVIg/IGM-M@, as determined by qRT-PCR. The experiment was done on monocytes from five independent donors, and shown is the mean *+ SEM. (B)
Kinetics of the expression of the indicated genes along the differentiation of IVIg/GM-M@, as determined by qRT-PCR. Two experiments were done on
macrophages from independent donors, and one of them is shown. In (A) and (B), results show the expression of each gene in IVIg/GM-M@ relative to its
expression in GM-M@. (C) Immunoblot analysis of p-JNK (left panel) and p-STATS (right panel) in freshly isolated human monocytes untreated (-) or
treated with IVIg before stimulation with GM-CSF for 15 min (for p-JNK) or 2 h (for p-STATS). Protein levels of vinculin were determined in parallel
to control for protein loading. Three independent experiments were performed whose densitometric analyses are shown. *p < 0.05, **p < 0.01,

wwtp < 0,001,

also lower in IVIg/M-M@ and IVIg/IGM-M@ (Fig. 4B). The
weaker LPS-initiated signaling seen in macrophages generated in
the presence of IVIg correlated with a diminished TLR4 cell
surface expression (Fig. 4C) and reduced TLR4 mRNA levels

(Fig. 4D) in both IVIg/M-M@ and IVIg/GM-M@. Therefore, the
presence of therapeutic levels of IVIg during macrophage differ-
entiation imposes a strong reduction in the signaling pathways that
drive LPS-induced cytokine expression.
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The fact that IVIg treatment leads to lower LPS-induced sig-
naling and cytokine production is reminiscent of the endotoxin
tolerance phenomenon (55). In fact, the acquisition of an LPS
refractory state is compatible with the lower level of cell surface
TLR4 and the weaker LPS-induced NF-kB activation seen in
IVIg/M-M@ and IVIg/GM-M@ (Fig. 4A, 4C). To provide evi-
dence for an IVIg-induced LPS refractory state in human
macrophages, the expression and activation states of negative
regulators of the LPS-initiated signaling pathway were assessed in
IVIg/M-M@ and IVIg/GM-M@. Compared with M-M@, IVIg/M-
M@ exhibited a higher expression of A20, an inhibitor of NF-xB
activation (55) (Fig. 4E). Similarly, and compared with GM-M@,
IVIg/GM-M@ contained 1) higher levels of p-SHIP-1, which
controls the PI3K cellular signaling pathway (56, 57); 2) consid-
erably higher levels of A20, which inhibits NF-kB activation and
contributes to limiting inflammation (58); and 3) higher levels of
p-SHP-1, which negatively regulates TLR-mediated production of
proinflammatory cytokines via inhibition of NF-kB and MAPK
activation (59) (Fig. 4F). Therefore, macrophages generated in the

presence of IVIg exhibit a number of features (diminished LPS-
triggered intracellular signaling, reduced TLR4 expression, and
higher p-SHIP-1, p-SHP-1, and A20 expression) that are com-
patible with IVIg promoting a state of cross-tolerance to LPS on
differentiating monocytes.

1VIg treatment leads to a state of cross-tolerance to
LPS in mice

Although IVIg exerts anti-inflammatory actions in mouse models
of inflammatory disease (60, 61), its mechanisms of action differ
between human and mouse, and results obtained with IVIg in
mouse animal models of disease cannot be easily extrapolated
(40). Despite this, we initially turned to the mouse system to
determine the cell surface receptors implicated in the IVIg action
and to assess the potential ability of IVIg to promote cross-
tolerance to LPS. IVIg was found to modulate the phenotypic
and functional profile of proinflammatory GM-BMDM (51, 62), as
IVIg/lGM-BMDM showed altered expression of polarization-
specific genes (Inhba, Clu, Emrl) (51) (Fig. 5A) and produced
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NF-kB signaling. (A) Immunoblot analysis of IkBa and p-ERK in M-M@, IVIg/M-M@ (left panels), GM-M@, and IVIg/GM-M@ (right panels) that were
either untreated (-) or treated with 10 ng/ml LPS for 15 min. (B) Immunoblot analysis of p-IRF3, p-STAT3, and p-STAT1 in M-M@, IVIg/M-M@ (left
panels), GM-M@, and IVIg/GM-M®@ (right panels) that were either untreated (-) or treated with 10 ng/ml LPS for 2 h. Protein levels of GAPDH, STAT],
and vinculin were determined in parallel to control for protein loading. In each case, three independent experiments were performed, and one experiment is
shown. (€) Cell surface expression of TLR4 (empty histograms) in M-M@ and IVIg/M-M@ (left panels) or GM-M@ and (Figure legend continues)
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FIGURE 5. Effects of IVIg on mouse GM-BMDM differentiation and LPS responses in vivo. (A) Expression of polarization-associated genes in GM-
BMDM and IVIg/GM-BMDM generated from C57BL/6 bone marrow, as determined by qRT-PCR. Relative expression indicates the expression of each
marker relative to the expression of the 7hp gene. Shown is the mean = SEM of three independent experiments. (B) LPS-induced release of Tnf-a and I1-6
from GM-BMDM and IVIg/{GM-BMDM. Each determination was done in triplicate, and shown is the mean = SEM of three independent experiments. (C)
LPS-induced release of Tnf-o and 11-6 from GM-BMDM and IVIg/GM-BMDM generated from the bone marrow of wild type (WT), Fcerlg ™™, Fcgr2™'~,
and Fcgr3 ™/~ mice. Each determination was done in triplicate, and shown is the mean = SEM of four independent experiments. (D) Survival of C57BL/6

mice pretreated with PBS or IVIg (40 wg/mouse) and then challenged 26 h later with a lethal dose of LPS (9 mg/kg). *p < 0.05, **p < 0.01.

lower levels of LPS-induced Tnf-a and 11-6 (Fig. 5B). The latter
effects were dependent on Fcy receptors, as deletion of Fcgr3,
Fegr2, or Fcerlg prevented the IVIg-mediated decrease in the
LPS-induced secretion of Tnf-a and 11-6 (Fig. 5C), thus demon-
strating that functional activating Fcy receptors are required for
the IVIg inhibition on the acquisition of proinflammatory func-
tions in mouse macrophages. Because IVIg exerts a similar
functional effect on human and mouse macrophages in vitro, the
ability of IVIg to promote cross-tolerance to LPS was assessed
using the endotoxin shock mouse model. To that end, mice were
i.p. treated with IVIg (400 pl, 100 mg/ml) 26 h before receiving
an i.p. injection of a lethal dose of LPS. IVIg-treated mice
exhibited significantly higher survival than mice that had been
pretreated with PBS (Fig. 5D). Therefore, in agreement with its
ability to limit macrophage responses to LPS in vitro, IVIg is
capable of inducing a state of endotoxin tolerance in mice.

1VIg infusion enhances inflammatory cytokine levels in
peripheral blood

To evaluate whether IVIg can also promote tolerance to LPS in vivo
in patients receiving IVIg therapy, we initially determined the
ability of IVIg to alter the production of inflammatory cytokines

in vivo. Cytokine determination on the peripheral blood of
IVIg-treated patients with either immunodeficiency/inflammatory
pathologic conditions (in which IVIg infusion increases IgG
concentration from 11 to 19 mg/ml) (Fig. 6A, left panel) or re-
current reproductive failure of inflammatory causes (in which IVIg
increases IgG concentration from 9.4 to 14.6 mg/ml) revealed a
significant increase of IL-6, CCL2, and activin A 5 h after IVIg
infusion (Fig. 6A, right panel). In vitro assessment of monocyte
responses to IVIg (10 mg/ml) showed that IVIg is also capable of
increasing the production of activin A, CCL2, and IL-6 from
CD14" monocytes from healthy donors (Fig. 6B). Therefore, in-
fusion of IVIg results in enhanced levels of activin A, CCL2, and
IL-6 in peripheral blood. Because the production of these cyto-
kines by monocytes also increased after IVIg treatment in vitro,
these results are compatible with IVIg promoting tolerance toward
other stimuli in vivo.

1VIg infusion promotes monocytes to acquire tolerance toward
inflammatory stimuli

The ability of IVIg to induce tolerance in vivo was then evaluated
through the analysis of blood samples obtained from IVIg-treated
patients. In the first set of experiments, CD14" and CD14™ cells

IVIg/GM-MG@ (right panels) from two independent donors, as determined by flow cytometry. Background fluorescence was determined using an isotype-
matched Ab (gray histograms). The percentages of marker-positive cells and mean intensity of fluorescence (MIF) are indicated in each case. (D) Relative
expression of the indicated TLR genes in M-M@ and IVIg/M-M@ (upper panel) and GM-M@ and GM-M@ plus IVIg (lower panel), as determined by qRT-
PCR. Results are expressed as relative expression (relative to TBP mRNA levels) and refer to the expression level of each gene in GM-M@. Shown is the
mean * SEM of three independent experiments. (E) Immunoblot analysis of p-SHIP-1 and A20 on M-M@ and IVIg/M-M@ derived from three independent
monocyte preparations. Protein levels of vinculin were determined in parallel to control for protein loading. Densitometric quantification of the immu-
noblots relative to vinculin levels is shown in the lower panel. (F) Immunoblot analysis of p-SHIP-1, A20, and p-SHP-1 on GM-M@ and IVIg/GM-M@
derived from three independent monocyte preparations. Protein levels of vinculin were determined in parallel to control for protein loading. Densitometric
quantification of the immunoblots relative to vinculin levels is shown in the lower panel. *p < 0.05, **p < 0.01, ***p < 0.001.
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LPS (Fig. 7C). TNF-a and IL-6 were exclusively detected in LPS-
treated blood samples, but significantly lower levels of both cy-
tokines were found in the blood samples collected after IVIg
infusion (Fig. 7D). Therefore, infusion of IVIg results in weaker
proinflammatory cytokine response toward LPS in vivo, and this
effect can be fully recapitulated with peripheral blood monocytes
ex vivo (Fig. 7B). These results confirm that IVIg is capable of
inducing a state of cross-tolerance to LPS in vivo and lead to the
proposal that promotion of cross-tolerance toward other patho-
logic inflammatory stimuli underlies the net anti-inflammatory
effect exerted by IVIg in vivo.

Discussion

The immunomodulatory action of IgG has widened the range of
pathologic conditions for which IVIg therapy is either approved or
has shown benefit (63, 64). Because of its beneficial actions on
inflammatory pathologic conditions and its ability to limit tumor
progression (44, 65, 66), we hypothesized that IVIg exerts its
therapeutic action through modulation of the macrophage polari-
zation state, whose deregulated control contributes to chronic in-
flammatory pathologic conditions, and found that IVIg shifts
macrophage polarization at the functional and transcriptional
levels (44). We now report that IVIg impairs the monocyte
priming ability of M-CSF or GM-CSF through JNK activation and
enhancement of activin A production (in the case of M-CSF) and
also inhibits the GM-CSF-induced STATS5 activation. Besides,
IVIg impairs the acquisition of the specific gene profiles and
the TLR responses of proinflammatory and anti-inflammatory
monocyte-derived macrophages. Importantly, the ability of IVIg
to alter the LPS-induced macrophage cytokine profile correlates
with the appearance of molecular parameters that limit TLR-
initiated intracellular signaling and that characterize the state of
endotoxin tolerance. In fact, we present evidence that IVIg pro-
motes tolerance to LPS (cross-tolerance) in an endotoxin shock
mouse model in vivo and that IVIg infusion results in weaker
proinflammatory cytokine responses toward LPS in the peripheral
blood of IVIg-treated patients.

Molecular analysis of the effects of IVIg has also led us to
demonstrate that IVIg limits numerous intracellular signaling
pathways in both human monocytes (GM-CSF-initiated STATS5
activation) and GM-M@ (LPS-triggered ERK, NF-kB, STATI,
and IRF3 activation). Blockade of intracellular signaling pathways
is a common strategy for induction of tolerance. In the case of
IVIg-treated human macrophages, the acquisition of the cross-
tolerance state correlates with the appearance of molecular pa-
rameters that characterize desensitization in response to an
inflammatory stimulus. Specifically, IVIg exposure results in
lower TLR4 expression and higher levels of p-SHIP-1, p-SHP-1,
and A20, all of which impair or inhibit LPS-triggered intracellular
signaling. Therefore, IVIg shares with other tolerance-inducing
agents the ability of increasing the expression of negative regu-
lators of NF-kB signaling. Thus, A20 has been found to be partly
responsible for the IVIg suppression of RANKL-induced osteo-
clastogenesis and TNF-a—induced bone resorption after engage-
ment of Fcry receptors (67). Therefore, similar to the case of LPS
on human macrophages, IVIg might also induce a cross-tolerance
state for RANKL and TNF-o, which share the NF-kB-activating
activity with LPS.

The ability of IVIg to promote a tolerance state in macrophages
can also explain its cell context—dependent effects. We previously
showed that IVIg inhibits the proinflammatory functions of GM-
M@ but enhances proinflammatory properties in M-M@ (44) and
concluded that IVIg effects are cell type—dependent. However,
NF-kB activation contributes to proinflammatory cytokine production

IVIg PROMOTES CROSS-TOLERANCE IN VIVO

in GM-M@ and IL-10 production in M-M@. Considering that
IVIg impairs NF-kB activation through the increase of negative
regulators of NF-kB in both GM-M@ and M-M@, this common
molecular mechanism might underlie the opposite outcome of
IVIg exposure in both types of macrophages: lower inflamma-
tory cytokine production in GM-M@ and lower IL-10 production
in M-M@. Therefore, the opposite consequences of IVIg expo-
sure to GM-M@ and M-M@ appear to be primarily a conse-
quence of the distinct effector functions of both macrophage
subtypes.

The capacity of IVIg to enhance the release of monocyte-derived
cytokines, both in vitro and in vivo, clearly illustrates its monocyte-
activating ability. The finding that activin A is one of the IVIg-
induced cytokines has relevant implications and might also
contribute to reconcile the pro- and anti-inflammatory actions of
IVIg previously reported. Activin A is a member of the TGF-$
family of factors (68) whose expression is high in inflammatory
pathologic conditions (e.g., inflammatory bowel disease, rheu-
matoid arthritis, bacterial septicemia) and is induced with faster
kinetics than other proinflammatory cytokines after LPS IV in-
jection (69). Interestingly, activin A modulates inflammatory re-
sponses because it displays both proinflammatory and regulatory
activities that resemble those exhibited by IVIg. Therefore, it is
tempting to speculate that activin A critically contributes to the
in vivo actions of IVIg. An additional implication of the IVIg-
promoted increase of activin A relates to the function of activin A
in promoting oocyte maturation, endometrial repair, decidualiza-
tion, and maintaining pregnancy and to the fact that deregulation
of the activin activities results in disorders of female reproduction
and pregnancy (70). Previous reports indicate that low-dose IVIg
overcome recurrent spontaneous abortions in women suffering
from IgG subclass deficiency (71) and enhance clinical pregnancy
and live birth rates in patients with recurrent reproductive failure
of inflammatory cause (72). Therefore, the increase in activin A
blood levels secondary to IVIg infusion might also contribute to
the beneficial effects of IVIg on women with recurrent repro-
ductive failure, a hypothesis that deserves further studies.

Numerous molecular and cellular mechanisms have been pre-
viously proposed to contribute to the IVIg immunoregulatory
activity (31, 35, 37). The results reported in this article indicate
that monocytes (and monocyte-derived macrophages) are involved
in the effects of IVIg in vivo because IVIg infusion enhances the
levels of monocyte-derived cytokines (e.g., activin A, CCL2, IL-6)
in peripheral blood and alters the monocyte cytokine profile and
macrophage differentiation capability in vitro. Therefore, IVIg
targets monocytes (and monocyte-derived macrophages) and leads
to the acquisition of a cross-tolerance state that underlies the ap-
parent contradiction between its proinflammatory effects on
monocytes and M-M@ in vitro and its immunosuppressive action
in vivo (32, 41). According to this explanation, IVIg would shift
monocytes/macrophages toward the acquisition of a proin-
flammatory profile, making IVIg-conditioned cells less sensitive
to a subsequent exposure to TLR ligands. Consequently, IVIg-
primed monocytes would be weakly responsive to further stimu-
lation by any danger signals (e.g., TLR ligands) found after their
entry into inflamed tissues. Therefore, monocyte exposure to IVIg
would result in a lower level of macrophage activation within
inflamed tissues and, consequently, would limit tissue damage
(and pathologic conditions) triggered by an ongoing injury or an
inflammation-provoking insult (danger signals or inflammatory
stimuli). This hypothesis is supported by the ability of IVIg in-
fusion to trigger an almost immediate increase in the level of in-
flammatory cytokines in peripheral blood, a result also reported by
others (73, 74), and is compatible with the well-known therapeutic
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benefits of IVIg in diseases like Kawasaki disease (75) and de-
myelinating polyneuropathy/Guillain—Barré syndrome (76), in
which macrophages contribute to pathologic conditions.
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Supplementary Figure S1

Supplementary Figure S1. (A) Dose-response effect of IVIg on the acquisition of human macrophage polarization-specific genes.
Expression of the indicated genes in M-M@ (left panels) and GM-M@ (right panels) generated in the absence (-) or in the
continuous presence of increasing IVIg concentrations, as determined by gqRT-PCR. Results are expressed as Relative Expression
(relative to GAPDH mRNA levels). Each determination was done in triplicate on two independent monocyte samples, and the
mean * SD from one of the experiments is shown. (B) Non-supervised hierarchical clustering (Genesis software,
http://genome.tugraz.at/genesisclient/genesisclient_description.shtml) on the mean expression level of the indicated genes in
M-M@, IVig/M-M@, GM-M@ and IVIg/GM-M@ from five independent donors. (C) Production of IL-12p40 and TNFa in M-M@ and
IVIg/M-M@ (upper panels), and IL-10 and IL-6 in GM-M@ and IVIg/GM-M@ (lower panels) that were either left untreated (-) or
stimulated with 10 ng/ml LPS for 24 hours, as determined by ELISA. Each determination was done in triplicate, and shown are the
mean + SEM of three independent experiments (*, p<0.05).
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Supplementary Figure S2

Supplementary Figure S2. (A) (Upper panel) Immunoblot analysis of pSYK protein levels in monocytes subjected to the
indicated treatments. Cells were treated or not with 80 LM piceatannol 1 hour before M-CSF or M-CSF+IVIg treatment.
After 10 minutes, cells were lysed and protein levels pSYK and vinculin were determined. Four independent experiments
were performed and all of them are shown. (Lower panel) Determination of the relative pSyk protein levels in the four
independent experiments shown in the Upper panel as determined by densitometric quantification (*, p<0.05). (B) (Upper
panel) Immunoblot analysis of pJNK protein levels in monocytes subjected to the indicated treatments. Cells were treated
or not with 80 UM piceatannol 1 hour before M-CSF or M-CSF+IVIg treatment. After 20 minutes, cells were lysed and
protein levels pJNK and vinculin were determined. Three independent experiments were performed and one of them is
shown. (Lower panel) Determination of the relative pJNK protein levels in three independent experiments identical to the
one shown in the Upper panel, as determined by densitometric quantification (**, p<0.01).
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